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ABSTRACT 

In this dissertation, stoichiometric and non-stoichiometric nickel copper zinc ferrites and 

ferroelectromagnetic composite ceramics (FEMCCs) have been synthesized. Crystal structure, 

micromorphology, elastic, electric, and magnetic traits of stoichiometric and non-

stoichiometric nickel copper zinc ferrites and phase structure, micromorphology, 

electromagnetic and magnetoelectric traits of FEMCCs have been investigated employing X-

ray diffractometer (XRD), Fourier transform infrared spectrometer (FTIR), Scanning electron 

microscope (SEM), Vibrating sample magnetometer (VSM), and Impedance analyzer. 

Stoichiometric Ni0.25Cu0.13Zn0.62Fe2O4 (NCZFO) ceramics were prepared adopting the solid-

state reaction approach and annealed for 5h at various sintering temperatures (Ts). FTIR and 

XRD analyses reveal that the development samples possessed spinel skeleton cubic symmetry. 

Micromorphological (SEM) study revealed that the grain size increases with increasing Ts. The 

longitudinal, transversal, and mean elastic wave velocities, elastic moduli, Poisson ratio were 

estimated using FTIR data. The electric permittivity increases with Ts due to the partial 

transformation of Fe3+ to Fe2+, and exhibits dispersive character due to interfacial polarization. 

Electrical conduction mechanism follows Jonscher’s law and is governed by the small polaron 

hopping phenomenon. The magnetic permeability boosts with increasing Ts due to the 

enhancement in bulk density as well as grain diameter. The Q-factor declines while the 

frequency of resonance moves toward low frequency region with Ts. The magnetic traits 

exceedingly decline with increasing Ts due to the lack of sample’s homogeneity and existence 

of intra-granular porosity. Ni0.25Cu0.13Zn0.62Fe2-xO4-3x/2 (NCZFe2-xO4-3x/2) (x = 0.0; 0.04, 0.08; 

0.12) ceramics were developed using the traditional solid state synthetic process and annealed 

for 5h at various Ts. XRD study ascertained the development of the spinel skeleton without 

having no detectable undesired phases. The lattice constant escalates in a linear fashion with 

iron-deficient non-stoichiometry (IDNS) content at 1100 ℃, while it alters non-systematically 

at 1150, 1200, and 1250 ℃. The elastic moduli, Poisson’s ratio, longitudinal, transversal, and 
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mean elastic wave velocities have been determined using FTIR data. According to SEM study, 

the magnetic interplay in the midst of the component grains causes abnormal and agglomerated 

grain development. The enhanced densification and production of Fe2+ ions result in an 

enhancement in the dielectric characteristics on increasing the temperature of sintering. The 

investigation of ac electrical conductivity indicated that a small-polaron-based hopping 

mechanism governs the conduction process. Nyquist plots suggested that the effect of the grain 

border is mainly is responsible for electrical conduction in non-stoichiometric nickel copper 

zinc ferrites rather than grain. According to the amount of IDNS, changes in density, porosity, 

grain diameter, and magnetic anisotropy may be responsible for the observed alternations in 

magnetic permeability and magnetic loss tangent. (1-y) [BCZTO] + (y) [NCZFO] (0 ≤ y ≤ 1.0) 

FEMCCs were developed using the solid state reaction approach and annealed for 5h at various 

Ts. XRD and FTIR examinations reveal that no impurity phases formed during the production 

of the single-phasic NCZFO spinel skeleton and the BCZTO tetragonal perovskite. SEM 

investigation revealed that a quasi-spherical type microstructure with low voids or pores, 

insignificant aggregation, and reasonably homogenous grain diameter is generated. The 

incorporation of NCZFO generates irregular shape grain. The generation of irregular shape 

grain with the escalation of NCZFO amount is ascribed to the filling of pores and their 

segregation at the grain borders. The electric permittivity declines as NCZFO content escalates 

because of the effect of dilution whereas the electric permittivity enhances with Ts. Different 

models have been used to calculate the electric permittivity. The discrepancy in the midst of 

the theoretical and observed values of the electric permittivity is related to ion’s diffusion and 

interplay in the midst of two phases. Porosity correction of experimental electric permittivity 

is performed. A close coincidence in the midst of the porosity corrected electric permittivity 

and observed electric permittivity is achieved. Electrical conduction is caused by the small-

polaron hopping. Impedance study suggested that the grains have less impact on overall 

electrical traits than grain borders. The magnetic permeability improves while the resonant 
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frequency drops as NCZFO content escalates. The deterioration in resonant frequency is due 

to the increased domain wall motion. The magnetic permeability was calculated using different 

models and a comparison in the midst of experimental and calculated values is made. The 

difference in the midst of the theoretical and measured values of magnetic permeability is 

accounted to the interplay in the midst of two phases and ion diffusion. (1-y) [BCZTO] + (y) 

[NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 0.12, and y = 0.2; 0.5) FEMCCs were manufactured 

employing the solid state sintering technique and annealed for 5h at 1200 ℃. XRD and FTIR 

studies confirmed that the component phases existed simultaneously without any undesired 

phases. There are non-systematic variations in lattice constants, crystallite diameter, and cell 

dimensions as IDNS level escalates. SEM examination confirmed the development of 

polyhedral or irregular grains with insignificant agglomeration and porosity as IDNS escalates. 

Maxwell-Wagner’s interfacial polarization is responsible for the low-frequency electric 

permittivity dispersion. The ac electrical conductivity act in accordance with Jonscher's law 

and is controlled by the charge transfer in the midst of the adjacent localized sites and small-

polaron hopping. The combined effects of strongly conducting grain and poorly conducting 

grain border responses, according to Nyquist plots, are thought to be the cause of electrical 

conduction phenomena. The magnetic permeability improves in x = 0.04, depreciates on 

increasing IDNS amount in y = 0.2, and then escalates on increasing IDNS amount in y = 0.5. 

The elastic interplay in the midst of the component phases, which is mediated by strain, results 

in an optimal magnetoelectric coefficient of 0.17 V cm-1Oe-1 in x = 0.0; y = 0.5 FEMCC. 

Finally, it is concluded that the achieved results make a significant contribution in designing 

and developing the next generation multifunctional devices in near future. 
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Chapter One:  Introduction 

1.1 . General Introduction 

To meet societal demand and bring about the fourth industrial revolution, materials science, 

solid-state science, and condensed matter physics have been identified as some of the key 

drivers of national development and economic prosperity. Through the development of 

computer technology, wireless correspondences, Internet, digital data storage, and widely used 

end user devices to the investigation and advancements in materials science, our society has 

been substantially impacted and revolutionized [1]. The relationship in the midst of science, 

technology, and society is illustrated in Figure 1.1, with a focus on the triangle that is currently 

prominent and which is actually driven by materials science [2]. 

 

Figure 1.1: Interdependence amongst science, technology and society. Adapted from [2]. 

The intimate correlation in the midst of magnetic and electric traits, first invented by Oersted 

and unfolded in Faraday's investigations manifesting that electric current develop magnetic 

fields, is one of the indispensable presumptions of the fundamental theory of electromagnetism. 

Additionally, it has been demonstrated by Faraday's law, which connects magnetic flux with 
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electromotive force [3]. One of the decisive pieces of evidence that enabled Maxwell to 

formulate the equations that almost miraculously explain all physical phenomena controlled 

through the electromagnetic interplay, one of the four essential physical forces, was the 

pronouncement of such a correlation. Science and technology have been significantly 

influenced by this correlation in the midst of magnetic and electric traits. Magnetism in solid-

state science thrives from electron's spin. The electrostatic Coulomb interplay is the 

predominant force, whereas magnetism is a second order, relativistic quantum mechanical 

phenomenon corroborated with the electron's spin and Pauli Exclusion Principle. The 

relativistic spin-orbit coupling, which links the spin of electron to the field produced that is 

created by its velocity, essentially accounts for the existence of the correlation in the midst of 

charge and spin, which is weak to some extent. Consequently, a weak correlation in the midst 

of magnetic and electric traits can be seen in the majority of materials that are ordered either 

electrically or magnetically [4]. In this connection, chemists, physicists, material scientists and 

electrical and electronic engineers have been put their synergistic efforts to design and 

development of materials possessing strong coupling in the midst of magnetic and electrical 

traits. Among the materials, solid-state magneto-electric-elastic multiferroic materials has been 

considered as one of best materials for studying the cross-correlation in the midst of the 

electrical and magnetic traits. Solid-state magneto-electric-elastic multiferroic materials are the 

materials which simultaneously manifest at least two ferroic orders from ferroelectricity, 

ferromagnetism, ferroelasticity, ferrotoroidicity, and non-primary ferroic antiferromagnetism 

[5] in the single-phase or composite [Figure 1.2] and linear magnetoelectric coupling effect. 

The interplay of several ferroic orders can lead to effects like the magneto-electric-elastic 

magnetoelectric effect that is schematically depicted in Figure 1.3 and Figure 1.4 (a, b). 
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Figure 1.2: Four types of primary ferroic orders responsible for multiferroicity: (a) 

ferroelasticity, (b) ferroelectricity, (c) ferromagnetism, and (d) ferrotoroidicity. Adapted from 

[6]. 

  

Figure 1.3: (a) Depiction of multiferroics and magnetoelectrics in a Venn diagram. 

Ferroelectric materials shown in the upper right circle, while ferromagnetic materials are 

displayed in the top left circle. Therefore, magnetoelectric materials are present in the area 

where these two circles overlap. The huge outer circle is made of ferrous or ferric materials. 

Adapted from [7-9]. 
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Figure 1.4: (a) Correlation in the midst of multiferroic materials. Notice that only a limited 

subset of materials is simultaneously multiferroics and magnetoelectrics. (b) Heckman 

diagram, which shows the physical correlations naturally eventuating materials and a design 

precept for new materials. Adapted from [10-12]. 

In the 19th century, the idea of rudimentary study on the magneto-electric effect was reported. 

Roentgen [13] asserted in 1888 that a moving dielectric material magnetized when exposed to 

a magnetic field while in 1894 Pierre Curie [14] had theorized the existence of an intrinsic 

magnetoelectric concept of (non-moving) solid crystals subject to the considerations of lattice 

symmetry. In the following years, the research on the concept of magnetoelectric started to get 

increasing attention. In 1926, Debye [15] introduced the terminology of the “magnetoelectric 

effect”. In 1957, Landau and Lifshitz had noted that magnetoelectric phenomena may, in 

theory, occur in spin-ordered materials on the basis of thermodynamic and symmetry 

considerations rather than atomic mechanisms [16]. Subsequently, Dzyaloshinskii reported two 

proofs of the magnetoelectric phenomenon in 1959 that below Neel temperature (TN): (i) an 

electric field induced magnetization and (ii) a magnetic field induced polarization in Cr2O3 

[17], followed by related experimental and theoretical investigations reported by Astrov, Folen, 

Stadler and Rado [18-21]. Single-phase antiferromagnetic Cr2O3 magnetoelectric material 

revealed a magnetoelectric effect with Néel temperature TN = 307° K and exhibited a 

magnetoelectric coefficient of 4.31 ps/m around 263° K [22]. In 1966, a nickel iodin boracite 
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(Ni3B7O13I) investigated and revealed weak ferromagnetic and ferroelectric orders at about 64º 

K [23]. In 1970, single-phase bismuth ferrite (BiFeO3) was discovered to be distinctive among 

other magnetoelectric multiferroics due to its unusually high antiferromagnetic and 

ferroelectric transition temperatures (1103° K, and 643° K, respectively) far avove room 

temperature [24]. In an article that was published in 1962 [25] and a book that was published 

in 1970 [26], O'Dell provided summaries of the majority of the theoretical and experimental 

advancements made in the area of magneto-electric media to a maximum of that time-frame. 

In an article published in 1962 [25] and a book published in 1970 [26], O'Dell provided a 

comprehensive overview of the majority of theoretical and experimental advancements made 

in the field of magneto-electric media to a maximum of that time frame. The time-line of 

magnetoelectric coupling effect is presented in Figure 1.6 (a). In real-world, room-temperature 

single phase multiferroics are limited and exhibited weak magnetoelectric coupling and high 

permittivity loss tangent. The following issues may be responsible for the lack of single phase 

multiferroics at room temperature: (i) the exclusion of electric and magnetic sources. This 

means that the existence of the magnetic and electric orders must satisfy mutually exclusive 

criteria; magnetism needs partially filled 𝒅 atomic orbitals (in transition metals) or partially 

filled 𝒇 atomic orbitals (rare earth ions), but ferroelectricity typically needs empty 𝒅 atomic 

orbitals [Fig. 1.5]. In addition, symmetry criteria are another consideration. There are 122 

potential crystallographic point groups, but only 13 of them have been found to exhibit the 

multiferroic characteristic [1, 27], and (ii) significant fabrication challenges (iii) the appearance 

of the remnant magnetization appears at extremely low temperatures (low Neel temperature or 

Curie temperature). The elements responsible for magnetic and ferroelectric properties are 

highlighted in Figure 1.5. 
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Figure 1.5: Periodic table of the elements emphasizing the elements responsible for magnetic 

and ferroelectric properties. Adapted from [28]. 

For the engineering of materials with the expected traits, J. Van Suchtelen [29] proposed two 

types of composites based on: (i) sum properties and (ii) product properties. In order to 

circumvent the the problems those allied   the single-phase multiferroics, J. van Suchtelen [29] 

first recommended the conception of a "product tensor property" in biphasic composite 

materials in 1972. This notion refers to a property that results from the magneto-electric-elastic 

interplay of two phases with dissimilar properties [Figure 1.6 (a)]. The magnetoelectric 

response is one such product tensor property. A substantial magnetoelectric effect might be 

produced in such composites, according to research from Philips Laboratory [30-32], which 

was done shortly after the product magnetoelectric trait in the composite integrating 

magnetostrictive and piezoelectric phases was suggested. They produced ceramic composites 

of BaTiO3 and CoFe2O4 by unidirectionally solidifying eutectic configurations in the quintant 

Fe-Co-Ti-Ba-O combination, and they achieved magnetoelectric response as large as 0.13 

V/cm Oe at room temperature, which is approximately 100 times greater than single-phase 
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multiferroic ones.. However, unidirectional solidification of eutectic is challenging and 

necessitates exact compositional and processing control. This value was attained as a result of 

irregularities in the chemical reactions that took place during the sintering process, the 

magnetostrictive phase's low resistivity, and the induced eddy currents caused by the applied 

AC voltage. Additionally, there are issues with dispersion in composite materials, mechanical 

defects that limit mechanical coupling, and difficulties in aligning electric dipoles. 

 

 

Figure 1.6: Research works on various types of magnetoelectric multiferroic materials from 

1884 to 1972 and (b) from 1894 to 2018. Adapted from [33-35]. 

Early in the 1990s, Harshe et al. [36, 37] and Lopatin et al. [38] fabricated composite 

multiferroic materials using ferrites and either BaTiO3 or Pb(ZrTi)O3 (PZT) through a 

traditional sintering technique to address this issue. In comparison to eutectic composites, 

annealed ceramic composites were significantly simpler and less expensive to manufacture. 

They also offered the chance to combine phases with quite diverse crystal structures. However, 

compared to composites fabricated using a unidirectional eutectic method, these annealed 

composite multiferroic materials displayed weaker magnetoelectric couplings. The problem of 

(a) 

(b) 
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the strain-mediated magnetoelectric composites based on lead-based ferroelectric materials is 

that the lead-based ferroelectric materials is the brittleness and toxic. As a consequence, strain-

mediated magnetoelectric composites based on lead-based ferroelectric materials are suitable 

soft-robotic and wearable or biomedical applications [11, 39]. In order to overcome the 

brittleness and toxicity of lead-based ferroelectric materials, polymer-based multiferroic 

composites have been fabricated and exhibited negligible magnetoelectric coupling strength 

[40-42] and a book published in 2017 [43] [Figure 1.6 (b)]. Most recently, the strain-gradient 

effect on magnetoelectric composites has been emerged as new technique to improve the 

magnetoelectric coupling strengths and still remained unrevealed [Figure 1.6 (b)]. In the 21st 

century (specially in the midst of 2005 and 2019), the number of research articles and patents 

on multiferroic magnetoelectric materials have rapidly increased toward the fabrication of next-

generation energy efficient multifunctional magnetoelectric devices on all length and time 

scales [Figure 1.7 (a, b)].  

 

Figure 1.7: Development of the multiferroics and magnetoelectrics materials with respect to: 

(a) publications and (b) patents in the time-frame of 2000 to 2020 around the cross-

country/region. Adapted from [35, 44-46].  

So far, the investigated composites are the conventional multiferroic composites (strain 

mediated multiferroic composites). Thus, in the present investigation we were concentrated in 

fabricating the strain-mediated composite multiferroic materials based on the lead-free barium 
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calcium-zirconium-titanate ferroelectric and stoichiometric and non-stoichiometric nickel-

copper-zinc ferrite to unravel the effect of iron-deficient non-stoichiometry on the magneto-

electric-elastic coupling. 

1.2. Motivation and selection of the component phases for composite 

multiferroic material 

The demand of composite magnetoelectronics with high performance, low-cost and energy 

efficient has been increased day by day to meet the demand of human civilization and fourth 

industrial revolution. Composite magnetoelectrics and multiferroic materials intrinsically 

satisfy symmetry criteria concurrently, such as violating space inversion symmetry to display 

ferroelectricity and time-reversal symmetry to produce magnetism [47]. Specifically in single-

phasic multiferroics, the material is comparably uncommon and imprecise due to a breakdown 

of both symmetries. The transition metal ions in ferroelectrics contain empty '𝑑0' shells. In this 

instance, the positively charged ions form a molecule with the nearby anions, shifting the 

cations and anions in the crystal architecture to produce bulk electrical polarization. On the 

reverse hand, transition metals with the partially filled '𝑑𝑛 ' (𝑛 =  1 − 9) shell promote 

magnetism, where long-distance order of magnetism arises from the mutual interplay amongst 

the uncompensated spins of various ions and the virtual jumping of electrons amongst the ions. 

The two ordered states are mutually incompatible because they each need a different filling of 

the "𝑑" shells for ferroelectricity and magnetism. Specifically, manipulating magnetization 

with an electric field and vice versa is accomplished by finding the magnetoelectric coefficient. 

This allows for the manipulation of one ferroic characteristic with the conjugate field of another 

[47]. In opposition to single-phasic multiferroic materials, magnetoelectric response in the 

composite magnetoelectronics does not establish an upper limit through the geometric mean of 

the electrical permittivity and magnetic permeability. It is possible to tailor the magnitude of 

magnetoelectric response by adusting the materials selected as well as the fabrication geometry 

and micromorphology of each individual material. The composite multiferroic materials 
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provide reasonable magnetoelectric coupling over the single-phase multiferroics at room 

temperature, but the realiziation of the composite magnetoelectrics with eloquent coupling 

amongst magnetic and electric orders and further enhacement in the magnetoelectric coupling 

is necessary to mitigate the demand of human civilization and fourth industrial revolution. In 

fact, there is a disparity in the midst of the desired value of the magneto-electric-elastic 

coupling coefficient and experimental value in composite multiferroic materials. The probable 

causes behind such disparity in magneto-electric-elastic coupling coefficient for composite 

multiferroic materials are: (i) presence of low resistive magnetostrictive phase, (ii) inevitable 

production of Fe2+ in the magnetostrictive phase enhances the material’s leakage current (iii) 

formation of micro-cracks due to the discrepancy amongst the component phases’ thermal 

expansion coefficients and (iv) porosity and unexpected phase generation [48]. Theoretically, 

it has been predicted that the composite multiferroic materials with equimolar component phase 

provide the optimum magneto-electric-elastic coupling coefficient. Thus, it is highly desirable 

to investigate experimentally the volume/mole fraction of magnetostrictive and ferroelectric 

phase’s dependent magneto-electric-elastic response. Motivation of our work is to enhance the 

electromagnetic and magnetoelectric properties through the minimization of the above-

mentioned problems using environmentally friendly piezoelectric phase and highly resistive 

piezomagnetic phase. The stoichiometric nickel copper zinc ferrites provide very low 

resistivity and high leakage current. It is therefore of interest to improve the resistivity and 

reduce the high leakage current of the stoichiometric nickel-copper-zinc ferrites. The iron-

deficient non-stoichiometry in spinel ferrites can improve the resistivity of the spinel ferrites 

and reduce the leakage current. This motivated us to synthesize stoichiometric nickel-copper-

zinc and iron-deficient non-stoichiometric nickel-copper-zinc ferrites separately and study 

their structural, elastic, thermodynamic and electromagnetic properties in details. The strain-

mediated magneto-electric-elastic coupling coefficient in composite multiferroic materials is 

inversely connected with the relative electric permittivity and directly proportional to the 
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piezoelectric and piezomagnetic coefficients [49]. Thus, it is crucial to choose the proper 

ferroelectric and magnetostrictive materials that have outstanding piezoelectric and 

piezomagnetic coefficients in order to achieve the best strain-mediated magneto-electric-elastic 

coupling coefficient. We have selected barium-calcium-zirconium-titanate ferroelectric phase 

owing to its excellent piezoelectric properties near morphotropic phase border, and 

environmentally friendly. So, we have fabricated the particulate composites (perovskite-ferrite 

composites) having the component phases barium-calcium-zirconium-titanate (piezoelectric 

phase) and stoichiometric nickel-copper-zinc ferrite and non-stoichiometric nickel-copper-zinc 

ferrite (piezomagnetic phases) and studied the effect of sintering temperature and iron-deficient 

non-stoichiometric amount on structural, electromagnetic and magnetoelectric properties. 

1.3. Goals of the current investigation  

The goals of the present investigation are presented below: 

i) To synthesize and characterize nickel copper zinc ferrites, Ni0.25Cu0.13Zn0.62Fe2O4 

(NCZFO) ferrites at various sintering temperatures (1000 to 1250 ºC; in step of 50 ℃) with 

an aim to unfold the impacts of sintering temperature on structure, micromorphological, 

elastic, and electromagnetic traits and to use as a component phase in fabricating composite 

multiferroic materials. 

ii)  To synthesize non-stoichiometric nickel copper zinc ferrites, Ni0.25Cu0.13Zn0.62Fe2-xO4-3x/2 

(NCZFe2-xO4-3x/2) (x = 0.00~0.12) at various sintering temperatures (1100 to 1250 ºC: in 

step of 50 ℃) with an objective to unravel the consequences of iron-deficient non-

stoichiometric content and sintering temperature on structure, microstructure, elastic, and 

electromagnetic traits. 

iii) To synthesize lead-free Ba0.9Ca0.1Zr0.1Ti0.9O3 (BCZTO) ferroelectric phase with an 

objective to use as component phase in fabricating the multiferroic composite. 
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iv) To synthesize and characterize (1-y) [BCZTO] + (y) [NCZFO] (y = 0.0-1.0) composite 

multiferroic materials at various sintering temperature (1100 to 1250 ºC; in step of 50 ℃) 

with an aim to investigate the impacts of sintering temperatures on structure, 

microstructure, and electromagnetic traits. 

v) To synthesize and characterize (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08, 

0.12 and y = 0.2; 0.5) composite multiferroic materials annealed at 1200 ºC with an aim to 

investigate the iron-deficient non-stoichiometric dependent structural, microstructure, 

electromagnetic, and magnetoelectric traits. 

1.4. Framework of the Dissertation 

The hierarchy of the current dissertation is given below.  

Chapter one describes the general introduction, reason for the selection of the ferromagnetic 

and ferroelectric in fabricating the composite multiferroic materials, and objective of our 

present work.  

Chapter two presents the brief literature review and important remarks of the relevant research 

work and a short description of composite multiferroic materials.  

Chapter three presents the sample fabrication and various experimental techniques we used 

to investigate the different traits of stoichiometric and non-stoichiometric nickel-copper-zinc 

ferrites, and composite multiferroic materials.   

Chapter four describes: (i) the investigation of the sintering temperature dependent 

crystallographic, elastic, electrical, and magnetic traits of NCZFO ceramics, (ii) the 

investigation on the impact of iron-deficient non-stoichiometry content on structure, 

microstructure, elastic and electromagnetic traits of NCZFe2-xO4-3x/2 ferrites at various sintering 

temperatures, (iii) investigation of the consequences of sintering temperature dependent 

microstructure, micromorphology  and electromagnetic traits of (1-y) [BCZTO] + (y) [NCZFO] 
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(y = 0.0-1.0) composite multiferroic materials, and (iv) exploration of the iron-deficient non-

stoichiometry dependent structure, microstructure, electromagnetic, and magnetoelectric traits 

of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 0.12 and y = 0.2; 0.5) composite 

multiferroic materials. 

Chapter five describes the conclusions, recommendations for prospective works and novelty 

of the current research. 
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Chapter Two: Literature Reviews and Theoretical Features 

In this chapter, we have reviewed the past and present studies on the ferroelectric phase, 

Ba0.9Ca0.1Ti0.9Zr0.1O3, iron-deficient non-stoichimetric Ni0.25Cu0.13Zn0.62Fe2-xO4-3x/2 (x = 0.0; 

0.04; 0.08; 0.12), relavent studies on the composites of (1-y) [Ba0.9Ca0.1Ti0.9Zr0.1O3] + (y) 

[Ni0.25Cu0.13Zn0.62Fe2O4] (x = 0 to 1.0) and finally we reviewed the relevant studies on the effect 

on iron-deficient non-stoichiometric multiferroic composites of (1-y) [Ba0.9Ca0.1Ti0.9Zr0.1O3] + 

(y) [Ni0.25Cu0.13Zn0.62Fe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 0.12 and y = 0.2; 0.5) based on 

ferroelectric phase and ferromagnetic phase.  

2.1. Literature review 

      2.1.1. Literature Review on Barium Calcium Titanium Zirconate Ferroelectric phase 

Reyes-Montero et al. [50] prepared Ba0.9Ca0.1Ti0.9Zr0.1O3 (BCTZO) ceramics using Pechini 

ursor process at 973 K for 1 h and were annealed at below 1573 K for 5h. They reported that 

the sample exhibited single-phase perovskite structure for all heat-treatments as provided in 

Figure 2.1. SEM analysis revealed that the sample annealed at 1473, 1523, and 1548 K for 5 h 

provided dense ceramics (95 %-98 % theoretical density) and the grain diameter was improved 

on increasing sintering temperatures as presented in Figure 2.2 (b-d) and their values were 

presented in Table 2.1. The ceramics annealed at 1548 K for 5 h exhibited the best ferro-

piezoelectric characteristics: d33 = 390 pC/N, d31 = 143 pC/N, kp = 50%, ε’ = 2253 and tanδ = 

0.06 (100 kHz) at room temperature, TC = 112 ℃, 2Pr = 24 μC/cm2 and 2EC = 4.07 kV/cm. At 

1250 ℃, dense ceramic (97% theoretical density) was achieved with average grain size ~5 μm, 

TC = 115 ℃ and high ferro-piezoelectric properties (d33 = 340 pC/N, kp = 49%). The high 

piezoelectric coefficent was ascribed to the high polarizability of the ceramics at local level. 

These values were provided in Table 2.1. At 1200 ℃, the presence of the tetragonal crystal 

structure and TC = 118 ℃ indicated that Ca2+ substation took place at the A-sites of the 

perovskite structure.  
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Figure 2.1: XRD patterns of BCTZO ceramics: (a) calcinated at 973 K for 1 h; and annealed 

at: (b) 1473 K, (c) 1523 K and (d) 1548 K for 5 h. Adapted from [50]. 

 

 

Figure 2.2: SEM images for BCTZO ceramics: (a) calcinated powders at 973 K for 1 h; 

annealed BCTZO: (b) 1473 K, (c) 1523 K and (d) 1548 K for 5 h. Adapted from [50]. 

 

Table 2.1. Density, d33, Grain size, Permittivity loss tangent (𝑡𝑎𝑛𝛿 )of BCTZO annealed at 

different Ts. Adapted from [50]. 

 

Ts ºC density 

(g/cm3) 
d33 Grain size 

(µm) 
𝑡𝑎𝑛𝛿  

1473 5.49 45 0.4 0.016 

1523 5.64 240 4.6 0.014 

1548 5.70 390 15.2 0.012 

   

Herrera-Pérez, et al. [51] prepared Ba0.90Ca0.10Ti0.90Zr0.10O3 (BCTZO) ceramics by the 

adjusted Pechini technique with an objective to investigate electronic structure achieved via 
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Core-hole spectroscopies such as X-ray photoelectron spectroscopy and high-resolution 

electron energy loss spectroscopy. Raman spectra suggested that Ca2+ cations partly occupied 

the Ti4+ cations in the octaahedrally coordinated (B)-site with the tetragonal phase. A multiplet 

structure was achieved through X-ray photoelectron spectroscopy for Ti 2p and via high-

resolution electron energy loss spectroscopy for Ca L2,3 and Ti L2,3 edges. Octahedral symmetry 

in the crystal field effects reproduced the local distortion of TiO6 octahedra. The charge transfer 

effects were reproduced L3-edge electron energy loss spectroscopy shoulders and the satellite 

in the Ti 2p X-ray photoelectron spectroscopy region. The crystal field and charge transfer 

parameters, charge transfer energy, and Coulomb repulsion energy were reported for future 

reference. The broadening of the Ti L2-edge suggested the presence of the Coster-Kronig 

electron decay process.  

Reyes-Montero et al. [52] prepared Ba1-xCaxTi0.9Zr0.1O3 (x = 0.10, 0.15) (BCTZ) powder via 

solid-state reaction method employing a lower thermal treatment at 1623 K (2 h) and various 

sintering temperatures (1573, 1623 and 1673 K for 2 h). They reported that a single-phase 

perovskite structure for both samples at different sintering temperatures were achieved by X-

ray diffraction analysis as showed in Figure 2.3 (a-b). SEM analysis revealed homogeneous 

and dense (≥ 95%) microstructures having sub-10 μm grain size were achieved for all sintering 

temperatures and conditions as provided in Figure 2.4 (a-f). At 1673 K, ceramics exhibited 

excellent ferro-piezoelectric properties for x = 0.10: d33 = 300 pC/N, d31 = –150 pC/N, kp = 

0.48 and d33 = 410 pC/N, d31 = –154 pC/N, kp = 0.50 for x = 0.15 due to an enhancement in 

average grain size. Howevere, they reported that a diffuse phase transition was observed at Tc 

= 100 °C (approx.) at 1 kHz.  
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Figure 2.3: XRD profiles of BCTZO perovskite synthesized at 1523 K and annealed at 1573, 

1623, 1673 K: (a) x = 0.10, and (b) x = 0.15. Adapted from [52].  

 

Figure 2.4: Micromorphological structures of BCTZO annealed ceramics: x = 0.10: (a) 1573 

K, (b) 1623 K, and (c) 1673 K; x = 0.15: (d) 1573 K, (e) 1623 K, and (f) 1673 K. Adapted from 

[52]. 

Reyes-Montero et al. [53] prepared Ba0.9Ca0.1Ti0.9Zr0.1O3 (BCTZ) lead-free ceramics by 

Pechini method and annealed at 1548 K for 5h to investigate the effect the electric field on the 

crystallographic, microstructural and electrical characteristics. They reported that electric field 

induced changes in rhombohedral-tetragonal relative content that facilitated polarization 

process. SEM analysis exhibited a mean grain diameter of 20 µm and complex ferroelectric 

domains. Ceramics displayed high piezoelectric coefficient of ~390 pC/N, high ferroelectric 

remnant polarization of 15.3 µC cm-2 and low field of coercivity of 1.5 kV cm-1 at room 

temperature. 
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Herrera-Pérez et al. [54] synthesized Ba1-xCaxTi0.90Zr0.10O3 (BCTZO) ceramics (x = 0, 0.1, 

0.125, 0.15, 0.175, 0.20) via the adjusted Pechini process and annealed at 1673 K for 5 h. They 

reported that XRD patterns with narrow peaks suggested that crystallite sizes were in the 

micron scale as shown in Figure 2.5 (a-c). SEM micrographs reveals a nonhomogeneous rod 

polyhedral-type shapes and faceted quasi-cubs for Ba0.9Ca0.1Ti0.90Zr0.10O3 as provided in Fig. 

2.5 (d) while Ba0.85Ca0.15Ti0.90Zr0.10O3 revealed a duplex morphology consisting of small grains 

and abnormally rod-large grains as illustred in Figure 2.5 (e).  

 

Figure 2.5: HR-XRD patterns for the: (a) reference compound BaTiO3, (b) BCZT with x = 

0.15, (c) BCZT with x = 0.125. SEM micrographs for: (d) BCZT with x = 0.1 (e) BCZT with 

x = 0.15. Adapted from [54]. 

Herrera-Pérez et al. [55] prepared Ba0.90Ca0.10Ti0.90Zr0.10O3 (BCZTO) ceramic by using a 

modified Pechini method. They reported that the material crystallized in the tetragonal 

symmetry at 973 K for 1 h as delineated in Figure 2.6 (a). Figure 2.6 (b) and 2.6 (c) reveaked 

the TEM bright field micrograph for the powders heated at 973 K and the corresponding 

histogram for particle size distribution which was centered at ~ 30 nm. 
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Figure 2.6: (a) Rietveld Refinement for XRD of BCZTO (b) TEM micrograph for powders 

samples calcinated at 973 K for 1 h. (c) Particle size distribution from TEM. Adapted from 

[55]. 

Herrera-Pérez et al. [56] fabricated Ba0.9Ca0.1Ti0.9Zr0.1O3 (BCZTO) lead-free perovskites by 

the adjusted Pechini process followed by sintering at 1523 K for 5 h to determine the effective 

piezoelectric coefficient and the macro ferroelectric hysteresis behavior. They reported that the 

sample exhibited single-phase perovskite structure as was ascertained by XRD analysis with a 

slight degree of tetragonality of 1.0025. SEM analysis revealed a non-homogeneous terrace-

type shape with a grain size distribution centered at 13 μm. The sample exhibited improved 

ferroelectric properties (piezoelectric coefficient: 232 pC/N, coercive field: 1.3 kV/cm and 

saturation polarization: 15.7 µC/cm2) which were associated with the tetragonal distortion. 

Herrera-Pérez et al. [57] prepared Ba1-xCaxTi0.9Zr0.1O3 (x = 0, 0.1 and 0.15) by the modified 

Pechini method and annealed in the midst of 1473 to a maximum of 1673 K for 5 h to inspect 

the connection in the midst of the crystal and electronic skeleton with the dielectric and 

piezoelectric traits. The high-resolution XRD examination suggested the simultaneousness of 

tetragonal symmetric and rhombohedral symmetric phases. The dielectric analysis indicated a 

relaxor feature with a Curie temperature in a range of 100-120 °C. Micro-X-ray absorption near 

edge spectroscopy was carried out to monitor possible changes of electronic structure profile 

due to the local distortions as Ca2+ increased. 
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2.1.2. Literature Review on Stoichiomteric and non-stoichiometric Ferromagnetic phase 

Sujatha et al. [58] synthesized Ni0.50Cu0.05Zn0.45Fe2O4 through the sol-gel method annealed at 

three different temperatures (1173, 1223 and 1303 K). They reported that the microstructures 

displayed homogeneous polyhedral shape grains and grain size was increased with sintering 

temperature (Figure 2.7). Magnetization was increased to a maximum of 1223 K and 

henceforth decreased at 1303 K due to the improved grain size and zinc evaporation. The cut-

off frequency decreased as the magnetic permeability rose (Figure 2.8) with sintering 

temperature due to the combined effect of of improved magnetization and grain size.  

 

Figure 2.7: FESEM micrographs for Ni0.50Cu0.05Zn0.45Fe2O4 ferrite annealed at: (a) 1173 K (b) 

1223 K, and (c) 1303 K. Adapted from [58]. 
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Figure 2.8: Frequency dependent: (a) magnetic permeability spectra and (b) magnetic loss 

tangent for Ni0.50Cu0.05Zn0.45Fe2O4 ferrite annealed at 1173 K, 1223 K and 1303 K. Adapted 

from [58]. 

Gholizadeh et al. [59] successfully prepared Ni0.3Cu0.2Zn0.5Fe2O4 using citrate precursor 

method and subsequently annealed at temperatures 473, 673, and 873 K for 2 h under air-, 

argon-, and carbon monoxide-ambient atmospheres to probe the consequences of sintering 

enviroment and temperature on crystallographic architecture, redistribution of Zn2+ and Fe3+ 

ions, the oxidation of Fe atoms in lattice, and magnetic properties. They claimed that in various 

sintering atmospheres, the crystallite size and unit cell parameter increased as the sintering 

temperature increased. The saturation magnetization was increases with sintering temperature 

and atmosphere due to the variation of ternary variables: magnetic core diameter, transposition 

variable and the alteration of Fe3+-ion concentration due to the presence of Fe4+ and Fe2+ ions. 

Murthy [60] synthesized Ni0.65-xCuxZn0.35Fe2-xO4 (x = 1, 4, 8, 12 and 14 mol%) applying the 

solid-state sintering technique and annealed at different temperatures (773 K-1273 K) in step 

of 283 K) for 10 h to investigate the magnetic, electrical and elastic properties.  They claimed 

that the grain diameter increased as copper concentration and sintering temperature increased.. 

The saturation magnetization and permeabity were increased with increasing copper content. 

The enhancement in magnetic permeability was correlated with the enhancement in grain size. 

Young’s and rigidity moduli increased on increasing sintering temperature to a maximum of 

1173 K and declined at higher sintering temperatures. Additionally, the Young's and rigidity 
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moduli improved as the copper concentration increased to a maximum of 12 mol%, which 

showed an improvement in the atomic binding strength. 

Su et al. [61] synthesized Ni0.45Cu0.20Zn0.35Fe2-xO4-3/2x (x = 0-0.25 in steps of 0.05) ferrites 

utilizing ball milling technique followed by a sintering at 1173 K to investigate the influence 

of iron-nonstoichiometry content on the microstructure, sintering behavior, saturation 

magnetization, magnetic permeability and electric permittivity spectra properties. They 

reported that the samples possessed spinel structucture with cubic symmetry without any 

impurity phase (Figure 2.9). In addition, the sintering density and linear shrinkage ratio were 

increased on upsurging the iron-deficient non-stoichiometric extent to a maximum of x = 0.10 

and eventually remained almost constant with further enhancement in iron-nonstoichiometry 

content.  

 

Figure 2.9: XRD patterns of Ni0.45Cu0.20Zn0.35Fe2-xO4-3/2x (x = 0, 0.25) cermaics. Adapted from 

[61]. 

 

Microstructures of the samples exhibited a skeleton-type structure having some point contacts 

in the midst of the grains (Figure 2.10 (a-f)) and the average grain size increased and some 

abnormal big grains appeared with increasing iron-nonstoichiometry. An archetypal binal 

micromorphology (small grains and some larger grains) was observed when the iron-

nonstoichiometry was reached to a value of x = 0.15. The big grains disappeared and grain size 

changed very little when the iron-nonstoichiometry was greater than x = 0.15. The electric 
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permittivity monotonously increased with increasing iron-nonstoichiometry and the samples 

having iron-nonstoichiometry possessed relatively small permittivity loss tangent. 

 

Figure 2.10: SEM photographs of the Ni0.45Cu0.2Zn0.35Fe2-xO4-3/2x ferrites with different Fe-

deficiency (a) x = 0, (b) x = 0.05, (c) x = 0.10, (d) x = 0.15, (e) x = 0.20, and (f) x = 0.25. 

Adapted from [61]. 

 

The magnetic permeability, Snoek’s product and saturation magnetization were increased on 

escalating iron-deficiency non-stoichiometric amount to a maximum of x = 0.10 and reduced 

with further increased in iron-deficient non-stoichiometry due to the sintering density and 

average grain size (Table 2.2) and optimum value of these parameters was accomplished at x 

= 0.10. The cut-off frequency was decreased on enhancing iron-deficient non-stoichiometry to 

a maximum of x = 0.10 and therafter gradually decreased.  
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Table 2.2. Magnetic permeability (𝜇𝑖
′), cut-off frequency (𝑓𝑟), Snoek’s product and saturation 

magnetization (𝑀𝑠) of the samples. Adapted from [61].  

X 𝜇𝑖
′ Cut-off 

frequency, 𝑓𝑟 
(MHz) 

Snoek’s product 𝑀𝑠 (emu/g) 

0.00 24 227 5114 60.8 

0.05 69 99 6735 61.5 

0.10 82 93 7497 62.0 

0.15 79 94 7265 61.9 

0.20 76 96 7162 61.7 

0.25 75 96 7181 61.6 
 

Murbe et al. [62] successfully developed Ni0.20Cu0.20Zn0.60+zFe2-zO4-(z/2) with (0 ≤ z ≤ 0.06) 

ferrites using standard ceramic route to investigate the shrinkage and magnetic permeability of 

sub-stoichiometric, iron-deficient ferrites. In addition, they investigated the effect of Bi2O3 

addition to stoichiometric and sub-stoichiometric ferrites on the microstructure formation and 

magnetic permeability. The highest shrinkage rate’s temperature changed taken away T = 1273 

K for z = 0 to 1173 K for a sub-stoichiometric composition with z ≥ 0.02. After firing at 1173 

K dense samples were achieved for sub-stoichiometric ferrites (z > 0) only. At 1173 K, the sub-

stoichiometric samples were decamped into stoichiometric sample and copper oxide. The 

presence of copper oxide enhanced the shrinkage significantly. At 1173 K, the non-

stoichiometric samples (z > 0) exhibited dense characteristics. During sintering, the presence 

of CuO in non-stoichiometric samples supported the densification (Figure 2.11). At 1173 K, 

incorporation of 1 wt% Bi2O3 as liquid phase sintering aid into stoichiometric ferrite (z = 0) 

provided sufficient densification. At 1173 K, incorporation of 0.37 wt% Bi2O3 into non-

stoichiometric sample (z = 0.02) resulted dense samples but the microstructure was 

predominated through the heterogeneous grain growth. The magnetic permeability was 
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enhanced from 230 for stoichiometric samples (z = 0) to μ = 430 for non-stoichiometric sample 

(z = 0.02) (Figure 2.12).   

 

Figure 2.11: Density vs. compositions of Ni0.2Cu0.2Zn0.6+zFe2-zO4-(z/2) (0 ≤ z ≤ 0.06) annealed 

at 1173 K for 2 h. Adapted from [62]. 

 

Figure 2.12: Magnetic permeability vs. frequency for Ni0.20Cu0.20Zn0.60+zFe2-zO4-(z/2) (with 0 ≤

 z ≤ 0.06); inset: magnetic permeability at 1 MHz vs. compositions. Adapted from [62]. 

Khan et al. [63] successfully synthesized Ni0.28Cu0.10Zn0.62O(Fe2O3)1-x (with 0 ≤ z ≤ 0.08) 

using double sintering ceramic technique to examine the impact of Fe-deficiency and sintering 

temperature on the temperature and frequency dependent complex magnetic permeability and 

relevant parameters. They reported that the Curie temperature, magnetic permeability (Figure 

2.13 (a, b)), and resonant frequency were increased with increasing Fe-deficiency due to the 
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enhancement in nickel/copper ratio. In addition, they also reported that the resonant frequency 

and Curie temperature were increased primarily with increasing Fe-deficieny and thereafter 

decreased and eventually achieved a maximum at x = 0.06.  

 

Figure 2.13: (a) Frequency dependence of 𝜇𝑖
′ of Ni0.28Cu0.10Zn0.62O(Fe2O3)1-x (with 0 ≤ x ≤

 0.08) ferrites annealed at 1200 ºC; (b) Variation with Fe-deficient at different Ts. Adapted from 

[63]. 

Chen et al. [64] successfully synthesized Ni0.56Cu0.10Zn0.34Fe2-xO4-3/2x (with 0 ≤ x ≤ 0.12) 

ferrites using conventional oxide ceramics process to probe the consequences of Fe-non-

stoichiometry content on magnetic and Brillouin function characteristics. They noted that as 

the amount of Fe-deficiency increased, the average grain diameter steadily increased, and when 

the amount of Fe-deficiency reached x = 0.06, a characteristic dual microstructure with small 

grains and large grains was produced. (Figure 2.14). The discontinuous grain growth suggested 

an inhomogeneous distribution of the liquid phase and big grains were disappeared with 

increasing Fe-deficient content. The saturation magnetic induction was increased while the 

coercivity was decreased with increasing Fe-deficiency content. Based on the Néel molecular 

field theory, for the spinel ferrites which contained not only Fe3+ ions but also some other 

multiple magnetic ions (Ni2+ and Cu2+), the non-linear fitting method was used to estimate the 

intrasublattice molecular field coefficients (𝜔𝑎𝑎 and 𝜔𝑏𝑏) and intersublattice molecular field 

coefficient 𝜔𝑎𝑏 (𝜔𝑏𝑎 = 𝜔𝑎𝑏) and the Curie temperature formula were modified. The 

(a) (b) 
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molecular field coefficients 𝜔𝑎𝑎 and 𝜔𝑏𝑏 were increased while the value of 𝜔𝑎𝑏 was decreased 

with increasing Fe-deficient content which resulted in reduction of Curie temperature. In 

addition, the fitting Curie temperatures values well consistent with the Curie temperatures 

achieved using the modified formula.  

 

Figure 2.14: The SEM images of Ni0.56Cu0.10Zn0.34Fe2-xO4-3/2x (x = 0.0-0.12) with various Fe-

deficiency. Adapted from [64]. 

Sun et al. [65] synthesized non-stoichiometric Ni0.56+x/2Zn0.34Cu0.10Fe2.0-xO4-x (with 0 ≤ x ≤

 0.12) ceramics using solid-state synthetic technique to examine the ferromagnetic resonance 

linewidth characteristics and the physical, structural, cation distribution, and microstructural 

aspects. The results revealed that the lattice constant displayed descending trend with 

increasing iron-nonstoichiometry amount due to the lattice shrinkage resulted from the 

increasing iron-nonstoichiometry amount. The grain size was increased and maximized at x = 

0.04, and afterwards revealed descending trend (Figure 2.15). The bulk density improved as 

the amount of iron-nonstoichiometry increased. The findings showed that when the amount of 

iron-deficient non-stoichiometry increased to x = 0.08 (approx.), the content of Fe3+ ions at the 

tetrahedrally coordinated (A)-site declined somewhat, while Ni2+ ions increased and the 
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content of Fe3+ ions rapidly decreased at the octaahedrally coordinated (B)-site. However, when 

the iron-deficient non-stoichiometric content is x ≤ 0.08, the content of Fe3+ ions diminished 

dramatically at the tetrahedrally coordinated (A)-site and tends to decrease somewhat at the 

octaahedrally coordinated (B)-site. As the amount of iron-nonstoichiometry increased, the 

saturation magnetization upsurged to a maximum of x = 0.04 before decreasing. The saturation 

magnetization of stoichiometric samples was much lower than that of iron-deficient samples 

due to the superposition effect in the midst of molecule magnetic moment and bulk density. 

The porosity linewidth broadening was significantly larger than the anisotropy linewidth 

broadening. 

 

Figure 2.15: SEM micrographs of Ni0.56+x/2Zn0.34Cu0.10Fe2.0-xO4-x ferrites with various amounts 

of iron-nonstoichiometry: (a) x = 0, (b) x = 0.04, (c) x = 0.08, and (d) x = 0.12. Adapted from 

[65]. 

Priese et al. [66] successfully developed Ni0.30Cu0.20Zn0.50+zFe2-zO4-(z/2) (0 ≤ z ≤ 0.06) using 

classic ceramic technique and annealed at various temperature (900-1150 ℃) to study the effect 

of sintering temperature in air atmosphere and oxygen partial pressessure on the phase 

formation, micromorphological, and magnetic traits. They reported that the single-phasic 

spinel architecture with some impurity was formed (Figure 2.16). The shrinkage rate was 

shifted from 1000 ℃ for z = 0 towards lower temperatures and reached its maximum rate at 
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900 ℃ for z = 0.02. Stoichiometric ferrites revealed regular growth of single-phase ferrite 

grains if annealed at Ts ≤ 1100 ℃. At 1150 ℃ appeared a small amount of Cu2O which 

triggered exaggerated grain growth. The coexistence of nonstoichiometric ferrites (z > 0) form 

Cu-poor stoichiometric ferrites with a minority CuO phase retained after sintering at 900-1000 

℃. At Ts ≥ 1050 ℃, CuO transformed into Cu2O, and exaggerated grain growth was developed. 

The magnetic permeability was increased with increasing sintering temperature and at Ts = 

1000 ℃, the magnetic permeability reached a maximum value of 230 for z = 0 or 580 for z = 

0.02, respectively. At higher sintering temperatures, the magnetic permeability was reduced 

due to the formation of intra-crystalline porosity and a non-magnetic CuO grain border phase.  

 

Figure 2.16: XRD patterns of z = 0.06 annealed at different Ts. Adapted from [66]. 

Bahiraei et al. [67] successfully synthesized Mg0.3Cu0.2Zn0.5Fe2-xO4-3x/2 (with 0 ≤ x ≤ 0.04) 

ferrites using sol-gel route and annealed at 1173 K for 4 h to investigate the consequence of 

iron ions on the microstructural and electromagnetic traits. The analysis of the samples' 

microstructures demonstrated the change in iron concentration has a substantial impact on 

densification and development of grains (Figure 2.17 (a-e)). The magnetic permeability was 

improved with rising Fe-deficiency content and achieved a maximum when x = 0.03 and the 

resonance frequency decreased. In addition, the magnetic permeability dramatically decreased 



 

30 

 

with further increasing Fe-deficiency content (Figure 2.18 (a)). The saturated magnetization 

and Curie temperature were decreased with increasing Fe-deficiency contnet (Fig. 2.18 (b)). 

 

Figure 2.17: The SEM micromorphologies of annealed specimens with (a) x = 0, (b) x = 0.01, 

(c) x = 0.02, (d) x = 0.03, and (e) x = 0.04. Adapted from [67]. 

 

Figure 2.18: (a) Frequency-dependent real and imaginary components of magnetic 

permeability with different Fe deficient content and (b) M-H loops with different Fe deficiency 

content. Adapted from [67]. 
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2.1.3. Literature Review on Barium Calcium Titanium Zirconate and Different 

stoichiometric Ferrite based Composite materials 

Wang et al. [68] synthesized Ba0.9Ca0.1Ti0.9Zr0.1O3 (BCZT) + Co0.8Ni0.1Zn0.1Fe2O4 (CNZF) 

laminated composites (2-2 type composites) and particulate composites (0-3 type composites) 

via the solid state syntheic technique to study the dielectric, magnetic, and magnetoelectric 

traits. The simultaneous presence of the component phases were ascertained via XRD analysis 

as illustrated in Figure 2.19. They reported that the BCZT/CNZF laminated composites 

exhibited higher electric permittivity. The laminated composites provided the higher 

resistivities and lower leakage currents as compared to the particulate composites. The leakage 

current density increased on rising NCZFO content. The saturation polarization reduced on 

upsurging CNZF amount as a result of the descending of ferroelectricity. The laminated 

composites (2-2 type composites) exhibited an optimum magnetoelectric coefficient of 

21.73 mV cm-1 Oe-1 at 1100 Oe, which was 20 times greater than that of the particulate 

composites (1.45 mV cm-1 Oe-1) as observed in Figure 2.20. 

 

Figure 2.19: XRD patterns of (1-x) BCZTO/xCNZFO particulate composites (0-3 type 

composites) for x = 0.1; 0.2; 0.3; 0.4; 0.5; 0.6; 0.7. Adapted from [68]. 

 

https://www.sciencedirect.com/topics/materials-science/particulate-composite
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Figure 2.20: Transverse magnetoelectric coefficient 𝛼𝐸 as a function of bias field measured at 

40 kHz for the BCZT/CNZF composites with different contents of CNZF: (a) 2-2 type 

BCZT/CNZF composites and (b) 0-3 type BCZT/CNZF composites. Adapted from [68]. 

 

Wang et al. [69] fabricated Ba0.90Ca0.10Ti0.90Zr0.10O3/CoFe2O4 (BCZT/CFO) layered 

composites employing the solid-state synthetic technique to investigate the ferroelectric, 

magnetic and magnetoelectric properties. They reported that the simultaneous presence of 

BCZT and CFO phases in the composites without any chemical reaction. The piezoelectric 

coefficient decreased on escalating CFO amount as shown in Figure 2.21 (a). The resistance of 

the composites decreased while the leakage current density increased with increasing CFO 

content. The composite with equal amount of the component phases exhibited the optimum 

magnetoelectric response of ~159 mV cm-1 Oe-1 at 1120 Oe (Figure 2.21 (b)). 

 

Fig. 2.21: (a) Piezoelectric coefficients (d33) and (b) magnetoelectric voltage coefficient of the 

laminated (1-x) BCZT/x CFO composites with different contents of CFO. Adapted from [69]. 

(a) 

(b) 
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Li et al. [70] prepared (x) [Ni0.15Cu0.25Zn0.6Fe2O4] (NCZFO)-(1-x) [Ba0.85Ca0.15Ti0.90Zr0.10O3] 

(BCTZO) (x = 0~1) composites by combining chemical co-precipitation method with sol-gel 

technique with an intent to study the microstructure, dielectric, ferroelectric, magnetic and 

multiferroic traits. The simultaneous presence of the NCZFO and BCTZO phases has been 

confirmed via XRD. Compacness of the most composites have been high enough and the 

NCZFO phase possessed larger grain size while BCTZO phase possessed smaller grain size. 

The electric permittivity and permittivity loss tangent change non-monotonically with 

increasing BCTZO phase due to relaxation polarization and thermally excited electrons. 

Composites exhibited apparent ferroelectric hysteresis loops due to leakage current. The 

remnant polarization and coercive field did not change monotonically with increasing BCTZO 

phase. The saturation magnetization changed monotonically with increasing NCZFO phase due 

to strong interfacial interaction in the midst of NCZFO and BCTZO phases. Strongest 

magnetoelectric coupling (relative polarization change 37%) for x = 0.2 was achieved at 1 mT.  

Tanna et al. [71] synthesized (y) [Mn0.5Cu0.5Fe2O4] (MCFO)-(1-y) [Ca0.1Ba0.9Zr0.1Ti0.9O3] 

(CBZTO) (y = 25, 50, and 75 %) composites successfully using solid state method and annealed 

at 1200 ℃ for 12 h. In addition, the 25% MCFO-75% CBZTO composite was subjected to 

high-energy mechanical milling for 12, 18, and 30 h to unravel to the effect of milting time on 

the electromagnetic and magnetoelectric properties. The saturation magnetization and Curie 

temperature of 25% MCFO-75% CBZTO composite were decreased on upsurging the milling 

duration. Because of the strong granular coupling in the midst of the CBZTO phase and the 

MCFO phase, which resulted in spin disorganization and hindered long-distance magnetic 

super exchange connections in MCFO phase, the saturation magnetization was less than per-

gram value. In Mossbauer spectra, a relaxed wide doublet with a dispersion of nuclear hyperfne 

fields suggested a strong connection in the midst of the component phases brought on by 

mechanical grinding. The magnetoelectric coupling coefficient increased with increasing 

milling duration due to the efficient coupling of MCFO and CBZTO phases (Figure 2.22 (a)). 
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The 25% MCFO-75% CBZTO composite milled for 18 h exhibited optimum magnetoelectric 

response of 382 μV cm-1 Oe-1 which was 2.5 times larger than the un-milled one (Figure 2.22 

(a-b)). 

 

Figure 2.22: Variations in the magnetoelectric coefficient with respect to the magnetic field: 

(a) (y) [MCFO]-(1-y) [CBZTO] (y = 0, 0, and 75) and (b) milled MCFO-CBZTO composites. 

Adapted from [71]. 

 

Rani et al. [72] successfully synthesized (x) [CoFe2O4] (CFO)-(1-x) [Ba0.85Ca0.15Zr0.1Ti0.9O3] 

(BCZT) (with 0.1 ≤ x ≤ 0.4) composites employing solid state synthetic approach. The electric 

permittivity decreased with increasing CFO content. Temperature-dependent electric 

permittivity study exhibited two anomalies: one was close to ferroelectric to paraelectric phase 

transition of BCZT ceramic and another one lied near the magnetic transition temperature of 

CFO. Magnetocapacitance was increased and the saturation magnetization increased whereas 

the coercive field decreased with increasing CFO content. The composite with 40 % CFO 

exhibited an optimum magnetocapaciatance of 1.07.  

Negi et al. [73] synthesized of (1-x) [Ba0.85Ca0.15Ti0.9Zr0.1O3] (BCZT)-(x) [CoFe2O4] (CFO) 

(0.1 ≤ x ≤ 0.9) synthesized by chemical solution method followed by a sintering at 1323 K for 

2h to investigate the crystallographic architecture, ferroelectric, magnetic, dielectrical and 

magnetoelectric characteristics. BCTZ power was developed using sol-gel method while CFO 

was synthesized using metallo-organic decomposition method. The ferroelectric properties 
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were decreased while the ferromagnetic properties were increased with increasing CFO 

content. The composite with 10 wt. % of CFO phase exhibited excellent ferroelectric properties 

(high saturation polarization: ~ 5.1 µC/cm2, high remanant polarization: ~ 1.4 µC/cm2 and high 

coercive field: ~ 11.6 kV/cm). The composite having 90 wt. % of CFO phase exhibited 

improved ferromagnetic properties (saturation magnetization: ~ 32 emu/g, remanant 

magnetization: ~ 11.7 emu/g and coercivity: 504 Oe). The magnetic hyperfine field strength 

was reduced with increasing BCTZ amount. The electric permittivity was reduced on upsurging 

CFO amount. The composite with 10 wt. % of CFO phase provided maximum electric 

permittivity of ~ 678 at 1 MHz. The leakage current density was suppressed at lower CFO 

content. The magnetoelectric response was increased with increasing CFO content and the 

composite having 90 wt. % of CFO phase provided highest magnetoelectric response of ~1028 

μV cm-1 Oe-1 at 9 kOe.  

Praveen et al. [74] synthesized [Ba0.85Ca0.15Zr0.1Ti0.9O3] (BCZT)-[CoFe2O4] (CFO) 

composites with two different connectivity schemes, particulate and laminates to investigate 

their structural and magnetoelectric properties. Furthermore, they reported that BCZT and CFO 

phases were synthesized by sol-gel and combustion techniques respectively. Particulate 

composite was fabricated through the mechanical mixing of BCZT and CFO phases with equal 

mass fraction. On the otherhand, the laminated composited (bilayer and trilayer) were prepared 

through the bonding BCZT with CFO layers using epoxy. The laminated composite exhibited 

optimum piezoelectric coefficients of ~ 630 pC/N, piezoelectric voltage coefficient of 

~11 mV m/N, and magnetostricition coefficient of ~183 ppm. Trilayer laminated composites 

exhibited high magnetoelectric coefficient of ~803 mV cm-1 Oe-1 which was 8 times higher 

than that of the particulate composite with equal mass fraction of the component phases, 

magnetoelectric coefficient of ~ 104 mV cm-1 Oe-1. Bilayer laminated composite provided a 

highest magnetoelectric response of ~ 615 mV cm-1 Oe-1.  

https://www.sciencedirect.com/topics/materials-science/particulate-composite
https://www.sciencedirect.com/topics/materials-science/particulate-composite
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Praveen et al. [75] synthesized (1-x) [Ba0.85Ca0.15Zr0.1Ti0.9O3] (BCZT)-(x)[CoFe2O4] (CFO) 

(mass fraction 0 ≤ x ≤ 1.0) particulate composites via mechanical blending of the calcinated 

and milled component phases with desired mass portions followed by a sintering at 1573 K for 

4h to investigate their structural and magnetoelectric properties. The component phases, BCZT 

and CFO were fabricated employing sol-gel auto combustion technique, respectively and 

calcinated at 1673 K. They reported that the component phases coexisted in the composites as 

revealed by XRD analysis. The composite with equal masst fraction of the component phases, 

i.e., 0.5BCZT-0.5CFO composite exhibited high saturation magnetization of 64 emu/g and 

large sensitivity to starin of 52 × 10-9 Oe-1, whichever was commensurable to that of 

unadulterated CFO (50×10-9 Oe-1). The composite with 20 % CFO exhibited large piezoelectric 

voltage constant of 8×10-3 V m/N. The composite with equal mass fraction of the component 

phases, i.e., 0.5BCZT-0.5CFO composite exhibited high magnetoelectric response of 6.85 mV 

cm-1 Oe-1 at 1 kHz, and at resonant frequency, highest magnetoelectric response of 115 mV 

cm-1 Oe-1.  

Haq et al. [76] synthesized [Ba0.85Ca0.15Zr0.1Ti0.9O3] (BCZT)-0.15[CoFe2O4] (CFO) composite 

through solid-state reaction technique and annealed at 1573 K 6h. They reported that the low-

frequency dielectric dispersion was mainly accounted to Maxwell-Wagner relaxation and the 

dielectric properties were partly affected by the contribution from the CFO phase. A sizeable 

magnetoelectric coefficient of 6.03 ps/m was perceived. They were also suggested that the 

intrinsic piezoelectric coefficient and the ratio in the midst of the ferroelectric and ferrimagnetic 

phase, microstructure: grain size, density of ceramics and quality of interfaces, and the 

difference in the midst of the stiffness parameters of BCZT and CFO might have significant 

impact on the magnetoelectric coefficient.  

Mane et al. [77] synthesized (x) [Co0.90Ni0.10Fe2O4] (CNFO)-(1-x) [Ba0.85Ca0.15Zr0.1Ti0.9O3] 

(BCZT) (x = 10, 20, 30 and 40 wt%) composited using a hydroxide coprecipitation method and 

https://www.sciencedirect.com/topics/materials-science/coprecipitation
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were subjected to sintering via the hybrid microwave sintering technique at 1473 K for 20 min. 

They reported that the constitutent phases coexistedb in the composites as ascertained by XRD 

analysis. SEM analysis confirmed the growth of ferrite in the ferroelectric-rich region. Two 

anomalies in the electric permittivity based on temperature study-one at 140 °C and the other 

at or above 500 °C proved the coexistence of the component phases with separate transition 

points. The CNFO phase exhibited excellent magnetic properties (saturation magnetization: 

~80 emu/g, magnetic moment: ~3.37, remanant magnetization: ~19.05 emu/g and coercivity: 

~599 Oe) and a high value of the magnetostriction coefficient of -118 ppm. The composite with 

40% CNFO exhibited optimum linear magnetoelectric response of 21.6 mV cm-1 Oe-1 at 1 kHz.   

Jain et al. [78] successfully fabricated (1-x) Ba0.9Sr0.1Zr0.1Ti0.9O3 (BSZT)-(x) NiFe2O4 (NFO) 

(0.0 ≤ x ≤ 0.30) using mechano-chemical activation technique. They reported that SEM analysis 

revealed that microstructure showed inhomogeneous grains and the inhomogeneity enhanced 

with increasing NFO content as compared to the pristine BSZT sample. Dielectric studies 

showed that the composites exhibited a well-defined ferroelectric to paraelectric transition peak 

while the composite’s diffuseness enhanced on rising NFO level. The composite with 0.05 

NFO content exhibited superior ferroelectric properties and decreases with further increasing 

NFO content. A maximum dielectric breakdown strength was achieved for 0.05 NFO 

concentration. The saturation magnetization and coercive field increased gradually with 

increasing NFO content. The electric permittivity reduced on upsurging NFO amount. The 

piezoelectric properties did not reveal any enhancement over the pristine BSZT and were found 

to decline with NFO addition. 

Jain et al. [79] successfully synthesized (1-x) Ba0.9Sr0.1Zr0.1Ti0.9O3 (BCTZO)-(x) CoFe2O4 

(CFO) (0.0 ≤ x ≤ 0.30) composites using mechanochemical activation method with an aim to 

investigate the effect CFO addition in BSZT on the microstructure, dielectric, ferroelectric, 

ferromagnetic and piezoelectric properties. They reported that the compsite having 0.05 CFO 

https://www.sciencedirect.com/topics/materials-science/sintering
https://www.sciencedirect.com/topics/materials-science/electrostriction
https://www.sciencedirect.com/topics/materials-science/dielectric-material
https://www.sciencedirect.com/topics/materials-science/ferroelectricity
https://www.sciencedirect.com/topics/materials-science/electrical-breakdown
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extent revealed a remarkable enhancement in microstructure, dielectric, ferroelectric and 

piezoelectric properties over the pristine BSZT sample. This enhancement in electrical 

properties was attributed to larger grain size, improved density and easier ferroelectric domain 

wall motion inside the grain. The optimum dielectric breakdown strength was achieved 0.05 

CFO concentration. The ferromangnetic properties improved substantially with increase in 

CFO content.  

 Sowmya et al. [80] successfully prepared (x) [0.5BZT-0.5BCT] -(100-x) NiFe2O4 (x = 90, 80, 

70 wt %) particulate composites using sol-gel route to investigate the composition dependent 

magnetoelectric properties. They reported that the SEM micrograph the composites displayed 

uniform grains distribution and exhibited high electro-mechanical coupling coefficient in the 

range of 0.41 to 0.37. The saturation magnetization increased linearly with increasing ferrite 

concentration. An optimum magnetoelectric coefficient of 13.3 mV cm-1 Oe-1 at 420 Oe for 20 

% ferrite content which was attributed to high piezoelectric, magnetic and adequate interface 

contact in the midst of the component phases.  

Haq et al. [81] synthesized (1-x) [Ba0.85Ca0.15Zr0.1Ti0.9O3] (BCZT)-(x) [NiFe2O4] (NFO) (x = 

0.2, 0.3, 0.4, 0.5) composites using thesolid-state method. They reported that the composites 

exhibited extremely slim hysteresis loop and the saturation magnetization was increased with 

rising NFO concentration and the maximum saturated magnetization were achieved for the 

composite containing 50 % NFO content. In addition, they reported that the composite 

containing 30 % NFO phase exhibited a converse magnetoelectric coefficient which was 

approximately two times larger than that of BaTiO3-CoFe2O4 composites. They explored the 

relationship in the midst of the phase connectivity within these composites and the 

magnetoelectric properties using the time-of-flight secondary ion mass microscopy. 

Rani et al. [82] successfully fabricated (1-x) [Ba0.85Ca0.15Zr0.10Ti0.90O3] (BCZTO) + (x) 

[Ni0.8Zn0.2Fe2O4] (NZFO), (0 ≤ x ≤ 0.45) by the solid state approach and annealed at 1250 ℃/2 
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h to investigate structural, dielectrical, ferroelectric, magnetic and magnetoelectric 

characteristics. They reported that XRD patterns ascertained the developemnt of specimens 

having no impurity phase. Furthermore, temperature-dependent dielectric study reveled that 

the composites exhibited two dielectric inconsistencies: (i) first inconsistency at ~ 413 K 

corroborated with the ferroelectric transition of BZT-0.5BCT and (ii) second inconsistency at 

~ 723 K associated with the magnetic transition of NZFO. The electric permittivity was 

decreased with increasing NZF concentration. The ferroelectric polarization was reduced on 

escalating NZFO amount as a result of the decrement in resistivity. The composite with 25 % 

NZFO provided optimum magnetoelectric response of ~12.95 mV cm-1 Oe-1 at 1 kHz and 

254 mV cm-1 Oe-1 at 35 kHz at room temperature. 

2.1.4. Literature Review on different Ferroelectrics and iron deficient non-stoichiometric 

Ferrites based composite materials 

Sadhana et al. [83] successfully developed (x) [Ni0.53Cu0.12Zn0.35Fe1.88O4] (NiCuZn ferrite) + 

(1-x) [BaTiO3] (BTO) composites (x = 0~100 wt. %) using microwave-hydrothermal method 

followed by sintering at 900 °C/30 min. The simultaneous presence of the component phases 

in the composites were confirmed via XRD analysis (Figure 2.23 (a)). In addition, the 

formation of the component phases was also confirmed via FTIR analysis (Figure 2.23 (b, c)). 

The experimental density of the composites was increased on increasing BTO content. The 

grains of NiCuZn ferrite were increased while the grains of BTO were decreased continually 

with increasing NiCuZn extent. The grain diameters were seen to be in the midst of 72 to 92 

nm. At 1 MHz, the magnetic permeability was decreased with increasing BTO content. The 

saturation magnetization was declined while the coercivity was enhanced on upsuring BTO 

amount and was illucidated through Braggeman theory. The magnetic permeability was 

increased with increasing ferrite content (Figure 2.24 (a)). The imaginary part of magnetic 

permeability (shown in Figure 2.24 (b)) was enhanced progressively on escalating the 

frequency of the applied field and took an optimum at a particular frequency, where the real 

https://www.sciencedirect.com/topics/materials-science/dielectric-material
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part of magnetic permeability rapidly declined. The resonant frequency was increased with 

decreasing ferrite content (Figure 2.24 (b)). The enhancement in resonant frequency was 

ascribed to the decrement in the interplay in the midst of ferrite particles due to the dilution 

effect of ferroelectric particles. The resonant frequency exhibited maximum value and shifted 

towards high frequency region with increasing BTO content. 

 

 

Figure 2.23: (a) XRD patterns of (x) [NiCuZn ferrite] + (1-x) [BTO] (x = 0~100 wt.%) 

composites, (b) and (c) FTIR spectra of NiCuZn ferrite and BaTiO3 powders. Adapted from 

[83]. 

 

Figure 2.24: Evolution of (a) real component (𝜇𝑖
′) and (b) imaginary component (𝜇𝑖

′′) of 

magnetic permeability against frequency of (x) [NiCuZn-ferrite] + (1-x) [BTO] (x = 0~100 wt. 

%) composites. Adapted from [83]. 

(a) 

(b) 
(c) 

(a) (b) 
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Ling et al. [84] successfully prepared (1-x) [Ni0.37Cu0.20Zn0.43Fe1.92O3.88] (NCZFO)-(x) 

[BaTiO3] (BTO) (x = 5, 10, 15, and 20 wt. %,) (designated as S1 (x = 5 wt.%), S2 (x = 10 

wt.%), S3 (x = 15 wt. %), and S4 (x = 20 wt. %)) composites using the usual ceramic technique 

combined with the sol-gel method followed by a sintering at 1173 K. XRD analysis was used 

to determine the development of the component phases and their coexistence in the composites 

(Figure 2.25). BTO powder exhibited fine and agglomerated grains with the size of 0.1-0.6 μm 

(Figure 2.26 (a)) while NCZFO powder exhibited relatively low porosity having larger grain 

size (> 5 μm) (Figure 2.26 (b)). The microstructures of the composites (S1-S4) were porous 

and the mean grain diameter was reduced on rising BTO level which was suggested that the 

BTO acted as grain growth inhibitor (Figure 2.26 (c-f)). The magnetic permeability was 

reduced due to the dilution effect while the peak value of the imaginary component of magnetic 

permeability was declined and shifted to the high frequency region with increasing BT amount. 

The electric permittivity was increased on increasing BT amount due to the improvement in 

the density of the samples.  

 

Figure 2.25: XRD patterns for NCZF, BT powder, and samples 1-4. Adapted from [84]. 
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Figure 2.26: SEM micrographs of (a) BT powder, (b) NCZF, (c) S1, (d) S2, (e) S3 and (f) S4. 

Adapted from [84]. 

Lin et al. [85] prepared (1-x) [BaFe0.5Nb0.5O3] (BFN) + (x) [Ni0.37Cu0.20Zn0.43Fe1.92O3.88] 

(NiCuZn ferrite) (x = 20-80 wt. %) composites employing solid state synthetic process and 

annealed at 1223 K. The simultaneous presence of the component phases in the composites 

was ascertained through XRD analsysis (Figure 2.27). Homogeneous microstructures were 

observed with some pores for the composites (Figure 2.28 (a-d)). Additionally, because 

NiCuZn sinters at a lower temperature than BFN, microstructures get denser and denser when 

NiCuZn concentration is increased. The electric permittivity and permittivity loss tangent were 

increased with decreasing NiCuZn content because the electric permittivity and permittivity 

loss tangent of BFN were both higher than those of NiCuZn (Figure 2.29 (a)). The magnetic 

permeability was enhanced while the resonant frequency was declined on escalating NiCuZn 

amount due to the enhancement in saturation magnetization (Figure 2.29 (b)), 
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Figure 2.27: XRD patterns of the BFN/NCZF composites with different NCZF content. 

Adapted from [85]. 

 

 

Figure 2.28: SEM micrographs of the BFN/NiCuZn composites with different NiCuZn content 

annealed at 950 ℃: (a) 20, (b) 40, (c) 60, and (d) 80 wt. %. Adapted from [85]. 

 

 

Figure 2.29: Frequency dependent: (a) complex electric permittivity and (b) magnetic 

properties of the BFN/NiCuZn composites with different NiCuZn contents. Adapted from [85].  

 

(a) (b) 
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Qi et al. [86] successfully synthesized (x) [BaTiO3] + (1-x) [Ni0.2Cu0.2Zn0.6Fe1.96O4] (NiCuZn 

ferrite) (0 ≤ x ≤ 1.0) composites using standard ceramics method with nanosized precursor 

powders. XRD analysis was used to confirm the simultaneous presence of the component 

phases in the composites (Figure 2.30).  The saturation magnetization declined while the 

coercivity enhanced on rising BTO level. The initial permeablity was decreased while the 

resonant frequency was increased on upsurging BTO amount due to the pinning effect of 

domain wall dispalcement (Figure 2.31 (a)). The maximum value of the quality factor was 

shifted toward high frequency region (Figure 2.31 (b)). 

 

Figure 2.30: XRD profiles of annealed (x) [BTO] + (1-x) [NCZFO] (0 ≤ x ≤ 1.0) composites. 

Adapted from [86]. 

 

 

Figure 2.31: Frequency dependent: (a) magnetic permeability, and (b) quality factor of (x) 

[BTO] + (1-x) [NCZFO] (0 ≤ x ≤ 1.0) composites. Adapted from [86]. 

(a) 

(b) 
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Su et al. [87] developed (1-x) [Ni0.4Cu0.2Zn0.4Fe1.96O4] (NCZF) + (x) [BaTiO3] (BTO) (x = 0-

40 wt. %) composites using standard ceramic method followed by a sintering at 1223 K. The 

coexistence of the component phases was affirmed by XRD pattern (Figure 2.32). The grain 

size was slowly reduced with increasing BTO content (Figure 2.33). 

 

Figure 2.32: XRD patterns for (1-x) [NCZF] + (x) [BTO] (x = 0-40 wt. %) multiferroic 

composites. Adapted from [87]. 

 

Figure 2.33: SEM photographs for (1-x) [NCZF] + (x) [BTO] (x = 0-40 wt. %) multiferroics: 

(a) x = 0, (b) x = 10, (c) x = 20, and (d) x = 40 wt. %. Adapted from [87]. 

http://www.sciencedirect.com/science/article/pii/S0304885309003904
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The magnetic permeability was declined with increasing BTO content (Figure 2.34 (a)) due to 

the magnetic dilution effect. The quality factor was exhibited high values for x = 20-30 wt% 

(Figure 2.34 (b)). In addition, the electric permittivity was increased with increasing BTO 

content (Figure 2.34 (c)) and the composites exhibited a low permittivity loss tangent ≤ 100 

MHz (Figure 2.34 (d)).  

 

 

 
 

Figure 2.34: Frequency dependent (a) magnetic permeability, (b) quality factor, (c) electric 

permittivity, (d) permittivity loss tangent (1-x) [NCZF] + (x) [BTO] (x = 0~40 wt. %) 

composites. Adapted from [87]. 

 

Su et al. [88] synthesized (x) [Ba0.6Sr0.4TiO3] (BST) + (1-x) [Ni0.2Cu0.2Zn0.62Fe1.96O3.94] 

(NiCuZn ferrite) (0 ≤ x ≤ 0.60) composites with an addition of Bi2O3 sintering agent via solid-

state reaction method to develop multilayer chip electromagnetic interference filters. The 

simultaneous presence of the component phases in the composites were confirmed by XRD 

patterns (Figure 2.35). 

(a) 

(b) 

(c) 

(d) 
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Figure 2.35: XRD profiles of (x) [BST] + (1-x) [NCZFO] (x = 0-60 wt. %) composites along 

with their component phases. Adapted from [88]. 

 

 

Figure 2.36: Frequency dependent: (a) permittivity constant, and (b) permittivity loss tangent 

of (x) [BST] + (1-x) [NCZF] (x = 0-60 wt. %) composites. Adapted from [88]. 

 

 

Figure 2.37: Frequency spectra of (a) magnetic permeability (𝜇𝑖
′ ) and (b) the magnetic loss 

tangent of (x) [BST] + (1-x) [NCZF] (x = 0-60 wt. %) composites. Adapted from [88]. 
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The electric permittivity was increased with increasing BST content and exhibited excellent 

frequency stability to a maximum of 100 MHz, while the permittivity loss tangent was 

decreased below 100 MHz due to the decrement in permittivity loss tangent of BST (Figure 

2.36 (a, b)) because some of Ni2+ or Cu2+ ions might substitute for Ti4+ in BST. The composite 

having 60 wt. % ferrite exhibited excellent electromagnetic properties (εr = 48, 𝑡𝑎𝑛𝛿 = 0.01, 

µ = 20.8, 𝑡𝑎𝑛𝛿𝜇/10𝑀𝐻𝑧 = 0.03, 𝑓𝑟 = 100 MHz). The magnetic permeability and magnetic loss 

tangent were declined on rising BST level due to the magnetic dilution consequence (Figure 

2.37 (a, b)).  

Jia et al. [89] successfully synthesized (x) [Pb0.95Sr0.05Zr0.52Ti0.48O3] (PZT) + (1-x) 

[Ni0.24Cu0.21Zn0.55Fe1.96O4] (NiCuZn-ferrite) (where x = 0~25 wt. %) employing solid-state 

reaction approach to investigate the phase compostion, densification, microstructural and 

electromagnetic characteristics. The simultaneous presence of the component phases in the 

composites were confimed using XRD analysis (Figure 2.38). The abnormal grain growth was 

achieved in the pristine sample and many pores were observed inside the large grains (Figure 

2.39 (a)). On other hand, uniform microstructures were achieved in the composite sample 

(Figure 2.39 (c-d)). The grain diameter reduced on rising PZT level since PZT restrained the 

grain development.  

 

Figure 2.38: XRD profiles of (x) [PZT] + (1-x) [NiCuZn-ferrite] (x = 0, 5, 15 wt. %) 

composites. Adapted from [89]. 
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Figure 2.39: SEM photographs of (x) [PZT] + (1-x) [NiCuZn-ferrite] (x = 0~25 wt. %) 

composite materials: (a) x = 0, (b) x = 5, (c) x = 15, and (d) x = 25 wt%. Adapted from [89]. 

 

Figure 2.40: Effect of PZT on magnetic permeability (𝜇𝑖
′ ) of different composites. Adapted 

from [89]. 

 

 

At 1 MHz, the real and imaginary component of magnetic permeability was reduced 

progressively on upsurging PZT amount as a result of the decrement in magnetic moment (Fig. 

2.40). The reduction in magnetic permeability was responsible for reduction in magnetic 

moment. The initial magnetic permeability decreased with increasing PZT concentration 

because the incorporation of PZT phase reduced the magnetic characteristic of the composites 
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as well as increased the magnetic block. The resonant frequency was shifted toward high 

frequency region with increasing PZT content (Figure 2.40). 

Yang et al. [90] synthesized (1-x) [Ba(Zn0.33Nb0.67)O3] (BZN) + (x) [(Ni0.37Cu0.20Zn0.43O)-

(Fe2O3)0.96] (NiCuZn) composites (x = 20-80 wt. %) employing solid state synthetic technique 

and annealed at 1223 K to investigate the electromagnetic properties. Dense and homogeneous 

microstructures were achieved (Figure 2.41 (a-d)).  In the low frequency region, complex 

electric permittivity spectra were exhibited a Debye-like relaxation due to Maxwell-Wagner 

polarization (Figure 2.42 (a)). As the NiCuZn concentration increased, the resonant frequency 

and electric permittivity decreased, but the magnetic permeability increased in the high 

frequency zone (Figure 2.42 (b)). 

 

Figure 2.41: SEM micrographs of the BZN/NiCuZn composites with different NiCuZn 

contents annealed at 1223 K: (a) 20, (b) 40, (c) 60, and (d) 80 wt. %. Adapted from [90]. 

 

Figure 2.42: Frequency dependent: (a) dielectric traits, and (b) magnetic traits of the 

BZN/NiCuZn composites with different NiCuZn contents. Adapted from [90]. 

(a) (b) 
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Yang et al. [91] prepared (x) [Ba0.6Sr0.4TiO3] (BST) + (1-x) [Ni0.37Cu0.20Zn0.43Fe1.92O3.88] 

(NiCuZn) (x = 20, 40, 60 and 80 wt.%) thick film composites successfully employing screen 

printing technique and annealed at 1153 K to investigate the electromagnetic properties. Dense 

microstructures were achieved (Figure 2.43 (a-d)). The electric permittivities were declined 

while the permittivity loss tangents were increased on upsurging BST amount as a result of the 

fact that the electric permittivity of BST is higher than that of NiCuZn while its permittivity 

loss tangent was lower than that of NiCuZn. The composite thick film having with 20 % 

NiCuZn displayed dielectric traits (ε' = 283 % and tanδε = 0.4 %) at 1 MHz, and 5% permiitivity 

tenability 5% (Figure 2.44 (a)). The saturation magnetization and remnant magnetization were 

declined with increasing BST contentis mainly due to the dilution effect and composite thick 

film with 20 wt. % NiCuZn displayed saturation magnetization and coercivity of 8 emu/g and 

27.1 G (Figure 2.44 (b)). 

 

Figure 2.43: SEM micrographs of the natural surface of the NiCuZn/BST thick films with 

different concentration of BST: (a) 20, (b) 40, (c) 60, and (d) 80 wt. %. Adapted from [91]. 
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Figure 2.44: (a) Frequency dependency of the dielectric properties and (b) Magnetic hystereis 

of the NiCuZn/BST thick films with different concentration of BST. Adapted from [91]. 

 

Sadhana et al. [92] synthesized (x) [BaTiO3] + (1-x) [Ni0.53Cu0.12Zn0.35Fe1.88O4] (x = 0, 30, 50, 

70 and 100 wt.%) composites fabricated via the microwave synthetic technique and annealed 

at 1183 K and they claimed that when BaTiO3 concentration was raised, theoretical densitiy 

enhanced but magnetic properties (such saturation magnetization and coercivity) reduced. The 

magentic permeability of composites was found to be decreasing with increasing frequency 

(Figure 2.45 (a)) and randomly varied with increasing BaTiO3 content. The Qmax values were 

achieved for all the composites at 250 kHz (Figure 2.45 (b)).  

 

Figure 2.45: Frequency dependent: (a) magnetic permeability and (b) quality factor. Adapted 

from [92]. 

 

Liu et al. [93] successfully prepared ZnTiO3-Ni0.8Cu0.12Zn0.12Fe1.96O4 composites employing 

a limited shrinkage sintering technique and inspected the co-firing interface, inter-ionic 

diffusion in the midst of component phases, and dielectrical traits and claimed that the 

(a) 

(b) 

(b) 

(a) 
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interfacial interactions eventuated as a result of the stronger association of ferroelectric and 

ferromagnetic layers.  

Lin et al. [94] synthesized (1-x) [(K0.441Na0.539)Li0.02(Nb0.77Ta0.18Sb0.05)O3] (LKNNTS) + (x) 

[Ni0.37Cu0.20Zn0.43Fe1.92O3.88] (NCZF) (x = 0.1, 0.2, 0.3, and 0.4) 2-2 type (laminated) and 0-3 

type (particulate) composites employing solid state synthetic technique and annealed at 1353 

K to optimize the electrical and magnetoelectric properties with the variation NCZF content. 

At low frequency region, the dielectric trait became weaker and weaker on upsurging NCZF 

amount due to dilution effect (Figure 2.46 (a, b)). At high frequency region, the electric 

permittivity displayed a step decrease at a certain frequency while the permittivity loss tangent 

revealed a relaxation peak. The permittivity loss tangent peaks shifted to lower frequency 

region and the relaxation time improved gradually.  

 

Figure 2.46: Variation of the dielectric traits of LKNNTS/NCZF composites against 

frequency: (a) 2-2 type; (b) 0-3 type. Adapted from [94]. 

 

At lower frequency region, frequency dependent transverse magnetoelectric coefficient (𝛼𝐸31) 

became stronger and stronger with increasing NCZF content (Figure 2.47 (a-b)). The value of 

𝛼𝐸31 for laminated composites declined gradually and then tend to stable, which exhibited a 

maximum value at 1 kHz. The DC magnetic field dependent transverse ME coefficient (𝛼𝐸31) 

varied non-monotonically with the magnetic field, and exhibited a peak at ~300 Oe (Figure 

2.47 (c. d)). The 0.6LKNNTS/0.4NCZF laminated composite exhibited maximum 𝛼𝐸31 of 133 
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mV/cm Oe which was more than four times as higher as that of the particulate composites 

(𝛼𝐸31 = 34 mV/cm Oe). This large disparity was accredited to the better coupling in the midst 

of component phases in the laminated composites.  

 

 

Figure 2.47: Transverse ME coefficient 𝛼𝐸31 of the LKNNTS/NCZF composites as functions 

of frequency (a, b) at 300 Oe, and magnetic field (c, d) at 1 kHz. Adapted from [94]. 

 

The longitudinal magnetoelectric coefficient (𝛼𝐸33) was enhanced significantly with increasing 

NCZF content and frequency for the laminated composites (Figure 2.48 (a)) while the value of 

𝛼𝐸33 for the particulate composites was declined firstly and then enhanced gradually (Figure 

2.48 (b)). However, the valu of 𝛼𝐸33 was enhanced with increasing the magnetic field and 

NCZF content (Figure 2.48 (c, d)). The value of 𝛼𝐸33 varied feebly in the high magnetic field 

range due to saturated magnetostriction. The 0.6LKNNTS/0.4NCZF laminated composite 

exhibited maximum 𝛼𝐸33 of 63 mV/cm Oe which was approximately two times larger than that 

of the particulate composites (𝛼𝐸33 = 38 mV/cm Oe).  
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Figure 2.48: Longitudinal ME coefficient 𝛼𝐸33 of the LKNNTS/NCZF composites as 

functions of frequency (a, b) at 1400 Oe, and magnetic field (c, d) at 70 kHz. Adapted from 

[94]. 

 

Yang et al. [95] synthesized (x) [Bi4Ti3O12] (BTO) + (1-x) [Ni0.37Cu0.20Zn0.43Fe1.92O3.88] 

(NiCuZn) (x = 0.2, 0.4, 0.6 and 0.8) composites successfully using the conventional solidstate 

reaction method and annealed at 950 ℃ to meet the demand of low-temperature co-fired 

ceramic technology. All composites were exhibited homogeneous microstructures without 

having no pores. The plate-like white grains of BTO were surrounded by quadrate-like dark 

grains of NiCuZn (Figure 2.49 (a-d)). The density of the composites was increased with 

increasing the NiCuZn content was attributed to lower sintering temperature of NiCuZn as 

compared to that of pure BTO. In the low frequency region, the BTO/NiCuZn composites 

exhibited giant electric permittivities. At low frequency window, the 40%BTO/60%NiCuZn 

composite possessed giant dielectric property and magnetic permeability of 60,000 and 25 
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(Figure 2.50 (a). On the contrary, in the low frequency region, the BTO/NiCuZn composites 

exhibited very high permeabilities (Figure 2.50 (b)). 

 

Figure 2.49: SEM micrographs of the BTO/NiCuZn composites with different NiCuZn extent: 

(a) x = 20, (b) x = 40, (c) x = 60, and (d) x = 80 wt. %. Adapted from [95]. 

 

Figure 2.50: Frequency dependence of (a) the dielectric properties and (b) magnetic properties 

of the BTO/NiCuZn composites with different NiCuZn contents. Adapted from [95]. 

 

Yang et al. [96] fabricated (1-x) [CaTiO3] (CTO) + (x) [Ni0.37Cu0.20Zn0.43Fe1.92O3.88] (NiCuZn) 

composites (x = 20-80 wt. %) employing solid-state reaction technique and annealed at 1223 

K to investigate the electromagnetic properties. The CTO/NiCuZn composites possessed high 

(b) 

(a) 
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electromagnetic properties. The electric permittivity was declined where as the permittivity 

loss tangent improved on upsuring NiCuZn amount (Figure 2.51). On the contrary, the 

magnetic permeability was improved whereas the resonant frequency was reduced on 

upsurging NiCuZn amount (Figure 2.52).  

 

Figure 2.51: Frequency dependence of the dielectric traits of the CTO/NiCuZn composites 

with various NiCuZn amount. Adapted from [96]. 

 

Figure 2.52: Frequency dependence of the magnetic traits of the CTO/NiCuZn composites 

with various NiCuZn amount. Adapted from [96]. 
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Hsiang et al. [97, 98] successfully developed BaO. (Nd0.8Bi0.2)2O3.4TiO2 (BNBT) + Bi2O3-

B2O3-SiO2-ZnO (BBSZ)-(Ni0.28Cu0.12Zn0.6O)-(Fe2O3)0.99 (NiCuZn) composites via solid state 

synthetic technique and annealed at 1173-1223 K to investigate the effects of sintering 

behavior, microstructural feature, and electromagnetic characteristics and stated that as the 

material was sintering, any evidence of a chemical reaction could not be distinguished in the 

midst of the component phases and that it had excellent electromagnetic properties.  

Peng et al. [99] synthesized three Bi2(Zn1/3Nb2/3)2O7 (BZN)/ (Ni0.3Cu0.1Zn0.6O)-(Fe2O3)0.8 

(NiCuZn), Pb(Ni1/3Nb2/3)O3-PbZrO3-PbTiO3 (PNZT)/ (Ni0.3Cu0.1Zn0.6O)-(Fe2O3)0.8(NiCuZn), 

and BaNd2Ti4O12 + ZnO-B2O3 (BNTZB)/ (Ni0.3Cu0.1Zn0.6O)-(Fe2O3)0.8 (NiCuZn) particulate 

composites and laminated composites via the solid state synthetic technique and annealed at 

1173 K and found that having an effective sintering flux was one of the most important 

considerations in creating ferromagnetic-ferroelectric particulate composites or layered 

composites are capable of co-firing at a temperature that is similar to that of unadulterated 

ferromagnetic and ferroelectric substances. The electric permittivity and dieletric loss were 

declined with increasing frequency for the composites with 50-90 vol% ferrite while for the 

other composites the electric permittivity and permittivity loss tangent exhibited almost 

frequency independent behavior. The electric permittivity was initially increased to a 

maximum of 30 vol% ferrite content, but declined with further increase in ferrite content 

(Figure 2.53 (a, b)). Such behavior was acridated to the formation of a new crystalline phase 

of Bi1.5ZnNb1.5O7, which possessed an electric permittivity of 170 much higher than those of 

Bi2Zn0.67Nb1.33O7 (electric permittivit = 585) and ferrite (electric permittivity = 520). At 1 kHz 

< f < 3 MHz, the magnetic permeability exhibited frequency independent behavior (Figure 2.54 

(a)). A higher magentic permeability was perceived with increasing ferrite content. In Q value 

spectra, a peak value was observed at ~1 MHz for the composites having ferrite content higher 

than 70 vol% (Figure 2.54 (b)). At a given frequency, the Q value was enhanced with increasing 

ferrite content. 
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Figure 2.53: Effect of ferrite content and frequency on: (a) permittivity constant and (b) 

permittivity loss tangent for BZN + ferrite powder composite annealed at 1173 K for 2 h. 

Adapted from [99]. 

 
Figure 2.54: Effect of ferrite content and frequency on: (a) electric permittivity, and (b) Q 

factor against frequency for BZN + ferrite powder composite annealed at 1173 K for 2 h. 

Adapted from [99]. 

 

Ling et al. [100] successfully developed CaTiO3/(Ni0.60Cu0.24Zn0.16O)1.02(Fe2O3)0.98 and 

BaTiO3/ (Ni0.60Cu0.24Zn0.16O)1.02(Fe2O3)0.98 composites with molar ratio of ferrite to ceramic of 

10:1 having 2 % Bi2O3 as fluxing agent via solid state synthetic technique and annealed at 

1173-1223 K to investigate the effect of microstructure and gap criterion on the magnetic 

permeability. The magnetic model was maticulously compatible among the adjusted values of 

the gap criterion on the magnetic permeability. Maxwell-Garnett's model was used to study the 

dielectric characteristics, and it was discovered that the experimental and theoretical values did 

not match up due to the sintering behavior and inhomogeneousness of the composites. 
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Ling et al. [101] syntheszied (1-x) [BaTiO3] (BT) + (x) [(Ni0.60Cu0.24Zn0.16O)1.02(Fe2O3)0.98] 

(NCZF) (x = 10, 20, 30 and 40 wt.%) composites successfully by solid state synthetic technique 

annealed at 1173 K for 3 h and subsequently some of the samples were annealed in oxygen 

(0.06 MPa) at 1123 K for 2h to investigate the influence of annealing on electromagnetic 

properties. At 1 MHz, Q-factor at was enhanced amidst 10 and 20 weight percent of BaTiO3 

(Figure 2.55 (a)), whilst the product of Snoek was embellished amidst 10, 20, and 30 weight 

percent of BaTiO3 whilst the composites were annealed in O2 (Figure 2.55 (b)). The 

permittivity loss tangent was reduced at 1 MHz following annealing in O2 with 10 weight 

percent BaTiO3. For 30 weight percent of BaTiO3, the permittivity constant was reduced from 

49.4 to 30.8 at 1 MHz, while the permittivity loss tangent was reduced from 5.29 ×10-3 to 2.48 

×10-4 (Figure 2.56).  

 

Figure 2.55: (a) Variation of magnetic permeability (𝜇′) and Q-factor (measured at 1MHz) 

and (b) Variation of Snoek’s product with mass ratio of BT/NCZF (x). Adapted from [101]. 

 

Figure 2.56: Variation of 휀′ and tanδ (measured at 1MHz) with mass ratio of BT/NCZF (x). 

Adapted from [101]. 
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2.2. Ferroelectrics 

Ferroelectrics are materials that display spontaneous polarization and a domain skeleton below 

the Curie point, and that may also be changed upon the applications of electric fields. Figure 

2.57 illustrates a timetable from 300 BCE to the current day of advent significant occasions in 

the development of ferroelectrics. 

 

Figure 2.57: Top diagram: a timetable from 300 BCE to the current day of advent significant 

occasions in the development of ferroelectrics. (a) Paraelectric phase of Rochelle salt's crystal 

architecture. For simplicity, water molecules and hydrogen atoms have been disregarded. (b) 

Rochelle salt's ferroelectric hysteresis loop, as reported by Valasek in 1921. (c) Reproduction 

of the X-ray photographs of high-angle reflections in BaTiO3 powders above and below the 

ferroelectric phase transition taken by Megaw using 𝐶𝑢 − 𝐾𝛼1 and 𝐶𝑢 − 𝐾𝛼2 radiation. 

Adapted from [102]. 

2.2.1. Crystal structure of barium titanate  

Barium titanate (BaTiO3) is the perovskite-structured ferroelectric and piezoelectric materials 

and is very stable chemically and mechanically. The perovskite structure's stoichiometry is 

ABO3, where A stands for a big monovalent, bivalent, or tri-valency cation and B is often a 

smaller tri-valency, tetra-valency, or tri-valency cation. Ideal perovskite structures use the 



 

62 

 

cubic space group Pm3̅m with a face-centered cubic arrangement. A unit cell of perovskite is 

depicted in Figure 2.58.  

 

Figure 2.58: (a) The cubic phase for a unit cell of BaTiO3. Here, the Ti4+ ion is in the middle 

of the composition, O2- is in the middle of the phases, and Ba2+ ions are at the corner of the 

cube. (b) BaTiO3 perovskite crystal structure in three dimensions. Adapted from [103].  

With BaTiO3, the oxygen ions form an octahedron with Ba2+ ions at the body center and Ti4+ 

ions at the B sites, which are located at the corners of the cube. BaTiO3 exhibits a significant 

spontaneous polarization (~ 25 µC/cm2) and a Curie temperature of 393 K. Figure 2.59 shows 

the various structural phase changes that BaTiO3 goes through as the temperature drops. The 

term "polymorphic phase transition" (PPT) is used to describe each of these temperature-

dependent phase changes. BaTiO3 possesses cubic architecture and is paraelectric above its 

Curie temperature. The cubic structure becomes tetragonal as the temperature drops below its 

Curie point. The oxygen and titanium ions are moved away from the barium ions as a result of 

the c-axis broadening, which leads to ferroelectric polarization. At 290 K and 190 K, 

respectively, the structure shifts from tetragonal to cubic, then from rhombohedral to 

orthorhombic as the temperature drops [104].  
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Figure 2.59: Phase transition of BaTiO3 vs. temperature. Adapted from [104].  

2.2.2. Barium Calcium Titanium Zirconate system 

The current scientific goal is to find the lead-free ferroelectric materials with high piezoelectric 

properties for various technologies since the lead-based ferroelectric is toxic and harmful for 

atmosphere and human health. In this regard, it is essential to search, design and promote a 

new lead-free ferroelectric/piezoelectric ceramic material. Amid the lead-free ceramic 

materials, barium titanate (BaTiO3) has widely investigated owing to its excellent dielectric 

and piezoelectric characteristics. However, BaTiO3 reveals reasonably low electric permittivity 

and piezoelectric properties as compared to the lead-based perovskite ceramics. To surmount 

the drawback, there is now urgent need to modify the barium titanate. Substitution, doping 

and/or chemical modifications is one of the effective ways to tune the piezoelectric 

characteristics of piezoelectric materials. In doing so, divalent calcium (Ca2+) and tetravalent 

zirconium (Zr4+) can be incorporate into the crystal lattice of BaTiO3 to replace Ba2+ and Ti4+, 

respectively. The partial replacement of Ba2+ with Ca2+ in BaTiO3 has been shown to be able 

to adjust the Curie point as well as the phase transition temperature from orthorhombic 

symmetry to tetragonal symmetry, making the tetragonal symmetric phase invariable across a 

large temperature spectrum [105]. On the contrary, Zr4+ replacement at the Ti4+ site allows for 
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fine-tuning of the skeletal and electrical characteristics of BaTiO3. Additionally, Zr4+ is more 

chemically stable than Ti4+. As a consequence, (Ba, Ca) (Ti, Zr)O3 system becomes a 

significant ferroelectric and piezoelectric material due to its excellent electrical and 

piezoelectric traits and environmentally friendly nature.  The prototype perovskite structure is 

shown in Figure 2.60, where the ions Ba2+ and Ca2+ are positioned in the A sites and Zr4+ and 

Ti4+ are present in the B sites. 

 

Figure 2.60: Schematic delineation of a perovskite architecture prototype, where A = Ba2+, 

Ca2+; B = Zr4+, Ti4+; X = O2-. Adapted from [76, 106]. 

2.2.3. Phase diagram of barium calcium zirconium titanate 

Phase diagram are effective way to visualize the crystal structure of a materials and 

characteristic over a specified range of compositions and/or temperatures. Figure 2.61 (a) 

depicts the structural phase diagram of lead-based ceramics.  Figure 2.61 (b) illustrates the first 

structural phase diagram of the barium calcium zirconium titanate system is similar to lead-

based ceramics which was established by Liu and Ren [107] in 2009 adopting an association 

of temperature-dependent XRD and dielectrical investigations. The phase diagram of BCTZO 

ceramic system has a convergence phase point (PCR) making of triple point of the cubic 

paraelectric (C, Pm3̅m) phase, tetragonal ferroelectric (T, P4mm) and rhombohedral 

ferroelectric (R, R3m) phases based on the temperature-dependent dielectric characteristics, 

that was accountable for the large piezoelectricity at x = 0.32 and at temperature of 57 ℃. A 
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morphotropic phase border (MPB) is present in the phase representation in the midst of 

ferroelectric rhombohedral phase (R3m) on the BZTO-rich edge and a tetragonal phase (P4mm) 

on the BCTO-rich edge. In contrast, according to Acosta, an association of low anisotropic 

energy, large polarization, and improved elastic softening results in the strongest piezoelectric 

coefficients near the border in the midst of ferroelectric phases with orthorhombic and 

tetragonal symmetries [108]. 

 

Figure 2.61: Phase diagram of (a) PbZr1-xTixO3 system. Adapted from [109] and (b) 

Ba0.85Ca0.15Zr0.1Ti0.9O3 (BZT-xBCT) system around MPB composition. Adapted from [107]. 

Subsequently, Keeble and Damjanovic [109-111] refined the structural phase diagram of 

BCTZO system employing high-resolution synchrotron X-ray diffraction methods and 

revealed that for compositions close to x = 0.5, an orthorhombic (O) phase is thought to exist 

as a transitional state in the midst of the R and T phases, as depicted in Figure 2.62 (a) with a 

distinctive quadruple point in in the midst of four phases and disappeared at the triple point. 

Figure 2.62 (b) represents the formation of the high instability gradient. Keeble and 

Damjanovic have been discussed triple phase changes, i.e., from R to O, from O to T, and from 

T to C in the proximity of room temperature. Additionally, they proposed that the 

polymorphism could permit a significant increase in piezoelectricity through processes for the 

rotation and extension of polarization associated with a flattened energy environment. 

(a) (b) 
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Figure 2.62: (a) Phase representation of BCTZO perovskite. In comparison to Liu and Ren 

workv [107] a persistent orthorhombic phase that reaches the area of phase convergence and 

(b) A 3D phase representation of BCTZO demonstrates how the two binary phases of BTZO 

and BCTO combine to generate the ternary BCTZO phase. Adapted from [109]. 

2.3. Piezoelectrics 

Piezoelectric materials are a subset of dielectric materials which can be mechanically polarized 

when an electric field is applied (Figure 2.63). Piezoelectricity, or literally "pressure 

electricity," is the unusual characteristic displayed by a few dielectric materials. The two types 

of piezoelectric materials: (i) polar piezoelectrics (endowed with a net dipole moment) and (ii) 

non-polar piezoelectrics (endowed with dipole moments that add to a maximum of zero when 

added in various directions) [112]. 
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Figure 2.63: Piezoelectricity: the fusion of elastic and electric phenomena. Adapted from 

[112].  

A conventional perovskite-structured piezoelectric ceramic is shown in Figure 2.64. Each of 

them is made up of a small metal ion possessing tetra-valency, generally Ti4+ or Zr4+, arranged 

in a crystal lattice with heavier metal ions possessing bi-valency, typically Pb2+ or Ba2+, and 

O2- ions. Each crystal possesses a dipole moment when the surrounding conditions result in 

tetragonal or rhombohedral symmetry for the crystals. 

 

Figure 2.64: Crystal architecture of a conventional piezoelectric: (a) above Curie temperature 

and (b) below Curie temperature. Adapted from [113].  
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At a threshold temperature noted as the Curie temperature, respective crystal of perovskite in 

the annealed ceramic component displays a straightforward cubic arrangement without a 

moment of dipole (Figure 2.64 (a)). In contrast, respective crystal maintains tetragonal or 

rhombohedral arrangement and possesses moment of dipole below the Curie temperature 

(Figure 2.64 (b)). Domains are localized areas of alignment created by adjacent dipoles. The 

alignment results in a net polarization and a net dipole moment for the domain. However, the 

ceramic component has no complete polarization since the direction of polarization in nearby 

domains is random (Figure 2.65 (a)). A strong DC electric field is used to line up the domains 

in a ceramic element, typically below the Curie temperature (Figure 2.65 (b)). Through this 

polarizing process, the component elongates along the field’s direction and domains that are 

predominantly lined up accompanying the electric field develop at the cost of domains which 

are not lined up with the field. Most of the dipoles are locked into a nearly aligned form when 

the electric field is withdrawn (Figure 2.65 (c)). The element is permanently elongated and has 

a residual polarization that is permanent. 

 

Figure 2.65: Piezoelectric ceramic polarization: (a) before polarization, a polar domain's 

orientation is random, (b) DC electric field polarization and (c) polarization that remains after 

the electric field is removed. Adapted from [113]. 

Figure 2.66 shows the timetable for the advancement of piezoelectric characteristics in lead-

free piezoelectric materials as well as the conventional piezoelectric materials. 
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Figure 2.66: Timetable for the advancement of piezoelectric characteristics in lead-free 

piezoelectrics as well as the conventional piezoelectric materials. Adapted from [114].  

 

2.3.1. Mechanism of Piezoelectricity 

Piezoelectricity is the buildup of electric charge under mechanical stress in certain solid 

materials [114]. There are two types of piezoelectricity, namely direct piezoelectric response 

and converse or reverse piezoelectric response. Figure 2.67 illustrates direct and converse 

piezoelectric responses. Direct piezoelectric response (Figure 2.67 (a)) is the intrinsic creation 

of electric charge in response to the mechanically applied force, and the inverse or converse 

piezoelectric effect (Figure 2.67 (b)) is the internal creation of mechanical strain brought on by 

electric fields [115, 116]. 
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Figure 2.67: (a) The direct piezoelectric response generates an electrical charge when a 

mechanical stress is applied, while (b) the converse piezoelectric response illustrates the case 

where strain arises due to an applied electric field. Adapted from [117]. 

2.3.2. Molecular model of piezoelectricity 

A straightforward molecular model is frequently used to explain the creation of electrical 

charge because of a force acting on a material is known as the piezoelectric effect (Figure 2.78) 

[112]. Each molecule's centers for the negative and positive charges line up before the material 

is put under external stress, resulting in electrically neutral molecules, as illustrated in Figure 

2.68 (a). The internal network, however, deforms when an external mechanical stress is 

applied, separating the molecule's positive and negative centers and creating a small number 

of dipoles, as seen in Figure 2.68 (b). A fixed charge is thus appeared on the surface as a result 

of opposing poles within the material canceling one another out which is delineated in Figure 

2.68 (c). This indicates polarization of the material, or what is known as a direct piezoelectric 

response [112]. The mechanical energy required to distort the material may be transformed into 

electrical energy using this polarization, which produces an electric field. The piezoelectric 

material in Figure 2.69 (a) has two metal electrodes placed on the opposing surfaces. A 

continuous charge density emerges onto the surface of the crystal in contact with the electrodes 

when a force is applied to the piezoelectric body's surface and a galvanometer is attached to 

the short-circuit wire to externally short-circuit the electrodes [112]. The conductor's free 
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charges flow as a result of this polarization's creation of an electric field. The free charges travel 

to the end, based on their sign, where the fixed charge produced by polarization has the opposite 

sign. Figure 2.69 (a) illustrates this free flow of charges until the free charges cancel out the 

polarization effect. Accordingly, no charge flows in a stable state or an unaltered condition 

independent of the existence of an external force. The polarization likewise vanishes when the 

force acting on the material is withdrawn, the free charge flow is then reversed, and the material 

finally reverts to its initial rest state (see Figure 2.69 (b)). A galvanometer is used to 

demonstrate this process by identifying two current peaks with the opposite sign. Current will 

flow and transform mechanical energy into electrical energy if the shorted wire is replaced with 

a resistor and load [112]. 

 

Figure 2.68: Piezoelectric response: a straightforward molecular model: (a) An unperturbed, 

non-polarized piezoelectric molecules (despite the possibility of preceding electric 

polarization); (b) The molecule was subjected to an external force (𝐹𝑘), which produced 

electrical polarization (𝑃𝑘), as shown; (c) the surface's polarizing reaction when piezoelectric 

material is forced by an external force. Adapted from [112]. 
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Figure 2.69: Phenomenon of piezoelectricity: (a) Neutralizing current flows when two 

terminals of a piezoelectric material subjected to an external force are shorted; (b) No current 

is flowing via the short-circuit when the material is unperturbed. Adapted from [112]. 

2.4. Electric permittivity, permittivity loss tangent and quality factor 

In dielectric materials, the electric displacement vector (𝐷) varies directly with the electric field 

(𝐸) and the constant is known as the relative permittivity constant (휀𝑟). Mathematically, it can 

be expressed as [118]: 

                                           𝐷 =  휀𝑟𝐸0 = ɛ0ɛ
′𝐸0                                                                      [2.1] 

Where 𝐷 is the electrical displacement vector,  𝐸0 is the electric field, ɛ′ represents the real 

permittivity constant and ɛ0  represents the permittivity constant in air. Using Eq. [2.1] and the 

capacitative illustrated in Figure 2.70 (a), the expressions for the real component of the 

permittivity constant (ɛ′), total charge 𝑄 and capacitance C for the material may be achieved 

using the following equation [118]: 

                                               ɛ′ =
𝐷

ɛ0𝐸
=

𝑄/𝐴

ɛ0𝑉/𝑑
                                                                [2.2] 

Therefore,  

                                                    𝑄 = ɛ0ɛ
′ 𝐴

𝑑
𝑉 = 𝐶𝑉                                                         [2.3] 
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where 

                                                     𝐶 = ɛ0ɛ
′ 𝐴

𝑑
                                                                     [2.4] 

                                                      𝐶0 = ɛ0
𝐴

𝑑
                                                                      [2.5] 

And   

                                                          ɛ′ =
𝐶

𝐶0
=

ɛ

ɛ0
                                                             [2.6] 

𝐴 is the capacitive cell’s area, 𝑑 is the thickness of the capacitative cell, 𝐶0 is the capacitance 

in air and  𝐶 stands for the capacitance of the material, respectively, 𝑉  is the voltage developed 

over the cell, and ɛ′ is the electric permittivity of material.  

 

Figure 2.70: Equivalent electrical circuits: (a) cell of capacitor; (b) loss and charging current; 

(c) permittivity loss tangent for a conventional dielectric. Adapted from [118]. 

For the case of V being sinusoidal, Eq. [2.3] may be written as [118]: 

                                                                𝑄 = 𝐶𝑉𝑒𝑖𝜔𝑡                                                        [2.7] 

Therefore, 

                                               𝐼 =
𝑑𝑄

𝑑𝑡
= 𝑖𝜔𝐶𝑉𝑒𝑖𝜔𝑡 = 𝑖𝜔𝐶0휀

′𝑉                                          [2.8] 
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where 𝐼 denotes the capacitive cell's discharge current in time 𝑡. However, in the case of a lossy 

dielectric, which is represented by the analogous circuit possessing a resistor and capacitor with 

parallel combination, the current 𝐼 has vector components (𝐼𝐶) and (𝐼𝑅), as shown in Figure 

2.70. A (wattles) current due to capacitance proportionate to the charge held in the capacitor is 

represented by the current 𝐼𝐶. It rely upon frequency and 90° degrees behind the voltage. The 

voltage (𝑉) represent the energy or power loss of dielectric material, and the current (𝐼𝑅), both 

indicate ac conduction currents that are in phase with one another. To deal with the loss current, 

this condition can be represented by a complex electric permittivity, as shown below [118]: 

                          𝐼 = 𝑖𝜔𝐶0(휀
′ − 𝑖휀′′)𝑉 = 𝑖𝜔𝐶0휀

′𝑉 + 𝑖𝜔𝐶0휀
′′𝑉 = 𝐼𝐶 + 𝐼𝑅                     [2.9] 

Thus, a dissipation factor, 𝑡𝑎𝑛𝛿, can be defined from the value of these currents as [118]: 

                                                𝑡𝑎𝑛𝛿 = |
𝐼𝑅

𝐼𝐶
| =

𝜔𝐶0
′′𝑉

𝜔𝐶0 ′𝑉
=

′′

′                                             [2.10] 

From Eq. [2.8], the permittivity loss tangent, 휀′′, is demonstrated to be the result of the material 

characteristics 휀′ and 𝑡𝑎𝑛𝛿. A quality factor 𝑄, defined as [118]: 

                               𝑄 =
1

𝑡𝑎𝑛𝛿
=
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑒𝑛𝑒𝑟𝑔𝑦 𝑠𝑡𝑜𝑟𝑒𝑑 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒

𝑒𝑛𝑒𝑟𝑔𝑦 𝑑𝑖𝑠𝑠𝑖𝑝𝑎𝑡𝑒𝑑 𝑝𝑒𝑟 𝑐𝑦𝑐𝑙𝑒
                                        [2.11] 

is often used as a design parameter for high-frequency dielectric use. 

2.5. Electrical polarization 

The four fundamental polarization types seen in dielectric materials are as follows:  

2.5.1. Space charge polarization  

The diffusion of ions across many interatomic distances makes it the slowest process. The 

fruitful ion jumps under the action of the applied field affect this process' relaxation time. In 

the kilohertz or even lower range of frequencies, space charge polarization frequently occurs. 

The process for the occurance of the space charge polarization is delineated in Figure 2.71. 
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Figure 2.71: (a) A crystal that has an equal amount of fixed negative ions and movable positive 

ions. There is no net embarkation in the midst of all positive and negative charges when there 

isn't a field, (b) The mobile positive ions move toward and aggregate at the negative electrode 

when an electric field is persisted. Positive and negative charges in the dielectric are now 

generally separated. As a result, the dielectric displays interfacial polarization, (c) Interfacial 

polarization is typically caused by grain borders and interfaces in the midst of various materials. 

In this illustration, holes and electrons inside grains move aimlessly and get trapped at the grain 

borders, (d) Under the action of applied field, positive and negative ions inside a grain border 

can hop to nearby empty locations and create dipoles there. Adapted from [119]. 

2.5.2. Dipole/orientational polarization 

It proceeds more slowly than ionic polarization. The rotation of molecular dipoles in the field 

causes the orientation polarization. In a liquid as opposed to a solid, polar molecules can more 

easily reorient themselves. Orientation polarization takes place when the applied voltage's 

frequency is in audio range. The process for the occurance of the dipolar 

polarization/orientation polarization is delineated in Figure 2.72. 
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Figure 2.72: (a) The permanent dipole moment (𝑃0) of a molecule of hydrogen chloride, (b) 

Thermal unrest of the molecules produces net zero average molecule dipole moments when 

there is no external field, (c) When a dipole, e.g., hydrogen chloride, is positioned in a field, a 

torque attempts to rotate it so that 𝑃0  is parallel to the field 𝐸, (d) The dipoles attempt to spin 

to line up with the applied field when thermal unrest is present. Now, each molecule along the 

field has an average net dipole moment. Adapted from [119]. 

2.5.3. Ionic (atomic) polarization  

The comparative movement of cations and anions in an electric field is related to this 

mechanism. Since a much heavier ion is involved in this displacement than the electron cloud 

is, ionic polarization proceeds more slowly than electronic polarization. It will be possible to 

transfer ions over a small piece of the interatomic distance at a frequency that is similar to the 

lattice vibrational frequency (1013 Hz). An electric field with a frequency in the optical region 

(1015 Hz) has no effect on the ions at all, as an ion needs 100 times longer to complete one 

oscillation than the voltage's period. Therefore, ionic polarization is absent at optical 

frequencies. The process for the occurance of the ionic polarization is delineated in Figure 2.73. 
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Figure 2.73: (a) Sodium chloride chain in sodium chloride crystal when the field is absent. 

There is no net or average dipole moment for an ion, (b) The ions are slightly displaced in the 

existence of an applied field, resulting in a net average dipole moment per ion. Adapted from 

[119]. 

2.5.4. Electronic polarization 

This process takes place when the electric field moves the electron density away from the 

nucleus it surrounds in an atom. One can comprehend electronic polarization by imagining an 

atom as a tiny nucleus enclosed by the cloud of a spherical electron with a homogeneous charge 

density. Since electrons possess extremely low mass, they can follow high-frequency fields all 

the way to the optical range. It happens really quickly and is practically finished the moment 

the voltage is introduced. Electronic polarization takes place during each cycle of the applied 

voltage, even when the optical region's frequency is quite high (1015 Hz). The process for the 

occurance of the electronic polarization is delineated in Figure 2.74. 
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Figure 2.74: (a) Covalent bonds' valence electrons when the electric field is absent, (b) When 

a field is administered to a covalently bonded substance, the electrons in valence state within 

the covalent ties are very simply moved in relation to the cores of positive ions. The collective 

shift in the valence electrons' negative charge distribution causes the entire solid to become 

polarized. Adapted from [119]. 

2.5.5. Frequency-dependent dielectrical polarization 

The time-dependent dielectrical polarization mechanism may be articulated as [120]: 

                                         𝑃(𝑡) = 𝑃𝑚𝑎𝑥 [1 − 𝑒𝑥𝑝 (
𝑡

𝑡𝑟
)]                                                     [2.12] 

where 𝑃 is the highest degree of polarization that may be perceived when an electric field is 

introduced, and 𝑡𝑟 is the length of time it takes for that process to completely relax. The length 

of time needed for a polarization mechanism to attain 63% of its optimum value is known as 

the time of relaxation (𝑡𝑟).Various polarization processes cause a significant variation in the 

relaxation time. There are various polarization mechanisms as depicted in Figure 2.75. The 

most typical are listed below, starting with high frequencies [120]. 
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Figure 2.75: Frequency-dependent dielectric properties when interfacial, orientational, ionic, 

and electronic polarization mechanisms are present. Adapted from [119, 120].  

2.6. Elastic characteristics 

The elastic constants of a material define how it reacts to an applied stress or the stress needed 

to keep a specific deformation. The resilience of the materials to different strains is determined 

by the elastic characteristics of ferrites, making these features significant in industry. In 

fundamental research, the data are helpful for gaining understanding of the nature of the long-

range and interatomic forces in solids. The elastic moduli are frequently utilized in engineering 

practice [121]. The Hook's law states that the stress-strain concept provides the basis for the 

correlation in the midst of the constants of stress (𝜂𝑖), strain (휀𝑖𝑗), and stiffness (𝐶𝑖𝑗) [122]. To 

explore the elastic properties of materials that meet the requirements of Born's mechanical 

stability, stiffness constants (𝐶𝑖𝑗) and compliance (𝑆𝑖𝑗) are utilized [123].  The x, y, and z axes 

are identical for the cubic symmetry of a material, resulting in stiffness constants like 𝐶11 =

𝐶22 = 𝐶33; 𝐶12 = 𝐶21 = 𝐶13 = 𝐶31 = 𝐶23 = 𝐶32; 𝐶44 = 𝐶55 = 𝐶66. There are only three 

independent stiffness constants in the form of the cubic elastic stiffness tensor, namely 𝐶11, 𝐶12 

and 𝐶44. The elastic constants (moduli) of a material are calculated using these three stiffness 
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constants. A material that has relatively greater stiffness constants 𝐶𝑖𝑗’s is more resistant to 

compressions and shear deformations. The elasticity in length is represented by stiffness 

constant 𝐶11, which changes with longitudinal strain, whereas the elasticity in shape is 

represented by stiffness constants 𝐶12 and 𝐶44. Transverse strain causes the shape to change, 

while stretching forces parallel to all crystallographic axes with unequal amounts do not cause 

the volume or shape to change. In order to achieve symmetry in a cubic crystal, the stiffness 

parameters 𝐶11, 𝐶22 and 𝐶33 must be of equal value. These are known as longitudinal elastic 

stiffness parameters, whilst the diagonal parameters with 𝑖 ≥ 4 are known as shear elastic 

parameters [124]. In determining stiffness constant (𝐶11), the two variables are crucial, e.g., (i) 

the strength of the bonds in the midst of nearby atoms and (ii) The relationship in the midst of 

the forces of attraction and repulsion in the midst of the atoms' positions, as well as the crystal 

architecture and direction [124]. If the forces of attraction and repulsion are of equal strength 

for all the sample's crystals, then only their excellent values can change the stiffness constant 

𝐶11 [125].  

The stiffness constants (𝐶11 and 𝐶12) is determined using the following formulae:  

                                                                     𝐶11 =
𝐾𝑎𝑣

𝑎
                                                        [2.13] 

                                                                   𝐶12 =
𝐶11×𝜎

(1−𝜎)
                                                      [2.14] 

where 

                                                                      𝐾𝑎𝑣 =
𝐾𝐴+𝐾𝐵

2
                                                 [2.15] 

The force constants for tetrahedrally coordinated (A)-site and octahedrally coordianted (B)-site 

are calculated using the vibrational band frequency through the following equation: 

                                                       𝐾𝐴/𝐵 = 4𝜋
2𝑐2𝜈𝐴/𝐵

2 𝜇                                                    [2.16] 

where 𝐾 represents the force constant, 𝑐 represents the speed of light, 𝜈 represents the 

vibrational band frequency of tetrahedrally coordinated (A)-or octahedrally coordinated (B)-

sites and 𝜇 stands for the reduced mass for ferric and oxygen ions. 
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and 

                                                 𝜎 = 0.324(1 − 1.043 × 𝑓)                                               [2.17] 

The Poisson's ratio (𝜎) gives crucial details about the properties of the bonding nature. The 

Poisson ratio's value indicates the strength of covalent bond directionality in the sample. 

According to Frabtsevich et al. [126], the Poisson ratio is also used to study the material's 

brittleness and ductility. When the Poisson ratio is less than 0.26, the material is brittle; when 

it is greater than 0.26, the material is ductile. 

The elastic moduli are computed using the following formulae: 

                    Young′s modulus, 𝐸 =
(𝐶11−𝐶12)(𝐶11+2𝐶12)

(𝐶11+𝐶12)
                                                    [2.18] 

                     Rigidity modulus, 𝐺 =
𝐸

2(1+𝜎)
                                                                     [2.19] 

                         Bulk modulus, 𝐵 =
1

3
(𝐶11 + 2𝐶12)                                                        [2.20] 

The ratio B/G is regarded as a criterion by Pugh's rule [127] to examine the material’s 

brittleness and ductility. When the ratio 𝐵/𝐺 <  1.75, the materials are brittle; otherwise, the 

materials reveal ductility nature. The relationship in the midst of the stiffness constant 𝐶11 and 

the longitudinal elastic velocity 𝑉𝑙 through material density is achieved by 

Longitudinal elastic velocity                           𝑉𝑙 = √𝐶11 𝜌𝑥⁄                                              [2.21] 

Transversal elastic velocity                              𝑉𝑡 = √𝐺0 𝜌𝑥⁄                                                [2.22] 

The mean elastic wave velocity is determined using: 

                                                           𝑉𝑚 = [
1

3
(
2

𝑉𝑡
3 +

1

𝑉𝑙
3)]

−
1

3
                                                [2.23] 

 

2.7. Zero porosity correction to elastic moduli 

 

To obtain the information about the maximum strength of the materials for practical 

applications, the zero porosity correction to elastic moduli should be carried out. There are 

three methods available for executing the zero-porosity corrections to elastic constants [128]. 
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2.7.1. Hasselman and Fulrath theory 

In this theory [128, 129], the assumption is that the pores were acknowledged as spherical ones 

and their arrangement in a material was compatible and possessed isotropic elastic traits. In 

this theory, the following observational relationships have been used to correct elastic constants 

to the pore-free state: 

                                                 
1

𝐸0
=
1

𝐸
[1 −

3𝑓(1−𝜎)(9+5𝜎)

2(7−5𝜎)
]                                                 [2.24] 

                                                     
1

𝐺0
=
1

𝐺
[1 −

15𝑓(1−𝜎)

(7−5𝜎)
]                                                     [2.25] 

                                                     𝜎0 = (
𝐸0

2𝐺0
) − 1                                                              [2.26] 

                                                     𝐵0 = (
𝐸0𝐺0

3(3𝐺0−𝐸0)
)                                                          [2.27] 

2.7.2. Ledbetter and Datta theory 

In this theory [128, 130], the assumption is that the spherical pores were distributed randomly 

and possessed zero obstruction to shear and dilation. The following empirical relations have 

been used to correct elastic constants in this model to the pore-free state: 

                                             𝐺0 = (
1

2𝐴1
) [−𝐴2 + (𝐴2

2 − 4𝐴1𝐴3)
1

2]                                    [2.28] 

                                                            𝐵0 =
(4𝐺0𝐵)

[4(1−𝑓)𝐺0−3𝑓𝐵]
                                                [2.29] 

                                                                𝐸0 =
9𝐵0𝐺0

3𝐵0+𝐺0
                                                       [2.30] 

where,  

                                                            𝐴1 = (
8

3
) (1 − 𝑓)                                                 [2.31] 

                                                       𝐴2 = (3 − 2𝑓)𝐵 − (
8

3
+ 4𝑓)𝐺                                 [2.32] 

                                                                 𝐴3 = −3(1 + 𝑓)𝐵𝐺                                        [2.33] 

2.7.3. Elastic theory 

 In this theory [128, 131], it has been believed that the relationship in the midst of elastic moduli 

and porosity should be linear when the porosity is at a lower range (𝑓 <  0.2). The following 
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empirical formulae have been employed to correct elastic constants to the pore-free state in this 

model: 

                                                        𝑉𝑙 = 𝑉𝑙0(1 − 𝐶𝑙𝑓)                                                       [2.34] 

                                                        𝑉𝑠 = 𝑉𝑠0(1 − 𝐶𝑠𝑓)                                                      [2.35] 

                                                        𝐸 = 𝐸0(1 − 𝐶𝐸𝑓)                                                       [2.36] 

                                                        𝐺 = 𝐺0(1 − 𝐶𝐺𝑓)                                                       [2.37] 

                                                          𝜎 = 𝜎0(1 − 𝐶𝜎𝑓)                                                     [2.38] 

where 𝐶𝑙, 𝐶𝑠, 𝐶𝐸, 𝐶𝐺 and 𝐶𝜎 are the material’s constants. The material's non-porous elastic 

parameter is indicated by the subscript '0'. The following are the constants' precise expressions: 

                                               𝐶𝑙 =
1

2
{|

[𝐶𝐸+2𝐶𝜎𝜎0
2(2−𝜎0)]

(1−𝜎0)(1+𝜎0)(1−2𝜎0)−1
|}                                          [2.39] 

                                               𝐶𝑠 =
1

3
                                                                                  [2.40] 

                                              𝐶𝐸 = (
1

18
) (29 + 11𝜎0)                                                      [2.41] 

                                             𝐶𝐺 =
5

3
                                                                                 [2.42] 

                                            𝐶𝜎 = (
5

9
) + (

11𝜎

18
) − (

1

18
𝜎)                                                 [2.43] 

2.7.4. Debye Temperature 

 

In problems requiring lattice vibrations in solid state and materials research, the Debye 

temperature is a crucial parameter. It is recognized that a solid's Debye temperature affects a 

number of physical characteristics, including mean square displacements, elastic constants, 

sound velocities, lattice instabilities, etc. [132]. The Debye temperature is the temperature of 

the crystal’s highest normal mode of vibration. There two approaches are available to calculate 

the Debye temperature. Debye temperature (Θ𝐷𝑊) is calculated using the Waldron formula 

[133]:  

                                                                 Θ𝐷𝑊 =
ℎ𝑐𝜈𝑎𝑣

𝑘𝐵
                                                      [2.44] 
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where, 𝜈𝑎𝑣 is the average wave number, ℎ expresses Planck’s constant, 𝑘𝐵 expresses 

Boltzmann constant and 𝑐 is velocity of light. Therefore, Θ𝐷𝑊 is expressed as:  

                                                      Θ𝐷𝑊 = 1.438
𝜈𝑇+ 𝜈𝑂

2
                                                      [2.45] 

(ii) Debye temperature ‘Θ𝐷𝐴’ is calculated utilizing Anderson equation [134]:  

                               Θ𝐷𝐴 =
ℎ𝑉𝑚

𝑘𝐵
(
3𝑑𝑋−𝑟𝑎𝑦𝑞𝑁𝐴

4𝜋𝑀𝑤
)
1 3⁄

× [
1

3
(
2

𝑉𝑡
3 +

1

𝑉𝑙
3)]

−1 3⁄

                                [2.46] 

, where h represents Planck’s constant, 𝑘𝐵 stands for the Boltzmann constant, 𝑁𝐴 represents the 

Avogadro’s number, 𝑀𝑤 is the molecular mass, 𝑞 represents number of atoms per formula unit, 

𝑑𝑋−𝑟𝑎𝑦 represents theoretical density and 𝑉𝑚 represents average velocity [135]. 

2.8. Magnetism and Magnetic materials  

Generally speaking, the magnetism of materials is a result of the spin and orbital movement of 

electrons, and the magnetism traits are defined by the configuration of electron in the atoms 

and the crystal skeleton of the material. Distinct magnetic orders are produced by the 

arrangement of electrons and their exchange interplays, and these orders have distinct magnetic 

characteristics [136].  In turn, this allows us to categorize the material’s magnetism into 

paramagnetism, diamagnetism, ferromagnetism, ferrimagnetism, antiferromagnetism, 

helimagnetism, and so forth, as illustrated in Figure 2.76 [136].  
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Figure 2.76: Classification of materials' magnetism based on its origin. Adapted from [137]. 

Ferromagnetism is a phenomenon wherein atoms' magnetic moments are lined up in the like 

orientation to create a type of ordering (spontaneous magnetization) without the use of an 

external magnetic field. Under a specific temperature (Curie’s temperature), this type of 

magnetic order is created by the exchange interplay in the midst of electrons in various atoms. 

The magnetic moments are aligned parallel in the like orientation in the middle each of the 

small regions that make up the spontaneous magnetization in ferromagnetic materials, which 

are collectively known as magnetic domains. Due to the canceling effect in the midst of the 

various magnetic domains, the orientations of the material's spontaneous magnetization are 

irregular and distinct from one another, and the entire sample exhibits net zero magnetization 
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when there is no magnetic field. Each magnetic domain's magnetization tends to line up along 

the external magnetic field direction it is used, and the net magnetization can reach high values. 

The states of magnetization and magnetic domains are preserved when the magnetic field is 

eliminated, causing the magnetization and magnetic field (M-H) curve to exhibit hysteresis 

behavior, or the magnetic hysteresis loop, as seen in Figure 2.77. 

 

Figure 2.77: The magnetic hysteresis loop and domains in ferromagnetic materials. Adapted 

from [137]. 

When nearby spins align in opposite directions, a phenomenon known as antiferromagnetism 

occurs. This is a phenomenon where the atom’s magnetic moments align in a regular fashion.  

Because the adjacent atomic magnetic moments cancel each other out, antiferromagnetic 

materials lack any macro magnetic characteristics and have magnetization curves with linear 

behaviour akin to paramagnetism. Antiferromagnetic materials typically have equivalent 

internal magnetic fields that are substantially bigger than the external magnetic field because 

it is difficult for a magnetic field that is utilized externally to affect the acclimatization of the 

antiferromagnetic magnetic moment. As a consequence, magnetic pinned layers made of 

antiferromagnetic materials are frequently employed in the exchange bias system. The 

phenomenon known as helimagnetism occurs when the atom’s magnetic moments are 

organized in a helical shape with the nearby spins moving at an angle to one another. As a 
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consequence, in some of the provisions, the magnetic moments cancel with each other and the 

materials don't show any macro magnetic traits, even though in other provisions, the magnetic 

moments can't be completely cancelled out and the materials clearly show macro magnetic 

traits. Materials with 4f electron rare earth elements always exhibit helimagnetism [137]. 

2.8.1. Crystal Structure of Spinel Ferrites 

In general, the family of spinel ferrites can normally be represented through the generic formula 

AB2O4, where A is commonly a bivalent cation, that resides at the middle points of 

tetrahedrally coordinated edges and B is mostly a trivalent cation that resides at the middle 

points of octahedral sites and the oxygen anion lies at the polyhedral vertexes (in normal spinel 

material). Typically speaking, the tetrahedrally coordinated (A)-site interstices typically have 

smaller sizes than octahedrally coordinated (B)-site interstices. The tetrahedrally coordinated 

(A)-sites are therefore preferred by cations with smaller radii, while the octahedrally 

coordinated (B)-sites are preferred by cations with larger radii. The oxygen anion typically 

assumes a 2- oxidation state in the formula AB2O4. To assert the valence stability, the equivalent 

B cations may be in the 3+ or 2+ oxidation state, while A cations may be in the 2+ or 4+ oxidation 

state. Additionally, spinel materials can be categorized as: normal, inverse, and complex spinel 

materials depending on how their cations are distributed in the tetrahedrally and octahedrally 

coordinated positions. According to the formula (A2+
th)(B

3+
oh)O4, the A2+ cations reside the 

tetrahedrally coordinated positions while the B3+ cations reside the octahedrally coordinated 

positions in typical spinel materials. For instance, the Mg2+ cations reside at the middle points 

of the tetrahedrally coordinated (A)-sites whereas Al3+ resides at the octahedral sites normal 

spinel oxide MgAl2O4 (Figure 2.78 (a, d)). In inverse spinel materials, the B3+ cations are 

allotted in both tetrahedrally and octahedrally coordinated positions, with the expression 

(A2+
oh)(B

3+
th)(B

3+
oh)O4. The A2+ cations occupy the octahedral sites. For instance, in the inverse 

spinel NiFe2O4 (Figure 2.78 (b)), Ni2+ ions and the other fifty percent of the Fe3+ cations take 
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over the tetrahedrally coordinated sites, while the remaining fifty percent of the Fe3+ cations 

reside at midpoints of the tetrahedrally coordinated sites. This material is denoted by the 

formula Fe(NiFe)O4. With the formula (A2+
th)(A

2+
oh)(B

3+
th)(B

3+
oh)O4, complex spinel 

materials, which are characterized as being in-between the normal and inverse spinels. These 

spinel materials allow A2+ and B3+ cations to partially occupy both tetrahedrally and 

octahedrally coordinated sites. The complex spinel CuAl2O4 (Figure 2.78 (c)) is one such, in 

which the tetrahedrally and octahedrally coordinated sites are both partially occupied by the 

Cu2+ and Al3+ cations [138, 139]. 

 

Figure 2.78: Typical architectures of spinel materials: (a) MgAl2O4 normal spinel material, (b) 

NiFe2O4 inverse spinel material, and (c) CuAl2O4 complex spinel material in various 

viewpoints and fashions. The octahedrally and tetrahedrally coordinated metal occupation 

locations are shown by the green and purple polyhedra, respectively. In panel a, typical A, B, 

and O defect sites in AB2O4 spinel are shown. (d)  Directions for normal spinel (MgAl2O4) 

with (111), (311), and (400). Adapted from [138, 139].  
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2.8.2. Nickel copper zinc ferrite 

 

Figure 2.79 illustrates the crystal architecture of the NiZnCu ferrites. Within the tightly packed 

network of O2-ions, Ni2+, Zn2+, and Fe3+ reside the tetrahedrally coordinated interstices, whilst 

Cu2+ and Fe3+ reside the octahedral empty locations. Tetrahedrally and octahedrally 

coordinated sites, respectively, are represented by the areas colored in blue and pink. Overall, 

the unit cell contains 24 cations (8 of which are accommodated at tetrahedrally coordinated 

sites and 16 at octahedral sites) and 32 O2- anions [140]. 

 

Figure 2.79: Crystal architecture of nickel-copper-zinc ferrite. Adapted from [140]. 

2.9. Multiferroic Materials 

Materials known as multiferroic materials (ferroelectric, ferromagnetic, or ferroelastic) show 

at least two ferroic orders. In general, multiferroics are often classified into two groups: (i) 

single-phasic multiferroic material and (ii) composite multiferroic materials. Furthermore, in 

2009, D. Khomskii first proposed a useful classification approach for multiferroics into so-

called type-I and type-II multiferroics [141]. 
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2.9.1. Single-phasic magnetoelectric multiferroic materials 

Single-phasic multiferroic materials are materials which display both ferromagnetic and 

ferroelectric order. Hence, the material's multiferroicity is an intrinsic property. According to 

the physical process underlying ferroelectricity, D. Khomskii divided single-phase multiferroic 

materials into two major classes and other subgroups [141, 142]. 

2.9.1.1. Type-I single-phasic magnetoelectric multiferroic materials 

In Type-I single-phasic magnetoelectric (ME) multiferroics, ferroelectricity and magnetism 

take place at various temperatures, which are recognized as Neel and Curie temperatures, and 

arise from different mechanisms and are significantly independent of one another, though there 

is some interplay in the midst of them; typically, they exhibit high polarization values and 

ferroelectricity develops due to structural distortion at much higher temperatures, and the 

magnetic ordering, which is typically antiferromagnetic, materializes due to ferroelectricity at 

much lower temperatures. It is clear from the disparity in the midst of the transition 

temperatures that both sequences involve a variety of energies and processes that lead to weak 

ME coupling. In turn, Type-I multiferroics are divided into a number of subgroups based on 

the ferroelectric mechanism that underlies them: 

2.9.1.2. Ferroelectricity induced by lone-pair electrons  

In BiFeO3 and PbVO3 multiferroics, the presence of one of the cations (i. e. Bi3+, Pb2+, . . .) 

generate ferroelectricity since these multiferroic materials possess two 6𝑠 outer electrons and 

also recognized as lone pairs or dangling bonds and do not take part in any chemical bonds, 

which can be orientated in one direction to enhance its polarizability as depicted in Figure 2.80 

(a) [141]. 
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2.9.1.3. Ferroelectricity induced by charge ordering  

In compounds with comparable cations in the alike structural site but different valences, charge 

ordering can take place. The transition metal complexes show imbalanced sites and bonds (long 

and short bonds) once they become ordered. As a consequence, the structure can exhibit ionic 

polarizability [143]. Such example is TbMn2O5, Ca3CoMnO6 or Pr1/2Ca1/2MnO3, respectively. 

A diagrammatic depiction of imbalanced sites is depicted in Figure 2.80 (c). 

2.9.1.4. Geometric ferroelectricity 

Manganites (ABO3 with A = Y, Lu, etc.) having hexagonal symmetry are the most typical 

example of geometric ferroelectricity. Ferroelectricity eventuates in manganites having 

hexagonal symmetry since the MnO5 polyhedron's tilting creates a tight packing. Thus, an 

electric dipole is created as the oxygen ions move toward the relatively small tetrahedrally 

coordinated (A)-site ions [Figure 2.80 (b)] [144]. 

2.9.1.5. Spin-driven mechanisms 

In spin-driven ferroelectrics, its ferroelectric polarization is induced along the 𝑐 axis by the 

inversion symmetry breaking due to a cycloidal spiral spin order through the antisymmetric 

Dzyaloshinskii-Moriya (DM) interplay. Three mechanisms, including exchange restriction, 

spin dependent p-d hybridization, and spin current (commonly referred to as the inverse DM 

interplay) are primarily responsible for the complex physics of spin-driven ferroelectricity 

[145]. Three mechanisms are diagrammatically depicted in Figure 2.80 (d). 
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Figure 2.80: Phenomenon of multiferroicity. (a) Lone-pair phenomenon; (b) geometric 

ferroelectricity; (c) charge ordering phenomenon; (d) spin-driven phenomenon. Adapted from 

[145-147].   

2.10. Single-phase Type-II magnetoelectric multiferroic materials 

In materials known as type-II multiferroics, the magnetic order breaks the inversion symmetry, 

causing ferroelectricity, and there is a strong interaction in the midst of the two. They exhibit 

low levels of electric polarization, and ferroelectricity (always antiferromagnetic ordering) 

always manifests at lower temperatures than magnetic order. In this case the ordering 

temperatures for the two phenomena are identical. These are: 

2.10.1. Spiral Type-II magnetoelectric multiferroic materials 

Due to a specific form of magnetic spiral in this type, ferroelectricity manifests in the structure. 

This group includes the majority of Type-II multiferroics, which include TbMnO3, Ni3V2O6, 

MnWO4, and DyMnO3 [6, 148]. According to Figure 2.81 (a) below TN1 (= 41 K), TbMnO3 

exhibits a sinusoidal spin density wave with zero overall magnetism, indicating that it is 

antiferromagnetic. However, the DM interplay below TN2 (= 28 K) seen in Figure 2.81 (b) 

suggests that magnetically progressive Mn ions facilitate the magnetic response subject to 

noncollinear spin ordering [149]. This interplay results in the displacement of oxygen ligands 
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perpendicular to the spin wave, making it feasible for the structure to have a non-zero 

polarizability (P). When spiral spins are rotating perpendicular to the wave vector, as shown in 

Figure 2.81 (c), they can generate polarization parallel to the spin proliferation direction as 

opposed to cycloidal spins. Typically, delafossite-type oxides AMO2, where A is a magnetic 

element like Cr or Fe and M is a magnetic component like Cu or Ag, have such magnetic 

architecture. One of the multiferroic materials, CuFeO2, for instance, has a proper-screw-kind 

spin architecture possessing electric polarization together with its bond orientations [150]. 

 

Figure 2.81: (a) A centrosymmetric sinusoidal spin-density wave having different degree, (b) 

Magnetism of the cycloidal spiral category with a positive polarization, and (c) Spin structures 

of the proper screw type, where spins rotate normal to the wave vector (Q). Adapted from 

[141]. 

 

2.10.2. Type-II Multiferroic Materials having Collinear Magnetic Configurations 

There are also specific materials which display a collinear spin architecture having a positive 

electric polarization because of the violation of inversion symmetry, in addition to the spin-
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orbit interplays in spiral type-II multiferroics. All magnetic moments in this category of Type-

II multiferroics are acclimatized in the same direction, as illustrated in Figure 2.82. In Figure 

2.82 (a), spins rotated in a plane do not result in polarizability, but Figure 2.82 (b) shows a 

comparable situation of cycloidal spin architecture that results in a net polarization (P) 

perpendicular to wave vector. On the other hand, as delineated in Figure 2.82 (c), the 

arrangement of dipole moments may vary relying on the strength of the Cu-tip’s electric field 

if an electric field can be applied to the domain walls. For instance, the compound Ca3CoMnO6 

exhibits up-up-down-down spin configuration with 1D chains of changing Co2+ and Mn4+ ions. 

Through the exchange of various bonds, this antiferromagnetic ordering disrupts inversion 

symmetry and drives ferroelectric polarization throughout the chains [151]. The orthorhombic 

perovskites RMnO3, which typically contain small rare earth elements as Ho, Er, and Tm, also 

exhibit a similar process. Despite identical magnetic ions (Mn3+) being present in the structure, 

the exchange restriction causes oxygen ions to move perpendicular to Mn-O-Mn bonds. This 

causes electric polarization which is often stronger than that of spin-orbit interplays [152]. 
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Figure 2.82: (a) The direction of rotation of spins is perpendicular to the wave vector, (b) 

Cycloidal spiral spins creating a comparable spontaneous polarization (P), and (c) Diagram 

showing the effect of the electric field on the arrangement of the dipole moment along Bloch 

walls. Adapted from [141]. 

To date, lot of single-phasic multiferroics have been investigated. Magnetoelectric coefficients 

in various single-phasic magnetoelectric multiferroics, characteristics of the ferroelectric-

ferromagnetic, ferroelectric-antiferromagnetic-class single-phasic magnetoelectrics are 

presented in Table 2.3-2.5, respectively.
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Table 2.3. Magnetoelectric coefficients in various single-phasic magnetoelectric multiferroics. Adapted from [153]. 

 

Material 𝛼𝑖𝑗 (s/m) Linear 

magnetoelectric 

effect? 

Circumstance 

for investigation 

Investigation 

temperature 

 

 

Cr2O3 (single crystal in bulk) 4.13×10-12 Yes Magnetization 

is parallel to 

electric field  

265º K 

Cr2O3 (thin-film) (4.6 ± 0.3) ×10-12 Yes Magnetization 

is parallel to 

electric field 

250º K 

TbPO4 (single crystal in bulk) 3×10-10 Yes Polarization is 

parallel to 

magnetic field 

intensity  

4.2º K 

Ba0.52Sr2.48Co2Fe24O41 (bulk single crystal) 3.2×10-9 at 10.5 mT No Polarization is 

parallel to 

magnetic field 

intensity 

305º K 

BiFeO3 (mono-domain bulk single crystal) 1.1×10-10 at 24 T No Polarization is 

perpendicular to 

magnetic field 

intensity 

4.2º K 

TbMnO3 (single crystal in bulk) 1.1×10-9 at 5 T No Polarization is 

perpendicular to 

magnetic field 

intensity 

9º K 
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Table 2.3. (continued) 

 

Material 𝛼𝑖𝑗(s/m) Linear 

magnetoelectric 

effect? 

Circumstance 

for investigation 

Investigation 

temperature 

 

 

TbMn2O5 (single crystal in bulk) 2×10-9 at 1.1 T No Polarization is 

perpendicular to 

magnetic field 

intensity 

3º K 

Ni3B7O13I (single crystal in bulk)) 1.6×10-9 Yes Polarization is 

perpendicular to 

magnetic field 

intensity 

46º K 

 

 

 

 

 

Table 2.4. Characteristics of the ferroelectric-ferromagnetic-class single-phasic magnetoelectrics. Adapted from [153]. 

Material Type of 

multiferroics 

Polarization Magnetization 𝑇𝐹𝐸 𝑇𝐶 
 

 

Ni3B7O13I Type I 0.076 μC/cm2 at 46º K 3.26 𝜇𝐵 per Ni atom at 6º K 60º K 64º K 

 

BiMnO3 Type I 0.15 μC/cm2 at 

87º K 
3.6 𝜇𝐵 per manganese atom at 5º K 450-490º K 105º K 

 

LaBiMnO3 Type I N/A 2.5 × 105 A/m at 10º K N/A 90º K 

 

Strained EuTiO3 Type I 10 μC/cm2 at 5º K 3 𝜇𝐵 per europium atom at 1.8º K 250º K 4º K 
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Table 2.5. Characteristics of the ferroelectric-antiferromagnetic-class single-phasic magnetoelectrics. Adapted from [153]. 

Material Type of 

multiferroics 

Origin of 

ferroelectricity 

Spontaneous polarization TFE TAFM 

 

 

Pb(Fe1/2Nb1/2)O3 Type I 6 s lone-pair 11.5 μC/cm2 at room temperature in 

ceramics 

380º K 145-160º K 

(TN) 

BiFeO3 Type I 6 s lone-pair 100 μC/cm2 at room temperature in 

bulk single crystals, 55 μC/cm2 at 

room temperature in epitaxial thin 

films 

1098º K 643º K (TN) 

YMnO3 Type I Geometrically 

driven 

5.5 μC/cm2 at room temperature in 

bulk single crystals 

570-990º K 70-130º K (TN) 

Hexagonal 

LuFeO3 

Type I Geometrically 

driven 

5 μC/cm2 at room temperature in 

bulk single crystals 

1050º K TN ∼ 400º K in 

film, TWFM ∼ 

100º K 

BaNiF4 Type I Geometrically 

driven 

6.7 μC/cm2 at room temperature in 

bulk single crystals 

1320º K (melts first) 50º K (TN) 

Cr2BeO4 Type II Spin-driven 

(noncollinear 

spin ordering) 

3 × 10-4 μC/cm2 at 7º K at 0.6 

MV/m in ceramics 

28º K 28º K (TN) 

TbMnO3 Type II Spin-driven 

(cycloidal spin 

spiral) 

0.08 μC/cm2 at 10º K in bulk single 

crystals 

27º K TN ∼ 41º K, 

TCYCL ∼ 27º K 

CaMn7O12 Type II Spin-driven 

(noncollinear 

spin ordering) 

0.287 μC/cm2 at 15 K in bulk single 

crystals, 0.024 μC/cm2 at 10º K in 

ceramics 

90º K 90º K (TN) 
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Table 2.5. (continued) 

Material Type of 

multiferroics 

Origin of 

ferroelectricity 

Spontaneous polarization TFE TAFM 

 

 

TbMn2O5 Type II Spin-driven 

(collinear spin 

ordering) 

0.04 μC/cm2 at 3º K in bulk single 

crystals 

40º K 40º K (TN) 

TbMnO3 

under intense 

pressure (> 5 

GPa) 

Type II Spin-driven 

(collinear spin 

ordering) 

1 μC/cm2 at 5º K at 5.2 GPa in 

single crystals (bulk) 

20º K 20º K (TE-AFM)  

CuCrO2 Type II Spin-driven (p-d 

orbital 

hybridization) 

0.03 μC/cm2 at 5º K at 30 MV/m in 

single crystals (bulk) 

24º K 24º K 

 

 

 

 

Table 2.6. Characteristics of the ferroelectric-antiferromagnetic-class single-phasic magnetoelectrics. Adapted from [153]. 

Material Type of 

multiferroics 

Origin of 

ferroelectricity 

Spontaneous 

polarization 

Spontaneous 

magnetization 

TFE TC 

 

 

Fe3O4 Type I Charge order 5.0 μC/cm2 at 

4.2 K 
4.0 𝜇𝐵 per Fe 

atom @ 125 K 

119-125º K 858º K 

 

(LuFeO3)9/ 

(LuFe2O4)1 

Type I Charge order 6.0 μC/cm2 at 

room 

temperature 

2.0 𝜇𝐵 per Fe 

atom @ 50 K 

>700º K 281º K  
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2.11. Composite magnetoelectric multiferroics 

2.11.1. Connectivity of composite magnetoelectric multiferroics 

The connectivity of composite ME multiferroics is a significant aspect because it influences 

the interfacial area in the midst of the constituent components and, consequently, the 

dominancy and efficiency of the ME effect [154]. Newnham et al. [155] was first developed 

the concept of connectivity and is now a widely accepted codification used to describe the way 

in which the constituent components are self-connected (continuous). Connectivity is 

explicated with reference to the number of dimensions in which the components are associated 

with one another. The geometry of composites can be designed based upon the connection 

schemes. Gnerally, the scheme can be achieved through the ratio 
(𝑛+3)!

3!𝑛!
, where n is the quantity 

of phases. In diphasic composites, ten connectivity schemes are possible and those are 

delineated in Figure 2.83 using a cube as the basic building block. As a particulate type of 

composite, 0-3 connectivity denotes the presence of two phases, one of which is disseminated 

in the matrix as 0-3 structures. Geometry represented by 2-2 connection is stacked. Although 

not out of plane, the stages are related. In multilayer capacitors and laminated ME composites, 

this connectivity is most frequently used. A different kind of connectivity system is of the 1-3 

types, which consists of 1D skeletons of one component embedded in a 3D matrix of the other 

component [155]. 
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Figure 2.83: All the possible connectivity schemes of a biphasic composite. Adapted from 

[156].   

Till to date, the most widely studied connectivity schemes of magnetoelectric composites in 

Figure 2.84  

Figure 2.84: Composite ME materials of various types of connectivity schemes: (a) 0-0; (b) 0-

3; (c) 1-3; (d) 2-2; (e) core-shell nanocomposite. Adapted from [157]. 

2.12. Composite Effects  

The appropriate attributes of each phase can be used, depending on the application, to construct 

a composite with a sum property or a product property. These ideas are fundamentally 

significant. 
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2.12.1. Sum property or effect 

Let's explain about a composite function that transforms an input parameter 𝑋 into an output 

parameter 𝑌 in a diphasic system. The outcome 𝑌∗ of a composite material of phase 1 and phase 

2 might be a number that is halfway in the midst of 𝑌1 and 𝑌2, ascertaining that 𝑌1 and 𝑌2 are 

the results from phase 1 and phase 2, respectively, in response to the input 𝑋. In the scenario 

where 𝑌1  >  𝑌2, Figure 2.85 (a) depicts the 𝑌∗ change with volume snippet of phase 2. The 

alteration may have a concave or convex type, but in a composite material, the average value 

does not go above 𝑌1 or below 𝑌2. Concisely, A composite's sum property or effect (Figure 2.85 

(a)) is the total weighted attributions from each of its component phases, which are proportional 

to their weight fractions' volume in the composite (physical parameters like density and 

resistivity are sum effects). 

2.12.2. Combination property or effect 

A composite's combination property or effect (Figure 2.85 (b)) manifests itself in the following 

scenario. In some circumstances, the averaged output value of a composite, 𝑌∗, does surmount 

𝑌1 and 𝑌2. This improved output alludes to an impact 𝑌/𝑍 that is dependent on the two inputs 

𝑌 and 𝑍. The association value 𝑌/𝑍 will display an optimum value at an intermediate ratio of 

the phases if 𝑌 and 𝑍, as shown in Figure 2.85 (b), exhibit concave- and convex-type sum 

effects, respectively.  

2.12.3. Product property or effect 

In the event where phase 1 displays an outcome 𝑌 with an input 𝑋 and phase 2 displays an 

outcome 𝑍 with an input 𝑌, one can anticipate that composite material will display an outcome 

𝑍 with an input 𝑋. A "product effect" is a brand-new function that is developed for the 

composite structure (Figure 2.85 (c)). 
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Figure 2.85: Composite properties: (a) sum property, (b) combination property, and (c) product 

property. Adapted from [158-160]. 

2.13. Magnetoelectric effect 

 

The magnetoelectric effect is a consequence of the interaction in the midst of the 

magnetostriction event within the ferromagnetics and the piezoelectric reaction within the 

ferroelectrics. The magnetic and dielectric materials that make up magnetoelectric composites 

can interact in such a way that the magnetic material can be magnetically stimulated to modify 

the electrical response of the dielectric materials, and vice versa. In particular, employing a 

magnetic field (𝐻) can modify electrical polarization (𝑃), where 𝛥𝑃 =  𝛼𝐻𝛥𝐻, or an electric 

field (E), 휀0𝜒𝑒𝛥𝐸 =  𝛼𝐻𝛥𝐻, where 𝜒𝑒 is the electrical susceptibility and 휀0 is the permittivity 

in air; in contrast, upon the application of an electric field, one can alter magnetization (M), 

𝜇0𝛥𝑀 =  𝛼𝐸𝛥𝐸, where 𝜇0 stands for magnetic permeability in air; 𝛼𝐻 and 𝛼𝐸 represent the 

direct and converse ME effects, consequently. As a result, in the absence of an electric current, 

ME composites allow for the conversion of magnetic energy to electric energy [161]. By 



 

104 

 

making comparisons to other interaction phenomena in functional materials, such as those 

shown in Figure 2.86, it is possible to comprehend the magnetoelectric effect. On the basis of 

the piezoelectric effect-the interaction among the mechanical strain (ε) and electric field (�⃗� ) or 

among electrical polarization (�⃗� ) and the mechanical stress (σ), for instance, permit mutual 

transformation among mechanical energy and electric energy without the presence of any 

electrical current [153]. 

 

Figure 2.86: Coupling interactions in materials which allow for a solid-state conversion of 

energy, revealing ordered components (blue) and complementary fields (yellow), namely 

electric field (�⃗� ), magnetic field (𝐻)⃗⃗⃗⃗  ⃗, and temperature (𝑇). Coupling coefficients are 

represented by additional symbols. Adapted from [153]. 

2.13.1. Direct magnetoelectric coupling  

A sujection of magnetic field to the composite results in mechanical stress/strain in the 

magnetostrictive (ferromagnetic) phase in a direct ME effect. The mechanical input from this 

stress and strain causes the piezoelectric (ferroelectric) phase to produce a voltage and an 

electric field proportionate to (and with the same frequency as) the input magnetic field (Figure 

2.87). 
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Figure 2.87: Schematics of coupling multiferroic and magnetoelectric materials. Adapted from 

[162]. 

2.13.2. Converse magnetoelectric coupling 

When a ME composite is exposed to an external electric field, the inverse 

electrostrictive/piezoelectric action causes strain in the ferroelectric phase. Using the inverse 

magneto-strictive/piezomagnetic (mechanical/magnetic) effect, this strain that is created in the 

ferroelectric phase and transferred to the magnetic phase can switch and adjust the 

magnetization. The name of the coupling is converse ME coupling (Figure 2.87). This coupling 

occurs by an elastic interplay in the midst of the ferroelectric and magnetic phases [163]. 

Hence, the following equation [164] can be used to generically represent these two ME 

couplings: 

 

 [2.47] 
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2.13.3. Thermodynamics of linear magnetoelectric effect 

It is particularly desirable to describe multiferroic materials thermodynamically since it 

provides a number of distinct benefits, including the following [1]: 

(i) The multiferroic phase's microscopic origins and its related couplings are not mentioned in 

the thermodynamic description, which takes into account macroscopic variables. This property 

is notably useful because the ME interplay in multiferroic materials, specifically in single-

phasic multiferroic materials, is not described by a single universal mechanism. 

(ii) It is impossible to create a microscopic theoretical model that encompasses both forms of 

multiferroics since they are divided into single-phase and composites. Thermodynamic 

equations are true whether we discuss single-phasic or composite multiferroics since the 

thermodynamic approach is generally applicable. Consequently, delinquent of its single-phasic 

or composite skeleton, a multiferroic material refers to a single entity in the thermodynamic 

approach that follows.  

Assume that the material is a multiferroic. Also, one can believe that two ordered phases 

display linear combination phenomena like piezoelectric and magnetoelectric coupling; higher-

order coupling phenomena are not taken into account in this method. Thermodynamics can be 

used to express the material's connection of its thermal, electric, magnetic, and elastic 

properties. 

If the strain, entropy, electric polarization, and magnetization of the multiferroic system are all 

changed slightly, the differential modification in the internal energy (𝑑𝑈) of the system, is 

expressed as [1]: 

                                  𝑑𝑈 = 𝑇𝑑𝑆 + 𝜎𝑖𝑗𝑑𝑥𝑖𝑗 + 𝐸𝑖𝑑𝑃𝑖 + 𝐻𝑖𝑑𝑀𝑖                                          [2.48] 

where 𝑇 is the temperature, 𝜎𝑖𝑗 is the second rank tensor of the externally applied mechanical 

stress, 𝐸𝑖 represents the applied electric field, and 𝐻𝑖 stands for applied magnetic field. Tensor 

subscripts will not be included in the subsequent treatment for the sake of simplicity. Using the 

Legendre transformation, one can convert the thermodynamic potential 𝑈(𝑆, 𝑥, 𝑃,𝑀) to Gibbs 
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free energy 𝐺(𝑇, 𝑠, 𝐸, 𝐻) as we typically operate at fixed temperature and adoption the 

externally activated fields and stress as unallied parameters [1]: 

                                              𝐺 = 𝑈 − 𝑇𝑆 − 𝜎𝑥 − 𝐸𝑃 − 𝐻𝑀                                           [2.49] 

Differentiating Eq. [2.49] and combining with [2.48], we obtain: 

                          𝑑𝐺 = 𝑑𝑈 − 𝑇𝑑𝑆 − 𝑆𝑑𝑇 − 𝜎𝑑𝑥 − 𝑥𝑑𝜎 − 𝐸𝑑𝑃 − 𝑃𝑑𝐸 − 𝐻𝑑𝑀 −𝑀𝑑𝐻               

𝑑𝐺 = 𝑇𝑑𝑆 + 𝜎𝑑𝑥 + 𝐸𝑑𝑃 + 𝐻𝑑𝑀 − 𝑇𝑑𝑆 − 𝑆𝑑𝑇 − 𝜎𝑑𝑥 − 𝑥𝑑𝜎 − 𝐸𝑑𝑃 − 𝑃𝑑𝐸 − 𝐻𝑑𝑀 −

𝑀𝑑𝐻    

                                𝑑𝐺 = −𝑆𝑑𝑇 − 𝑥𝑑𝜎 − 𝑃𝑑𝐸 −𝑀𝑑𝐻                                                  [2.50] 

Since 𝐺 =  𝐺(𝑇, 𝜎, 𝐸, 𝐻), the differential relation for the Gibbs free energy can be also 

expressed as [1]: 

        𝑑𝐺 = (
𝜕𝐺

𝜕𝑇
)
𝜎,𝐸,𝐻

𝑑𝑇 + (
𝜕𝐺

𝜕𝜎
)
𝑇,𝐸,𝐻

𝑑𝜎 + (
𝜕𝐺

𝜕𝐸
)
𝜎,𝑇,𝐻

𝑑𝐸 + (
𝜕𝐺

𝜕𝐻
)
𝜎,𝐸,𝑇

𝑑𝐻                        [2.51] 

The differential formulas for a multiferroic system's entropy, stress, electrical polarization, and 

magnetization in terms of its overall Gibbs free energy are achieved through identification by 

combining relations [2.50] and [2.51]: 

                                                    

𝑆 = −(
𝜕𝐺

𝜕𝑇
)
𝜎,𝐸,𝐻

𝑥 = −(
𝜕𝐺

𝜕𝜎
)
𝑇,𝐸,𝐻

𝑃 = −(
𝜕𝐺

𝜕𝐸
)
𝜎,𝑇,𝐻

𝑀 = −(
𝜕𝐺

𝜕𝐻
)
𝜎,𝐸,𝑇}

 
 
 

 
 
 

                                                         [2.52] 

 

The electrical polarization (𝑃), magnetization (𝑀), and strain (𝑥) may all have the same set of 

unallied parameters because the Gibbs free energy contains (𝑇, 𝜎, 𝐸, 𝐻) as independent 

variables. As a result, we can distinguish them from their independent variables (𝑇, 𝜎, 𝐸, 𝐻), 

leading to useful relations and coefficients that describe coupling effects [1]: 
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[2.53] 

     

[2.54]

    

[2.55]

[2.56] 

Under the linear approximation, each partial derivative in Eqs. [2.53] to [2.56] denotes a 

physical response, as noted beneath each term giving description of a coupling coefficient. 

These coefficients, sometimes known as "compliances," offer a gauge of the coupling in the 

midst of fields. Eqs. [2.54] to [2.56] can be rewritten in integral form and linear approximation 

for isothermal (𝑑𝑇 =  0) and adiabatic (𝑑𝑆 =  0) piezo-multiferroic systems as follows [1]: 

                                                     

𝑥 = 𝑠𝜎 + 𝑑𝑒𝐸 + 𝑑𝑚𝐻
𝑃 = 𝑑𝑒,𝑐𝜎 + 𝜒𝑒𝐸 + 𝛼𝑚𝐻
𝑀 = 𝑑𝑚,𝑐𝜎 + 𝛼𝑒𝐸 + 𝜒𝑚𝐻

}                                         [2.57] 
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where tensor subscripts have been purposefully ignored, the superscripts 𝑒 and 𝑚 stand for the 

electric and magnetic phase, correspondingly, 𝑠 stands for the elastic compliance (tensor 

possessing rank of fourth), 𝑑𝑒,𝑚 and 𝑑𝑒,𝑚,𝑐 represent the direct and converse piezoelectric and 

piezomagnetic coefficients (tensors possessing rank of third), 𝛼𝑒,𝑚 represent the 

magnetoelectric coupling coefficient (second rank tensor) and 𝜒𝑒,𝑚 stand for dielectric or 

magnetic susceptibility (second rank tensor). Equation [2.57] is referred to as one of the 

multiferroic system's constitutive linear equations of state. The compliances in equation [2.57], 

along with the factors, represent tensors possessing different ranks as a consequence of the 

partial derivatives shown in [2.54] to [2.57], which are as follows [1]: 

𝑠𝑖𝑗𝑘𝑙 = (
𝜕𝑥𝑖𝑗

𝜕𝜎𝑘𝑙
)
𝑇,𝐸,𝐻

; 𝑑𝑘𝑖𝑗
𝑒 = (

𝜕𝑃𝑘

𝜕𝜎𝑖𝑗
)
𝑇,𝐸,𝐻

= 𝑑𝑖𝑗𝑘
𝑒,𝑐 = (

𝜕𝑥𝑖𝑗

𝜕𝐸𝑘
)
𝜎,𝑇,𝐻

; 𝜒𝑖𝑗
𝑒 = (

𝜕𝑃𝑖

𝜕𝐸𝑗
)
𝜎,𝑇,𝐻

𝛼𝑖𝑗
𝑒 =

(
𝜕𝑀𝑖

𝜕𝐸𝑗
)
𝑇,𝜎,𝐻

= 𝛼𝑖𝑗
𝑚 = (

𝜕𝑃𝑖

𝜕𝐻𝑗
)
𝑇,𝜎,𝐸

;  𝑑𝑘𝑖𝑗
𝑚 = (

𝜕𝑀𝑘

𝜕𝜎𝑖𝑗
)
𝑇,𝐸,𝐻

= 𝑑𝑖𝑗𝑘
𝑚,𝑐 = (

𝜕𝑥𝑖𝑗

𝜕𝐻𝑘
)
𝜎,𝑇,𝐸

;  

                                                𝜒𝑖𝑗
𝑚 = (

𝜕𝑀𝑖

𝜕𝐻𝑗
)
𝜎,𝑇,𝐸

.                                                                [2.58] 

2.13.4. Magnetoelectric coupling in composites and single-phase multiferroics 

In matter, the ME effect is a cross-conjugation in the midst of electric and magnetic fields, 

which allows for the interaction amongst electric and magnetic states [165]. The ME effect is 

typically quantitatively characterized through the linear magnetoelectric coupling coefficient 

(MECC), which is the major coupling part, even if this coupling might have non-linear 

components. The presence of numerous long-range ferroic ordering in multiferroic materials 

increases the constitutional magnetic and electric fields, which in turn results in strong ME 

coupling effects. Additionally, in materials that exhibit piezo-effects, the ME coupling may be 

stress-mediated, particularly although the two ferroic materials are distinctly distinct, as in 

laminated multiferroics or composite materials. The ME effect in this instance is explained 

through a device's effective MECC (𝛼𝑒𝑓𝑓), which combines the linear direct ME effect and 

stress-treated part. Suppose that the electric (𝐸) and magnetic (𝑀) phases of a multiferroic 
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material are present. Assume also that the two ordered phases show ME coupling, piezoelectric 

effects, and piezoelectric coupling effects. Thermodynamics can be used to express the 

material's connection of its thermal, electric, magnetic, and elastic properties. In order to 

measure macroscopic material parameters under various experimental circumstances, this will 

offer relationships in the midst of those parameters. It is helpful to use the Gibbs free energy 

𝐺(𝑇, 𝜎, 𝐻, 𝐸) as the thermodynamic potential because in every case one can operate at fixed 

temperature 𝑇 and account the externally applied fields and stress as unallied parameters. This 

thermodynamic potential can be expressed for this multiferroic system as follows [165]: 

−𝐺(𝑇, 𝜎, 𝐸, 𝐻) = 𝑆𝑇 +
1

2
𝑠𝑖𝑗𝑘𝑙𝜎𝑘𝑙𝜎𝑖𝑗 + 𝑑𝑖𝑗𝑘

𝑒 𝜎𝑖𝑗𝐸𝑘 + 𝑑𝑖𝑗𝑘
𝑚 𝜎𝑖𝑗𝐻𝑘 + 𝜋𝑖𝑗𝑘𝑙𝐸𝑖𝐻𝑗𝜎𝑘𝑙 +

1

2
휀𝑖𝑗𝐸𝑖𝐸𝑗 +

1

2
𝜇𝑖𝑗𝐻𝑖𝐻𝑗 + 𝛼𝑖𝑗𝐸𝑖𝐻𝑗 +⋯                                                                                                             [2.59] 

where: 𝑆 stands for system’s entropy; 𝑠𝑖𝑗𝑘𝑙 is the fourth rank tensor of elastic compliance; 𝜎𝑘𝑙 

represents the externally applied mechanical stress tensor; 𝑑𝑖𝑗𝑘
𝑒 stands for piezoelectric 

coefficient (third rank tensor); 𝑑𝑖𝑗𝑘
𝑚  represents piezomagnetic coefficient (third rank tensor); 

𝜋𝑖𝑗𝑘𝑙 represents piezoelectric coupling constant (fourth rank tensor); 휀𝑖𝑗 represents electric 

permittivity tensor; 𝜇𝑖𝑗 stands for magnetic permeability tensor; 𝛼𝑖𝑗 represents linear MECC. 

The 𝛼𝑖𝑗𝐸𝑖𝐻𝑗 represents the ME energy part, at the same time higher order non-linear coupling 

parts are not taken into account in this case. From equation [2.59] we can calculate the system’s 

overall strain (𝑥): 

        𝑥𝑖𝑗 = −(
𝜕𝐺

𝜕𝜎𝑖𝑗
)
𝑇,𝐸,𝐻

= 𝑠𝑖𝑗𝑘𝑙𝜎𝑘𝑙 + 𝑑𝑖𝑗𝑘
𝑒 𝐸𝑘 + 𝑑𝑖𝑗𝑘

𝑚 𝐻𝑘 + 𝜋𝑖𝑗𝑘𝑙𝐸𝑘𝐻𝑙                                   [2.60] 

where the first term denotes the strain caused by an externally applied stress, the second part 

stands for the piezoelectrical strain generated through the operation of an electric field (𝐸), the 

third component represents the ferromagnetic strain generated through the operation of a 

magnetic field (𝐻), and the fourth component represents a piezoelectric coupling strain 

generated through mutual piezoelectrical and ferromagnetic responses. The common 
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formulation for electrical polarization and magnetization of a multiferroic material gives rise 

to the following results when standard thermodynamic differentiation of [2.59] is performed: 

               𝑃𝑖 = −(
𝜕𝐺

𝜕𝐸𝑖
)
𝜎,𝑇,𝐻

= 휀𝑖𝑗𝐸𝑗 + 𝑑𝑖𝑗𝑘
𝑒 𝜎𝑗𝑘 + 𝛼𝑖𝑗𝐻𝑗 + 𝜋𝑖𝑗𝑘𝑙𝐻𝑗𝜎𝑘𝑙                                [2.61] 

             𝑀𝑖 = −(
𝜕𝐺

𝜕𝐻𝑖
)
𝜎,𝑇,𝐸

= 𝜇𝑖𝑗𝐻𝑗 + 𝑑𝑖𝑗𝑘
𝑚 𝜎𝑗𝑘 + 𝛼𝑖𝑗𝐸𝑗 + 𝜋𝑖𝑗𝑘𝑙𝐸𝑗𝜎𝑘𝑙                                 [2.62] 

which, in condensed matrix notation, may be expressed as:: 

                                    𝑃𝑖 = 휀𝑖𝑗𝐸𝑗 + 𝑑𝑖𝑚
𝑒 𝜎𝑚 + 𝛼𝑖𝑗

𝑒𝑓𝑓
𝐻𝑗                                                       [2.63] 

                                   𝑀𝑖 = 𝜇𝑖𝑗𝐻𝑗 + 𝑑𝑖𝑛
𝑚𝜎𝑛 + 𝛼𝑖𝑗

𝑒𝑓𝑓
𝐸𝑗                                                        [2.64] 

where: 𝑖, 𝑗 = 1, 2, 3 and 𝑚, 𝑛 = 1, 2, 3, 4, 5, 6 and 

                                             𝛼𝑖𝑗
𝑒𝑓𝑓

= 𝛼𝑖𝑗 + 𝜋𝑖𝑗𝑘𝑙𝜎𝑘𝑙                                                           [2.65] 

where 𝛼𝑒𝑓𝑓 is the device's effective MECC, which comprises the piezo-coupling (or stress-

mediated) magnetoelectric effect (𝜋𝜎) and the linear ME coupling effect (𝛼). The effective 

MECC is the same as the linear magnetoelectric coefficient (𝛼𝑒𝑓𝑓  =  𝛼 ) when the 

piezoelectric coupling is absent in the system (i.e., 𝜋 =  0) or no piezoelectric responses. In 

this regard, nevertheless, the eqs. [2.63] and [2.64] are expressed likewise aside from the 𝛼𝑒𝑓𝑓 

is retrieved by 𝛼. As a result, using the relationships [2.63] and [2.64], the electrically [2.66] 

and magnetically [2.67] activated ME couplings are articulated likewise for direct ME 

coupling, strain-mediated ME coupling, or even a ME coupling that involves a combination of 

the two. 

                                                          𝛼𝐸 =
𝜕𝑀

𝜕𝐸
                                                                   [2.66] 

                                                           𝛼𝐻 =
𝜕𝑃

𝜕𝐻
                                                                  [2.67] 

where the matrix indexes were removed. A multiferroic device or sensor will objectively 

function in like manner inconsiderate of the form of ME coupling exhibited, which has the 

following implications: (i) direct or strain mediated MECCs are mathematically explained 
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likewise; (ii) experimental evaluations of the MECC can be designed likewise for all type of 

ME coupling [165]. 

2.13.5. Theory of magnetoelectric effect in single-phase multiferroics 

 

The Landau theory of phase transitions provides a macroscopic explanation for the interaction 

in the midst of the material's stress tensor (𝜎), electric field (�⃗� ), and magnetic field (�⃗⃗� ). 

According to the thermodynamics, the magnetoelectric response could be comprehended in the 

context of Landau theory, solicited via the extension of free energy for a magneteoectric 

structure [166-168], i.e. 

𝐹(�⃗� , �⃗⃗� , 𝑇) = 𝐹0 − 𝑃𝑖
𝑆𝐸𝑖 −𝑀𝑖

𝑆𝐻𝑖 −
1

2
휀0휀𝑖𝑗𝐸𝑖𝐸𝑗 −

1

2
𝜇0𝜇𝑖𝑗𝐻𝑖𝐻𝑗 − 𝛼𝑖𝑗𝐸𝑖𝐻𝑗 −

1

2
𝛽𝑖𝑗𝑘𝐸𝑖𝐻𝑗𝐻𝑘 −

        
1

2
𝛾𝑖𝑗𝑘𝐻𝑖𝐸𝑗𝐸𝑘 −

1

6
𝛿𝑖𝑗𝑘𝐸𝑖𝐸𝑗𝐸𝑘 −

1

6
𝜂𝑖𝑗𝑘𝐻𝑖𝐻𝑗𝐻𝑘 −⋯                                                                    [2.68]                                                                                                       

where 𝐹0 represents the ground-state free energy, (𝑖, 𝑗, 𝑘) stands for the triple parts of a 

parameter in spatial coordinate, 𝐸𝑖 stands for electric field component and 𝐻𝑖 represents the 

magnetic field component, 𝑃𝑖
𝑆 represents the part of spontaneous electrical polarization and 𝑀𝑖

𝑆 

is the part of spontaneous magnetization, 휀0 and 𝜇0 represent the electric permittivity and 

magnetic permeability in air, 휀𝑖𝑗 stands for electric permittivity tensor (second-order rank), 𝜇𝑖𝑗 

represents the magnetic permeability tensor (second-order rank), 𝛽𝑖𝑗𝑘 and 𝛾𝑖𝑗𝑘 represent the 

tensor coefficients of third-order and, most significantly, 𝛼𝑖𝑗 stands for the elements of linear 

ME response tensor and refers to the polarization or magnetization consecration by a magnetic 

or electric field, respectively. The remaining components in the aforementioned equations are 

the high-order ME responses parameterized by tensors 𝛽 and 𝛾. The Eq. [2.68] is legitimate 

since the external applied fields are minimal in comparison to the internal field. Since the 4-

dimensional constitutive law of electromagnetism requires that these terms occur in addition 

to the ones with 𝛽𝑖𝑗𝑘 and 𝛾𝑖𝑗𝑘, we added the final two terms in Eq. [2.68], with third rank 

tensors, 𝛿𝑖𝑗𝑘 and 𝜂𝑖𝑗𝑘 [169]. For the sake of benefit, 1/6 factors are introduced in Eq. [2.68].  
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All of these third rank tensors' indices are completely symmetric, i.e., 𝛿𝑖𝑗𝑘 = 𝛿𝑖𝑘𝑗 = 𝛿𝑗𝑘𝑖 =

𝛿𝑗𝑖𝑘 = 𝛿𝑘𝑖𝑗 = 𝛿𝑘𝑗𝑖, and 𝜂𝑖𝑗𝑘 = 𝜂𝑖𝑘𝑗 = 𝜂𝑗𝑘𝑖 = 𝜂𝑗𝑖𝑘 = 𝜂𝑘𝑖𝑗 = 𝜂𝑘𝑗𝑖. Thus, for a crystal with 

triclinic symmetry, there are only 10 independent components remaining out of a total of 27 

components for each tensor [167]. It is possible to realize the components of total electrical 

polarization by differentiating the free energy equation [2.68] with regard to the electric field 

in the form [168, 170]: 

   𝑃𝑖(�⃗� , �⃗⃗� , 𝑇) = −
𝜕𝐹

𝜕𝐸𝑖
= 𝑃𝑖

𝑆 + 휀0휀𝑖𝑗𝐸𝑗 + 𝛼𝑖𝑗𝐻𝑗 +
1

2
𝛽𝑖𝑗𝑘𝐻𝑗𝐻𝑘 + 𝛾𝑖𝑗𝑘𝐻𝑖𝐸𝑗 +⋯                      [2.69] 

Magnetic field-induced total electrical polarization in the absence of applied electric field (𝐸 =

 0) is given by [168, 170]:  

                                               𝑃𝑖 = 𝛼𝑖𝑗𝐻𝑗 +
1

2
𝛽𝑖𝑗𝑘𝐻𝑗𝐻𝑘                                                     [2.70] 

The Eq. [2.70] describes the induced electrical polarization as a results of direct ME effect. The 

inverse ME effect, which is a subset of total magnetization, may be achieved by differentiating 

free energy Eq. [2.68] with respect to the magnetic field in the form [168, 170]: 

 𝑀𝑖(�⃗� , �⃗⃗� , 𝑇) = −
𝜕𝐹

𝜕𝐻𝑖
= 𝑀𝑖

𝑆 + 𝜇0𝜇𝑖𝑗𝐻𝑗 + 𝛼𝑖𝑗𝐸𝑗 + 𝛽𝑖𝑗𝑘𝐻𝑗𝐸𝑖 +
1

2
𝛾𝑖𝑗𝑘𝐸𝑗𝐸𝑘 +⋯                      [2.71] 

When there is no external magnetic field (H = 0), electric field-activated total magnetization is 

expressed as [168, 170]: 

                                                𝑀𝑖 = 𝛼𝑖𝑗𝐸𝑗 +
1

2
𝛾𝑖𝑗𝑘𝐸𝑗𝐸𝑘                                                    [2.72] 

These two Eqs. [2.71] and [2.72] are the basic equations for experimental calculation of MECC. 

Additionally, the ME response is restricted by the equation  𝛼𝑖𝑗
2 < 𝜒𝑖𝑖

𝑠𝜒𝑖𝑖
𝑚 where 𝜒𝑠 and 𝜒𝑚 

represent the electric and magnetic susceptibilities. This means that the ME effect can only be 

large in ferroelectric and/or ferromagnetic materials [171]. It is further shown that the ME 

response can be described by the following [13]: 

                                                               𝛼𝑖𝑗
2 < 𝜒𝑖𝑖

𝑒𝜒𝑗𝑗
𝑚                                                       [2.73] 
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where 𝜒𝑖𝑖
𝑒  and 𝜒𝑗𝑗

𝑚 are the electric and magnetic susceptibilities. From Equation [2.73] it is 

logically possible to draw the following two inferences: (i) the magnetoelectric responses can 

only be significant in in ferroelectric (or ferromagnetic) materials with high relative electric 

permittivity (or magnetic permeability) and (ii) significant magnetoelectric responses may 

manifest in materials that are both ferroelectric and ferromagnetic [153]. There is no cross-

conjugation in the midst of electric and magnetic traits for the majority of materials. This can 

be elucidated by investigating the impact of time and spatial inversion procedures on the 

system. Under spatial inversion, the electric polarization and electric field change sign, but 

remain unchanged when time is turned around. On the other hand, during spatial inversion, the 

magnetization and magnetic field are invariant and change sign. A material having inversion 

symmetry has an invariant ME susceptibility tensor. If we use the electric polarization as an 

example (only focusing on the cross-coupling factor), �⃗�  =  𝛼�⃗⃗� , then applying spatial inversion 

results in −�⃗�  =  𝛼�⃗⃗� . This can only be invariable with the initial state if 𝛼 =  0.  

No ME coupling may exist in such a material because the same outcome is achieved when time 

or spatial inversion procedures are applied to the polarization or the magnetization, 

respectively. Only a material that violates both time and spatial inversion symmetry can have 

a non-zero value for (Figure 2.88).  

 

Figure 2.88: The impact of time reversal and spatial inversion on: (a) ferromagnetic materials, 

(b) ferroelectric materials and (c) multiferroic materials. Adapted from [172]. 
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2.13.6. Magnetoelectric coupling coefficient 

According to thermodynamic theory, materials having the coexistence of ferroelectric and 

ferromagnetic phases experience the ME effect [164]. Magnetoelectric coupling facilitates the 

modification of net magnetization under an external electric field, and magnetoelectric 

coupling facilitates the modification of electric polarization under an external magnetic field. 

The effect is explained mathematically by the MECC of 𝛼 [173]. The change in the sample's 

magnetic induction (𝐵) brought on through the operation of an electric field (𝐸) which is known 

as the MECC. 

                                                        𝛼𝑖𝑗
𝐸 = (

𝜕𝐵𝑖

𝜕𝐸𝑗
)                                                              [2.74] 

 

or magnetically activated, expressing the alteration in the electrical polarization (𝑃) as a result 

of applying a magnetic field (𝐻): 

                                                          𝛼𝑖𝑗
𝐻 = (

𝜕𝑃𝑖

𝜕𝐻𝑗
)                                                            [2.75] 

The 𝛼𝐸 =
𝜕𝑀

𝜕𝐸
, can also be used to express relation [2.74], depending on the independent 

thermodynamic variables chosen. The ME susceptibility second rank tensor, 𝛼𝑖𝑗, has nine 

components and is the real representation of the MECC in any case: 

                                                 𝛼𝑖𝑗 = (

𝛼11 𝛼12 𝛼13
𝛼21 𝛼22 𝛼23
𝛼31 𝛼32 𝛼33

)                                                [2.76] 

The electrically and magnetically activated ME coefficients are thermodynamically equal, 

according to the Maxwell equations [1]: 

                                     𝛼𝑖𝑗
𝐸 = (

𝜕𝐵𝑖

𝜕𝐸𝑗
) = (

𝜕𝑃𝑖

𝜕𝐻𝑗
) = 𝛼𝑖𝑗

𝐻 = 𝛼𝑖𝑗                                               [2.77] 
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Despite having nine components, just one of the ME tensor's nine components is non-zero in 

the majority of studies. This depends on the symmetries of the samples and crystals, the sample 

geometry, and the geometry of the external fields that are being used. Typically, only one of 

the non-diagonal 𝛼31 and 𝛼13 or diagonal 𝛼11, 𝛼22, and 𝛼33 components is non-zero for a given 

experimental geometry. Let's now look at the MECCs that are induced by electrical and 

magnetic fields. 

                                        𝛼𝑖𝑗 = (
𝜕𝑃𝑖

𝜕𝐻𝑗
) = 휀0휀𝑖𝑖 (

𝜕𝐸𝑖

𝜕𝐻𝑗
)                                                       [2.78] 

where we applied the equation 𝑃𝑖 = 휀0𝜒𝐸𝑖 ≅ 휀0휀𝑖𝑖𝐸𝑖 having the approximation 𝜒 = 휀𝑖𝑖 − 1 ≅

휀𝑖𝑖. We now introduce the relationship 𝐵𝑖 = 𝜇0𝜇𝑗𝑗𝐻𝑗 in Eq. [2.78], leading to 

                        𝛼𝑖𝑗 = (
𝜕𝑃𝑖

𝜕𝐻𝑗
) = 휀0휀𝑖𝑖 (

𝜕𝐸𝑖

𝜕𝐻𝑗
) = 휀0𝜇0휀𝑖𝑖𝜇𝑗𝑗 (

𝜕𝐸𝑖

𝜕𝐵𝑗
)                                        [2.79] 

Substituting Eq. [2.78] in Eq. [2.79] one can perceive the following relation: 

                                                  𝛼𝑖𝑗
2 = 휀0𝜇0휀𝑖𝑖𝜇𝑗𝑗                                                            [2.80] 

Or 

                                                     𝛼𝑖𝑗 = √휀0𝜇0휀𝑖𝑖𝜇𝑗𝑗                                                      [2.81] 

Eq. [2.81] reveals that all elements of the MECC tensor should be positive subsequently no 

materials prevail possessing negative electric permittivity and magnetic permeability, while the 

electric permittivity and magnetic permeability are positive in nature in air. Equation [2.81] is 

inscribed in non-tensor fashion as: 

                                                   𝛼 ≤ √휀0𝜇0휀𝑟𝜇𝑟 = √휀𝜇                                                [2.82] 
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where 휀𝑟, 𝜇𝑟 denote the relative dielectric permittivity and magnetic permeability. Equation 

[2.82] can be derived in part by using the relationship in the midst of the refractive index 𝑛 

(𝑛 = √휀𝑟𝜇𝑟) and the speed of light 𝑐 (𝑐 = 1 √휀0𝜇0⁄ ). Equation [2.82] is changed to: 

                                                      𝛼 = √휀0𝜇0휀𝑟𝜇𝑟 =
𝑛

𝑐
                                                   [2.83] 

It, once more, only permits positive values of the ME coupling and provides the coupling 

coefficient in SI units, [s/m]. The 𝑛/𝑐 term in Equation [2.83] can be understood as the 

reciprocal of velocity of electromagnetic radiation propagation in a multiferroic system, where 

𝛼 =  
𝑛

𝑐
 =  

1 

𝑣
. Using Einstein's Special Relativity postulate, we may then force velocity to be 

less than the velocity of light (𝑣 ≤  𝑐), resulting in 𝑣 ·  𝑛 ≤  𝑐. Now dividing the both sides 

of the equation 𝑣 ·  𝑛 ≤  𝑐 by the velocity of light, one can realize 𝑣 ·  
𝑛

𝑐
 ≤  1, that leads to 

the Eq. [2.82], 𝑎 ≤  √휀𝜇. The MECC can therefore only have positive values in the range 𝛼 ∈

(0, √휀𝜇]. One can enumerate that the abovementioned prescription is legitimate for single-

phasic multiferroics. There have been accounts of negative coupling parameters, but these are 

only true for composite multiferroics where negative coupling parameters are permitted and 

the ME coupling (MEC) is strain/elastically mediated. A closer examination demonstrates the 

opportunity to maneuver Eq. [2.78] additionally. The subsequent equation for the magnetically 

activated ME effect is established: 

                             𝛼𝑖𝑗
𝐻 = (

𝜕𝑃𝑖

𝜕𝐻𝑗
) = 휀0휀𝑖𝑖 (

𝜕𝐸𝑖

𝜕𝐻𝑗
) = 0 𝑟

𝑡
(
𝜕𝑉

𝜕𝐻
) = 𝛼𝑉

𝐻휀0휀𝑟                               [2.84] 

where 𝛼𝑉
𝐻 stands for the magnetically activated ME voltage coefficient specified as [174]: 

                                         𝛼𝑉
𝐻 = (

𝜕𝐸

𝜕𝐻
) =

1

𝑡
(
𝜕𝑉

𝜕𝐻
)                                                               [2.85] 

[s/m] units can be used to express 𝛼𝐻 and 𝛼𝐸. The more useful ME voltage coefficient, 

however, is connoted by the units VA-1 in SI and Vcm-1Oe-1 in CGS [168, 175, 176]. 
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2.14. The potential application of multiferroic composites 

In electronic industries, ME composites are applicable in radiofrequency coil, switching, and 

microwave devices, tunable inductors, bandstop filters, tunable resonators, high-density 

magnetic recording, computer memory chips, magnetic freezers [177], isolators, catalysts, ME 

random access memory (MeRAM), ME antennas, ME gyrator, filter, phase shifter, attenuator 

and delay line [158], transformer cores, spintronics, ME magnetic sensor, energy harvester, 

ME current sensor. In Spintronics, information is supported by the orientation of spin of an 

electron instead of charge. Each electron occurs in one of the two positions- spin up or spin 

down. In logical operation 0 and 1 is the two possible spin states. In biomedical research, ME 

composites are advantageous for color imaging, tissue engineering, ME effect for brain 

stimulation, magnetically controlled drug delivery methods such as optogenetics, bio-magnetic 

separation, cell separation, tumor hyperthermia, magnetic resonant imaging, catalysis, 

magnetic drug administration and release, drug targeting, etc [8]. In brief, some important 

applications of ME composites are illustrated in Figure 2.89 

’ 

Figure 2.89: Various applications of magnetoelectric (ME) composites. Adapted from [164]. 
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Chapter Three: Material Fabrication and Experimental Procedures 

In this chapter, the fabrication technique of stoichiometric nickel-copper-zinc, non-

stoichiometric nickel-copper-zinc ferrites, and ferroelectromagnetic ceramic composites are 

described briefly. Various methods/techniques to characterize their structural, microstructural, 

elastic, dielectric, electrical, magnetic and magnetoelectric properties are also presented herein.  

3.1. Material fabrication 

     3.1.1. Traditional Solid State synthetic approach 

A solid state synthetic technique (also known as ceramic route) is the most reliable and versatile 

synthetic route to develop new material by heating two or more materials together at elevated 

temperatures (1000-1400 ℃) and the final products are thermodynamically stable [178]. 

   3.1.2. Mechanism of solid-state synthetic technique 

Figure 3.1 illustrates the formation of AB2O4 spinel skeleton through the solid-state synthetic 

route (SSSR) of bivalent and trivalent oxides with the nominal formulas AO and B2O3. With 

the proceeding of the reaction in the midst of AO and B2O3, a product layer having the chemical 

composition AB2O4 is developed and it develops over time as it is heated. Reactants are unable 

to diffuse through the product layer for additional reaction due to the development of the 

specific threshold thickness of the product layer and as a result, the reaction either ceases or 

becomes extremely low. As a consequence, the majority of SSSRs act in accordance with a 

parabolic rate law, that interprets why the SSSRs rate starts out quickly before slowing down 

over time until it ultimately ceases at the point where the product layer is sufficiently thick to 

prevent reactant diffusion. Hence the fitful grinding was employed in order to assure the 

unreacted reactants come across the contact with one another and to destroy the product layer. 

Therefore, SSSR with fitful grinding always provides high-grade controller of homogeneity. 

The kinetics of SSSRs become accelerated when one of the reactants melts at or under the 

reaction temperature, due to easiness of the ion’s diffusion in the molten state [178]. 
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Figure 3.1: Mechanism of a solid-state synthetic route. Adapted from [178]. 

In SSSR, the electrical-neutrality state must be maintained. According to Figure 3.1 it can 

be seen that there are three forms where ions diffuse at the time of reaction such a one that 

the electroneutral state of the samples was maintained. To interpret this, we can consider a 

classic example of the fabrication of a spinel AB2O4 from the reactants AO and B2O3. 3A2+ and 

2B3+ ions counter-diffuse in the opposite directions, or an A2+ ions diffuse to 

B2O3 with an O2- ions, or 2B3+ ions with 3O2- ions diffuse through the AO reagent to assert the 

electroneutrality. These three combinations of ion diffusion will preserve the 

local electroneutrality. These three types of ions diffusion depend on the type of the reactants 

[178]. 

3.1.3. Brief discussion on the steps in solid-state synthetic technique 

3.1.3.1. Starting material 

The starting materials used to develop the samples were in analytical grade. Details are 

recorded in Table 3.1. 
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Table 3.1. List of the basic ingredients those were employed to fabricate the samples 

Name of ingredients Empirical formula Purity grade Supplier 

Barium carbonate BaCO3 99.9 % SRL Pvt. Ltd., India 

Calcium carbonate CaCO3 99.8 % do 

Titanium oxide TiO2 99.9 % do 

Zirconium oxide ZrO2 99.9 % do 

Nickel (II) oxide NiO 99.9 % do 

Copper (II) oxide CuO 99.9 % do 

Zinc (II) oxide ZnO 99.9 % do 

Iron (III) oxide Fe2O3 99.9 % Sigma-Aldrich, 

Germany 

 

3.1.3.2. Weighing  

The weight percentage of the oxide was calculated using the formula:    

Weight percent of oxide =
Molecular mass of oxide ×desired mass of the specimen

Sum of molecular mass of each oxide in a specimen
                             

[3.1] 

3.1.3.3. Grinding and Mixing 

After weighing the starting materials according to Equation [3.1], they were mixed and ground 

using a mortar and pestle in acetone media for 6h for homogenizing the samples. During 

grinding and mixing, the acetone was gradually volatilized and completely evaporated 

within 10-15 minutes. 

 3.1.3.4. Powder calcination 

 

Calcination is the process of heating the reactants to break them down and get the appropriate 

products. During this procedure, the gaseous byproducts generated by the heating the reactants 

and eventually evaporates. For the calcination process, a proper atmosphere is necessary. 
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Reactions occurred during the calcination process are most often carried out near the thermal 

decomposition temperature or at the phase transition temperature. In thermodynamics, the 

temperature of calcination is the lowest temperature wherein the fundamental free energy due 

to Gibbs phenomenon of a specific SSSR reaches zero [178]. 

 3.1.3.5. Compacting/Pressing 

 

The calcinated powders of the samples were mixed with binder (10 wt. % PVA) to avoid the 

brittleness of the samples and pressed into small cylindrical pellet specimens and toroids using a 

uniaxial using a hydraulic press with 4.41×107 N/m2 pressure.  

3.1.3.6. Solid-state Sintering 

 

Sintering is the thermal technique by which powders are transformed into a solid by heating 

directly under the melting point of the solid mass of the components, as a result, the material 

basically endures solid during the whole of the process and acquires the appropriate annealed 

density. In sintering, the atoms or ions diffusion from one side to other of the physical borders 

of the component particles takes place, resulting in the fusion of small particles into a larger 

one, more well-dense solid. Figure 3.2 describes the stages that occur during the sintering 

process [179, 180]. Generally, four basic steps are involved to sinter and to densify the samples 

during the sintering technique. (i) Physical contact in the midst of sample particles directed by 

employing pressure to the calcining samples, (ii) establishment of concave sinter necks in the 

midst of abutting particles, which increase the interface in the midst of particles, (iii) 

development and grain borders diffusion and sinter necks (necks and pores develop and diffuse 

through and gather at the grain borders), and (iv) finally, the pores are eradicated and detached 

and closed pores generate. The contact area of grain border in the midst of grains gradually 

enhances and compaction takes place amid sintering. 
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Figure 3.2: Different stages in solid-state sintering. Adapted from [181]. 

3.1.3.7. Sample fabrication of Ba0.9Ca0.1Ti0.9Zr0.1O3 

The Ba0.9Ca0.1Zr0.1Ti0.9O3 (BCZTO) powders were fabricated by the conventional SSSR. The 

starting ingredients were BaCO3, CaCO3, TiO2, and ZrO2, respectively. The stoichiometric raw 

powders were mixed for 6 h using pestle and mortar in acetone media and then calcinated at a 

temperature of 950 °C for 5h. At the time of calcination process, chemical reaction takes place 

as: 0.9BaCO3 + 0.1CaCO3 + 0.1ZrO2 + 0.9TiO2 → Ba0.9Ca0.1Zr0.1Ti0.9O3 (BCTZO) + CO2↑. 

To produce uniform and fine powder, the calcinated powder was reground for 3 h. The 

calcinated powder was used to investigate the phase formation, lattice constant, and crystalline 

size, respectively. The flowchart of samples fabrication is delineated in Figure 3.3. 

3.1.3.8. Sample fabrication of Ni0.25Cu0.13Zn0.62Fe2O4 

The Ni0.25Cu0.13Zn0.62Fe2O4 (NCZFO) powders were fabricated by the conventional SSSR. The 

starting ingredients were NiO, CuO, ZnO, and Fe2O3, respectively. The stoichiometric raw 

powders were mixed for 6 h using pestle and mortar in acetone media and then calcinated at 

temperature of 950 °C for 5h. To produce uniform and fine powder, the calcinated powder was 

reground for 3 h. The calcinated powder was used to investigate the phase formation, lattice 

constant, and crystalline size. The flowchart for the fabrication of samples is delineated in 

Figure 3.4. 
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3.1.3.9. Sample fabrication of Ni0.25Cu0.13Zn0.62Fe2-xO4-3x/2 

Samples were fabricated using conventional SSSR. The starting ingredients were NiO, CuO, 

ZnO, and Fe2O3, respectively. The powders were measured in accordance with the 

stoichiometric ratio and mixed using pestle and mortar for 6h in acetone media and calcinated 

at temperature of 950 °C for 5h. To produce uniform and fine powder, the calcinated powder 

was reground for 3 h. The homogeneous powders were characterized to investigate the phase 

formation, lattice constant, and crystalline size, respectively. The flowchart for the fabrication 

of samples is delineated in Figure 3.5. 

3.1.3.10. Sample fabrication of (1-y) [BCZTO] + (y) [NCZFO] 

The calcinated powders of BCZTO and NCZFO was measured in accordance with the 

stoichiometric ratio and mixed using pestle and mortar for 6 h in acetone media. Subsequently, 

the powders were mixed with binder (5 wt% PVA) and compacted into pellet specimens and 

toroids using the uniaxial pressing machine. The pellet specimens and toroidal specimens were 

annealed under different temperatures of 1100 ℃-1250℃ for 5h. Finally, the samples were 

subjected to different characterizations for evaluating the structural, microstructural, and 

electromagnetic properties. The flowchart for the fabrication of samples is delineated in Figure 

3.6. 

3.1.3.11. Sample fabrication of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] 

The BCZTO and NCZFe2-xO4-3x/2 powders were measured in accordance with the 

stoichiometric ratio and mixed using pestle and mortar for 3h in acetone media. The powders 

were mixed with small amount of binder (5 wt% PVA) and pressed into pellet specimens and 

toroidal specimens using the uniaxial pressing machine and finally annealed for 5h at 1200 ℃. 

The flowchart for the fabrication of samples is delineated in Figure 3.7. 
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Figure 3.3: Pictorial representation or flow chart for the synthesis of stoichiometric barium 

calcium titanium zirconate (Ba0.90Ca0.10Ti0.90Zr0.10O3). 
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Figure 3.4: Pictorial representation or flow chart for the synthesis of stoichiometric nickel-

copper-zinc ferrite (Ni0.25Cu0.13Zn0.62Fe2O4). 
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Figure 3.5: Pictorial representation or flow chart for the synthesis of non-stoichiometric nickel-

copper-zinc ferrite (Ni0.25Cu0.13Zn0.62Fe2-xO4-3x/2). 
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Figure 3.6: Pictorial representation or flow chart for the synthesis of (1-y) 

[Ba0.90Ca0.10Ti0.90Zr0.10O3] + (y) [Ni0.25Cu0.13Zn0.62Fe2O4] (y = 0.0 to 1.0) multiferroic composites. 
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Figure 3.7: Schematic diagram showing synthesis of (1-y) [Ba0.9Ca0.1Ti0.9Zr0.1O3] + (y) 

[Ni0.25Cu0.13Zn0.62Fe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 0.12; y = 0.2, 0.5) multiferroic composites. 
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3.2. Characterization and property measurements 

In this section, we have explained, in brief, the basic principles and experimental procedures 

for investigating the developed samples. X-ray diffractometer (XRD) was utilized to clarify the 

architecture of the generated samples. Micromorphological study and compositional analysis 

of the generated samples were carried out using a scanning electron microscope (SEM) and 

energy dispersive X-ray spectroscopy (EDXS).   

3.2.1. X-ray diffractometer  

 

To elucidate the crystallographic structure of the samples and the information achieved from 

XRD patterns were used for qualitative and quantitative analyses, unit cell lattice constant 

determination, crystallite size and strain evaluation X-ray diffraction (XRD) is a powerful 

approach. Figure 3.8 (a) represents a schematic illustration of a diffractometer and Figure 3.8 

(b) illustrates photograph of X-ray diffractometer. X-ray diffractometer has the four 

fundamental components: an X-ray source (cathode ray tube), incident beam optics or 

collimator, sample holder, and a CCD detector (the number of scattered X-rays by the sample 

is counted). In the cathode ray tube, X-rays are produced by heating a tungsten filament that 

emanates electrons at that moment. A voltage is applied to accelerate the emanated electrons 

toward the target material for the bombardment of the target material. When emanated 

electrons possess significant amout energy to extricate electrons from the target material’s 

inner shell (consisting of copper), X-rays are generated. The collimator makes these X-rays 

parallel to each other (Figure 3.8 (a)) and focused on the sample. When a parallel beam of 

monochromatic X-rays (single wavelength) irradiates the sample, the sample’s lattice serves as 

a 3D diffraction grating, resulting the X-ray beams to diffract at specific angles and satisfying 

the Bragg’s diffraction equation [182, 183] as depicted in Figure 3.9: 

                                          2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃ℎ𝑘𝑙 = 𝑛𝜆 (𝑛 =  1, 2, 3, ……)                                    [3.2] 



 

131 

 

, where, 𝑑ℎ𝑘𝑙 denotes the interplanar distance, 𝜃ℎ𝑘𝑙 represents the angle of diffraction and 𝜆 

represents X-ray’s wavelength. When the Bragg’s diffraction law is fulfilled, a constructive 

interference takes place and a peak in intensity develops. Since the testing sample and CCD 

detector are swiveled around the test sample, the detector records strength of the reflected X-

rays and processes the signal of X-rays and transforms the signal of X-rays into a count rate.  

 

Figure 3.8: (a) A schematic illustration of a diffractometer for X-ray diffraction investigation 

of samples. Adapted from [119] and (b) Photograph of the RIGAKU Ultima IV X-ray 

diffractometer. 

  

Figure 3.9: Bragg’s diffraction law. Adapted from [109, 184]. 

(b) 

(a) 
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3.2.1.1. The lattice constants 

The lattice constants of the ferromagnetic phase possessing cubic symmetry and ferroelectric 

phase possessing tetragonal symmetry is determined using the relations [185]: 

                                         𝑎2 = (𝜆2 4𝑠𝑖𝑛2𝜃ℎ𝑘𝑙⁄ ) × (ℎ2 + 𝑘2 + 𝑙2)                                     [3.3] 

and 

                                                    𝑠𝑖𝑛2𝜃ℎ𝑘𝑙 =
𝜆2(ℎ2+𝑘2)

4𝑎2
+
𝜆2𝑙2

4𝑐2
                                             [3.4] 

where, ℎ𝑘𝑙 represents the Miller’s indices,  𝜆 reprents the X-ray’s wavelength (Cu-Kα = 1.5406 

Å) and 𝜃ℎ𝑘𝑙 is the angle of diffraction for each Bragg reflection plane.  

3.2.1.2. Structural parameters of ferromagnetic phases 

The X-ray parameters, i.e., the hopping lengths in the midst of magnetic ions at tetrahedrally-

tetrahedrally coordinated site (𝐿𝐴−𝐴), octahedrally-octahedrally coordinated site (𝐿𝐵−𝐵),  

tetrahedrally-octahedrally coordinated site (𝐿𝐴−𝐵), tetrahedrally-octahedrally coordinated sites 

radii (𝑟𝐴 and 𝑟𝐵), tetrahedrally coordinated bond length (𝑑𝐴𝑋), octahedrally coordinated bond 

length (𝑑𝐵𝑋), tetrahedrally coordinated edge (𝑑𝐴𝑋𝐸), shared octahedrally coordinated edge 

(𝑑𝐵𝑋𝐸) and unshared octahedrally coordinated edge (𝑑𝐵𝑋𝐸𝑈) were determined using lattice 

constant (𝑎) the positional parameter of oxygen (𝑢 =  0.381Å), ionic radius of oxygen ions 

(𝑅𝑂  =  1.32 Å) were determined using the equations outlined in Table 3.2.  
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Table 3.2. Formulae of the jumping lengths in the midst of magnetic ions at tetrahedrally-tetrahedrally cordinated site (𝐿𝐴−𝐴), octahedrally-

octahedrally coordinated site (𝐿𝐵−𝐵), tetrahedrally-octahedrally coordinated site (𝐿𝐴−𝐵), tetrahedrally-octahedrally coordinated sites radii (𝑟𝐴 and 

𝑟𝐵), tetrahedrally coordinated bond length (𝑑𝐴𝑋), octahedrally coordinated bond length (𝑑𝐵𝑋), tetrahedrally coordinated edge (𝑑𝐴𝑋𝐸), shared 

octahedrally coordinated edge (𝑑𝐵𝑋𝐸) and unshared octahedrally coordinated edge (𝑑𝐵𝑋𝐸𝑈) [186]. 

Hopping length in the midst of magnetic ions at tetrahedral-tetrahedral site (𝐿𝐴−𝐴) (Å) 
𝐿𝐴−𝐴 =

𝑎√3

4
 

Hopping length in the midst of magnetic ions at octahedral-octahedral site (𝐿𝐵−𝐵) (Å)  
𝐿𝐵−𝐵 =

𝑎√2

4
 

Hopping length in the midst of magnetic ions tetrahedral-octahedral site (𝐿𝐴−𝐵) (Å) 
𝐿𝐴−𝐵 =

𝑎√11

8
 

Interstial radius for tetrahedral site (𝑟𝐴) (Å) 
𝑟𝐴 = (𝑢 −

1

4
) 𝑎√3 − 𝑅𝑂 

Interstial radius for octahedral site (𝑟𝐵) (Å) 𝑟𝐵 = (0.625 − 𝑢)𝑎 − 𝑅𝑂 

Shared tetrahedral edge length (𝑑𝐴𝑋𝐸) (Å) 𝑑𝐴𝑋𝐸 = 𝑎√2(2𝑢 − 0.5) 

Shared octahedral edge length (𝑑𝐵𝑋𝐸) (Å) 𝑑𝐵𝑋𝐸 = 𝑎√2(1 − 2𝑢) 

Unshared octahedral edge lengths (𝑑𝐵𝑋𝐸𝑈) (Å) 
𝑑𝐵𝑋𝐸𝑈 = 𝑎 [4𝑢

2 − 3𝑢 + (
11

16
)]
1 2⁄

 

Tetrahedral bond length (𝑑𝐴𝑋) (Å) 𝑑𝐴𝑋 = 𝑎√3(𝑢 − 0.25) 

Octahedral bond length (𝑑𝐵𝑋) (Å) 
𝑑𝐵𝑋 = 𝑎 [3𝑢

2 − (
11

4
) 𝑢 + (

43

64
)]
1 2⁄
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The interionic distances in the midst of the cations (𝑏, 𝑐, 𝑑, 𝑒, and 𝑓), interionic distances in the 

midst of the cation and anion (𝑝, 𝑞, 𝑟 and 𝑠), and the bond angles (𝜃1, 𝜃2, 𝜃3, 𝜃4, and 𝜃5) were 

determined using the equations outlined in Table 3.3 [187]. 

Table: 3.3. Formulae of the interionic distances (𝑏, 𝑐, 𝑑, 𝑒, 𝑓) in the midst of cations, (𝑝, 𝑞, 𝑟, 𝑠) 

in the midst of cations and anions, and bond angles (𝜃1, 𝜃2, 𝜃3, 𝜃4, 𝜃5) 

Parameters Interaction in the midst 

of sublattices 

Formula 

𝑏 (Å) Oct-Oct (𝑎 4⁄ )√2 

𝑐 (Å) Tet-Oct (𝑎 8⁄ )√11 

𝑑 (Å) Tet-Tet (𝑎 4⁄ )√3 

𝑒 (Å) Tet-Oct (3𝑎 8⁄ )√3 

𝑓 (Å) Oct-Oct (𝑎 4⁄ )√6 

𝑝 (Å) Oct-O 𝑎(5 8⁄ − 𝑢) 

𝑞 (Å) Tet-O 𝑎(𝑢 − 1 4⁄ )√3 

𝑟 (Å) Tet-O 𝑎(𝑢 − 1 4⁄ )√11 

𝑠 (Å) Oct-O 𝑎(𝑢 3⁄ + 1 8⁄ )√3 

𝜃1 (degree) Tet-O-Oct 𝑐𝑜𝑠−1[(𝑝2 + 𝑞2 − 𝑐2) 2𝑝𝑞⁄ ] 

𝜃2 (degree) Tet-O-Oct 𝑐𝑜𝑠−1[(𝑝2 + 𝑟2 − 𝑒2) 2𝑝𝑟⁄ ] 

𝜃3 (degree) Oct-O-Oct 𝑐𝑜𝑠−1[(2𝑝2 − 𝑏2) 2𝑝2⁄ ] 

𝜃4 (degree) Oct-O-Oct 𝑐𝑜𝑠−1[(𝑝2 + 𝑠2 − 𝑓2) 2𝑝𝑠⁄ ] 

𝜃5 (degree) Tet-O-Tet 𝑐𝑜𝑠−1[(𝑟2 + 𝑞2 − 𝑑2) 2𝑟𝑞⁄ ] 

 

3.2.1.3. Bulk density, theoretical density and porosity 

The bulk density (𝜌𝑏𝑢𝑙𝑘) of ferroelectric and ferromagnetic phases and ferroelectromagnetic 

ceramic composites were was using the equation [186]: 

                                             𝜌𝑏𝑢𝑙𝑘 =
𝑚𝑎𝑠𝑠

𝑣𝑜𝑙𝑢𝑚𝑒
=

𝑚

𝜋𝑟2ℎ
                                                            [3.5] 

, where 𝑚 represents the pellet specimen’s mass, 𝑟 represents the pellet specimen’s radius, and 

ℎ represents the pellet specimen’s thickness. 
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The theoretical density (𝜌𝑋−𝑟𝑎𝑦) of ferromagnetic phases was evaluated using the equation 

[186]:  

           𝜌𝑋−𝑟𝑎𝑦 (Ferromagnetic) =
𝑍×𝑀𝑤(Ferromagnetic)

𝑁𝐴×𝑉Ferromagnetic
                                                               [3.6] 

where,  𝑍 represents the number of atoms in a single cell (for ferromagnetic phase,  𝑍 =  8), 

𝑀𝑤(Ferromagnetic) represents the molecular mass of the ferromagnetic phase, 𝑁𝐴 stands for 

Avogadro’s number, 𝑉Ferromagnetic = 𝑎
3 expresses the volume of unit cell of ferromagnetic 

phase, and 𝑎 expresses the lattice constant of ferromagnetic phase. The theoretical density 

(𝜌𝑋−𝑟𝑎𝑦) of ferroelectric phase was estimated using the equation [185]: 

            𝜌𝑋−𝑟𝑎𝑦 (Ferroelectric) =
𝑍×𝑀𝑤(𝐹𝑒𝑟𝑟𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐)

𝑁𝐴×𝑉𝐹𝑒𝑟𝑟𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
                                                              [ 3.7] 

where 𝑍 represents the number of atoms in a single cell (for   BCZTO phase  𝑍 =  1),  

𝑀𝑤(𝐹𝑒𝑟𝑟𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐) represents the molecular mass, 𝑉𝐹𝑒𝑟𝑟𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 = 𝑎
2𝑐 represents the 

ferroelectric phase unit cell volume, 𝑎 and 𝑐 are the lattice constants of the ferroelectric phase, 

and 𝑁𝐴 is Avogadro’s number. The theoretical density of ferroelectromagnetic ceramic 

composites was determined utilizing the equation [59, 71]: 

𝜌𝑋−𝑟𝑎𝑦 (Composite) = (1 − 𝑦) [
𝑀𝑤(𝐹𝑒𝑟𝑟𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐)

𝑁𝐴×𝑉𝐹𝑒𝑟𝑟𝑜𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐
] + (𝑦) [

8×𝑀𝑤(Ferromagnetic)

𝑁𝐴×𝑉Ferromagnetic
]                         [3.8]                                            

, where  𝑀𝑤(𝐹𝐸) and 𝑀𝑤(𝐹) are the molecular mass of ferromagnetic and ferroelectric phases. 

The porosity (𝑃 %) of the developed samples was achieved using the equation: 

                                 porosity (𝑃 %) =
𝜌𝑋−𝑟𝑎𝑦−𝜌𝑏𝑢𝑙𝑘

𝜌𝑋−𝑟𝑎𝑦
× 100                                              [3.9] 

, where 𝜌𝑏𝑢𝑙𝑘 and 𝜌𝑋−𝑟𝑎𝑦 are the bulk and X-ray densities of the samples.  

3.3. Fourier transform infrared spectrometer and working principle 

 Fourier transform infrared (FTIR) spectrometer operates on the basis of Michelson 

interferometer [188] and schematically delineated in Figure 3.10 (a) and on the other hand, a 

photograph of FTIR spectrophotometer (Model: IRPrestige-21) is depicted Figure 3.10 (b) 
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delineates. FTIR spectrometer which consists of infrared radiation source, collimating mirror, 

beam splitter (BS) (which is designed to transmit half of the infrared radiation incident upon it 

and reflect half of the infrared radiation incident upon it), static mirror, movable mirror, sample 

cell and detector [189]. First a beam of infrared source falls on the collimating mirror which 

makes the beam of infrared source parallel and afterward a beam of infrared source falls on the 

BS where the half (50 %) of the radiation is reflected to the static mirror and half (50 %) of the 

radiation is transmitted to the movable mirror. Again, from the static mirror and movable 

mirror, the radiation is reflected back to the BS. Then from the BS, it is transmitted through the 

sample, and eventually reached to the detector. When the distance in the midst of movable 

mirror to the BS and from stationary mirror to the BS is constant. The condition is called the 

zero-path difference which means that there is no path difference. At this condition constructive 

in phase pattern occurs and maximum signal reaches to the detector. When the movable mirror 

moves 𝜆 2⁄  then two wavelengths are out of phase with each other and destructive interference 

takes place. At this condition, minimum or no signal reaches to the detector. Since the infrared 

radiation sources are polychromatic in nature therefore each wavelength produces cosine wave. 

In practice, as moving mirror progresses, the net signal falling on the detector is a cosine wave.  

At detector, cosine waves are summed up and finally the interferogram (intensity versus optical 

path difference plot) is produced. The interferogram basically holds the spectral information in 

time domain and a Fourier transformation is then applied to obtain spectral information in 

frequency domain (intensity versus wavenumber plot) [190].  
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Figure 3.10: (a) Schematic illustration of an FTIR spectrometer. Adapted from [189] and (b) 

Photograph of the SHIMADZU FTIR spectrophotometer (IR Prestige-21).  

 

3.4. Scanning Electron Microscope 

To investigate microstructures of the samples, is a scientific instrument such as scanning 

electron microscope (SEM) is used. The major components of SEM are delineated in Figure 

3.11 (a). An electron beam is generated in the electron gun, which is situated at the top of the 

column and contains a filament. The filament is a thin tungsten loop which serves as the 

cathode. Typically, voltage of 30 kV is applied to heat up the tungsten loop. The anode, which 

(a) 

(b) 
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is positive with regard to the filament, generates strong attractive forces for electrons that 

causes the electrons to move more quickly towards the anode. The anode attracts the electrons, 

which are then condensed by one or more condenser lenses and focused as a sharp point by the 

objective lens on the sample. In the electron optical column, the electrons beam passes via the 

paired scanning coils or paired deflector plates. By adjusting the voltage generated by the scan 

generator, the scan coils are energized and produce a magnetic field that deflects the beam both 

horizontally and vertically as it scans over a rectangular region of the sample surface [191]. 

Figure 3.11 (b) illustrates the photograph of SEM with major components identified. When the 

primary electrons interplay with the atoms of the sample they produce various signals e.g., 

secondary electrons, backscattered electrons, Auger electrons, X-rays, cathodoluminescence 

are produced (Figure 3.12) [192]. Among the various signal, three signals are important e.g., 

secondary electrons, backscattered electrons, and emitted X-rays. The secondary electrons play 

prime role to detect the microstructure of the sample. The backscattered electrons, which 

interact with the positively charged nucleus of the sample and scattered at lager angles, give 

compositional information. As the secondary electrons arrive at and penetrate the detector, they 

strike a scintillator. The scintillator emits flashes of light that are transformed into an electric 

current via photomultiplier and send to the cathode ray tube as a signal which creates a viewable 

and photographable image in monitor.  
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Figure 3.11: (a) Schematic diagram of electron gun column. Adapted from [191] and (b) 

Photograph of the JEOL SEM with major components identified. 

 

 

Figure 3.12: Schematic depiction of the emitted signals from the surface of the sample. 

Adapted from [192]. 
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3.5. Electrical Characterization 

3.5.1. Dielectric permittivity characteristics 

The dielectric traits of ferroelectric and ferromagnetic phases and ferroelectromagnetic ceramic 

composites were investigated using high precision LCR meter (Figure 3.13). The complex 

electric permittivity of the samples was determined using the equation:  

                                                           휀∗ = 휀′ + 𝑗휀′′                                                           [3.10] 

, where 휀′ and 휀′′ the real and imaginary component of electric permittivity. The electric 

permittivity (휀′) was otained employing the equation: 

                                                                     휀′ = 
𝑐𝑝×𝑡

𝐴×ℇ0
                                                       [3.11] 

, where 𝑐𝑝 is the capacitance, 𝑡 is the pellet specimen’s thickness and 𝐴 stands for electrode’s 

cross-area.  

 

Figure 3.13: Photograph of precision impedance analyzer (Wayne-Kerr, Model: 6500B) 

3.5.2. AC electrical conductivity 

AC conductivity of the samples has been achieved by the equation: 

                                                      𝜎𝑎𝑐 = 2𝜋𝑓휀0휀
′𝑡𝑎𝑛𝛿                                                     [3.12] 
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where 휀0 denotes the vacuum electric permittivity, 휀0 = 8.854 × 10
−12𝐹/𝑚,  𝑓 is the applied 

frequency, 휀′ stands for the real electric permittivity, and  tan 𝛿 is permittivity loss tangent 

represent by 𝑡𝑎𝑛𝛿 =  휀′′/휀′. 

3.5.3. Impedance and dielectrical modulus spectroscopy 

 

The complex impedance of ferromagnetic and ferroelectric phases has been determined by the 

equation: 

                                                              𝑍∗ = 𝑍′ + 𝑖𝑍′′                                                      [3.13] 

, where 𝑍′ and 𝑍′′ represent the real and imaginary component of impedance. 

The dielectrical modulus of ferromagnetic and ferroelectric phases has been calculated through 

the relation: 

         𝑀∗ = 𝑀′ + 𝑖𝑀′′ =
𝜺′

𝜺′𝟐+𝜺′′𝟐
+ 𝒊

𝜺′′

𝜺′𝟐+𝜺′′𝟐
=

1

𝜺′(𝟏+𝒕𝒂𝒏𝟐𝜹)
+ 𝑖

𝒕𝒂𝒏𝜹

𝜺′(𝟏+𝒕𝒂𝒏𝟐𝜹)
                         [3.14] 

, where 𝑀′ and 𝑀′′ are the real and imaginary component of dielectrical modulus. 

3.6. Magnetic characteristic characterization 

3.6.1. Magnetic permeability and magnetic loss tangent 

The magnetic properties (permeability, magnetic loss tangent, and Q-factor) of ferromagnetic 

phase and ferroelectromagnetic ceramic composites were also investigated using high 

precession impedance analyzer. The magnetic permeability (𝜇𝑖
′) is calculated using both the 

inductance (𝐿) and inductance of the air core (𝐿0) by the relation: 𝜇𝑖
′ = 𝐿 𝐿0⁄ , 𝐿0 is determined 

using the following equation [193]:  

                                                         𝐿0 =
𝜇0𝑁

2𝑡

2𝜋
𝑙𝑛 (

𝑂𝐷

𝐼𝐷
)                                                     [3.15] 

where 𝑁 represents the no. of wire turns on toroid samples, 𝑡 is the toroid’s thickness, 𝜇0 

represents the magnetic permeability in air (1.26 × 10−6𝐻 𝑚⁄ ), OD and ID are the outer and 

inner diameters of toroid samples. The magnetic loss tangent (𝑡𝑎𝑛𝛿µ) is determined through 

the equation:  
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                                                           𝑡𝑎𝑛𝛿µ = 𝜇𝑖
′′ 𝜇𝑖

′⁄                                                         [3.16] 

 

The Q-factor is estimated by the following equation: 

                                                         Q − factor =
1

𝑡𝑎𝑛𝛿𝜇
                                                  [3.17] 

, where 𝑡𝑎𝑛𝛿𝜇 is the magnetic loss tangent. 

3.7. Vibrating Sample Magnetometer  

To characterize magnetic traits of a material subject to Faraday’s law of induction, a vibrating 

sample magnetometer (VSM) is used [194].  When a material is lodged in a uniform magnetic 

field (UMF) originated by an electromagnet, material vibrates within a UMF and the UMF 

magnetizes the material by tuning the various magnetic spins or magnetic domains with the 

field. The magnetization becomes greater as the uniform field becomes convalescent. The 

sample's magnetic dipole moment generates a magnetic field (magnetic stray field (MSF)) 

throughout the sample. As the sample is moved up and down, this MSF alters with time and 

could be detected by a group of pick-up coils which are mounted on the pole faces of the 

magnet. The alternating magnetic field of the pick-up coils produces an electric field in 

accordance with Faraday's law of induction. The magnetization of the sample is directly 

proportional to this induced current. So, the value of the induced current increases with 

magnetization. The illustrative depiction of a VSM is delineated in Figure 3.14 (a). The 

vibrating sample is vibrated in the magnetic field using a vibrator mechanism. Detection coils 

generates the signal voltage as a result of the changing flux coming from the vibrating sample. 

As sketched in Figure 3.14 (b), the sample is mounted onto a non-magnetic sample holder 

(glass rod). The sample plane is normal to the z-axis when measuring the in-plane hysteresis 

loop and normal to the x-axis when measuring the perpendicular hysteresis loop. Sample 
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becomes magnetized in the x-direction when revealed to an external magnetic field while 

vibrating in the z-direction. The time dependent flux was detected via a set of pick-up coils. A 

transimpedance amplifier and lock-in amplifier both amplify the induced current. A computer 

interface is connected to the various components. When a full cycle in the midst of a positive 

and negative saturating field is completed by the sweeping magnetic field, a hysteresis loop is 

produced. From the hysteresis loop, the magnetic properties are extracted [195].  

 

  

 

Figure 3.14: (a) System illustrative of a vibrating sample magnetometer. Adapted from [196], 

(b) Enlarged view showing the alignment (in-plane) of sample with respect to the magnets). 

Adapted from [195], and (c) Photograph of Micro-Sense Vibrating Sample Magnetometer 

(VSM). 

 

3.8. Magnetoelectric characterization 

The study of the magnetoelectric voltage coupling coefficient is an important parameter for 

fabricating the next generation multifunctional devices. Figure 3.15 depicts the experimental 

(a) 

(c) 

(b) 
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set-up for measuring the magnetoelectric voltage coupling coefficient (𝛼𝑀𝐸). An electromagnet 

was used to develop DC magnetic of 8 kOe for biasing. The time dependent DC magnetic field 

was achieved using a DC power source. A Hall probe was used to determine the DC magnetic 

field. AC magnetic field of 8 Oe was overlapped onto the DC field. A Helmholtz coil used to 

produce AC field. Keithley 2000 multimeter was used to measure the AC magnetic field’s 

value. The sample was lodged in the magnetic field with either its surface parallel to or 

perpendicular to the magnetic field's direction contigent upon whether the measurement was 

longitudinal or transverse [197]. A voltage (V) develops when ferroelectromagnetic ceramic 

composites are exposed to a magnetic field (H) [197]. Supposing 

                        𝑉 = 𝑓(𝐻) = 𝐶𝑜𝑛𝑠𝑡. +𝛼𝐻 + 𝛽𝐻2 + 𝛾𝐻3 + 𝛿𝐻4 +⋯                              [3.18] 

                                    
𝑑𝑉

𝑑𝐻
= 𝛼 + 2𝛽𝐻 + 3𝛾𝐻2 + 4𝛿𝐻3 +⋯                                            [3.19] 

When a small AC magnetic field ℎ = ℎ0𝑠𝑖𝑛𝜔𝑡 is overlapped with a DC bias field (𝐻), the total 

field is [197]:  

𝐻𝑡𝑜𝑡𝑎𝑙 = 𝐻 + ℎ0𝑠𝑖𝑛𝜔𝑡. Then 𝑉 = 𝐶𝑜𝑛𝑠𝑡. +𝛼 (𝐻 + ℎ0𝑠𝑖𝑛𝜔𝑡) + 𝛽(𝐻 + ℎ0𝑠𝑖𝑛𝜔𝑡)
2 + 𝛾(𝐻 +

ℎ0𝑠𝑖𝑛𝜔𝑡)
3 + 𝛿(𝐻 + ℎ0𝑠𝑖𝑛𝜔𝑡)

4 +⋯ =
1

8
[(𝐶𝑜𝑛𝑠𝑡. +4𝛽ℎ0

2 + 3𝛿ℎ0
4 + 8𝛼𝐻 + 12𝛾ℎ0

2 +

8𝛽𝐻2 + 24𝛿ℎ0
2𝐻2 + 8𝛾𝐻3 + 8𝛿𝐻4) + (8𝛼ℎ0 + 6𝛾ℎ0

3 + 16𝛽ℎ0𝐻 + 24𝛿ℎ0
3𝐻 + 24𝛾ℎ0𝐻

2 +

32𝛿ℎ0𝐻
3𝑠𝑖𝑛𝜔𝑡) + (−4𝛽ℎ0

2 − 4𝛿ℎ0
4 − 12𝛾ℎ0

2𝐻 − 24𝛿ℎ0
2𝐻2)𝑐𝑜𝑠2𝜔𝑡 + (−2𝛾ℎ0

3 −

8𝛿ℎ0
3𝐻)𝑠𝑖𝑛3𝜔𝑡 + 𝛿ℎ0

4𝑐𝑜𝑠4𝜔𝑡 + ⋯ ].                                                                                   [3.20] 

The lock-in amplifier output voltage 𝑉𝑜𝑢𝑡 is [197]:  

𝑉𝑜𝑢𝑡 =
1

8
(8𝛼ℎ0 + 6𝛾ℎ0

3 + 16𝛽ℎ0𝐻 + 24𝛿ℎ0
3𝐻 + 24𝛾ℎ0𝐻

2 + 32𝛿ℎ0𝐻
3) =

𝐻4

8
[
8𝛼

𝐻3
 (
ℎ0

𝐻
) +

6𝛾

𝐻
(
ℎ0

𝐻
)
3

+
16𝛽

𝐻2
(
ℎ0

𝐻
) + 24𝛿 (

ℎ0

𝐻
)
3

+
24𝛾

𝐻
(
ℎ0

𝐻
) + 32𝛿 (

ℎ0

𝐻
)]                                                       [3.21] 

When (
ℎ0

𝐻
) ≪ 1, we can neglect the high order terms in  (

ℎ0

𝐻
), and the output voltage becomes: 
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𝑉𝑜𝑢𝑡 =
𝐻4

8
(
8𝛼

𝐻3
+
16𝛽

𝐻2
+
24𝛾

𝐻
+ 32𝛿) (

ℎ0
𝐻
) = ℎ0(𝛼 + 2𝛽𝐻 + 3𝛾𝐻

2 + 4𝛿𝐻3) 

= ℎ0 (
𝑑𝑉

𝑑𝐻
)                                                                                                                               [3.22] 

 

Therefore, the magnetoelectric voltage coupling coefficient is [197]: 

                                                 𝛼𝑀𝐸 =
𝑑𝐸

𝑑𝐻
=
1

𝑑

𝑑𝑉

𝑑𝐻
=

𝑉𝑜𝑢𝑡

ℎ0×𝑑
                                                 [3.23] 

, where 𝑑 is the thickness of the sample. 

Therefore, by checking the output voltage (𝑉𝑜𝑢𝑡) that is generated across the 

ferroelectromagnetic ceramic composites, we were determined the magnetoelectric voltage 

coupling coefficient [197]. 

 

Figure 3.15: Block diagram of the experimental setup of the magnetoelectric measurement. 

Adapted from [197]. 
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Chapter Four: Experimental Results and Discussions  

4.1. Probing the effects of sintering temperature on the electromagnetic 

traits of Ni0.25Cu0.13Zn0.62Fe2O4 system 

In this section, the sintering temperature (Ts) dependent structural, microstructural, elastic, and 

electrical, magnetic characteristics of Ni0.25Cu0.13Zn0.62Fe2O4 (NCZFO) ferrites are 

desciphered.  

4.1.1. Crystallographic characteristics  

Figure 4.1 (a) depicts the XRD profile of the Ni0.25Cu0.13Zn0.62Fe2O4 (NCZFO) ceramic 

annealed at various Ts. It is possible to say that the annealed samples possess diffraction peaks 

related to the (111), (220), (311), (222), (400), (422), (511), and (440) planes, which is 

associated with the emergence of a spinel skeleton of a space group Fd3̅m with no any 

undesirable phases and legitimately coincides with the standard ICSD-Inorganic Crystal 

Structure Database (01-081-8134). It is apparent that as Ts increases, the peaks broaden. To 

clarify the impact of Ts on the crystallite diameter (𝐷ℎ𝑘𝑙), we calculate the crystallite diameter 

(𝐷ℎ𝑘𝑙) employing the Debye-Scherrer equation [183]:𝐷ℎ𝑘𝑙 =
0.9𝜆

𝛽ℎ𝑘𝑙×𝑐𝑜𝑠𝜃ℎ𝑘𝑙
, where λ denotes the 

X-ray’s wavelength, 𝜃ℎ𝑘𝑙 denotes the diffraction angle, 𝛽ℎ𝑘𝑙 denotes the full width at half 

maximum (FWHM). Table 4.1 displays the crystallite diameter (𝐷ℎ𝑘𝑙) values for samples 

annealed at Ts. The diameter of the crystallites initially drops at 1050 °C, then grows at 1100 

°C, then drops further to a maximum of 1200 °C, and lastly grows at 1250 °C. Particle 

coalescence via solid-state diffusion is believed to have led to the rise in crystallite diameter at 

1100 and 1250 °C. By reducing the surface area of the particles in this system, the free energy 

is diminished. The size of the crystallite is bigger when Ts is lower than when it is large. This 

demonstrates unequivocally that when Ts rises, crystal formation is reduced. Therefore, it may 

be claimed that a high Ts enhances crystallinity while also reducing crystallite diameter. The 
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lattice constant (𝑎) is calculated employing the formula: 𝑎 = 𝑑ℎ𝑘𝑙(ℎ
2 + 𝑘2 + 𝑙2)1 2⁄ , 

where h, k, and l denote the Miller indices and 𝑑ℎ𝑘𝑙 denotes interplanar spacing. 
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Figure 4.1: (a) XRD profiles of NCZFO ceramics, and (b) Local enlargement XRD peaks of 

NCZFO ferrites annealed for 5 h at various Ts: (i) 1000, (ii) 1050, (iii) 1100, (iv) 1150, (v) 

1200, and (vi) 1250 ºC. 

 

The location of the strongest peak (311), as seen in Figure 4.1 (b), changes marginally to 

smaller 2𝜃 values to a maximum of 1150 °C before rising to greater 2𝜃 values at 1200 and 

1250 °C. It demonstrates how Ts changes the lattice constant. Table 4.1 displays the value of 

the lattice constants with Ts. Table 4.1 shows that when the Ts rises from 1000 to 1050 °C, the 
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lattice constant drops. The crystallization development continues modestly at low Ts. Thus, the 

lattice may experience surface flaws which lead to shrinkage of the lattice. Additionally noticed 

is the reality that the lattice constant rises at 1100 °C and then drops as Ts goes from 1150 to 

1250 °C. The oxidation-reduction procedure, the cation’s reallocation amongst the 

tetrahedrally and octahedrally coordinated sites, and zinc depletion from the sample are the 

root cause of an increase and reduction of the lattice constant with the Ts [198]. Because the 

Fe2+ ions have a greater ionic radius (0.76 Å) than the Fe3+ ion (0.64 Å), the curtailment of iron 

from ferric to ferrous throughout the course of sintering might be responsible for an increase 

in the lattice constant at 1100 °C. The development of Ni3+ (0.62 Å), leading to the lattice 

constant to drop, essentially leads the lattice constant to be reduced at higher Ts. The bulk 

density was determined using the formula: 𝜌𝑏𝑢𝑙𝑘 =
𝑚𝑎𝑠𝑠

𝑚𝑟2𝑡
, where 𝑡 and 𝑟 express the thickness 

and radius of the manufactured pellet specimens and shown in Table 4.1. As can be recognized 

from Table 4.1, the value of 𝜌𝑏𝑢𝑙𝑘 is inversely related to the Ts. The 𝜌𝑏𝑢𝑙𝑘 value always rises 

with rising Ts to a maximum of 1150 °C, and then 𝜌𝑏𝑢𝑙𝑘 drops with growing Ts after that. As 

Ts rises the value of 𝜌𝑏𝑢𝑙𝑘 reduces, which corresponds to the enhanced intragranular porosity 

driven on by irregular grain development. The theoretical density (𝜌𝑋−𝑟𝑎𝑦) at various Ts was 

computed using formula: 𝜌𝑋−𝑟𝑎𝑦 =
8𝑀𝑊

𝑁𝐴×𝑎3
, where 𝑀𝑊 denotes the molecular mass and 

𝑁𝐴 denotes the Avogadro’s number and shown in Table 4.1. The value of 𝜌𝑋−𝑟𝑎𝑦 is seen to 

initially rise at 1050 °C, then drop at 1100 °C, and then enhance more with rising Ts. The lattice 

constant, which drops around 1050 °C, is responsible for the rise in 𝜌𝑋−𝑟𝑎𝑦 value. The lattice 

constant may also be responsible for the rise in 𝜌𝑋−𝑟𝑎𝑦. It is evident that the annealed samples' 

𝜌𝑋−𝑟𝑎𝑦 value is higher than that of the comparable bulk. The existence of holes within the 

annealed samples is the root cause of the disparity in the midst of the 𝜌𝑋−𝑟𝑎𝑦 and 𝜌𝑏𝑢𝑙𝑘 [199]. 

The porosity is determined employing the formula: 𝑃(%) =
𝜌𝑋−𝑟𝑎𝑦−𝜌𝑏𝑢𝑙𝑘

𝜌𝑋−𝑟𝑎𝑦
× 100% and is 
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shown in Table 4.1. It is also obvious that lowering porosity while raising Ts results in a rise in 

𝜌𝑏𝑢𝑙𝑘 value. This is due to the simple reason that when Ts rises, grain development takes place 

segregating the intergranular gaps and results in a denser sample [200]. Figure 4.2 illustrates 

how 𝑃 (%),𝜌𝑋−𝑟𝑎𝑦, and 𝜌𝑏𝑢𝑙𝑘 rely on Ts. With rising Ts, it has been found that the values of 

𝜌𝑏𝑢𝑙𝑘 and P (%) exhibit opposing patterns. This demonstrates the sintering process' rapid 

densification quite clearly. The development of grains and the density are closely connected, 

according to Lange and Kellet [201]. The occurrence of pores inside the grains or at grain 

borders is believed to be the root cause of the drop in density in the midst of the 1200 and 1250 

°C. The jump lengths in the midst of the magnetically active ions at the tetrahedrally 

coordinated (A)-site and octahedrally coordinated [B]-site at various Ts were determined using 

the formulae: 𝐿𝐴 =
𝑎√3

4
 and 𝐿𝐵 =

𝑎√2

4
, where 𝐿𝐴 denotes the hop length of the tetrahedrally 

coordinated sites and 𝐿𝐵 denotes the hop length of the octahedrally coordinated sites. Table 4.1 

displays the values of 𝐿𝐴 and 𝐿𝐵  at various Ts. The tetrahedrally coordinated (A) site radii (𝑟𝐴), 

octahedrally coordinated (B) site radii (𝑟𝐵), tetrahedrally and octahedrally coordinated bond 

lengths (𝑑𝐴𝑋 and 𝑑𝐵𝑋), tetrahedrally coordinated edge, shared and unshared octahedrally 

coordinated edge (𝑑𝐴𝑋𝐸 , 𝑑𝐵𝑋𝐸 , 𝑑𝐵𝑋𝐸𝑈) were determined utilizing the lattice constant ‘𝑎’, 

oxygen positional factor ‘𝑢’ (𝑢 =  0.381Å), radius of O2- ion radius 𝑅𝑂 (1.32Å) and the 

formulae [202, 203]: 𝑟𝐴 = (𝑢 − 0.25)𝑎√3 − 𝑅𝑂, 𝑟𝐵 = (0.625 − 𝑢)𝑎 − 𝑅𝑂, 𝑑𝐴𝑋 = 𝑎√3(𝑢 −

0.25), 𝑑𝐴𝑋𝐸 = 𝑎√2(2𝑢 − 0.5), 𝑑𝐵𝑋 = 𝑎 [3𝑢
2 − (

11

4
) 𝑢 + (

43

64
)]
1 2⁄

, 𝑑𝐵𝑋𝐸 = 𝑎√2(1 − 2𝑢), 

and 𝑑𝐵𝑋𝐸𝑈 = 𝑎 [4𝑢
2 − 3𝑢 + (

11

16
)]
1 2⁄

. The determiend tetrahedrally coordinated (A)-site 

radius (𝑟𝐴), octahedrally coordinated (B)-site radius (𝑟𝐵), tetrahedrally and octahedrally 

coordinated bond lengths (𝑑𝐴𝑋 and 𝑑𝐵𝑋), tetrahedrally coordinated edge, shared and unshared 

octahedrally coordinated edge (𝑑𝐴𝑋𝐸 , 𝑑𝐵𝑋𝐸 , 𝑑𝐵𝑋𝐸𝑈) are shown in Table 4.2. It can be identified 

from Table 4.2 that the parameters associated with the structure such as tetrahedrally 
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coordinated (A) site radius (𝑟𝐴), octahedrally coordinated (B) site radius (𝑟𝐵), tetrahedrally and 

octahedrally coordinated bond length 𝑑𝐴𝑋 and 𝑑𝐵𝑋, tetrahedrally coordinated edge, shared and 

unshared octahedrally coordinated edges (𝑑𝐴𝑋𝐸 , 𝑑𝐵𝑋𝐸 , 𝑑𝐵𝑋𝐸𝑈) boosts with Ts. The shrinking 

distance in the midst of magnetic ions is the factor that causes the declining trend of 𝑟𝐴 and 𝑟𝐵 

with Ts.   
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Figure 4.2: Evolution of bulk density (𝜌𝑏𝑢𝑙𝑘), theoretical density (𝜌𝑋−𝑟𝑎𝑦), and porosity (P) 

with Ts of NCZFO ferrites. 
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Table 4.1. Lattice constant (𝑎), cell volume (𝑉), crystallite diameter (𝐷), bulk density (𝜌𝑏𝑢𝑙𝑘), theoretical density (𝜌𝑋−𝑟𝑎𝑦), porosity P (%), grain 

diameter and jumping lengths (𝐿𝐴 and 𝐿𝐵) of NCZFO ferrite annealed at various Ts. 

Ts(ºC) 𝑎 (Å) V (Å3) 𝐷311 

(nm) 

𝜌𝑏𝑢𝑙𝑘  

(g/cm3) 

𝜌𝑋−𝑟𝑎𝑦  

(g/cm3) 

𝑃 % 𝐷𝑆𝐸𝑀 (µm) 𝐿𝐴 (Å) 𝐿𝐵 (Å) 

1000 8.4324 599.59 71 3.56 5.30 33 0.98 3.65 2.98 

 

1050 8.4110 595.04 54 4.08 5.34 24 1.74 3.64 2.97 

 

1100 8.4230 597.59 69 4.94 5.32 7 2.80 3.65 2.98 

 

1150 8.4141 595.69 58 5.01 5.33 6 6.08 3.64 2.98 

 

1200 8.3873 590.02 28 4.97 5.38 8 15.58 3.63 2.97 

 

1250 8.3707 586.52 53 4.96 5.42 9 82.40 3.63 2.96 
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Table 4.2. Tetrahedrally and octahedrally coordinated site radii (𝑟𝐴 and 𝑟𝐵), tetrahedrally and octahedrally coordinated bond lengths (𝑑𝐴𝑋 and 

𝑑𝐵𝑋), tetrahedrally coordinated edge, shared and unshared octahedrally coordinated edges (𝑑𝐴𝑋𝐸, 𝑑𝐵𝑋𝐸, 𝑑𝐵𝑋𝐸𝑈) of NCZFO ferrite annealed at 

various Ts 

 (Ts) 𝑟𝐴 (Å) 𝑟𝐵 (Å) 𝑑𝐴𝑋 (Å) 𝑑𝐵𝑋 (Å) 𝑑𝐴𝑋𝐸 (Å) 𝑑𝐵𝑋𝐸 (Å) 𝑑𝐵𝑋𝐸𝑈 (Å) 

1000 0.5933 0.7375 1.9133 2.0587 3.1244 2.8382 2.9830 

 

1050 0.5884 0.7323 1.9084 2.0535 3.1165 2.8310 2.9755 

 

1100 0.5912 0.7352 1.9112 2.0565 3.1209 2.8350 2.9797 

 

1150 0.5891 0.7330 1.9091 2.0543 3.1176 2.8320 2.9765 

 

1200 0.5831 0.7265 1.9031 2.0477 3.1077 2.8230 2.9671 

 

1250 0.5793 0.7225 1.8993 2.0437 3.1015 2.8174 2.9612 
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4.1.2. Micromorphological and elemental investigation 

 

   

  

   

Figure 4.3: Micromorphological structures of NCZFO ferrites annealed for 5 h at various Ts: 

(a) 1000, (b) 1050, (c) 1100, (d) 1150, (e) 1200, and (f) 1250 ºC. 
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Effects of sample’s mean grain diameter along with grain form on magnetic characteristics can 

be explored in part using micromorphological structures investigations. Figure 4.3 (a-f) 

displays representative SEM pictures of NCZFO ferrites annealed for 5 h each at the following 

Ts: 1000, 1050, 1100, 1150, 1200, and 1250 °C. At 1000 °C, the microstructure of a sample is 

readily apparent in the SEM picture [Figure 4.3 (a)] as having tiny grains and open porosity, 

proving that this temperature is insufficient for effectively generating the structure. In 

comparison to 1000 °C, the sample's SEM pictures at 1050 °C revealed a higher grain diameter 

with open porosity (inter-particle porosity). It becomes sense to infer that the drop in bulk 

density is triggered by the open pores. A clearly established crystal skeleton [Figure 4.3 (c)] 

could be observed by SEM at 1100 °C, and the microstructure was well-homogenized having 

an even distribution of grain diameters. SEM micromorphology unfolded unusual grain 

development with closed holes (intragranular pores) when Ts ascended from 1150 to 1200 °C 

and larger [Figure 4.3 (d, e)]. Due to the emergence of the liquid phase, abnormal grain 

development was more noticeable for closed pores at 1250 °C [Figure 4.3 (f)]. Multiple 

intragranular pores could serve as a substantial demagnetization source, aggravating the 

domain wall movement circumstances inside the NCZFO ferrite grain volume. As a result, 

saturation magnetization deteriorates when there are closed pores [204]. It is evident that 

several grains have been combined into one big grain [205]. Mean grain diameter was 

determined using the formula [206]: 𝐷𝑆𝐸𝑀 =
1.5×𝐿

𝑀×𝑁
, where 𝐿 denotes the absolute distance of 

the examination line, 𝑀 denotes the enlargement and N denotes the whole amount of intercepts 

in the SEM images and shown in Table 4.1. With raising Ts, it is shown that the grain diameter 

continually rises, going from < 1 micrometer at 1000 °C to > 82 micrometer at 1250 °C.  It can 

be anticipated that the grain diameter would rise as we increase Ts in the solid-phase sintering 

procedure because the coefficient of diffusion enhances with rising Ts, generating fast grain 

border movement and encouraging grain expansion [207]. The diffusion of oxygen vacancies 

is the primary basis for the ferrite densification process [208]. According to the literature, Fe3+ 
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ions are converted to Fe2+ ions at higher sintering temperatures, which creates oxygen 

vacancies and causes enhanced densification with bigger grains [209]. Fe2+ ions also rapidly 

diffuse, which promotes grain formation [210]. All of these variables affect the grain diameter 

of samples annealed at 1150, 1200, and 1250 °C through affecting the microstructure of the 

samples. The discrepancies in the midst of the crystallite diameter estimated from the XRD 

data and the grain diameter persuaded by the SEM picture employing the linear intercept 

approach is plainly visible. This indicates that the grain diameter derived from the SEM 

pictures is larger than the crystallite diameter derived from the XRD data. Due to internal 

stresses or structural flaws, the particles are made up of many crystallites, which accounts for 

the anomalous in the midst of these two parameters [211]. The chemical constitution at various 

Ts is clarified using energy dispersive X-ray analysis (EDX). Figure 4.4 (a-f) displays a typical 

EDAX spectrum NCZFO. According to the original stoichiometry, the spectrum solely exhibits 

the peaks associated with the components Ni, Cu, Zn, Fe, and O, with pure NCZFO ferrites 

forming without appreciable component loss or evidence of extra elements within detection 

limits [212]. The figure inset of Figure 4.4 (a-f) displays the masses of the chemical 

composition and atomic percentages of the Ni, Cu, Zn, Fe, and O ions in the investigated 

samples. 

 

 

 

 

 



 

156 

 

 

 

 

Figure 4.4: EDS spectra of NCZFO ferrites annealed for 5 h at various Ts: (a) 1000, (b) 1050, 

(c) 1100, (d) 1150, (e) 1200, and (f) 1250 °C. 

(a) 

(b) 

(c) 

Elements Mass (%) Atom (%)

O 29.47 60.46

Fe 38.80 22.80

Ni 13.43 7.51

Cu 2.27 1.17

Zn 16.03 8.05

Total 100.00 100.00

Elements Mass (%) Atom (%)

O 25.07 54.97

Fe 44.86 28.17

Ni 11.16 6.67

Cu 2.78 1.54

Zn 16.12 8.65

Total 100.00 100.00

Elements Mass (%) Atom (%)

O 12.82 34.41

Fe 70.72 54.38

Ni 4.63 3.39

Cu 2.81 1.90

Zn 9.02 5.92

Total 100.00 100.00

(d) 

Elements Mass (%) Atom (%)

O 30.09 61.31

Fe 36.17 21.11

Ni 12.09 6.71

Cu 4.92 2.52

Zn 17.73 8.35

Total 100.00 100.00

(e) (f) 

Elements Mass (%) Atom (%)

O 30.36 61.64

Fe 35.32 20.54

Ni 12.14 6.72

Cu 5.42 2.77

Zn 16.75 8.32

Total 100.00 100.00
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4.1.3. Fourier transform infrared spectroscopic investigation 
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Figure 4.5: FTIR spectra of NCZFO ferrites annealed for 5 h at various Ts: (a) 1000, (b) 1050, 

(c) 1100, (d) 1150, (e) 1200, and (f) 1250 °C. 

 

Figure 4.5 displays the room-temperature 400-4000 cm-1 Fourier transform infrared (FTIR) 

spectra of the NCZFO system annealed at different Ts. The wavenulongmber band showing at 

600 cm-1, which is higher wavenumber band (𝜈1), has been attributed to the stretching forms 

of the oxygen-tetrahedron and Fe3+-O2-, whilst the wavenumber band showing at 400 cm-1, 

which is lower wavenumber band (𝜈2), is related to the vibrations caused by bending of the 

oxygen-octahedron and Fe3+-O2- [134, 213]. Table 4.3 displays the higher wavenumber band 

(𝜈1) and lower wavenumber band (𝜈2) values for samples annealed at various Ts. In the current 

instance, the bands 𝜈1 are close together at different Ts of 588.29 cm-1 for 1000 °C, 580.57 cm-

1 for 1050 °C, 570.93 cm-1 for 1100 °C, 596.62 cm-1 for 1150 °C, 595.38 cm-1 for 1200 °C, and 

600.00 cm-1 for 1250 °C, which demonstrates a change of 𝜈1 toward higher wavenumber with 

a further rise in Ts. 
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The lower wavenumber band 𝜈2 seems close to at 478.35 cm-1 for 1000 °C, 478.35 cm-1 for 

1050 °C, 480.28 cm-1 for 1100 °C, 478.35 cm-1 for 1150 °C, 482.20 cm-1 for 1200 °C and 

482.20 cm-1 for 1250 °C that stays unchanged for 1050 °C and afterwhich it boosts for 1100 

°C and reduces for 1150 °C and ultimately it stays unchanged for 1200 and 1250 °C. The 

improvement in crystallization of the sample is clearly seen by the movement of 𝜈1 and 𝜈2 

toward higher frequency with Ts [214]. Since the manufacturing procedure, grain diameter, Ts, 

and the arrangement of cations at octahedrally and tetrahedrally coordinated sites are all 

strongly influenced by Ts, the fluctuation of the bands 𝜈1 and 𝜈2 with Ts is predicted [215]. In 

general, the disparity in bond length that exists in the midst of the octahedrally coordinated site 

(0.199 nm) and the tetrahedrally coordinated site (0.189 nm) is the factor that creates the 

mismatch in the higher wavenumber band (𝜈1) and the lower wavenumber band (𝜈2) absorption 

[216]. The out of plane bending vibrational modes of the O-H stretched absorbed water 

molecules are what cause the pronounced band to form at 1101.35 cm-1 for 1000 °C, 1097.50 

cm-1 for 1050 °C, 1101.35 cm-1 for 1100 °C, 1097.50 cm-1 for 1150 °C, 1099.43 cm-1 for 1200 

°C, and 1070.49 cm-1 for 1250 °C [217]. The peak for the C = C stretched bond is seen at 

1751.36 cm-1 for 1000 °C, 1747.20 cm-1 for 1050 °C, 1741.72 cm-1 for 1100 °C, 1747.20 cm-1 

for 1150 °C, 1751.36 cm-1 for 1200 °C, and 1753.29 cm-1 for 1250 °C [218]. The stretching 

and bending vibrational modes of the H-O-H bonding are accountable for the wavenumbers 

which correspond to 1624.06 cm-1 for 1000 °C, 1625.99 cm-1 for 1050 °C, 1625.99 cm-1 for 

1100 °C, 1625.99 cm-1 for 1150 °C, 1625.99 cm-1 for 1200 °C, and 1625.99 cm-1 for 1250 °C. 

The chemical adsorption of H2O on the surfaces has been shown here [219-221]. The extremely 

faint band in the vicinity of 2376.30 cm-1 for 1000 °C, 2376.30 cm-1 for 1050 °C, 2376.30 cm-

1 for 1100 °C, 2376.30 cm-1 for 1150 °C, 2378.23 cm-1 for 1200 °C, and 2376.30 cm-1 for 1250 

°C suggests the existence of adsorbed or ambient CO2. Hydrogen bonding is believed to be the 

reason for the low intensity frequency band that could be seen at 2924.09 cm-1 for 1000 °C, 

2924.09 cm-1 for 1050 °C, 2924.09 cm-1 for 1100 °C, 2924.09 cm-1 for 1150 °C, 2926.01 cm-1 
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for 1200 °C, and 2929.09 cm-1 for 1250 °C [222].  The vibrations caused by the stretched 

absorbed water upon the specimen's surface are accountable for the existence of the broad 

bands at 3439.08-3874.99 cm-1 for 1000 °C, 3448.72-3974.99 cm-1 for 1050 °C, 3435.22-

3772.76 cm-1 for 1100 °C, 3437.15-3774.69 cm-1 for 1200 °C, and 3433.29-3772.76 cm-1 for 

1250 °C. It is widely recognized that the force constant (𝐾) and the vibration frequency are 

inversely related. As a result, band shifts at the frequencies of 𝜈1 and 𝜈2 suggest the force 

constants are shifting. The force constants (𝐾𝑇 and 𝐾𝑂) for the tetrahedrally coordinated (A) 

site and the octahedrally coordinated (B)-site were determined using the formula [223, 224]: 

𝐾𝑇 𝑂⁄ = 4𝜋2𝑐2𝜈1 2⁄
2 𝜇, where 𝐾 denotes the force constant, c denotes the speed of light, 𝜈 

denotes the tetrahedrally or octahedrally coordinated sites vibrational frequency and 𝜇 is the 

reduced mass [225] and are shown in Table 4.3. The Debye temperature (Θ𝐷𝑊) due to Waldron 

model at various Ts was determined using the formula [226-228]:  

Θ𝐷𝑊 =
ℏ𝑐𝜈𝑚𝑒𝑎𝑛

𝑘𝐵
= 1.438𝜈𝑚𝑒𝑎𝑛, 

where, ℎ expresses Planck’s constant, 𝑐 expresses the spped of light and 𝜈𝑚𝑒𝑎𝑛 =
𝜈1+𝜈2

2
 is the 

mean frequency of the main band positioned at tetrahedrally and octahedrally coordinated sites, 

and is shown in Table 4.3.
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Table 4.3. FTIR wavenumber bands, force constants (𝐾𝑇 and 𝐾𝑂) and (𝜈1 − 𝜈2) difference and Debye temperature based on Waldron (Θ𝐷𝑊) of 

NCZFO ferrite at various Ts. 

 

Ts(°C) 𝜈1 (cm-1) 

(A-site) 

𝜈2 (cm-1) 

(B-site) 
𝜈𝑚𝑒𝑎𝑛  

(cm-1) 

𝐾𝑇×105 

(dynes/cm) 

𝐾𝑂×105 

(dynes/cm) 
𝐾𝑚𝑒𝑎𝑛 =

𝐾𝑇+𝐾𝑂

2
 

×105 (dynes/cm) 

𝜈1 − 𝜈2 

(cm-1) 

Θ𝐷𝑊 

(K) 

1000 588.29 478.35 533.32 2.54 1.68 2.11 109.94 767 

 

1050 580.57 478.35 529.46 2.47 1.68 

 

2.08 102.22 761 

 

1100 570.93 480.28 525.61 2.39 1.69 2.04 90.65 756 

 

1150 596.62 478.35 537.49 2.61 1.68 2.15 118.29 773 

 

1200 595.38 482.20 538.79 2.60 1.70 2.15 113.18 775 

 

1250 600.00 482.20 541.10 2.64 1.70 2.17 117.18 778 
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4.1.4. Elastic characteristics 
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Figure 4.6: Evolution of the stiffness constants (𝐶11 and 𝐶12) with Ts of NCZFO ferrite. 

 

The FTIR technique may be applied to figure out the elastic traits of NCZFO ferrites annealed 

at various Ts. The stiffness constants (𝐶11 and 𝐶12) were determined using the formulae [226]: 

𝐶11 =
𝐾𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝑎
 and 𝐶12 =

𝐶11×𝜎

(1−𝜎)
, where 𝐾𝑎𝑣𝑒𝑟𝑎𝑔𝑒 denotes the mean force constant (𝐾𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =

𝐾𝑇+𝐾𝑂

2
), 𝑎 denotes the lattice constant, 𝜎 denotes the Poisson ratio: 𝜎 = 0.324(1 − 1.043 × 𝑃), 

𝑃 denotes the porosity. Table 4.4 provides the magnitudes of the elastic stiffness constants 𝐶11 

and 𝐶12 at various Ts. Figure 4.6 shows how the elastic stiffness constants 𝐶11 and 𝐶12 change 

with Ts. The stiffness constant 𝐶11 may be shown to drop to a maximum of 1100 °C and then 

improve as Ts rises further, while the stiffness constant 𝐶12 may rise to a maximum of 1150 °C 

and then drop as Ts rises further. The changing process, during which the lattice's volume 

grows, may be the root cause of the decline in 𝐶11 and 𝐶12values [229]. 𝐶11 and 𝐶12 value 

changes strongly suggest that the crystallization process improves as Ts changes. In general, 

stiffness constants are significantly influenced by the characteristics of both of the components, 

such as the atomic bond strength and force constant. 
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Figure 4.7: Evolution of the elastic constants with Ts of NCZFO ferrite.  

The reducing strength of atomic bonds in the midst of Ni2+, Cu2+, Zn2+, Fe3+, and O2- ions with 

rising Ts can be utilized to clarify the reduction in 𝐶11 and 𝐶12 values [229].Young’s modulus 

(𝑌), rigidity modulus (𝑛) and bulk modulus (𝐵) with various Ts were determined using the 

formuale [226, 230]: 𝑌 =
(𝐶11−𝐶12)(𝐶11+2𝐶12)

(𝐶11+𝐶12)
, 𝑛 = 𝑌 2(1 + 𝜎)⁄ , and 𝐵 = (𝐶11 + 2𝐶12) 3⁄  , and 

are shown in Table 4.4.  Figure 4.7 depicts the fluctuation of elastic constants with Ts. Table 

4.4 and Fig. 4.7 show that the elastic and rigidity modulus values drop to a maximum of 1100 

°C and rise when Ts is raised further. On the reverse hand, when the Ts rises, the bulk modulus 

value rises. A boost in atomic bonding strength is what generates a boost in moduli of elasticity 

[231]. The longitudinal velocity (𝑉𝑙) and transversal velocity (𝑉𝑠) were determined employing 

the formulae [232]: 𝑉𝑙 = (𝐶11 𝜌𝑋−𝑟𝑎𝑦⁄ )
1 2⁄

 and 𝑉𝑠 = (𝑛0 𝜌𝑋−𝑟𝑎𝑦⁄ )
1 2⁄

 where 𝑛0 denotes the 

pore-free rigidity modulus and shown in Table 4.4.  
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The density of the ferrite substance has a significant impact on the moduli of elasticity. The 

achieved moduli of elasticity of the sample having pores are less than those of the sample 

having no pores because the ferrite under examination was porous. It is necessary to take into 

consideration for zero porosity while computing the moduli of elasticity. Zero porosity 

coorection of the moduli of elasticity was done employing the formulae of Hasselman and 

Fulrath [130] and Ledbetter and Datta [131]: 
1

𝑌0
=
1

𝑌
[1 −

3𝑃(1−𝜎)(9+5𝑃)

2(7−5𝑃)
], 𝐵0 =

𝑌0𝑛0

3(3𝑛0−𝑌0)
, 𝜎0 =

𝑌0

2𝑛0
− 1, and 

1

𝑛0
=
1

𝑛
[1 −

15𝑃(1−𝜎)

(7−5𝑃)
] and 𝑛0 = (

1

2𝐴1
) [−𝐴2 + (𝐴2

2 − 4𝐴1𝐴3)
1

2], 𝐵0 =

(4𝑛0𝐵)

[4(1−𝑃)(𝑛0−3𝑃𝐵)]
, and 𝑌0 =

9𝐵0𝑛0

3𝐵0+𝑛0
; where 𝐴1 = (

8

3
) (1 − 𝑃), 𝐴2 = (3 − 2𝑃)𝐵 − (

8

3
+ 4𝑃) 𝑛 

and 𝐴3 = −3(1 + 𝑃)𝐵𝑛. Table 4.5 provides zero-porosity corrected moduli of elasticity (𝑌0),

𝐵0, 𝑛0), and Poisson ratio (𝜎0). As seen in Table 4.5, the modulus of elasticity values drop as 

Ts rises. The mean elastic wave velocity (𝑉𝑚) was achieved using the formula [233]: 𝑉𝑚 =

[
1

3
(
2

𝑉𝑠
3 +

1

𝑉𝑙
3)]

−1 3⁄

. Figure 4.8 illustrates how elastic wave velocities (𝑉𝑙 , 𝑉𝑠 and 𝑉𝑚) vary as Ts 

rises. It can be seen that these wave velocities reduce as Ts rises to a maximum of 1100 °C and 

then grow as Ts keeps rising. 
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Table 4.4. Elastic stiffness constants (𝐶11 and 𝐶12), longitudinal velocity (𝑉𝑙), transversal velocity (𝑉𝑠) and mean wave velocity (𝑉𝑚), moduli of 

elasticity (𝑌, 𝐵, 𝑛), Poisson’s ratio (𝜎) and Debye temperature (Θ𝐷𝐴 ) of NCZFO ferrite at various Ts. 

Ts  

(°C) 

𝐶11 

(GPa) 

𝐶12 

(GPa) 

𝑉𝑙  

(m/s) 

𝑉𝑠  

(m/s) 

𝑉𝑚  

(m/s) 

𝑌  

(GPa) 

𝐵 

 (GPa) 

𝑛  

(GPa) 

𝜎 Θ𝐷𝐴  

(K) 

1000 250 68 6868 

 

7040 6981 221 106 91 0.21 943 

1050 247 80 6801 

 

5399 5737 208 109 84 0.24 777 

1100 242 104 6745 3880 

 

4309 180 115 69 0.30 583 

1150 256 112 6930 3910 4349 188 123 72 0.30 589 

 

1200 256 109 6898 4001 

 

4440 191 122 74 0.30 603 

1250 259 109 6913 4071 4512 195 123 75 0.30 614 
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Figure 4.8: Evolution of the longitudinal velocity (𝑉𝑙), transversal velocity (𝑉𝑠) and mean wave 

velocity (𝑉𝑚) with Ts of NCZFO ferrite. 

Debye temperature (Θ𝐷𝐴) was determined using the formula [232, 234]: Θ𝐷𝐴 =

(ℎ𝑉𝑚 𝑘𝐵⁄ )(3𝜌𝑋−𝑟𝑎𝑦𝑞𝑁𝐴 4𝜋𝑀𝑤⁄ )
1 3⁄

 where ℎ denotes Planck’s constant, 𝑘𝐵 denotes 

Boltzmann constant), 𝑁𝐴 denotes the Avogadro’s number, 𝑀𝑤 denotes the molecular mass, 𝑞 

denotes the number of atoms per unit formula (𝑞 = 7), 𝜌𝑋−𝑟𝑎𝑦 denotes the theoretical density, 

𝑉𝑚 denotes the mean wave velocity. Figure 4.9 displays the fluctuation of Θ𝐷𝐴 with Ts. With a 

rise in Ts, it is seen that the value of Θ𝐷𝐴 drops to a maximum of 1100 °C before rising to a 

maximum of 1250 °C. It is feasible to interpret changes in the Θ𝐷𝐴value by employing the 

concept of specific heat [225, 233]. The conduction electrons' fractional heat absorption is the 

mechanism that leads Θ𝐷𝐴 to drop to a maximum of 1100 °C. It is apparent that a rise in the 

Θ𝐷𝐴 in the 1150-1250 °C temperature range correlates to a reduction in the number of electrons 

that conduct and a rise in the number of conduction holes. 
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Figure 4.9: Evolution of the Debye temperature (Θ𝐷𝑊 and Θ𝐷𝐴) with Ts of NCZFO ferrite. 
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Table 4.5. Zero-porosity corrected moduli of elasticity (𝑌0,𝐵0,𝑛0) and Poisson’s ratio (𝜎0) of NCZFO ferrite annealed at various Ts employing 

different models. 

Model Ts (°C) 𝑌0 (GPa) 𝐵0 (GPa) 𝑛0 (GPa) 𝜎0 

 

 

 

Hasselmann-Fulrath 

1000 645 396 263 0.23 

1050 395 284 156 0.27 

1100 210 184 80 0.31 

1150 214 190 81 0.31 

1200 226 197 86 0.31 

1250 235 203 90 0.31 

 

 

 

Ledbetter-Datta 

1000 469 369 182 0.29 

1050 357 331 135 0.32 

1100 208 180 80 0.31 

1150 211 179 81 0.30 

1200 224 195 85 0.31 

1250 233 206 89 0.31 
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4.1.5. Electrical characteristics 

 4.1.5.1. Dielectric permittivity and permittivity loss tangent analsysis  

Figure 4.10 (a, b) show how the real (휀′) and imaginary (휀′′) part of the permittivity of NCZFO 

ferrites evolve with frequency annealed at various Ts. 
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Figure 4.10: Evolution of (a) real component (휀′), (b) imaginary component (휀′′) of 

permittivity, and (c) permittivity loss tangent (tanδ) with frequency of NCZFO ferrites sintering 

at various Ts. 

 

The 휀′ value diminishes against frequency that goes to a maximum of 10 kHz at 1000 and 1050 

°C, as displayed in Figure 4.10 (a). The 휀′ value develops into a frequency invariant value over 

10 kHz. On the opposite hand, at 1100, 1150, and 1200 °C, the value of 휀′declines on rising 

frequency below 100 kHz. The 휀′ value develops into a frequency invariant value over 100 
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kHz. Last but not least, the value of 휀′ declines with frequency that goes to a maximum of 1 

MHz at 1250 °C. The 휀′ value develops into a frequency invariant value above 1 MHz. The 

value of 휀′′ for all Ts drops with frequency that goes to a maximum of 1 MHz, while the value 

of 휀′′ is not affected by frequency above 1 MHz, as is also demonstrated in Figure 4.10 (b). 

Based on the Koop’s notion [235] and the Maxwell-Wagner’s notion, it could be done to clarify 

the noticed dispersion that characterizes the electric permittivity. The ferrite may be thought of 

as an arrangement composed of extremely conducting grains divided by conducting borders of 

grains of poor conductivity, based to the concept put forward by Koop. Because grain edges 

have an elevated resistance, while an electric field is put on it, the electrons jump to the grain 

edges and congregate there, generating interfacial polarization. As an outcome, the low 

frequency zone has a higher level of the electric permittivity. As an outcome, the likelihood 

that electrons will cross the border of the grain drops and the polarization follows line. The 

inset of Figure 4.10 (a) displays the change in permittivity with Ts at specific frequencies. We 

are able to see that when the Ts rises, the value of 휀′gets higher. Because of the boosted grain 

development and substantial transformation of Fe3+ to Fe2+ that takes place at higher Ts, the 

value of 휀′ increases. As the oxygen partial pressure that occurs during the process of sintering 

is adjustable, some of the Fe3+ is transformed to Fe2+ in accordance to the formula [236, 237]:  

2𝐹𝑒3+ +
3

4
𝑉𝐴
′ + 𝑂2−

𝐾(𝑇)
↔  2𝐹𝑒2+ +

1

2
𝑂2(𝑔). 

As an outcome, the value of 휀′ improves as we raise Ts [238, 239]. The evolution of permittivity 

loss tangent (𝑡𝑎𝑛𝛿) with frequency at various Ts is depicted in Figure 4.10 (c). The value of 

𝑡𝑎𝑛𝛿 drops with a higher frequency in the midst of 1000 and 1050 °C. At 1100 and 1150 °C, 

nevertheless, the value of 𝑡𝑎𝑛𝛿 indicates a resonant peak, rises as it increases frequency, and 

then steadily falls. On overall, the 𝑡𝑎𝑛𝛿 peak comes when the dielectric relaxation time and 

applied field's time is harmonized and the condition 𝜔𝜏 =  1 is met, where 𝜔 = 2𝜋𝑓, f denotes 

the applied frequency and 𝜏 denotes the relaxation time; these two quantities are connected by 
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the formula: 𝜏 = 𝑝 2⁄  to the hopping chance per unit time, i.e., the maximum frequency (𝑓𝑚𝑎𝑥) 

is correlated to the hopping chance [240, 241]. The electron interchange in the midst of Fe2+ 

and Fe3+ ions need greater energy at lower frequencies, that is connected with an elevated 

resistance (because of the grain border), leading to increased permittivity loss tangents (𝑡𝑎𝑛ẟ). 

The losses thus become substantial. The energy needed for the transfer of electrons in the midst 

of Fe2+ and Fe3+ ions at the octahedrally coordinated sites is lower at higher frequencies, which 

correlates to a lower resistance (because of to the grains). The losses thus become minimal. It 

has been shown that when Ts rises, the value of 𝑡𝑎𝑛ẟ grows. The different dimensions of grains 

are the reason for variations in 𝑡𝑎𝑛ẟ value. 

4.1.5.2. Electrical conductivity analysis  
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Figure 4.11: Evolution of ac conductivity (𝜎𝑎𝑐) with frequency of NCZFO ferrites annealed at 

various Ts. Inset represents the evolution of 𝜎𝑎𝑐 with Ts at 100 kHz. 

Figure 4.11 displays how the ac conductivity evolves with frequency and Ts throughout the 

frequency interval from 1 kHz to 10 MHz. To a maximum of a particular frequency (≥ 10 kHz), 

it appears that the electrical conductivity is steady at low frequencies. This frequency-invariant 
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characteristic correlates to dc conductivity and is linked to grain borders, which are better at 

low frequencies due to elevated resistance. However, it starts to grow right away following a 

specific frequency (≥ 10 kHz) and achieves its peak around 10 MHz. The conducting grains 

are increasingly active as the frequency rises, boosting the jumping of electron from ferric to 

ferrous ions at the octahedrally coordinated A-site. As a result, the electrical conductivity rises. 

Therefore, the universal power law [242, 243]: 𝜎𝑎𝑐 = 𝜎𝑑𝑐(𝜔 = 0) + 𝐴𝜔
𝑛 regulates how the ac 

conductivity of the sample annealed various Ts changes, where 𝐴𝜔𝑛 is the pure 𝜎𝑎𝑐 as a result 

of the jumping mechanism at octahedrally coordinate (B)-site, 𝜎𝑑𝑐 signifies the dc conductivity, 

and it relies upon temperature and frequency invariant variable. The power, 𝑛, that is a 

moderate dependence on frequency, must be computed for all compositions despite the fact 𝐴  

is only moderately influenced by temperature and 𝜔 = 2𝜋𝑓 denotes the frequency at which the 

electrical conductivity is determined [243]. The quantity of Fe3+ conversion to Fe2+ and the Ts 

have a significant impact on the quantity of ferric/ferrous ion pairs in ferrite material. The 

change in 𝜎𝑎𝑐 as a result of Ts at a chosen frequency (1 MHz) is displayed in the inset of Figure 

4.11. It can be shown that 𝜎𝑎𝑐 rises as Ts rises. Because there are more Fe2+ ions present at the 

octahedrally coordinated location, there is a boost in 𝜎𝑎𝑐with Ts. 
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4.1.5.3. Impedance spectroscopic investigation 
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Figure 4.12: Evolution of (a) real component (𝑍′), (b) imaginary component (𝑍′′) of 

impedance as a function of frequency, and (c) Nyquist plots of NCZFO ferrites annealed at 

various Ts. 

Figure 4.12 (a) shows how the real part (𝑍′) of the impedance evolves with frequency annealed 

at various Ts. It is evident from Figure 4.12 (a) that the value of 𝑍′ drops as the frequency rises. 

The fact that the 𝑍′ value is declining as the frequency changes demonstrates that the sample's 

AC conductivity is rising. The 𝑍′ value, on the other hand, becomes zero at higher frequencies, 

suggesting activity that is frequency invariant. Due of the high frequency range's smaller space 

charge relaxation period, quicker recombination, and reduced polarization of space charge, 

every curve appears to converge on the high frequency edge [244]. Figure 12 (b) shows how 

the imaginary component (𝑍′′) of impedance changes with frequency annealed at various Ts. It 
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is evident that the 𝑍′ values decrease repeatedly with frequency in respect to the polarization 

diminution, that is unable to maintain up with the frequency modification, and the specimens 

annealed at 1100 and 1150 °C demonstrate a maximum at a specific frequency. The Cole-Cole 

plots are shown in Figure 4.12 (c) at various Ts. The Cole-Cole plots may produce two 

semicircles, according to the electrical characteristics of the substance being investigated.  The 

grain border resistance plays a role in the first semicircle's existence at lower frequencies. The 

grain's resistance or bulk characteristics are the factors that cause the second semicircle to show 

up in the high frequency band. In certain circumstances, extremely small semi-arcs of 

sufficiently low frequency can exist in addition to these two semi-arcs of grain and borders of 

grain that may be triggered by electrodes or interfaces [245]. For each Ts, just one semicircle 

was identified in the current examination, and as Ts grew, both its maximum value and diameter 

dropped, referring exactly to a dominating relaxing process. 

4.1.6. Investigation of magnetic characteristics 

4.1.6.1. Magnetization  

The hysteresis loop characteristics of NCZFO ferrite annealed at various Ts are shown in Figure 

4.13 (a). The M-H loop was clearly visible in the loops, indicating that the chemicals used to 

synthesize materials are arranged soft ferromagnetic in character. The M-H is used to derive 

the magnetic characteristics, such as saturation magnetization (𝑀𝑠), coercivity (𝐻𝑐), retentivity 

(𝑀𝑟), squareness ratio (𝑀𝑟 𝑀𝑠⁄ ). The magnetic moment per (𝑛𝐵) was persuaded using the 

formula: 𝑛𝐵 =
𝑀𝑤×𝑀𝑠

5585
, where 𝑛𝐵 denotes the magnetic moment, 𝑀𝑤 denotes the molecular 

mass and 𝑀𝑠 denotes the saturation magnetization. The anisotropic constant (𝐾) was 

determined using the formula [246]: 𝐻𝑐 =
0.96×𝐾

𝑀𝑠
, where 𝐻𝑐 denotes the coercivity. The 

determined values of 𝑀𝑠, 𝑀𝑟, 𝑀𝑟 𝑀𝑠⁄ , 𝐻𝑐, 𝑛𝐵 and 𝐾 are shown in Table 4.6. 
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Figure 4.13: (a) M-H loops of NCZFO ferrites and (b) evolution of the coercivity, saturation 

magnetization and remanence with various Ts.  

 

Figure 4.13 (b) shows how the values of 𝑀𝑠, 𝑀𝑟 and 𝐻𝑐 change as a result of Ts. The value of 

𝑀𝑠 is seen to initially fall at 1050 °C, afterwhich inconsiderably rise at 1100 °C, drop again at 

1150 °C, and then rise as Ts rises further to a maximum of 1250 °C. Since high Ts promotes 

the diffusion of ions throughout sintering and leads to the development of intragranular porosity 

with a rise in Ts and restricts domain wall movement within the grain structure, the value of 

𝑀𝑠 drops as you increase Ts, which can be related to the sample heterogeneity [204, 205]. Fe2+-
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Cr nano-ferrites have been seen to produce a comparable magnetic outcome based on Ts [247]. 

The fluctuation of the lattice constant's value with Ts, on the opposite hand, may be responsible 

for the fluctuation of 𝑀𝑠 with Ts. The value of 𝑀𝑠 has been demonstrated to have an inverse 

relationship with the ferrite materials' cubic lattice constant [248]. The improvement in the 

mean magnetic domain area is what generates the rise in 𝑀𝑠 at 1150 °C. To a maximum of 

1150 °C, the value of 𝑀𝑟 and 𝐻𝑐 falls as Ts rises and then rises as Ts rises more. Since bigger 

grains often contain more domain barriers, it is predicted that the value of 𝐻𝑐 will decrease as 

Ts increases. A smaller amount of energy is needed for generating magnetization due to domain 

wall movement than to produce magnetization due to domain rotation [249]. Wall movement 

contributes more to magnetization than domain rotation because there are more walls as grain 

diameter rises. Therefore, it is predicted that samples with bigger grains will have a lower value 

of 𝐻𝑐. 

Table 4.6. Magnetic parameters (saturation magnetization(𝑀𝑠), remanence (𝑀𝑟), coercivity  

(𝐻𝑐), magnetic moment (𝑛𝐵), anisotropic constant (𝐾)) of NCZFO ferrite annealed at various 

Ts. 

 

Ts  

(°C) 

Crystallite 

size  

(nm) 

𝑀𝑠 
(emu/g) 

𝑀𝑟 
(emu/g) 

𝑀𝑟 𝑀𝑠⁄  𝐻𝑐 
 (Oe) 

𝑛𝐵 

 ( B ) 

𝐾 
 (erg/g) 

1000 0.98 58.50 5.40 0.092 34 2.51 2054 

1050 1.74 44.93 3.34 0.074 27 1.92 1258 

1100 2.80 46.60 3.03 0.065 26 1.99 1260 

1150 6.08 41.03 2.44 0.059 24 1.76 1003 

1200 15.58 41.93 3.27 0.078 25 1.80 1075 

1250 82.40 47.49 3.54 0.075 25 2.03 1227 
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4.1.6.2. Magnetic permeability and magnetic loss tangent analysis 
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Figure 4.14: Evolution of (a) real component (𝜇𝑖
′), (b) imaginary component (𝜇𝑖

′′) of magnetic 

permeability and (c) magnetic loss tangent (𝑡𝑎𝑛𝛿𝜇) with frequency of NCZFO ferrites annealed 

at various Ts. 

Figure 4.14 (a) and (b) shows how the real component (𝜇𝑖
′) and imaginary component (𝜇𝑖

′′) of 

magnetic permeability evolves with frequency of NCZFO ferrite annealed at various Ts. The 

value of 𝜇𝑖
′ at 1000 and 1050 °C was very stable to a maximum of 6.31 and 1.30 MHz, before 

ferromagnetic resonance occurred. At higher frequencies, it began to diminish, and with a 

further rise in frequency, it lowers as a result of domain wall relaxation [250]. Resonance, a 

phenomenon seen in ferromagnetic materials owing to the hermonization of domain wall 

oscillational frequency and applied frequency, causes a modest increase in the value of 𝜇𝑖
′ at 

4.45 MHz at 1050 °C. At 1100, 1150, 1200, and 1250 °C, the value of 𝜇𝑖
′ also steadily drops as 

the frequency rises. Table 4.7 displays the magnetic permeability, resonant frequency, and 
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magnetic loss tangent at several chosen frequencies at various Ts. Figure 4. 14 (a) shows the 

fluctuation of 𝜇𝑖
′ at a few frequencies with Ts. The value of 𝜇𝑖

′ grows to a maximum of 1200 °C 

and afterwhich decreases at 1250 °C, at 1 kHz, according to Table 4.7 and Figure 4.14 (a). At 

1 MHz, the 𝜇𝑖
′ value ascends to a maximum of 1100 °C and then significantly drops around 

1150 °C. Thereafter, the value of 𝜇𝑖
′ rises as Ts rises further. The following elements contributed 

to the improvement in the value of 𝜇𝑖
′ with Ts: enhanced densification and grain diameter, as 

well as a lowered magnetocrystalline anisotropic constant. By lowering the internal stress and 

crystal anisotropy, a rise in Ts causes an improvement in grain diameter and densification as 

well as a drop in the magnetocrystalline anisotropic constant [251, 252]. The resistance to 

domain wall movement can be reduced to a minimal by a small crystal anisotropy constant, 

resulting in greater magnetic permeability as Ts rises [251, 252]. It is logical to infer that the 

grain border and pores might restrict the mobility of the domain wall. Larger Ts results in 

smaller pores and grain boundaries, which promotes domain wall movement and provides high 

magnetic permeability. At 1 kHz and 1 MHz, this decline takes place around 1200 and 1150 

°C. This is presumably because the pinning action that happens when the magnetic pores within 

the crystal take shape caused the grain width to rise whilst the magnetic permeability dropped. 

Although grain diameter reduces with development, the resultant pores enlarge [253-255]. It is 

noticeable from Figure 4.14 (b) that the 𝜇𝑖
′′ value continuously reduces to a maximum of 1 

MHz, then gradually rises with frequency increase until reaching a maximum at a particular 

frequency. The ferromagnetic resonance is accountable for the development of peaks in all 

samples at particular frequencies. In Table 4.7, the resonant frequency is calculated from the 

maximum value of 𝜇𝑖
′′. Figure 4.14 (c) shows how the magnetic loss tangent (𝑡𝑎𝑛𝛿𝜇) evolves 

with frequency annealed at various Ts. The value of 𝑡𝑎𝑛𝛿𝜇 drops to a maximum of 1 MHz in 

the midst of 1000 and 1050 °C with increasing frequency. From 1100 to 1150 °C to a maximum 

of 1 MHz, the value of 𝑡𝑎𝑛𝛿𝜇 is nearly frequency invariant. For all Ts, starting at 1 MHz, the 
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𝑡𝑎𝑛𝛿𝜇 value continuously rises as the frequency rises, culminating at a fixed frequency. The 

occurrence of ferromagnetic resonance is responsible for this [256]. 

4.1.6.3. Quality factor analysis 

Figure 4.15 (a) depicts how the quality factor (Q-factor) evolves with frequency of NCZFO 

ferrite for various Ts. There are peaks at 2.13 MHz for 1000 °C, 1 MHz for 1050 °C, 0.54 MHz 

for 1100 °C, 0.89 MHz for 1150 °C, 0.67 MHz for 1200 °C, and 0.071 MHz for 1250 °C, which 

drop as the frequency rises. To a maximum of 1100 °C, the peak Q-value gradually changes to 

the lower frequencies. When compared to 1100 °C, the peak moves to higher frequencies at 

1150 °C. When compared to 1150 °C, the peak Q-value translocates to the lower frequencies 

in the midst of 1200 and 1250 °C. The change in peak Q-factor value is the result of actual 

magnetic permeability rising. Interestingly, samples annealed at 1000 °C had the greatest Q-

factor. The microstructure of small grains is probably responsible for the formation of the 

maximum Q-factor at 1000 °C, since the small grains function as catalysts to lessen 𝑡𝑎𝑛𝛿𝜇in 

ferrite. The change of the Q-factor as a result of Ts is shown in Figure 4.15 (b) for a set of 

frequencies, and it is apparent that the Q-factor drops as Ts changes. Given that big grains often 

possess a low Q-factor, the fast growth of grains could be a result of the Q-factor reduction by 

Ts [257]. 
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Figure 4.15: (a) Evolution Q-factor with frequency and (b) Q-factor at specific frequencies of 

NCZFO ferrite annealed at various Ts. 



 

179 

 

Table 4.7. Magnetic permeability (𝜇𝑖
′), resonant frequency (𝑓𝑟), magnetic loss tangent (𝑡𝑎𝑛𝛿𝜇) and maximum quality factor (Qmax) of NCZFO 

ferrite at specific frequencies annealed at various Ts. 

 

Ts (ºC) 𝜇𝑖
′  at 𝑓𝑟 

(MHz) 

𝜇𝑖
′ × 𝑓𝑟 

at 10 

kHz 

𝜇𝑖
′′  at 𝑡𝑎𝑛𝛿𝜇 Qmax 

10 

kHz 

0.1 

MHz 

1 

MHz 

100 

MHz 

10 

kHz 

0.1 

MHz 

1 

MHz 

100 

MHz 

10 

kHz 

0.1 

MHz 

1 

MHz 

100 

MHz 

 

1000 111 109 107 58 32 3585 253 26 5 15 2.28 0.24 0.04 0.14 26 

1050 330 313 306 45 12 3927 447 52 15 143 1.36 0.17 0.05 0.62 21 

1100 806 708 605 41 8 6069 313 109 87 267 0.39 0.15 0.14 0.94 7 

1150 808 625 503 43 11 9130 275 129 77 222 0.34 0.21 0.15 0.72 7 

1200 1126 849 643 53 10 11039 398 203 134 274 0.35 0.24 0.21 0.79 5 

1250 947 867 684 51 8 7780 293 136 164 269 0.31 0.16 0.24 0.84 7 
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4.2. Evaluation the impacts of iron-nonstoichiometry on the characteristics 

of Ni0.25Cu0.13Zn0.62Fe2-xO4-3x/2 system 

This section explores the effects of iron-nonstoichiometry on the crystallographic structure, 

microstructure, elastic, electric, and magnetic characteristics of Ni0.25Cu0.13Zn0.62Fe2-xO4-3x/2 

(NCZFe2-xO4-3x/2) ceramics manufactured using the solid state synthetic technique and annealed 

at various Ts (1100 to 1250 °C).  

4.2.1. Crystallographic characteristics 

Figure 4.16 shows the XRD profiles of Ni0.25Cu0.13Zn0.62Fe2-xO4-3x/2 (NCZFe2-xO4-3x/2) ferrites 

at various Ts: (a) 1100, (b) 1150, (c) 1200, and (d) 1250 ℃. The fact that all samples at all Ts 

exhibit a single-phasic cubic spinel architecture without incorporating any foreign phases 

demonstrated that the crystal architecture of manufactured ferrites wouldn't modify as the 

degree of iron-nonstoichiometry changed. The rise in peak sharpness and intensity with 

growing Ts is an indication that the material's crystallinity is becoming stronger. With rising 

Ts, it is viewed that the strongest peak (311) develops, narrows, and sharpens. This results from 

the internal strains being released and the particle development. The lattice constant (𝑎) was 

determined employing the formula [183]: 𝑎 =
𝜆

2𝑠𝑖𝑛𝜃
√ℎ2 + 𝑘2 + 𝑙2, where 𝑎 denotes the lattice 

constant, 𝜆 denotes is the wavelength of X-ray, and ℎ, 𝑘, and 𝑙 denote Miller’s indices. The 

results are given in Table 4.8-4.9. At 1100 °C, it is found that the distinctive peak (311) moves 

toward the lower 2𝜃 value as the iron-nonstoichiometry quantity rises that indicates that the 

crystal lattice extends as the degree of iron-nonstoichiometry rises. As a result, at 1100 °C, it 

appears that the lattice constant rises as the level of iron-nonstoichiometry rises. At 1150 °C, it 

turns out that the distinctive peak (311) moves toward the higher 2𝜃 value in x = 0.04, 

afterwhich to a lower 2𝜃 value in x = 0.08, and lastly to the higher 2𝜃 value in x = 0.12. When 

the iron-nonstoichiometry level goes to a maximum of x = 0.08 at 1200 °C, it appears that the 

distinctive peak (311) moves towards the lower 2𝜃 value, and at x = 0.12 it shifted toward the 
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higher 2𝜃 value. At 1250 °C, the distinctive peak (311) first shifted toward the 2𝜃 value in x = 

0.04, afterwhich moved toward the higher 2𝜃 value in x = 0.08, and at last it was perceived to 

move toward the smaller 2𝜃 value in x = 0.12. The drifting of diffraction peaks to smaller 

2𝜃 value indicates a rise in the lattice constant [258]. The little variation in diffraction peak 

strength in the midst of samples can be attributed to the varying ionic radii. The shift in cations 

allocation may be utilized to clarify the reduction in the lattice constant [259].  
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Figure 4.16: XRD profiles of NCZFe2-xO4-3x/2 system annealed for 5 h at (a) 1100, (b) 1150, 

(c) 1200 and, (d) 1250 ℃. 

It is also important to note that, as well to the adjustment in cation allocation, imperfections in 

structure and oxygen defects may trigger the metal oxide bonds to bend [259]. The change of 

the lattice constant is therefore noticed. In contrast to the Zn2+ (0.074 nm), Ni2+ (0.069 nm), 

and Cu2+ (0.073 nm) ions, which are more likely to move into the tetrahedrally coordinated 
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(A)-site more strongly, the Fe3+ (0.0645 nm) ions possess no affinity for any site due to their 

zero crystal field stabilizing energy [260-263]. The Ni2+ ions (0.069 nm) from octaahedrally 

coordinated (B)-sites are often replaced with an equivalent amount of Fe3+ ions. The Ni2+ ion 

has a radius of 0.069 nm, which is bigger than the Fe3+ ion's radius of 0.0645 nm. The XRD 

peaks migrate toward the greater 2𝜃 value as a result of the replacement of Ni2+ (0.069 nm) 

ions for Fe3+ (0.0645 nm) ions. As an outcome, it appears that the lattice constant drops as the 

level of iron-nonstoichiometry rises. The iron-deficient non-stoichiometric nickel-copper-zinc 

ferrite's oxygen vacancies might be the reason of the XRD peaks proceeding toward the lower 

diffraction angle. As an outcome, it is noticed that the lattice constant grows as the level of 

iron-nonstoichiometry rises. The lattice constant is viewed to expand when the iron-

nonstoichiometry quantity rises at 1100 °C, as demonstrated in Table 4.8-4.9. The lattice 

constant appears to go up in x = 0.08 at 1150 and 1250 °C, then it turns out to decrease in x = 

0.12 at such temperatures. When the iron-nonstoichiometry quantity rises to 1200 °C, the lattice 

constant continues gradually increasing to a maximum of x = 0.08 until suddenly dropping at 

x = 0.12. In addition, in x = 0.0 and 0.04, the lattice constant appears to be increasing first at 

1150 °C, then to drop at 1200 °C, and lastly to rise at 1250 °C. At 1150 °C, the lattice constant 

appears to grow initially in x = 0.08; but, when the Ts increases more, the lattice constant begins 

to decline. The lattice constant is viewed to slowly decrease with growing Ts to a maximum of 

1200 °C until it finally rises at 1250 °C in x = 0.12. The mean crystallite diameter (𝐷ℎ𝑘𝑙) has 

been determined employing Debye-Scherrer’s formula [183] and the results are given in Table 

4.8-4.9.  As seen in Table 4.8-4.9, the quantity of iron-nonstoichiometry has been shown to 

have an impact on 𝐷ℎ𝑘𝑙 value. The variance in ionic radius in the midst of the replacement ion 

such as Ni2+ (0.69 Å), Cu2+ (0.73 Å), Zn2+ (0.74 Å), and Fe3+ (0.645 Å), is believed to be the 

reason for the modification in 𝐷ℎ𝑘𝑙 [264]. At 1100 °C, the value of 𝐷ℎ𝑘𝑙 appears to firstly fall 

at x = 0.04, and then it begins to rise as the iron-nonstoichiometry level rises. The value of 𝐷ℎ𝑘𝑙 

appears to be stable at 1150 °C to a maximum of x = 0.04, afterwhich it appears to drop in x = 
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0.08, and then it turns out to rise in x = 0.12. The value of 𝐷ℎ𝑘𝑙 began to rise at 1200 °C and 

continued to do so until x = 0.08 before eventually starting to decrease at x = 0.12. The value 

of 𝐷ℎ𝑘𝑙  is shown stays the same at 1250 °C as the iron-nonstoichiometry level rises. The 

coarsening of grains and grain border wall movement that pushes collectively the tinier grains 

resulting in bigger grains, may be connected to a rise in 𝐷ℎ𝑘𝑙  with growing Ts [264]. 

Additionaly, we calculated the mean lattice strain using Stoke-Wilson’s formula, 𝜖 =
1

4
×

𝐹𝑊𝐻𝑀

𝑡𝑎𝑛𝜃
 [265, 266] and are displayed in Table 4.8-4.9. At 1100 °C, the value of 𝜖 is shown to 

grow at the beginning in x = 0.04 before it turns out to drop when the iron-nonstoichiometry 

level rises further. At 1150 °C, it turns out that the value of 𝜖 holds constant until x = 0.04, 

rises in x = 0.08, and then begins to drop in x = 0.12. The value of 𝜖 is shown to go down to a 

maximu of x = 0.08 at 1200 and 1250 °C, and then it appears to rise in x = 0.12. Dislocations 

in the ferrite lattice may serve as immobilize centers, restrict the the domain wall movement, 

and also have an impact on coercivity. The number of dislocations per volume, was determined 

using the formula 𝛿 = (
𝛽𝑐𝑜𝑠𝜃

0.9𝜆
)
2

 [247] and shown in Table 4.8-4.9, is determined by the length 

of the dislocation lines. At 1100 °C, the value of 𝛿 is demonstrated to expand first in x = 0.04, 

and then it begins to fall as the iron-nonstoichiometry level rises more. At 1150 °C, the value 

of 𝛿 is observed to be stable to a maximum of x = 0.04 before rising in x = 0.08 and beginning 

to drop in x = 0.12. If the iron-nonstoichiometry level is raised further, the value of 𝛿 is noted 

to develop at 1200 °C after initially dropping in x = 0.04. The value of 𝛿 is displayed to remain 

steady at 1250 °C as the level of iron-nonstoichiometry rises. The drop in 𝛿 in x = 0.04 at all 

Ts indicates to a reduction in defect density, which improves crystallinity [267]. The occurrence 

of a sample defect is displayed by the larger values of 𝛿 in x = 0.08 and 0.12 at all Ts. Due to 

the fact that the dislocation amount per volume is inversely correlated to the square of the mean 

crystallite diameter, a pattern of rising and falling dislocation amount per volume with iron-

nonstoichiometry level is predicted. The jumping length in the midst of the magnetic ions at 
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tetrahedrally coordinated (A) and octahedrally coordinated (B)-sites has been determined 

utilizing the formulae [268]: 𝐿𝐴 =
𝑎√3

4
 and 𝐿𝐵 =

𝑎√2

4
Å . The polaron radius (𝑅𝑝) was 

determined quantitatively utilizing the formula [268]: 𝑅𝑝 =
1

2
[
𝜋

6𝑁
]
1 3⁄

, where 𝑁 denotes the 

number of sites per unit volume (𝑁 = 96 𝑎3⁄ ). Table 4.10-4.11 provide an overview of the 

assessed values of 𝐿𝐴 and 𝐿𝐵. At 1100 °C, the value of 𝐿𝐴 and 𝐿𝐵 begins to rise as the iron-

nonstoichiometry level rises. The value of 𝐿𝐴 and 𝐿𝐵 is found to drop at the beginning in x = 

0.04 at 1150 and 1250 °C, rise in x = 0.08, and subsequently decline in x = 0.12, respectively. 

With an increase in iron-nonstoichiometry degree to a maximum of x = 0.08 at 1200 °C, the 

value of 𝐿𝐴 and 𝐿𝐵 is noticed to steadily grow until decreasing at x = 0.12. Since the values of 

𝐿𝐴 and 𝐿𝐵 vary directly with the lattice constant, the increasing and reducing character of 𝐿𝐴 

and 𝐿𝐵 with the iron-nonstoichiometry degree can be credited to the modification of the lattice 

constant. The redistribution of cations in the midst of the tetrahedrally coordinated (A) and 

octahedrally coordinated (B)-sites could also be responsible for the rise in 𝐿𝐴 and 𝐿𝐵 with 

growing iron-nonstoichiometry levels. The depletion of Fe3+ ions on the octahedrally 

coordinated (B)-site could be responsible for the drop in 𝐿𝐴 and 𝐿𝐵 by reducing the distance in 

the midst of the magnetic ions. The electron hopping in the midst of ions at the tetrahedrally 

coordinated (A) and octahedrally coordinated (B)-sites is less likely than that in the midst of 

the octahedrally-octahedrally coordinated (B-B)-sites, as can be shown from Table 4.10-4.11. 

The value of 𝑅𝑝 is seen to remain constant at 1100 °C to a maximum of x = 0.04 before rising 

when the iron-nonstoichiometry level rises higher. The value of 𝑅𝑝 seems to drop in x = 0.04 

at 1150 and 1250 °C, rise in x = 0.08, and then drop in x = 0.12 at these temperatures. At 1200 

°C, the value of 𝑅𝑝 begins to progressively rise to a maximum of x = 0.08, and then it starts to 

fall in x = 0.12. The X-ray parameters such tetrahedrally coordinated (A)-site radii (𝑟𝐴), 

octahedrally coordinated (B)-site radii (𝑟𝐵), 𝑑𝐴𝑋 (the shortest speration in the midst of the 

metal-oxygen cation-anion at tetrahedrally coordinated (A)-site) and 𝑑𝐵𝑋 (the smallest 
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seperation amongst the metal-oxygen cation-anion at octahedrally coordinated B-site), 

tetrahedrally coordinated edge, shared and unshared octahedrally coordinated edges (𝑑𝐴𝑋𝐸, 

𝑑𝐵𝑋𝐸 and 𝑑𝐵𝑋𝐸𝑈) were determined employing lattice constant ‘𝑎’, oxygen positional factor ‘𝑢’ 

(𝑢 = 0:381A˚ ) and ionic radius of oxygen ion 𝑅𝑂 (1.32 Å ) and entering into the formulae [269, 

270]: 𝑟𝐴 = (𝑢 − 0.25)𝑎√3 − 𝑅𝑂, 𝑟𝐵 = (0.625 − 𝑢)𝑎 − 𝑅𝑂, 𝑑𝐴𝑋 = 𝑎√3(𝑢 − 0.25), 𝑑𝐵𝑋 =

𝑎 [3𝑢2 − (
11

4
) + (

43

64
)]

1

2
, 𝑑𝐴𝑋𝐸 = 𝑎√2(2𝑢 − 0.5), 𝑑𝐵𝑋𝐸 = 𝑎√2(1 − 2𝑢), 𝑑𝐵𝑋𝐸𝑈 = 𝑎 [4𝑢

2 −

3𝑢 + (
11

16
)]

1

2
 and is shown in Table 4.10-4.11. The disparity in the values of 𝑟𝐴 and 𝑟𝐵 that can 

be seen in Table 4.10-4.11 can be associated with the transfer of ferric ions from tetrahedrally 

coordinated (A)-site to octahedrally coordinated (B)-site. In simple terms, this characteristic is 

explained by the fact that the tetrahedrally coordinated (A)-site and the octahedrally 

coordinated (B)-site have more covalent bonds than one another [271]. The value of 𝑟𝐴 and 𝑟𝐵 

begins to rise at 1100 °C as the iron-nonstoichiometry level rises. The value of 𝑟𝐴 and 𝑟𝐵 is seen 

to drop initially in x = 0.04, rise in x = 0.08, and subsequently fall in x = 0.12 at 1150 and 1250 

°C. The  𝑟𝐴 and 𝑟𝐵  values are recognized to drop in x = 0.12 at 1200 °C after starting to rise 

with a rise in iron-nonstoichiometry degree to a maximum of x = 0.08. The site radius 𝑟𝐵 

appears to be bigger than 𝑟𝐴. As seen in Table 4.10-4.11, the depletion of Fe3+ ions at 

octahedrally coordinated (B)-sites is the reason why the value of 𝑑𝐴𝑋 is lower than that of 𝑑𝐵𝑋. 

At 1100 °C, the value of 𝑑𝐴𝑋 is seen to grow as the iron-nonstoichiometry level increases to a 

maximum of x = 0.08, after which it drops in x = 0.12. In contrast, the value of 𝑑𝐵𝑋 is shown 

to rise as the iron-nonstoichiometry level rises. At 1150 and 1250 °C, it turns out that the value 

of  𝑑𝐴𝑋 and 𝑑𝐵𝑋 drops first in x = 0.04, then rises in x = 0.08, and ultimately falls in x = 0.12. 

If the iron-nonstoichiometry level rises to a maximum of x = 0.08 at 1200 °C, the value of  𝑑𝐴𝑋 

and 𝑑𝐵𝑋 starts to rise, and at x = 0.12 it begins to fall. At 1100 °C, it is seen that the values of 

𝑑𝐴𝑋𝐸, 𝑑𝐵𝑋𝐸, and 𝑑𝐵𝑋𝐸𝑈 grow when the iron-nonstoichiometry level rises. The values of 𝑑𝐴𝑋𝐸, 



 

186 

 

𝑑𝐵𝑋𝐸, and 𝑑𝐵𝑋𝐸𝑈 are found to fall initially in x = 0.04, rise in x = 0.08, and then decline in x = 

0.12 for 1150 and 1250 °C. At 1200 °C, 𝑑𝐴𝑋𝐸, 𝑑𝐵𝑋𝐸, and 𝑑𝐵𝑋𝐸𝑈 values start to drop in x = 0.12 

and then imprives as the iron-nonstoichiometry level rises to a maximum of x = 0.08. The 

depletion of ferric ions at the octahedrally coordinated (B)-site and the allocation of ferric in 

the midst of the tetrahedrally coordinated (A)-site and octahedrally coordinated (B)-site are 

responsible for the decline in 𝑑𝐴𝑋𝐸, 𝑑𝐵𝑋𝐸, and 𝑑𝐵𝑋𝐸𝑈. Additionally, using lattice constant and 

oxygen positional factor (𝑢), the interionic lengths in the midst of the cations (Me-Me) 

(𝑏, 𝑐, 𝑑, 𝑒, and 𝑓) and amongst the cation and anion  (Me-O) (𝑝, 𝑞, 𝑟, and 𝑠) were determined 

using the formulae [272]: 𝑏 = (
𝑎

4
)√2, 𝑐 = (

𝑎

8
)√11, 𝑑 = (

𝑎

4
)√3, 𝑒 = (

3𝑎

8
) √3, 𝑓 = (

𝑎

4
)√6, 

𝑝 = 𝑎 (
5

8
− 𝑢), 𝑞 = 𝑎√3 (𝑢 −

1

4
), 𝑟 = 𝑎√11 (𝑢 −

1

4
), and, 𝑠 = 𝑎√3(

𝑢

3
+
1

8
) ,where 

𝑏, 𝑐, 𝑑, 𝑒, 𝑓, 𝑝, 𝑞, 𝑟, and 𝑠 express the factors of ion pair lengths concurrent with the angle 𝜃1 to 

𝜃5 and are shown in Table 4.12-4.13. At 1100 °C, the values of 𝑏, 𝑐, 𝑑, 𝑒 and 𝑓 begin to rise as 

the iron-nonstoichiometry level rises. The values of 𝑏, 𝑐, 𝑑, 𝑒 and 𝑓 at 1150 and 1250 °C are 

first shown to drop in x = 0.04, aftewhich it grows in x = 0.08, and lastly it appears to be 

decreasing in x = 0.12. The iron-nonstoichiometry degree grows to a maximum of x = 0.08 at 

1200 °C, and then the values of 𝑏, 𝑐, 𝑑, 𝑒 and 𝑓 begin to drop at x = 0.12. Because the 

surrounding cations are not being blocked by any intermediate anions, the values of 𝑏 are 

relatively minimal among all interionic distances in the midst of the cations-cations for all 

samples at all Ts. The values of 𝑝, 𝑞, 𝑟 and 𝑠 are seen to rise at 1100 °C as the level of iron-

nonstoichiometry rises. At 1150 and 1250 °C, the values of 𝑝, 𝑞, 𝑟 and 𝑠 begin to fall in x = 

0.04 before rising in x = 0.08 and then dropping in x = 0.12. At 1200 °C, it became apparent 

that the values of 𝑝, 𝑞, 𝑟 and 𝑠 improved with a rise in iron-nonstoichiometry level to a 

maximum of x = 0.08 before beginning to drop at x = 0.12. The alterations in the iron-

nonstoichiometric nickel-copper-zinc ferrite brought on by the reduction of iron-

nonstoichiometry degree might be the cause of the rise in (𝑏, 𝑐, 𝑑, 𝑒, and 𝑓) and (𝑝, 𝑞, 𝑟 and 𝑠) 
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as one raises the iron-nonstoichiometry degree. Because interionic lengths rely on the lattice 

constant directly, the decreasing and growing pattern of 𝑏, 𝑐, 𝑑, 𝑒, and 𝑓 and 𝑝, 𝑞, 𝑟 and 𝑠 is in 

good alignment with the modification of the lattice constants. Additionally, the bond angles in 

the midst of cations-cations and cations-anions were calcuated utilizing the trigonometric 

formulae [272]: 𝜃1 = 𝑐𝑜𝑠
−1 (

𝑝2+𝑞2−𝑐2

2𝑝𝑞
), 𝜃2 = 𝑐𝑜𝑠

−1 (
𝑝2+𝑟2−𝑒2

2𝑝𝑟
), 𝜃3 = 𝑐𝑜𝑠

−1 (
2𝑝2−𝑏2

2𝑝2
) , 𝜃4 =

𝑐𝑜𝑠−1 (
𝑝2+𝑠2−𝑓2

2𝑝𝑠
), and 𝜃5 = 𝑐𝑜𝑠

−1 (
𝑟2+𝑞2−𝑑2

2𝑟𝑞
) and are shown in Table 4.14-4.15. The bond 

angles are almost identical to the conventional bond angles, as can be seen from Table 4.14-

4.15. At 1100 °C, the value of 𝜃1 appears to be decreasing in x = 0.04, and then it turns out to 

stay unchanged as the iron-nonstoichiometry degree rises. In contrast, the value of 𝜃2 appears 

to stay unchanged as the iron-nonstoichiometry level boosts to a maximum of x = 0.08, after 

which it is went down in x = 0.12. The values of 𝜃1 and 𝜃2  are shown to be stable at 1150 °C 

up until x = 0.08, after which it appears to drop until x = 0.12. At 1200 °C, the value of 𝜃1 

appears to stay steady as the degree of iron-nonstoichiometry rises, but 𝜃2 turns out to rise in x 

= 0.04, drop in x = 0.08, and then rise in x = 0.12. At 1250 °C, 𝜃1 value began to rise as the 

iron-nonstoichiometry level raised to a maximum of x = 0.08, and then it initiated that it grew 

in x = 0.12. In contrast, the value of 𝜃2 was noticed to be unchanged to a maximum of x = 0.04, 

afterwhich dropped in x = 0.08, and in the end it rised in x = 0.12. The value of 𝜃3 appears to 

drop until x = 0.04 at 1100 °C, afterwhich it stayed steady until x = 0.12. The value of 𝜃3 is 

observed to hold steady at 1150 °C as the iron-nonstoichiometry level rises. The value of 𝜃3 is 

recognized to grow at x = 0.12 at 1200 °C after being steady to a maximum of x = 0.08 at this 

temperature. At 1250 °C, it appears that the value of 𝜃3 remains steady to a maximum of x = 

0.04, rises in x = 0.08, and then stays same in x = 0.12. At 1100 and 1150 °C, the value of 𝜃4 

appears to drop in x = 0.04, rise for x = 0.08, and afterwhich hold stable in x = 0.12. The value 

of 𝜃4 is recognized to drop in x = 0.04, begin to rise in x = 0.08, and afterwhich it drops in x = 

0.12 for 1200 °C. The 𝜃4 value holds steady at 1250 °C as the iron-nonstoichiometry level 
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rises. At all Ts, it turns out that the value of 𝜃5 stays steady as the iron-nonstoichiometry level 

rises. According to the decrease and increase in the pattern of the bond angles depending on 

iron-nonstoichiometry levels for various Ts, the cationic interactions with cations and anions 

are reducing and enhancing, respectively [273, 274]. 

4.2.2. Densification and porosity investigation  

In ferrites, the densification process is primarily associated with the diffusion of oxygen 

vacancies [208]. Table 4.16-4.17 lists the magitudes of porosity (P), theoretical density 

(𝜌𝑋−𝑟𝑎𝑦), and bulk density (𝜌𝑏𝑢𝑙𝑘). The value of 𝜌𝑏𝑢𝑙𝑘 appears to be falling in x = 0.04 in Table 

4.16-4.17, and it then begins to rise when the iron-nonstoichiometry degree increases at 1100 

and 1150 ºC. At 1200 °C, the value of 𝜌𝑏𝑢𝑙𝑘 is shown to reduce as the iron-nonstoichiometry 

level rises to a maximum of x = 0.08, and then it is recognized to rise in x = 0.12. The value of 

𝜌𝑏𝑢𝑙𝑘 tends to rise at 1250 °C in x = 0.04, and then it is noted to drop when the iron-

nonstoichiometry level is raised. In other words, in x = 0, 0.08, and 0.12, the value of 

𝜌𝑏𝑢𝑙𝑘 begins to rise to a maximum of 1150 °C, and then it shows a decline as Ts rises further. 

At 1150 °C, the value of 𝜌𝑏𝑢𝑙𝑘 is displayed to enhance in x = 0.04; nevertheless, when Ts keeps 

on increasing, it occurs to essentially stay steady. The reduction in bulk temperature at 1200 

and 1250 °C may be due to holes in the materials. Oxygen vacancies have been credited for the 

increase in 𝜌𝑏𝑢𝑙𝑘 value. Some Fe3+ ions frequently get turned to Fe2+ ions at higher Ts, which 

results in oxygen vacancies. As a result, larger grains have a greater value for 𝜌𝑏𝑢𝑙𝑘 [209]. 

According to equation 𝑍𝑛𝑂 → 𝑍𝑛 + (1/2)𝑂2 [275] and the occurrence of intragranular 

voids, which may act as confined pores within the grains due to the fast grain development, 

pores are formed at higher Ts [276]. The value of 𝜌𝑋−𝑟𝑎𝑦 is shown to decrease as the level of 

iron-nonstoichiometry grows in Table 4.16-4.17, which is most likely results from the increase 

in cell volume. As the volume of a cell is inversely related to the magnitude of 𝜌𝑋−𝑟𝑎𝑦. The 

lattice constant and volume of unit cell are shown to rise substantially as the iron-



 

189 

 

nonstoichiometry level is raised. The reducing pattern of the molecular mass of subsequent 

compounds from 239.16 to 229.57 g/mol may also be the cause of the reduction in the value of 

(𝜌𝑋−𝑟𝑎𝑦 as the iron-nonstoichiometry levels. The value of 𝜌𝑋−𝑟𝑎𝑦 consequently declines. Table 

4.16-4.17 shows that in x = 0, 0.04, and 0.12, the value of 𝜌𝑋−𝑟𝑎𝑦 increases with rising Ts to a 

maximum of 1200 °C before beginning to fall at 1250 °C. In x = 0.08, the value of 𝜌𝑋−𝑟𝑎𝑦 is 

seen to decrease with rising Ts to a maximum of 1200 °C before increasing at 1250 °C. 𝜌𝑏𝑢𝑙𝑘 

is worth less than 𝜌𝑋−𝑟𝑎𝑦, which is worth more. It makes sense since the annealed sample may 

include pores, voids, and fractures at the microscopic scale as well as vacancies at the atomic 

level. As a result, these defects cannot be circumvented through calculating 𝜌𝑏𝑢𝑙𝑘 using the 

mass/volume relation. In contrast, by precisely determining the lattice constant, the cell 

volume, as well as the number of atoms per unit cell, one can figure out 𝜌𝑋−𝑟𝑎𝑦, which indicates 

the proportion of the unit cell's volume to its atoms' mass [277] with data from XRD. According 

to Table 4.16-4.17, the porosity appears to decrease according to rising iron-nonstoichiometry 

levels at 1100, 1150, and 1200 °C while remaining constant in x = 0.04. However, at 1250 °C, 

the porosity appears to rise with rising iron-nonstoichiometry levels. Additionally, the porosity 

starts to fall with an increase in the iron-nonstoichiometry level to a maximum of 1150 °C. In 

x = 0, 0.08, and 0.12, it is apparent that the porosity rises in the midst of 1200 and 1250 °C. 

The porosity escalates in x = 0.04 at 1200 °C, and afterwhich it was dropped in x = 0.04 at 

1250 °C. 
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Table 4.8. Interplanar distance (𝑑311), lattice constant (𝑎), crystallite diameter (𝐷311), cell volume (𝑉𝑐𝑒𝑙𝑙), dislocation density (ẟ), and 

lattice strain (𝜖) of NCZFe2-xO4-3x/2 (x = 0, 0.04) system annealed at various Ts. 

Iron-

nonstoichiometry 

(x) 

Ts (˚C) 𝑑311 (Å) 𝑎 (Å) 𝐷311 (nm) 𝑉𝑐𝑒𝑙𝑙 (Å
3)  ẟ (× 10-4 nm-2) 𝜖 (× 10-3) 

 

 

 

0.0 

1100 2.54 8.4145  95.0 595.79 1.11 1.19 

 

1150 2.54 8.4169  110.0 596.28 0.83 1.03 

 

1200 2.53 8.4027  46.0 593.28 4.73 2.46 

 

1250 2.54 8.4217  50.0 597.31 4.00 2.24 

 

 

 

 

0.04 

1100 2.54 8.4150  79.0 595.89 1.60 1.44 

 

1150 2.54 8.4162  110.0 596.13 0.83 1.03 

 

1200 2.54 8.4085  48.0 594.51 4.34 2.34 

 

1250 2.54 8.4248  51.0 597.97 3.84 2.20 
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 Table 4.9. Interplanar distance (𝑑311), lattice constant (𝑎), crystallite diameter (𝐷311), cell volume (𝑉𝑐𝑒𝑙𝑙), dislocation density (ẟ), and lattice 

strain (𝜖) of NCZFe2-xO4-3x/2 (x = 0.08, 0.12) system annealed at various Ts. 

 

Iron-

nonstoichiometry 

(x) 

Ts (˚C) 𝑑311 (Å) 𝑎 (Å) 𝐷311 (nm) 𝑉𝑐𝑒𝑙𝑙 (Å
3)  ẟ (× 10-4 nm-2) 𝜖 (× 10-3) 

 

 

 

0.08 

1100 2.54 8.4160  87.0 596.09 1.32 1.30 

 

1150 2.54 8.4208  91.0 597.12 1.21 1.25 

 

1200 2.54 8.4197  51.0 596.88 3.84 2.20 

 

1250 2.53 8.4038  51.0 593.51 3.84 2.20 

 

 

 

 

0.12 

1100 2.54 8.4199  99.0 596.92 1.02 1.14 

 

1150 2.54 8.4195  96.0 596.84 1.09 1.18 

 

1200 2.53 8.3935  45.0 591.33 4.94 2.48 

 

1250 2.54 8.4202  51.0 596.99 3.84 2.22 

 



 

192 

 

4.2.3. Micromorphological investigation  

    

     

   

    
 

Figure 4.17: Micromorphological structures of NCZFe2-xO4-3x/2 system annealed for 5 h at (i-

iv) 1100, (v-viii) 1150, (ix-xii) 1200 and, (xiii-xvi) 1250 ºC. 

 

Figure 4.17 shows the micromorphological structures of NCZFe2-xO4-3x/2 system: (i-iv) 

annealed at 1100 ℃, (v-viii) annealed at 1150 ℃, (ix-xii) annealed at 1200 ℃, and (xiii-xvi) 

annealed at 1250 ℃.  As can be seen in Figure 4.17 (i-iv), (v-viii), (ix-xii), and (xiii-xvi), the 

micromorphologies suggest that Ts and deficiency of iron have a significant impact on grain 

diameter and porosity. In x = 0.0 and 0.04, the microstructure at 1100 °C shows basically 

uniform grain diameter as well as some degree of agglomeration. In samples with x = 0.08 and 

0.12, irregular growth of grains with some intergranular pores progressively occurs, and 

homogeneity declines, which may be explained by the production of a liquid phase through the 

process of sintering [278]. Increasing the iron-nonstoichiometry level to a maximum of x = 

0.08 caused the unusual grain to form at 1150 °C with some intergranular holes, and x = 0.12 

(i) 

x = 0 x = 0.04 x = 0.08 

(ii) (iii) 

x = 0.12 

(iv) 

x = 0 x = 0.04 x = 0.08 x = 0.12 

x = 0 x = 0.04 x = 0.08 x = 0.12 

x = 0 x = 0.04 x = 0.08 x = 0.12 

(v) (vi) (vii) (viii) 

(x) (xi) (xii) 

(xiii) (xiv) (xv) (xvi) 

(ix) 
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caused aggregation of small granules to be seen. With rising iron-nonstoichiometry levels, 

polyhedral granules are seen at 1200 °C. As the level of iron-nonstoichiometry rises, irregular 

grain development is seen at 1250 °C along with some intragranular holes. The disruption of 

the equilibrium in the midst of grain development and grain-border diffusion may be the cause 

of the emergence of some unusual grains with pores [279-281]. In contrast to other specimens 

(annealed at 1100, 1150, and 1250 °C), the morphology alterations annealed at 1200 °C indicate 

a distinct growth pattern. This characteristic suggests that the most suitable Ts for the formation 

of iron-deficient non-stoichiometric nickel-copper-zinc ferrite is 1200 °C. Table 4.16-4.17 lists 

the average grain diameter together with the level of iron-nonstoichiometry and Ts. As can be 

seen from Table 4.16-4.17, there is a large difference amongst the mean grain diameter 

persuaded from SEM micrographs through the line intercept approach and the mean crystallite 

diameter/mean particle diameter determined from XRD data amploying Debye-Scherrer's 

formula. It is a known fact that the SEM's resolution is not as important as that of the XRD to 

clearly differentiate particles, but it may still give growth in grains with substituent amount. 

However, the XRD strength correlates precisely with the square of the volume. In another 

word, the mean crystallite diameter that was persuaded was the result of weighing the data on 

average by a factor of six times the crystal radius. As a result, the signals are varied in strength 

with respect to particle radii and heavily rely on sample dispersion. The mean diameter of a 

crystallite or mean particle diameter measured by XRD data should thus never be greater than 

that determined by SEM [282-284]. Table 4.8 shows that when the level of iron-

nonstoichiometry increases at 1100 °C, the mean grain diameter increases as well. At 1150, 

1200, and 1250 °C, however, the mean diameter of the grains is shown to grow in x = 0.08, fall 

in x = 0.12, and then start growing again in x = 0.04. In addition, in x = 0.04 and 0.08, the mean 

diameter of the grains is seen to rise to a maximum of 1150 °C, then it turns out to drop at 1200 

°C, and lastly demonstrated to grow at 1250 °C. At 1150 °C, the mean diameter of the grains 

begins to shrink, and in x = 0.12, it is subsequently shown to expand with rising Ts. The 
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dissimilar development of particles and the pore creation with rising Ts may be responsible for 

the growing and decreasing pattern of mean grain diameter as Ts increases the iron-

nonstoichiometry degree. It is also conceivable to use the fluctuation of the lattice constant to 

explain the growing and decreasing pattern of mean grain diameter with increasing iron-

nonstoichiometry level. Table 4.8 shows that above 1100 °C, the lattice constant in x = 0.0 

rapidly rises. As a result, the apparent activation energy decreases while the internal tension 

rises and the action of ferrite powders rises. As a result, the advancement of the grains is 

promoted, and as a result, the micromorphology has been improved. On the other hand, at 1150, 

1200, and 1250 °C, the lattice constant varies nonlinearly with the extent of iron-

nonstoichiometry. The improvement in the lattice constant shows that the internal tension rises 

and the action of ferrite powder increases at 1150, 1200, and 1250 °C. The decrease in 

perceived activation energy is therefore noticeable. So, when grain develops, it becomes more 

elaborate, which enhances the microstructure. At 1150, 1200, and 1250 °C, the lattice constant 

falls, but a rise in internal stress and a reduction in the activity of ferrite powders causes a rise 

in perceived activation energy. As a result, the growth of grains is slowed, which causes the 

diameter of the grains to shrink. By lowering the sintering activation energy and enhancing 

crystalline development, it may be deduced that the proper iron-nonstoichiometry degree in 

ferrite is advantageous for boosting the solid-state response. The mean diameter of the grains 

is shown to grow as you increase Ts, as can be seen in Table 4.16-4.17. The advancing of the 

boundaries of grains closer to one another as far as the combination of distinct small particles 

into a distinct big particle is believed to be the cause of the increase in mean diameter of grains 

with rising Ts [281, 282, 285]. To put it another way, the increase in diffusion coefficient which 

leads in a rapid shift of boundaries of grains and the stimulation of the growth of grains may 

be the cause of the rise in the diameter of grains with Ts [207]. 
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Table 4.10. Jumping lengths (𝐿𝐴 and 𝐿𝐵), tetrahedrally and octahedrally coordinated sites radii (𝑟𝐴 and 𝑟𝐵), tetrahedrally coordinated bond length 

(𝑑𝐴𝑋), octahedrally coordinated bond length (𝑑𝐵𝑋), tetrahedrally coordinated shared edge (𝑑𝐴𝑋𝐸), octahedrally coordinated shared edge (𝑑𝐵𝑋𝐸), 

and octahedral coordinated unshared edge (𝑑𝐵𝑋𝐸𝑈) of NCZFe2-xO4-3x/2 (x = 0, 0.04) system annealed at various Ts. 

 

Iron-

nonstoichiometry 

(x) 

Ts 

(˚C) 

Hopping lengths Interstitial radii 

 
𝑑𝐴𝑋 (Å) 𝑑𝐵𝑋 (Å) Tetrahedrally 

coordinated 

edge 

Octahedrally 

coordinated edge 

𝐿𝐴 (Å) 𝐿𝐵 (Å) 𝑟𝐴 (Å) 𝑟𝐵 (Å) 

𝑑𝐴𝑋𝐸 (Å) 𝑑𝐵𝑋𝐸 (Å) 𝑑𝐵𝑋𝐸𝑈 (Å) 

 

 

 

0.00 

1100 3.6436 2.9750 0.5892 0.7331 1.9092 2.0544 3.1178 2.8322 2.9767 

 

1150 3.6446 2.9758 0.5898 0.7337 1.9098 2.0550 3.1187 2.8330 2.9775 

 

1200 3.6385 2.9708 0.5866 0.7303 1.9066 2.0515 3.1134 2.8282 2.9725 

 

1250 3.6467 2.9775 0.5909 0.7349 1.9109 2.0561 3.1204 2.8346 2.9792 

 

 

 

0.04 

1100 3.6438 2.9752 0.5894 0.7333 1.9094 2.0545 3.1180 2.8323 2.9769 

 

1150 3.6443 2.9756 0.5896 0.7336 1.9096 2.0548 3.1184 2.8327 2.9773 

 

1200 3.6410 2.9729 0.5879 0.7317 1.9079 2.0529 3.1156 2.8302 2.9746 

 

1250 3.6480 2.9786 0.5916 0.7357 1.9116 2.0569 3.1216 2.8356 2.9803 
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Table 4.11. Jumping lengths (𝐿𝐴 and 𝐿𝐵), tetrahedrally and octahedrally coordinated sites radii (𝑟𝐴 and 𝑟𝐵), tetrahedrally coordinated bond length 

(𝑑𝐴𝑋), octahedrally coordinated bond length (𝑑𝐵𝑋), tetrahedrally coordinated shared edge (𝑑𝐴𝑋𝐸), octahedrally coordinated shared edge (𝑑𝐵𝑋𝐸), 

and octahedral coordinated unshared edge (𝑑𝐵𝑋𝐸𝑈) of NCZFe2-xO4-3x/2 (x = 0.08, 0.12) system annealed at various Ts 

iron-

nonstoichiometry 

(x) 

Ts 

(˚C) 

Hopping lengths Interstitial radii 

 
𝑑𝐴𝑋 (Å) 𝑑𝐵𝑋 (Å) Tetrahedrally 

coordinated 

edge 

Octahedrally 

coordinated edge 

𝐿𝐴 (Å) 𝐿𝐵 (Å) 𝑟𝐴 (Å) 𝑟𝐵 (Å) 

𝑑𝐴𝑋𝐸 (Å) 𝑑𝐵𝑋𝐸 (Å) 𝑑𝐵𝑋𝐸𝑈 (Å) 

 

 

 

0.08 

1100 3.6442 2.9755 0.5896 0.7335 1.9096 2.0547 3.1183 2.8327 2.9772 

 

1150 3.6463 2.9772 0.5907 0.7347 1.9107 2.0559 3.1201 2.8343 2.9789 

 

1200 3.6458 2.9768 0.5904 0.7344 1.9104 2.0556 3.1197 2.8339 2.9785 

 

1250 3.6390 2.9712 0.5868 0.7305 1.9068 2.0518 3.1138 2.8286 2.9729 

 

 

 

0.12 

1100 3.6459 2.9769 0.5905 0.7345 1.9105 2.0557 3.1198 2.8340 2.9786 

 

 

1150 3.6458 2.9767 0.5904 0.7344 1.9104 2.0556 

 

3.1196 2.8339 2.9785 

 

1200 3.6345 2.9676 0.5845 0.7280 1.9045 2.0493 3.1099 2.8251 2.9693 

 

1250 3.6461 2.9770 0.5905 0.7345 1.9105 2.0558 3.1199 2.8341 2.9787 
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Table 4.12. Interionic distances (𝑝, 𝑞, 𝑟, 𝑠, 𝑏, 𝑐, 𝑑, 𝑒 and 𝑓) of NCZFe2-xO4-3x/2 (x = 0, 0.04) system annealed at various Ts. 

Iron-

nonstoichiometry 

(x) 

Ts (˚C) Interatomic distances in the midst of cations (Me-Me) 

 

Interatomic distances in the midst of cations-anions 

(Me-O) 

𝑏 (Å) 𝑐  (Å) 𝑑  (Å) 𝑒  (Å) 𝑓 (Å) 

 

𝑝 (Å) 𝑞  (Å) 𝑟 (Å) 𝑠  (Å) 

 

 

0.00 

1100 2.9750 3.4885 

 

3.6436 5.4654 

 

5.1528 2.0531 1.9092 3.6559 

 

3.6727 

 

1150 2.9758 3.4895 3.6446 

 

5.4669 

 

5.1543 2.0537 1.9098 

 

3.6570 

 

3.6738 

 

1200 2.9708 

 

3.4836 3.6385 5.4577 5.1456 2.0503 1.9066 3.6508 3.6676 

1250 2.9775 

 

3.4915 3.6467 5.4701 5.1572 2.0549 1.9109 3.6590 3.6758 

 

 

0.04 

1100 2.9752 3.4887 

 

3.6438 5.4657 

 

5.1531 2.0533 1.9094 

 

3.6561 

 

3.6730 

 

1150 2.9756 3.4892 

 

3.6443 

 

5.4665 

 

5.1538 2.0536 1.9096 

 

3.6567 3.6735 

 

1200 2.9729 

 

3.4860 3.6410 5.4615 5.1491 2.0517 1.9079 3.6533 3.6710 

1250 2.9786 

 

3.4927 3.6480 5.4721 5.1591 2.0557 1.9116 3.6604 3.6772 
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Table 4.13. Interionic distances (𝑝, 𝑞, 𝑟, 𝑠, 𝑏, 𝑐, 𝑑, 𝑒 and 𝑓) of NCZFe2-xO4-3x/2 (x = 0.08, 0.12) system annealed at various Ts. 

Iron-

nonstoichiometry 

(x) 

Ts (˚C) Interatomic distances in the midst of cations (Me-Me) 

 

Interatomic distances in the midst of cations-anions 

(Me-O) 

𝑏 (Å) 𝑐  (Å) 𝑑  (Å) 𝑒  (Å) 𝑓 (Å) 

 

𝑝 (Å) 𝑞  (Å) 𝑟 (Å) 𝑠  (Å) 

 

 

0.08 

1100 2.9755 3.4891 3.6442 5.4664 

 

5.1537 2.0535 1.9096 

 

3.6566 3.6734 

1150 2.9772 3.4911 3.6463 5.4695 5.1567 2.0547 1.9107 

 

3.6587 

 

3.6755 

 

1200 2.9768 

 

3.4906 3.6458 5.4688 5.1560 2.0544 1.9104 3.6582 3.6750 

1250 2.9712 

 

3.4830 3.6390 5.4584 5.1463 2.0505 1.9068 3.6513 3.6681 

 

 

0.12 

1100 2.9769 3.4907 3.6459 

 

5.4689 5.1561 

 

2.0545 1.9105 3.6583 

 

3.6751 

1150 2.9767 3.4905 3.6458 

 

5.4686 

 

5.1559 2.0544 1.9104 3.6581 

 

3.6749 

1200 2.9676 

 

3.4798 3.6345 5.4517 5.1399 2.0480 1.9045 3.6468 3.6636 

1250 2.9770 

 

3.4908 3.6461 5.4691 5.1563 2.0545 1.9105 3.6584 3.6752 
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4.2.4. Fourier transform infrared spectroscopic investigation 

Figure 4.18 shows the FTIR spectra of NCZFe2-xO4-3x/2 system at various Ts: (a) 1100, (b) 1150, 

(c) 1200, and (d) 1250 ℃. The vibrations of the intrinsic stretching absorption spectra of the 

octahedrally coordinated (B) sites (𝜈2 band) are at 479.18-452.79 cm-1 and the vibrations of the 

tetrahedrally coordinated (A) sites (𝜈1 band) are at 602.35-814.37 cm-1, as shown in Table 4.18-

4.19. 
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Figure 4.18: FTIR spectra of NCZFe2-xO4-3x/2 system annealed at (a) 1100, (b) 1150, (c) 1200, 

and (d) 1250 ℃. 

 

 

 



 

200 

 

Two bands, 𝜈1 (590 from 610 cm-1) and 𝜈2 (400 to 420 cm-1) are the result of the elongation of 

cation-anion bonds at the tetrahedrally and octahedrally coordinated (A and B)-sites, according 

to Waldron's classification [134]. Consequently, it may be assumed that the manufactured 

ferrites are of the spinel type with cubic symmetry [286]. Table 4.18-4.19 provide an overview 

of the disparity amongst 𝜈1 and 𝜈2 bands with iron-nonstoichiometry level at different Ts. The 

mean metal-oxygen lengths, electronegativity, ionic radii, and force constants at the 

tetrahedrally and octahedrally coordinated (A and B)-sites, respectively, are often accountable 

for discrepancies in the positions of two bands [287]. According to Evans and Hafner's 

prediction that the bonding distance of the Fe3+-O2- groups at the tetrahedrally coordinated-A 

site (1.890-1.879Å) is lessened than that of the octahedrally coordinated (B)-site (1.982 to 

1.970 Å), the discrepancy in the midst of the band positions can be explained by the variation 

in bond length [226]. This means that the normal vibrational modes of the tetrahedrally 

coordinated (A)-site groups is larger than that of the octahedrally coordinated (B)-site groups 

[234, 288] or that the metal-oxygen groups at the tetrahedrally coordinated (A)-site have more 

covalence than those at the octahedrally coordinated (B)-site [289]. Table 4.18-4.19 show that, 

at 1100 °C, the value of 𝜈1 shifts toward the higher wavenumber band in x = 0.04, then toward 

a low frequency band in x = 0.08, and finally shifts toward the higher wavenumber band in x 

= 0.12, while the value of 𝜈2 shifts toward the lower wavenumber band at x = 0.04, afterwhich 

it stays invariant in x = 0.08, and lastly, when x = 0.12, it changes to the higher wavenumber 

band. At 1150 °C, it is discovered that the value of 𝜈1 and 𝜈2 is unaffected by increasing the 

iron-nonstoichiometry level to a maximum of x = 0.08, and that progress to low wavenumber 

band in x = 0.12. At 1200 °C, the value of 𝜈1 shifts toward the high wavenumber band as the 

iron-nonstoichiometry level increases to a maximum of x = 0.08; after that, it shifts toward the 

low wavenumber band in x = 0.12; meanwhile, the value of 𝜈2 shifts toward the low 

wavenumber band in x = 0.04 and is recognized to remain the same as iron-nonstoichiometry 

degree rises. At 1250 °C, the 𝜈1 value changes toward the higher wavenumber band at x = 0.04, 
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and then it turns out to move toward the low wavenumber band on rising iron-nonstoichiometry 

degree. In contrast, the value of 𝜈2 stays constant with raising iron-nonstoichiometry degree. 

The reallocation of Ni/Zn/Cu and Fe cations amongst the tetrahedrally and octahedrally 

coordinated (A and B)-sites may be connected to the shifting of 𝜈1 and 𝜈2 to the high frequency 

and low frequency band, respectively. Since it is well known that a smaller site radius increases 

the basicfrequency, the center frequency should be moved to the higher wavenumber band. In 

x = 0.0 and 0.08, it is noticed that the absorption (𝜈1) band shifts toward the lower wavenumber 

band as Ts rises to a maximum of 1200 °C before shifting to the higher wavenumber band at 

1250 °C. With growing Ts to a maximum of 1200 °C, the absorption (𝜈1) band is shown to 

move toward the higher wavenumber band in x = 0.04; at 1250 °C, it is then shifted toward the 

lower wavenumber band. In x = 0.12, the absorption (𝜈1) band is seen to stay unaffected to a 

maximum of 1250 °C after shifting toward the lower wavenumber band at 1150 °C. The 

bending vibrational modes of the O-H of the absorbed water molecules result in the strong 

wavenumber band at 1084.46 cm-1 for 1100 °C, 1084.46 cm-1 for 1150 °C, 1084.46 cm-1 for 

1200 °C, and 1077.42 cm-1 for 1250 °C [218]. The bending vibrations of the H-O-H bond are 

responsible for the wavenumbers corresponding to 1628.15 cm-1 for 1100 °C, 1621.11 cm-1 for 

1150 °C, 1621.11 cm-1 for 1200 °C, and 1614.08 cm-1 for 1250 °C. The physical adsorption of 

H2O on the surfaces is demonstrated here [219-221]. The existence of a faint band around the 

numbers 2372.43 cm-1 for 1100 °C, 2379.47 cm-1 for 1150 °C, 2379.47 cm-1 for 1200 °C, and 

2379.47 cm-1 for 1250 °C might be attributed to the minute amount of ambient CO2 that has 

been adsorbed [290]. Hydrogen bonding is attributed with causing the low intensity 

wavenumber band to exist around 2921.41 cm-1 (at 1100 °C), 2928.45 cm-1 for 1150 °C, 

2928.45 cm-1 for 1200 °C, and 2928.45 cm-1 for 1250 °C [290]. The H-O-H stretching pattern 

is responsible for the broad band with the center points of 3438.71 cm-1 at 1100 °C, 3428.15 

cm-1 for 1150 °C, 3442.23 cm-1 for 1200 °C, and 3442.23 cm-1 for 1250 °C, that can be taken 

as proof of free (or absorbed) water [287]. The force constants (𝐾𝑇 and 𝐾𝑂) of tetrahedrally 
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and octahedrallly coordinated sites were determined using the formula [134, 204]: 𝐾𝑇 𝑂⁄ =

4𝜋2𝑐2𝜈1 2⁄
2 𝜇, where 𝑐 denotes the speed of velocity; 𝜈1 2⁄  denotes FTIR wavenumber peak at 

the tertrahedrally and octahedrally coordinated sites; 𝜇 denotes the reduced mass and are shown 

in Table 4.18-4.19. Table 4.18-4.19 show that the value of 𝐾𝑂 is lower than 𝐾𝑇. This variation 

is caused by variations in a band that spans 𝜈1 and 𝜈2 bands. At 1100 °C, the value of 𝐾𝑇 drops 

as the iron-nonstoichiometry degree increases to a maximum of x = 0.08; however, then 

improves until x = 0.12; in contrast, the value of 𝐾𝑂 drops at x = 0.04, and then it stays invariant 

until x = 0.08; and ultimately, it declines. The values of 𝐾𝑇  and 𝐾𝑂  are found at 1150 °C to 

be unchanged to a maximum of x = 0.08 and thereafter drops until x = 0.12. At 1200 °C, the 

value of 𝐾𝑇 rises to a maximum in x = 0.08 and afterwhich it drops until x = 0.12, while the 

value of 𝐾𝑂 is shown stays constant as the iron-nonstoichiometry level rises. At 1250 °C, the 

value of 𝐾𝑇 improves in x = 0.04 and then begin to fall when the iron-nonstoichiometry degree 

is increased further. In contrast, the value of 𝐾𝑂 seems to stay stable as the iron-

nonstoichiometry amount is raised. Additionally, it is seen that there is a little shift in the force 

constants as the iron-nonstoichiometry level rises, which may be related to a slight fluctuation 

in the molecular mass of the cations at the sites [202]. The cationic redistribution could be 

responsible for the decreasing and growing trends in 𝐾𝑇 and 𝐾𝑂 with iron-nonstoichiometry 

amounts at different Ts [291]. The Debye temperature (Θ𝐷𝑤) due to Waldron [134] was 

determined using the formula [134]: Θ𝐷𝑤 =
ℏ𝑐𝜈𝑎𝑣

𝑘𝐵
= 1.438 𝜈𝑎𝑣, where 𝑘𝐵 denotes Boltzmann 

constant, h denotes the Planck’s constant, c expresses the speed of light  and 𝜈𝑎𝑣 =

𝜈1+𝜈2

2
 denotes the mean frequency. The computed values of Θ𝐷𝑤 are shown in Table 4.18-4.19.  

In Table 4.18-4.19, the calculated values of Θ𝐷𝑤 are displayed. At 1100 °C, the value of Θ𝐷𝑤 

is shown to reduce when iron-nonstoichiometry level rises to a maximum of x = 0.08, and 

afterwhich improves in x = 0.12. When iron-nonstoichiometry level is increased to a maximum 

of x = 0.08 at 1150 °C, the value of Θ𝐷𝑤 appears to stay constant. At x = 0.12 it begins to 
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increase. The value of Θ𝐷𝑤 is shown to increase with increasing iron-nonstoichiometry extent 

to a maximum of x = 0.08 at 1200 °C and thereafter to fall in x = 0.12. The value of 

Θ𝐷𝑤 enhances in x = 0.04 at 1250 °C, and afterwhich it drops with more enhancement in the 

degree of the iron-nonstoichiometry. The decreasing tendency of Θ𝐷𝑤value that occurs as iron 

shortage increases may be related to a reduction in vibrational frequencies [292, 293]. 

4.2.5. Elastic characteristics  

The investigation of elastic characteristics is required to clarify the class of the bonding 

attractions in solid materials and to comprehend the thermal characteristics of solid materials. 

Using the XRD and FTIR data, it is possible to compute the samples' elastic properties and 

Debye temperature. The stiffness constants 𝐶11and 𝐶12 have been derived using the 

relationships [234]: 𝐶11 =
𝐾𝑎𝑣𝑒𝑟𝑎𝑔𝑒

𝑎
 and 𝐶12 =

𝜎𝐶11

(1−𝜎)
, where 𝐾𝑎𝑣𝑒𝑟𝑎𝑔𝑒 = (𝐾𝑇 + 𝐾𝑂) 2⁄  denotes 

the mean force constant, 𝑎 denotes the lattice constant, and 𝜎 denotes the Poisson ratio that is 

relied upon the pore fragment (Porosity P) [294]: 𝜎 = 0.324(1 − 1.043 𝑃). Table 4.20-4.21 

provide a summary of 𝐶11and 𝐶12 and 𝜎 at various Ts. In contrast to shear, the Poisson ratio 

(𝜎) is typically used to gauge how stable a crystal is, and the superior the Poisson ratio, the 

superior the plasticity [233]. Poisson ratio is determined to have a value in the midst of 0.28 

and 0.32, as shown in Table 4.4.20-4.21. The reported magnitudes of 𝜎 range from -1 to 0.5 

that is in line with the isotropic elastic notion of [295] and implies acceptable plasticity and 

elasticity character of iron-deficient non-stroichiometric nickel-copper-zinc ferrite [233]. The 

value of 𝐶11 is outlined to decrease gradually on rising the iron-nonstoichiometry degree to a 

maximum of x = 0.08, and afterwich it stayed unaltered in x = 0.12, according to Table 4.20-

4.21, whereas the value of 𝐶12 progressively drops in x = 0.04, and afterwhich it escalates in x 

= 0.08, and aftewhich stayed unaltered in x = 0.12 for 1100 °C. At 1100 °C, 𝐶11 value stays 

unaltered to a maximum of x = 0.08 and then to fall in x = 0.12, whereas the value of 𝐶12  is 

recognized to drop in x = 0.04, afterwhich it improves in x = 0.08, and lastly drops in x = 0.12. 
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The value of 𝐶11 and 𝐶12 steadily improves to a maximum of x = 0.08 at 1200 °C, afterwhich 

it drops till x = 0.12. At 1250 °C, the value of 𝐶11 rises in x = 0.04, and as the iron-

nonstoichiometry level rises, it is discovered to fall. The fluctuation of the lattice constant is 

directly related to the increasing and decreasing pattern of the elastic stiffness constants with 

iron-nonstoichiometry amount. When the cation-oxygen bond length is found to grow, less 

energy is required to break longer bonds, which causes a decrease in the attraction and 𝐶11 and 

𝐶12 [296]. The moduli of elasticity of the iron-deficient nickel-copper-zinc ferrites have been 

determined employing the formulae [179, 226]: 

𝐵 =
1

3
(𝐶11 + 2𝐶12), 

𝐸 =
(𝐶11−𝐶12)(𝐶11+2𝐶12)

(𝐶11+𝐶12)
  

𝑛 =
𝐸

2(𝜎+1)
. 

The longitudinal (𝑉𝑙) and shear (𝑉𝑠) wave velocities were determined through the formulae 

[294]:  

𝑉𝑙 = √
𝐶11

𝐷𝑥
, 

 𝑉𝑡 =
𝑉𝑙

√3
 [294]. 

The average velocity (𝑉𝑚) was determined from 𝑉𝑙 and 𝑉𝑠 values through the formula: 

3

𝑉𝑚
3 =

1

𝑉𝑙
3 +

2

𝑉𝑡
3. 

The Debye temperature (Θ𝐷𝐴) was determined using Anderson’s formula [294]: 

Θ𝐷𝐴 =
ℎ

𝑘𝐵
[
3𝐷𝑋−𝑟𝑎𝑦𝑞𝑁𝐴

4𝜋𝑀𝑤
]
1 3⁄

× 𝑉𝑚, 
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where ℎ represents Planck’s constant, 𝑘𝐵 denotes Boltzmann’s constant, 𝑀𝑤 denotes molecular 

mass, 𝑞 denotes the number of atoms per formula unit and 𝑉𝑚 denotes average wave velocity.  

Table 4.20-4.21 lists the elastic stiffness constants (𝐶11 and 𝐶12), wave velocities (𝑉𝑙 and 𝑉𝑠), 

and mean (𝑉𝑚), moduli of elasticity (𝐸, 𝐵, 𝐺), Poisson ratio (𝜎), and Debye temperature (Θ𝐷𝐴) 

annealed at various Ts. As shown in Table 4.20-4.21, the value of 𝐸 is found to be stable at 

1100 °C in x = 0.12 after declining with increasing the iron-nonstoichiometry level to a 

maximum of x = 0.08. The value of 𝐸 improves in x = 0.04 at 1150 °C, and afterwhich it drops 

as the iron-nonstoichiometry level increases. The value of 𝐸 is found to grow to a maximum 

of x = 0.08 and thereafter drops till x = 0.12 at 1200 °C. The value of 𝐸 steadily drops with 

increasing iron insufficiency quantity around 1250 °C. Similar to this, at 1100 °C, 𝐵 value is 

shown to drop in x = 0.04, rise in x = 0.08, and then remain unchanged in x = 0.12. The value 

of 𝐵 drops at 1150 °C in x = 0.04; afterwhich it grows in x = 0.08; and ultimately, it drops in x 

= 0.12. The value of 𝐵 steadily improves to a maximum of x = 0.08 at 1200 °C, and then it 

drops until x = 0.12. The value of 𝐵 enhances in x = 0.04 at 1250 °C, and then it drops as the 

iron-nonstoichiometry level increases. On the other hand, 𝐺 value is discovered to remain 

stable until x = 0.12 at 1100 °C, when it is detected to decrease steadily to a maximum of that 

point. The value of 𝐺 begins to rise in x = 0.04 at 1150 °C, and when the iron-nonstoichiometry 

degree rises, it is then shown to fall. The value of 𝐺 steadily enhances to a maximum of x = 

0.08 at 1200 °C and then it drops till x = 0.12. The value of 𝐺 drops at 1250 °C as the iron-

nonstoichiometry degree rises. As seen in Table 4.20-4.21, the value of 𝐵 is more than that of 

𝐺 (i.e., 𝐵 > 𝐺), indicating that the modulus of rigidity has a substantial impact on the stability 

and robust ability of nickel-copper-zinc ferrite to resist deformation. The noticed fluctuation of 

the moduli of elasticity with the degree of iron-nonstoichiometry and the variation of the lattice 

constant exhibit strong correlations. The observed increasing and decreasing characteristics of 

the moduli of elasticity with the iron-nonstoichiometry degree at various Ts imply that the 
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interatomic interaction amongst the component atoms in iron-deficient non-stoichiometric 

nickel-copper-zinc ferrite is strengthening and weakening [126, 297]. As shown in Table 4.20-

4.21, the value of 𝑉𝑙  is found to rise in x = 0.12 at 1100 ºC after declining with increasing the 

iron-nonstoichiometry level to a maximum of x = 0.08. The value of 𝑉𝑙 enhances to a maximum 

of x = 0.08 at 1150 °C, and thereafter it drops till x = 0.12. The value of 𝑉𝑙 enahnces to a 

maximum of x = 0.08 at 1200 °C before beginning to decrease till x = 0.12. The value of 𝑉𝑙 

improves at 1250 °C in x = 0.04, and afterwhich it drops as the iron-nonstoichiometry level 

increases. The value of 𝑉𝑠 begins to decrease around 1100 °C as the extent of iron-

nonstoichiometry rises. The value of 𝑉𝑠 enhances in x = 0.04 at 1150 °C, but it then seems to 

decrease as the iron-nonstoichiometry level increases. The value of 𝑉𝑠 enhances to a maximum 

of x = 0.08 at 1200 °C, afterwhich it drops till x = 0.12. At 1250 °C, the value of 𝑉𝑠 drops in x 

= 0.04, remain constant in x = 0.08, and afterwhich it enhances in x = 0.12. Since the samples 

have varied densities, the fluctuation of the moduli of elasticity and wave velocity is attributed 

to the change in the density admist the iron-nonstoichiometry level at various Ts [298]. The 

value of 𝑉𝑚 is shown to decrease at 1100 °C as the iron-nonstoichiometry degree rises. The 

value of 𝑉𝑚 begins to increase in x = 0.04 at 1150 °C, and when the iron-nonstoichiometry level 

increases, it is then shown to decrease. The value of 𝑉𝑚 is shown to escalate to a maximum of 

x = 0.08 at 1200 °C, and then it is discovered to decrease till x = 0.12. When the iron-

nonstoichiometry degree is increased to a maximum of x = 0.08 at 1250 °C, the value of 𝑉𝑚 

begins to decrease. However, once x = 0.12 is reached, it is discovered to grow. 
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Table 4.14. Bond angles in the midst of the cations and cation-anion (𝜃1, 𝜃2, 𝜃3, 𝜃4 and 𝜃5) of NCZFe2-xO4-3x/2 (x = 0, 0.04) system annealed at 

various Ts. 

 

Iron-

nonstoichiometry 

(x) 

Ts (˚C) bond angles in the midst of the cations and cation-anion (º) 

 

𝜃1 (degree) 𝜃2 (degree)  𝜃3 (degree) 𝜃4 (degree) 

 

𝜃5 (degree) 

 

 

0.00 

1100 123.35 144.95 92.86 125.92 74.48 

 

1150 123.34 144.94 92.85 125.92 74.48 

 

1200 123.34 144.94 92.85 125.92 74.48 

 

1250 123.34 144.95 92.85 125.92 74.48 

 

 

 

0.04 

1100 123.34 144.95 92.85 125.91 74.48 

 

1150 123.34 144.94 92.85 125.91 74.48 

 

1200 123.34 144.95 92.85 125.87 74.48 

 

1250 123.33 144.95 92.85 125.92 74.48 
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Table 4.15. Bond angles in the midst of the cations and cation-anion (𝜃1, 𝜃2, 𝜃3, 𝜃4 and 𝜃5) of NCZFe2-xO4-3x/2 (x = 0.08, 0.12) system annealed at 

various Ts. 

 

Iron-

nonstoichiometry 

(x) 

Ts (˚C) bond angles in the midst of the cations and cation-anion (º) 

 

𝜃1 (degree) 𝜃2 (degree)  𝜃3 (degree) 𝜃4 (degree) 

 

𝜃5 (degree) 

 

 

0.08 

1100 123.34 144.95 92.85 125.92 74.48 

 

1150 123.34 144.94 92.85 125.92 74.48 

 

1200 123.34 144.45 92.85 125.92 74.48 

 

1250 123.28 144.94 92.86 125.92 74.48 

 

 

 

0.12 

1100 123.34 144.94 92.85 125.92 74.48 

 

1150 123.33 144.94 92.85 125.92 74.48 

 

1200 123.34 144.94 92.86 125.91 74.48 

 

1250 123.34 144.95 92.86 125.92 74.48 
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Table 4.16. Bulk density (𝜌𝑏𝑢𝑙𝑘), theoretical density (𝜌𝑋−𝑟𝑎𝑦), pore fraction (𝑓), porosity (𝑃), and grain diameter (𝐷𝑆𝐸𝑀) of NCZFe2-xO4-3x/2 (x = 

0, 0.04) system annealed at various Ts. 

Iron-

nonstoichiometry 

(x) 

Ts (˚C) 𝜌𝑏𝑢𝑙𝑘 (g/cm3) 𝜌𝑋−𝑟𝑎𝑦 (g/cm3) pore fraction 

(𝑓) 

P (%) 𝐷𝑆𝐸𝑀 (µm) 

 

 

 

0.0 

1100 4.94 5.33 0.07 7 1.58 

 

1150 5.03 5.33 0.06 6 3.50 

 

1200 4.94 5.36 0.08 8 4.50 

 

1250 4.57 5.32 0.14 14 9.58 

 

 

 

 

0.04 

1100 4.86 5.26 0.08 8 1.88 

 

1150 4.93 5.26 0.06 6 2.42 

 

1200 4.91 5.27 0.07 7 2.10 

 

1250 4.91 5.24 0.06 6 6.02 
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Table 4.17. Bulk density (𝜌𝑏𝑢𝑙𝑘), theoretical density (𝜌𝑋−𝑟𝑎𝑦), pore fraction (𝑓), porosity (𝑃), and grain diameter (𝐷𝑆𝐸𝑀) of NCZFe2-xO4-3x/2 (x = 

0.08, 0.12) system annealed at various Ts. 

Iron-

nonstoichiometry 

(x) 

Ts (˚C) 𝜌𝑏𝑢𝑙𝑘 (g/cm3) 𝜌𝑋−𝑟𝑎𝑦 (g/cm3) pore fraction 

(𝑓) 

P (%) 𝐷𝑆𝐸𝑀 (µm) 

 

 

 

0.08 

1100 4.92 5.19 0.05 5 2.13 

 

1150 4.95 5.18 0.04 4 4.38 

 

1200 4.88 5.18 0.06 6 3.94 

 

1250 4.82 5.21 0.08 8 9.37 

 

 

 

 

0.12 

1100 4.94 5.11 0.03 3 2.92 

 

1150 4.97 5.11 0.03 3 1.20 

 

1200 4.93 5.16 0.05 5 2.02 

 

1250 4.66 5.11 0.09 9 7.45 
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Table 4.18. FTIR wavenumber bands, average wavenumber bands, force constants (𝐾𝑇 and 𝐾0), average force constant, (𝜈1 − 𝜈2), and Debye 

temperature due to Waldron method (Θ𝐷𝑊) of NCZFe2-xO4-3x/2 (x = 0, 0.04) system annealed at various Ts. 

 

Iron-

nonstoichiometry 

(x) 

Ts 

(˚C) 
𝜈1 (cm-1) 

(A-site) 

𝜈2 (cm-1) 

 (B-site) 

𝜈𝑚𝑒𝑎𝑛 
(cm-1) 

𝐾𝑇 × 105 

(dynes/cm) 

𝐾0 × 105 

(dynes/cm) 
𝐾𝑎𝑣 =

(𝐾𝑇 + 𝐾𝑂) 2⁄ ×
105 (dynes/cm) 

𝜈1 − 𝜈2  

(cm-1) 

Θ𝐷𝑊 (K) 

 

 

0.0 

1100 590.03 479.18 534.61 2.55 1.68 2.12 110.85 768.76 

 

1150 575.95 479.18 527.57 2.43 1.68 2.06 96.77 758.64 

 

1200 568.33 473.93 521.13 2.37 1.65 2.01 94.40 749.38 

 

1250 575.95 473.90 524.93 2.43 1.65 2.04 102.05 754.84 

 

 

 

0.04 

1100 568.91 473.90 521.41 2.37 1.65 2.01 95.01 749.78 

 

1150 575.95 479.18 527.57 2.43 1.68 2.06 96.77 758.64 

 

1200 595.31 473.90 534.61 2.60 1.65 2.13 121.41 768.76 

 

1250 595.31 473.90 534.61 2.60 1.65 2.13 121.41 768.76 

 



 

212 

 

Table 4.19. FTIR wavenumber bands, average wavenumber bands, force constants (𝐾𝑇 and 𝐾0), average force constant, (𝜈1 − 𝜈2), and Debye 

temperature due to Waldron method (Θ𝐷𝑊) of NCZFe2-xO4-3x/2 (x = 0.08, 0.12) system annealed at various Ts. 

 

Iron-

nonstoichiometry 

(x) 

Ts 

(˚C) 
𝜈1 (cm-1) 

(A-site) 

𝜈2 (cm-1) 

(B-site) 

𝜈𝑚𝑒𝑎𝑛 (cm-

1) 

𝐾𝑇 × 105 

(dynes/cm) 

𝐾0 × 105 

(dynes/cm) 
𝐾𝑎𝑣 =

(𝐾𝑇 + 𝐾𝑂) 2⁄ ×
105 (dynes/cm) 

𝜈1 − 𝜈2  

(cm-1) 

Θ𝐷𝑊 (K) 

 

 

0.08 

1100 561.88 473.90 517.89 2.31 1.65 1.98 87.98 744.73 

 

1150 575.95 479.18 527.57 2.43 1.68 2.06 96.77 758.64 

 

1200 602.35 473.90 538.13 2.66 1.65 2.16 128.45 773.82 

 

1250 582.99 473.90 528.45 2.49 1.65 2.07 109.09 759.90 

 

   

 

0.12 

1100 568.91 479.18 524.05 2.37 1.58 1.98 89.73 753.58 

 

1150 514.37 452.79 483.58 1.94 1.50 1.72 61.58 695.39 

 

1200 568.91 473.90 521.41 2.37 1.65 2.01 95.01 749.78 

 

1250 568.91 473.90 521.41 2.37 1.65 2.01 95.01 749.78 
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Table 4.20-4.21 show that the value of 𝑉𝑙 is greater than the 𝑉𝑠 value (i.e., 𝑉𝑙  >  𝑉𝑠). This might 

be clarified through the notion that as a wave goes through a substance, it brings its particles 

to vibrate. When exposed to vibrating particles, additional particles may vibrate as a result of 

the energy transfer. The energy of ultrasonic waves is lowered as a result. Compared to 

longitudinal waves, shearing waves take more energy to get nearby particles to vibrate when 

they are vibrated. The parallel vibrating of particles in longitudinal waves requires less energy 

than the vibration of an adjacent particle perpendicular to to the way the waves are moving. As 

a result, shearing or transversal velocity is lower than longitudinal velocity [299, 300]. The 

value of Θ𝐷𝐴 is seen to decrease as the iron-nonstoichiometry level increases at 1100 °C. At 

1150 °C, the value of Θ𝐷𝐴 enhances in x = 0.04 and afterwhich begins to fall as the iron-

nonstoichiometry level rises. The value of Θ𝐷𝐴 is found to increase to a maximum of x = 0.08 

and thereafter drops till x = 0.12 at 1200 °C. At 1250 °C, Θ𝐷𝐴 value drops in x = 0.04 and 

afterwhich it improves as the iron-nonstoichiometry dgree increases. For all Ts, the iron-

nonstoichiometry level is linearly related to the value of Θ𝐷𝐴 and mean velocity. According to 

the highest Debye temperature, the sample's strongest covalent bond is present. The Debye 

temperature increases and decreases depending on the level of iron-nonstoichiometry at 

different Ts, and this behavior is correlated with the persistence of all lattice vibration modes 

and the stiffness constants of the samples. Unless the observed elastic moduli are adjusted to a 

void-free state, they are meaningless. As a result, the porosity adjustment is obligatory for 

elastic characteristics in industrial uses. In order to ascertain the moduli of elasticity without 

pores or voids of our manufactured materials, we have used three approaches that are now 

available: (i) Hassselman and Fulrath model (HF model) [130]. This notion assumes that the 

pores are spherical and are dispersed across a homogenous, isotropic elastic material. These 

empirical formulae:                           
1

𝐸0
=
1

𝐸
[1 −

3(1−𝜎)(9+5𝜎)

2(7−5𝜎)
], 

1

𝐺0
= [1 −

15(1−𝜎)

(7−5𝜎)
], 
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𝜎0 = (
𝐸0

2𝐺0
) − 1, 

and 𝐵0 = (
𝐸0𝐺0

3(3𝐺0−𝐸0)
) 

were utilized, (ii) The Ledbetter and Datta model (LD model) [130] used the assumption that 

the spherical voids were dispersed at random and possessed no resistance to either dilation or 

shear. These formulae:                          𝐺0 = (
1

2𝐴1
) [−𝐴2 + (𝐴2

2 − 4𝐴1𝐴3)
1

2], 

𝐵0 =
(4𝐺0𝐵)

[4(1−𝑓)𝐺03𝑓𝐵]
, 

and 𝐸0 =
9𝐵0𝐺0

3𝐵0+𝐺0
, 

where 𝐴1 = (
8

3
) (1 − 𝑓), 𝐴2 = (3 − 2𝑓)𝐵 − (

8

3
+ 4𝑓)𝐺, and 𝐴3 = −3(1 + 𝑓)𝐵𝐺 were used, 

and (iii) The elastic hypothesis [129, 132] anticipated that when the pore fraction is 𝑓 < 0.2, 

there will be a linear relationship in the midst of elastic moduli as a function of porosity. These 

formulae: 𝑉𝑙 = 𝑉𝑙0(1 − 𝐶𝑙𝑃), 𝑉𝑡 = 𝑉𝑡0(1 − 𝐶𝑡𝑃), 𝐸 = 𝐸0(1 − 𝐶𝐸𝑃), 𝑛 = 𝑛0(1 − 𝐶𝑛𝑃) and 

𝜎 = 𝜎0(1 − 𝐶𝜎𝑃) were used, where 𝐶𝑙, 𝐶𝑡, 𝐶𝑌, 𝐶𝑛 and 𝐶𝜎 are material’s constants. The non-

porous elastic constants of the substance are represented by the subscript '0'. The constants (𝐶𝑙, 

𝐶𝑡, 𝐶𝑌, 𝐶𝑛 and 𝐶𝜎) are determined using the formulae:  

𝐶𝑙 =
1

2
{|

[𝐶𝑌+2𝐶𝜎𝜎0
2(2−𝜎0)]

(1−𝜎0)(1+𝜎0)(1−2𝜎0)−1
|}, 

𝐶𝑡 =
1

3
, 𝐶𝐸 = (

1

18
) (29 + 11𝜎0), 

𝐶𝑛 =
5

3
 and 

𝐶𝜎 = (
5

9
) + (

11𝜎

18
) − (

1

18
𝜎). 

Zero-porosity corrected moduli of elasticity (𝐸0, 𝐺0, 𝐵0), and Poisson ratio (𝜎0) using elastic 

theory, Hassselman and Fulrath, Ledbetter and Datta models and preseneted in Table 4.22-
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4.23, 4.24-4.25, and 4.26-4.27. It has been demonstrated that the change of the zero-porosity-

corrected elastic parameters with iron-nonstoichiometry level at variousTs (Table 4.22-4.23, 

4.24-4.25, 4.26-4.27) is comparable to that of the uncorrected elastic constants at various Ts 

(Table 4.20-4.21). The elastic parameters without zero-porosity correction are less than the 

zero-porosity adjusted elastic parameters, as shown in Table 4.22-4.23, 4.24-4.25, and 4.26-

4.27. These findings imply that the porosity has an impact on the iron-deficient non-

stoiochiometric nickel-copper-zinc ferrite's elastic characteristics. Because interatomic 

interaction has improved in strength, the elastic parameters are shown to rise with rising Ts. 

Because of the persistent inter-atomic bonding in the midst of the different atoms in the 

samples, the moduli of elasticity decrease with the extent of iron-nonstoichiometry. The (𝐵/𝐺) 

ratio must be studied in order to determine if a material is brittle or ductile like synthetic 

materials. Pugh [128] has already stated that materials are brittle when the 𝐵/𝐺 ratio is below 

the crucial value (1.75), and are ductile when the ratio of B/G is more than 1.75. We 

additionally investigated the fragility and flexibility of ferrite materials through investigation 

of the Poisson ratio (𝜎) in line with Frabtsevich [126]. If the Poisson ratio is 0.26, the Poisson 

formula determines whether a material is brittle or ductile [301]. According to our research, 

the 𝐵0/𝐺0 ratio falls in the midst of 1.98 and 2.44 (HF model) (Table 4.20-4.21) and 2.84 and 

4.54 (LD model) (Table 4.22-4.23) at all Ts. As can be seen in Table 4.22-4.23, 4.24-4.25, and 

4.26-4.27, the Poisson ratio (𝜎) is in the range of 0.28-0.32 with iron-nonstoichiometry level 

at different Ts. Since the manufactured iron-deficient non-stoichiometric ferrite displays ductile 

character with iron-nonstoichiometry degree at various Ts, it can be concluded that they meet 

Pugh and Frabtsevich's criteria. 
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Table 4.20. Elastic stiffness constants (𝐶11 and 𝐶12), longitudinal (𝑉𝑙), transversal (Shear) (𝑉𝑠) and mean (𝑉𝑚) wave velocities, moduli of elasticity 

(𝐸, 𝐵,𝐺), longitudinal modulus (𝐿), Poisson’s ratio (𝜎), and Debye temperature according to to Anderson method (Θ𝐷𝐴) of NCZFe2-xO4-3x/2 (x = 0, 

0.04) system annealed at various Ts. 

 

Iron-

nonstoichiometry 

(x) 

Ts 

(˚C) 
𝐶11 

(GPa)  
𝐶12 

(GPa)  

𝑉𝑙 (m/s) 𝑉𝑠 
(m/s) 

𝑉𝑚 
(m/s) 

𝐸 
(GPa) 

𝐵 
(GPa) 

𝐺 
(GPa) 

𝐿 (GPa) 𝜎 Θ𝐷𝐴 (K) 

 

 

0.0 

1100 252 108 6876 3909 4345 187 156 72 252 0.30 588 

 

1150 245 110 6780 3738 4165 177 155 68 245 0.31 564 

 

1200 239 102 6678 3807 4231 178 148 68 239 0.30 574 

 

1250 242 94 6745 4283 4710 189 143 74 242 0.28 637 

 

 

 

0.04 

1100 239 102 6741 3834 4262 178 148 68 239 0.30 577 

 

1150 245 105 6825 3842 4275 182 152 70 245 0.30 579 

 

1200 253 108 6929 3913 4352 188 156 72 253 0.30 589 

 

1250 253 108 6949 3905 4345 188 156 72 253 0.30 587 
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Table 4.21. Elastic stiffness constants (𝐶11 and 𝐶12), longitudinal (𝑉𝑙), transversal (Shear) (𝑉𝑠) and mean (𝑉𝑚) wave velocities, moduli of elasticity 

(𝐸, 𝐵, 𝐺), longitudinal modulus (𝐿), Poisson’s ratio (𝜎), and Debye temperature according to Anderson method (Θ𝐷𝐴) of NCZFe2-xO4-3x/2 (x = 0.08, 

0.12) system annealed at various Ts. 

Iron-

nonstoichiometry 

(x) 

Ts 

(˚C) 
𝐶11 

(GPa)  
𝐶12 

(GPa)  

𝑉𝑙 (m/s) 𝑉𝑠 
(m/s) 

𝑉𝑚 
(m/s) 

𝐸 
(GPa) 

𝐵 
(GPa) 

𝐺 
(GPa) 

𝐿 (GPa) 𝜎 Θ𝐷𝐴 (K) 

 

 

0.08 

1100 235 106 6729 3689 4113 169 149 65 235 0.31 557 

 

1150 245 110 6877 3753 4185 177 155 68 245 0.31 566 

 

1200 257 110 7044 3937 4382 191 159 73 257 0.30 593 

 

1250 246 105 6871 3905 4341 183 152 70 246 0.30 588 

 

   

 

0.12 

1100 235 106 6781 3660 4085 169 149 65 235 0.31 553 

 

1150 204 96 6318 3319 3712 143 132 54 204 0.32 502 

 

1200 239 107 6806 3705 4133 173 151 66 239 0.31 561 

 

1250 239 102 6839 3936 4371 178 148 68 239 0.30 591 
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Table 4.22. Zero porosity corrected moduli of elasticity (𝐸0, 𝐵0, 𝐺0), longitudinal modulus (𝐿0), bulk modulus to rigidity modulus ration (𝐵0 𝐺0⁄ ), 

and Poisson’s ratio (𝜎0) of NCZFe2-xO4-3x/2 (x = 0, 0.04) system annealed at various Ts employing Hasselmann and Fulrath model 

Iron-nonstoichiometry (x) Ts (˚C) 𝐸0  

(GPa)  

𝐵0  

(GPa)  

𝐺0  

(GPa)  

𝐿0  

(GPa) 

𝐵0 𝐺0⁄  𝜎0  

 

 

0.0 

1100 209 160 81 268 1.98 0.28 

 

1150 192 152 74 251 2.05 0.29 

 

1200 201 161 78 265 2.06 0.29 

 

1250 242 156 98 287 1.59 0.24 

 

 

 

0.04 

1100 200 160 77 263 2.08 0.29 

 

1150 200 156 78 260 2.00 0.29 

 

1200 208 166 81 274 2.05 0.29 

 

1250 207 166 80 273 2.08 0.29 
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Table 4.23. Zero porosity corrected moduli of elasticity (𝐸0, 𝐵0, 𝐺0), longitudinal modulus (𝐿0), bulk modulus to rigidity modulus ration (𝐵0 𝐺0⁄ ), 

and Poisson’s ratio (𝜎0) of NCZFe2-xO4-3x/2 (x = 0.08, 0.12) system annealed at various Ts employing Hasselmann and Fulrath model 

 

Iron-nonstoichiometry (x) Ts (˚C) 𝐸0  

(GPa)  

𝐵0  

(GPa)  

𝐺0  

(GPa)  

𝐿0  

(GPa) 

𝐵0 𝐺0⁄  𝜎0  

 

 

0.08 

1100 182 144 71 239 2.03 0.29 

 

1150 189 151 73 248 2.07 0.29 

 

1200 208 170 80 277 2.13 0.30 

 

1250 205 163 79 268 2.06 0.29 

 

   

 

0.12 

1100 177 143 68 234 2.10 0.29 

 

1150 148 136 56 211 2.44 0.32 

 

1200 184 155 71 250 2.18 0.30 

 

1250 204 161 79 266 2.04 0.29 
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Table 4.24. Zero porosity corrected moduli of elasticity (𝐸0, 𝐵0, 𝐺0), bulk modulus to rigidity modulus ration (𝐵0 𝐺0⁄ ), and Poisson’s ratio (𝜎0) 

of NCZFe2-xO4-3x/2 (x = 0, 0.04) system annealed at various Ts employing Ledbetter and Datta model 

Iron-

nonstoichiometry 

(x) 

Ts (˚C) 𝐴1 𝐴2 𝐴3 𝐸0  

(GPa)  

𝐵0  

(GPa) 

𝐺0  

(GPa)  

𝐵0 𝐺0⁄  𝜎0  

 

 

 

0.0 

1100 2.47 232 -36163 227 287 83 3.46 0.37 

 

1150 2.52 251 -33400 206 251 76 3.30 0.36 

 

1200 2.46 218 -32559 217 287 79 3.63 0.37 

 

1250 2.29 150 -36222 272 440 97 4.54 0.40 

 

 

 

0.04 

1100 2.46 220 -32487 216 281 79 3.56 0.37 

 

1150 2.50 233 -33921 215 254 79 3.22 0.36 

 

1200 2.49 235 -35997 224 274 82 3.34 0.36 

 

1250 2.50 238 -35819 221 261 81 3.22 0.36 
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Table 4.25. Zero porosity corrected moduli of elasticity (𝐸0, 𝐵0, 𝐺0), bulk modulus to rigidity modulus ration (𝐵0 𝐺0⁄ ), and Poisson’s ratio (𝜎0) 

of NCZFe2-xO4-3x/2 (x = 0.08, 0.12) system annealed at various Ts employing Ledbetter and Datta model 

Iron-

nonstoichiometry 

(x) 

Ts (˚C) 𝐴1 𝐴2 𝐴3 𝐸0  

(GPa)  

𝐵0  

(GPa) 

𝐺0  

(GPa)  

𝐵0 𝐺0⁄  𝜎0  

 

 

 

0.08 

1100 2.53 245 -30566 195 232 72 3.22 0.36 

 

1150 2.55 258 -33024 200 225 74 3.04 0.35 

 

1200 2.51 247 -36837 221 255 82 3.11 0.36 

 

1250 2.47 226 -34311 221 285 81 3.52 0.37 

 

   

 

0.12 

1100 2.58 255 -30023 186 196 69 2.84 0.34 

 

1150 2.59 239 -21970 153 168 57 2.95 0.35 

 

1200 2.55 252 -31232 194 220 72 3.06 0.35 

 

1250 2.43 213 -32852 2227 316 80 3.95 0.38 
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Table 4.26. Zero porosity corrected longitudinal velocity (𝑉𝑙0), transversal velocity (𝑉𝑠0), mean velocity (𝑉𝑚0), moduli of elasticity (𝐸0, 𝑛0), 

Poisson’s ratio (𝜎0) of the NCZFe2-xO4-3x/2 (x = 0, 0.04) system annealed at various Ts employing elastic theory. 

Iron-

nonstoichiometry 

(x) 

Ts (˚C) 𝑉𝑙0 
(m/s)  

𝑉𝑠0 
(m/s)  

𝑉𝑚0 
(m/s)  

𝐸0 (GPa) 𝑛0 

(GPa) 

𝜎0 (GPa)  𝐶𝑙 𝐶𝑌 𝐶𝜎 

 

 

0.0 

1100 7742 4007 4485 215 82 0.32 1.53 1.81 0.72 

 

1150 7410 3809 4266 197 75 0.32 1.51 1.81 0.73 

 

1200 7584 3909 4377 207 78 0.32 1.52 1.81 0.72 

 

1250 8621 4494 5029 253 97 0.31 1.54 1.80 0.71 

 

 

 

0.04 

1100 7625 3934 4404 206 78 0.32 1.53 1.81 0.72 

 

1150 7552 3924 4392 205 78 0.31 1.54 1.80 0.72 

 

1200 7739 4004 4482 214 81 0.32 1.53 1.80 0.72 

 

1250 7693 3989 4465 212 80 0.31 1.54 1.80 0.72 
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Table 4.27. Zero porosity corrected longitudinal velocity (𝑉𝑙0), transversal velocity (𝑉𝑠0), mean velocity (𝑉𝑚0), moduli of elasticity (𝐸0, 𝑛0, 𝜎0), 

Poisson’s ratio (𝜎0) of the NCZFe2-xO4-3x/2 (x = 0.08, 0.12) system annealed at various Ts employing elastic theory. 

Iron-

nonstoichiometry 

(x) 

Ts (˚C) 𝑉𝑙0 
(m/s)  

𝑉𝑠0 
(m/s)  

𝑉𝑚0 
(m/s)  

𝐸0 (GPa) 𝑛0 

(GPa) 

𝜎0 (GPa)  𝐶𝑙 𝐶𝑌 𝐶𝜎 

 

 

0.08 

1100 7304 3754 4204 187 71 0.32 1.51 1.81 0.73 

 

1150 7374 3809 4265 192 73 0.32 1.52 1.81 0.73 

 

1200 7733 4014 4493 213 81 0.31 1.54 1.80 0.72 

 

1250 7758 4005 4484 212 80 0.32 1.53 1.81 0.72 

 

   

 

0.12 

1100 7144 3701 4143 180 69 0.32 1.53 1.81 0.73 

 

1150 6589 3350 3754 150 57 0.33 1.50 1.81 0.73 

 

1200 7300 3761 4211 188 71 0.32 1.52 1.81 0.73 

 

1250 7894 4055 4542 212 80 0.32 1.52 1.81 0.72 

 



 

224 

 

4.2.6. Dielectric permittivity analysis 
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Figure 4.19: Evolution of the real component (휀′) of electric permittivity with frequency of 

NCZFe2-xO4-3x/2 system annealed at various Ts: (a) 1100, (b) 1150, (c) 1200 and, (d) 1250 ℃. 

 

Figure 4.19 shows how the real component (휀′) of electric permittivity evolves with frequency 

of NCZFe2-xO4-3x/2 system at various Ts: (a) 1100, (b) 1150, (c) 1200, and (d) 1250 ℃. The 

electric permittivity (휀′) is shown to drastically decline to a maximum of 10 kHz, then gradually 

decline, afterwhich it became frequency invariant. Maxwell-Wagner interfacial polarization 

[302, 303], that is supported by the hypothesis of Koop [235], is responsible for the dispersion 

of 휀′at 10 kHz. The assumption that dielectric substances are constituted of two different layers 

has previously been made in the Maxwell-Wagner theory of heterogeneous double-layered 

solid structures; the first layer is made up of grains with strong conductivity apportioned by a 

thin layer that is made up of grain borders with weak conductivity. This causes the dielectric 
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material to become inhomogeneous, which allows for the local buildup of charge when an 

electric field is present. While highly conducting grains prove to be more efficient at higher 

frequencies, grain borders dominate at lower frequencies. The electrons typically travel through 

the jumping process to the grain border while being affected by the applied field. Due to the 

high resistance of grain borders, localized electron buildup takes place there, which causes the 

polarization of the space charge. As a result, 휀′ has a high value at lower frequenciese. The 

electrons can swiftly change their direction of travel as the frequency is increased, though. The 

polarization diminishes as a result, and the likelihood of an electron reaching the grain borders 

reduces considerably [304]. Consequently, as the frequency is rised, the value of 휀′ declines. It 

is also plausible to shed light on the frequency-invariant electric permittivity employing the 

Rabinkin and Novikova hypothesis regarding polarization that is linked to the electrical 

conducting pathway. Electrical polarization is caused by electrons repeatedly and continuously 

moving amongst the ferrous and ferric ions. Eventually, the continual and repetitive electron 

hopping in the middle of Fe2+ and Fe3+ causes localization of electrons in exactly the alike 

orientation as the electric field that is applied, which can be utilized to assess the level of 

polarization in the substances. Because the quick variation of the field that is used is unable to 

be accompanied by the speed of exchanging electrons among Fe2+ and Fe3+ over a particular 

frequency, the polarization diminishes and becomes frequency-independent at higher 

frequencies [305]. It is caused by the high number of ferrous ions, oxygen voids, piledup 

interfacial dislocation, grain borders responses, voids or pores, etc. [306]. The aforementioned 

problems may only have a small impact on polarization in the high frequency domain. As a 

result, the value of 휀′ is small. It is noticeable that 휀′ value drops with rising iron-

nonstoichiometry level, which may be mostly due to the reduction of Fe2+ ions. Because Fe2+ 

ions are more polarized than Fe3+ ions, their production always contributes to the high value of 

휀′ [307]. The value of 휀′ is small at 1100 ℃. It is possible for reducing ions to exist at lower 

Ts in many oxidation states, which lowers the likelihood of charge carriers jumping [256]. 
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Furthermore, the value of 휀′ is shown to grow with rising Ts, that may be imputed to an 

intensification in the ferric/ferrous ion amount at octahedrally coordinated (B)-site. According 

to the equation [275]:  

𝑍𝑛𝑂 →  𝑍𝑛 + (1/2)𝑂2, 

zinc partly volatilizes at higher Ts and produces unsaturated oxygen ions and cation vacancies. 

The extra electrons subsequently begin to form bonds with nearby Fe3+ ions as a result of 

electrostatic contact, producing Fe2+ ions [308]. As a result, the ferric/ferrous ions ratio 

increases as a result of zinc's volatilization at higher Ts. The relationship [237]:  

2𝐹𝑒3+ +
3

4
𝑉𝐴
′ + 𝑂2−

𝐾(𝑇)
↔  2𝐹𝑒2+ +

1

2
𝑂2(𝑔) 

results in some of Fe3+ ions being partly transformed to Fe2+ ions while the sintering process is 

in operation. As a result, it is shown that the value of 휀′ grows as Ts increases [238]. 

Additionally, when Ts rises, the rise in 휀′ value may be due to an improvement in the grain-to-

grain border thickness ratio [309, 310]. Since the increase in density reduces porosity, which 

results in a greater number of polarizing species per unit volume [256], it is also probable that 

this factor has increased. 
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4.2.7. Permittivity loss tangent analysis 
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Figure 4.20: Evolution of the permittivity loss tangent (𝑡𝑎𝑛𝛿) with frequency of NCZFe2-xO4-

3x/2 system annealed at various Ts (a) 1100, (b) 1150, (c) 1200 and, (d) 1250 ℃. 

Figure 4.20 shows how the permittivity loss tangent (𝑡𝑎𝑛𝛿) evolves with frequency of NCZFe2-

xO4-3x/2 system annealed at various Ts: (a) 1100 (b) 1150, (c) 1200, and (d) 1250 ℃. The 

permittivity loss tangent (𝑡𝑎𝑛𝛿) is responsible for the polarization's lag behind the applied field. 

The main cause of the lagging of polarization in the midst of the applied fields is the existence 

of impurities, defects, imperfections, and inhomogeneous structure. In other words, a number 

of variables, including the stoichiometry percentage, fabrication process, the amount of Fe2+, 

and the auxiliary homogeneity, may be related to the permittivity loss tangent (𝑡𝑎𝑛𝛿). As seen 

in Figure 4.20, 𝑡𝑎𝑛𝛿 value is found to first grow with upturning frequency and display a 

maximum at a particular frequency, afterwhich it dropped with enhancing frequency for all Ts. 
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At 1100 °C, 𝑡𝑎𝑛𝛿 value is found to progressively rise with rising frequency, reaches a 

maximum at a particular frequency in x = 0, 0.04, and 0.12, and then begin to fall at higher 

frequencies. Additionally, it is discovered that when x = 0.08, 𝑡𝑎𝑛𝛿 value stays virtually 

invariant at the higher frequencies, declining gradually with increasing frequency. At 1150 °C, 

𝑡𝑎𝑛𝛿 value is shown to progressively grow with increasing frequency, disclose a peak in x = 

0, 0.04, and 0.08 at a specific frequency, and eventually be found to fall at higher frequencies. 

Additionally, it is discovered that when x = 0.12, 𝑡𝑎𝑛𝛿 value stays virtually invariant at the 

higher frequencies, drops gradually with increasing frequency. The 𝑡𝑎𝑛𝛿 value grows at 1200 

°C in x = 0.0 and 0.04, first with rising frequency, then reveals a maximum at a specific 

frequency, and ultimately it dropped at higher frequencies. Meanwhile, it is discovered that in 

x = 0.08 and 0.12, 𝑡𝑎𝑛𝛿 value steadily drops with rising frequency and becomes frequency-

invariant at higher frequencies. At 1250 °C, 𝑡𝑎𝑛𝛿 value escalates initially with rising 

frequency, achieves a maximum at a specific frequency, and afterwhich declines for all 

compositions at higher frequencies. In addition, two peaks in 𝑡𝑎𝑛𝛿 value are seen at x = 0.08 

that ascribed to the grain and the grain border responses. As depicted in Figure 4.20 (a, b), the 

location of the maximum moved toward the lower frequencies, with the exception of x = 0.04; 

also, the peak’s height dropped with rising iron-nonstoichiometry level. The location of 

maximum at 1100 and 1150 °C changes to the higher frequencies in x = 0.04.The location of 

peaks is also shown to shift towards the lower frequencies, as seen in Figure 4.20 (c, d). The 

decreasing conductivity and the number of Fe3+ ions on the octahedrally coordinated site may 

be responsible for the shifting of peaks towards the lower frequencies. Furthermore, it has been 

found that when Ts [311] increases, the severity of the relaxation peaks decreases. The 𝑡𝑎𝑛𝛿  

value has a high value at lower frequency sides and a low value at higher frequency sides. 

Because the low conducting grain borders are electrically stronger at lower frequencies, a 

greater amount of energy is required for electrons transfer amongst Fe2+ and Fe3+ ions at the 

octahedrally coordinated (B)-site [311]. Therefore, there is a significant permittivity loss 
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tangent. Because the highly conducting grains are energetically reactive at higher frequencies, 

an insignificant quantity of energy required for the exchange of electron in the midst of ferrous 

and ferric ions at the octahedrally coordinated (B)-site [312]. The value of 𝑡𝑎𝑛𝛿 as a result is 

small. We may better understand the existence of the peak in  𝑡𝑎𝑛𝛿 spectra by using the 

Rezlescu model [313] and the relaxation process. For dielectric substances, the emergence of 

a peak in 𝑡𝑎𝑛𝛿 should meet the essential requirement: 𝜔𝜏 = 1, where 𝜔 = 2𝜋𝑓𝑚𝑎𝑥 and 𝜏 are 

the respective angular frequency and relaxation time. The highest amount of energy is 

transmitted to the oscillating dipoles in this situation, which results in power loss [305]. The 

jumping probability of electrons per unit time (𝑃) and the relaxation time (𝜏) are strongly 

related and can be stated by the equation [306]: 𝜏 = 1 3𝑝⁄  or 𝑓𝑚𝑎𝑥  =  2𝑃. It follows that the 

jumping chance per unit time and the relaxation frequency are directly related. According to 

the Rezlescu model, the peaks' emergence is connected to the synchronization of the oscillating 

external field's frequency and the localized electric charge carriers' natural hopping frequency. 
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4.2.8. Electrical conductivity analysis  
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Figure 4.21: Evolution of ac conductivity (𝜎𝑎𝑐) with frequency of NCZFe2-xO4-3x/2 system 

annealed at various Ts: (a) 1100, (b) 1150, (c) 1200 and, (d) 1250 ℃. 

Figure 4.21 shows how the ac conductivity (𝜎𝑎𝑐) with frequency of NCZFe2-xO4-3x/2 system 

annealed at various Ts: (a) 1100, (b) 1150, (c) 1200, and (d) 1250 ℃. The graph makes it very 

evident that all of the samples being studied have increasing conductivities with frequency. 

There are two distinct regions in the 𝜎𝑎𝑐 spectrum that can be seen: (i) at low frequencies, 𝜎𝑎𝑐 is 

seen to have grown nearly frequency standalone, which is ascribed to both grain borders and 

direct current conductivity because the unpredictable charge carrier’s distribution; and (ii) at 

higher frequencies, 𝜎𝑎𝑐 is shown to grow, which is explained by the improvement associated 

with carrier jumping amongst Fe2+ and Fe3+ ions at the octahedrally coordinated (B)-site and 

grain response as well [314]. Because grain borders have high resistivity, the charge carrier is 

typically not allowed to hop in the midst of Fe2+ and Fe3+ ions at the grain border walls at low 
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frequencies. As a result, the value of 𝜎𝑎𝑐 is small. The distinctive feature for iron-deficient 

ferrites that has been noticed obeys Jonscher’s power law: 𝜎𝑎𝑐(𝑓) = 𝜎𝑑𝑐(𝜔 = 2𝜋𝑓 = 0) +

𝐴(2𝜋𝑓)𝑛 where  𝑛 (0 < 𝑛 < 1), where 𝜎𝑑𝑐(𝜔 = 0) denotes dc conductivity that is connected 

to the permittivity relaxation of the bound charge species and it allows the long-distance 

electrical transportation, 𝐴(𝜔)𝑛 denotes the ac conductivity that is concurrent with the jumping 

action in translation (short-distance jumping), 𝜔 denotes the angular frequency, 𝐴 is 

temperature-dependent factor which is expressed as 𝐴 =
𝜋𝑁2𝑒2

6𝑘𝐵𝑇(2𝛼)
, where 𝑁 is the number of 

locations among which the jumping occurs, 𝑒 is the electron’s charge, 𝑇 denotes the 

temperature, 𝛼 denotes the polarizability, and 𝑛 is a factor that varies 0 for perfect ionic solids 

and 1 for perfect dipolar Debye dielectric solids [315-319], and it indicates the level of 

interaction in the midst of mobile ions and the surroundings around them. As can be observed, 

at temperatures of 1100, 1150, and 1250 °C, the value of 𝜎𝑎𝑐 is shown to decrease as the degree 

of iron-nonstoichiometry increases. At 1200 °C, 𝜎𝑎𝑐 grows with rising iron-nonstoichiometry 

degree to a maximum of x = 0.08, and afterwhich it drops in x = 0.12. The decrease in charge 

carriers may be the cause of the decline in 𝜎𝑎𝑐 value that occurs when iron-nonstoichiometry 

level rises. On the other hand, in x = 0, 0.04, and 0.12, it is discovered that the value of 𝜎𝑎𝑐 

grows as Ts increases. Additionally, the value of 𝜎𝑎𝑐 in x = 0.08 is seen to rise to a maximum 

of 1200 °C before declining around 1250 °C. The increase in Ts speeds up the transformation 

of Fe2+ ions to Fe3+ ions, which may be explained by the increasing degree of charge carrier 

hopping in the midst of ferrous and ferric ions at the octahedrally coordinated (B)-site. The 

resistivity, however, decreases as the quantity of Cu1+ ions oxidized to Cu2+ increases on rising 

Ts [320]. As a result, it is shown that the value of 𝜎𝑎𝑐 grows as Ts increases. Because the 

increased grain diameter has fewer grain borders (which restrict the electrons from flowing in 

the midst of the neighboring sites), the increase in grain diameter with rising Ts is another 

explanation for the improvement in 𝜎𝑎𝑐 value [308]. We plotted 𝑙𝑜𝑔 (𝜎𝑎𝑐)  vs. 𝑙𝑜 𝑔(𝜔) graphs 
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to match the 𝜎𝑎𝑐 results employing Jonscher's power law. Evolution of ac conductivity 

(𝜎𝑎𝑐) with angular frequency (𝜔) of NCZFe2-xO4-3x/2 system annealed at various Ts (a) 1100, 

(b) 1150, (c) 1200 and, (d) 1250 ℃. The varied values of 𝐴 were found from the intercept 

component equal to 𝑙𝑜𝑔 (𝜎𝑎𝑐)  on the y-axis 𝑙𝑜 𝑔(𝜔) = 0, and the various values of 'n' were 

achieved utilizing Jonscher’s power law. The linear correlation coefficient (𝑅2) squared values 

for all samples at various Ts are typically compared to determine the fit quality (see Table 4.28-

4.29). A perfect linear graph in x = 0 and 0.04 for 1100 and 1150 ºC, is no longer visible at the 

dependency of 𝑙𝑜𝑔 (𝜎𝑎𝑐) vs. 𝑙𝑜𝑔 (𝜔)  [Figure 4.22 (a)]. A virtually identical linear curve is 

present at 1200 ºC [Figure 4.22 (c)]. We lose the linearity of the curve at 1250 °C [Fig. 4.22 

(d)]. In Table 4.28-4.29, the values of 𝐴 and '𝑛' are given. The value of ‘𝑛’ is shown to be 

influenced by the degree of iron-nonstoichiometry, as can be seen in Table 4.28-4.29. The 

fluctuation of '𝑛' as a function of the degree of iron-nonstoichiometry is depicted in the inset 

of Figure 4.22 (a-d). With rising iron-nonstoichiometry degree at 1100 °C, the value of '𝑛' 

grows. At 1150 °C, '𝑛' quickly enhances in x = 0.04, afterwhich suddenly reduces in x = 0.08, 

and then sharply rises in x = 0.12. The '𝑛' at 1200 °C dramatically declines in x = 0.04 before 

rising to x = 0.12. The frequency exponent '𝑛' at 1250 °C grows to a maximum of x = 0.08 

before decreasing till x = 0.12. The exponent '𝑛' has been noted to have values in the midst of 

0 and 1 by Pike [321] and Elliott [322]. Additionally, according to Funke [323], when '𝑛' is 

less than 1, the electron jumping movement includes a short-distance translated jumping 

motion supported by a small polaronic process with an unexpected hop, while 'n' is larger than 

1, the movement entails restricted or reorientational jumping driven by a large polaronic 

process in the midst of the adjacent sites. The process of ac conductivity in the synthetic iron-

deficient non-stoichiometric nickel-copper-zinc ferrite relies upon frequency and controlled by 

the polaron jumping process, as can be shown from the values of '𝑛' being smaller than unity 
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[324]. When the 𝑙𝑜𝑔 (𝜎𝑎𝑐) vs. 𝑙𝑜 𝑔(𝜔) figure deviates from linearity, the ac conduction is 

caused by mixed polaron jumping (small polaron jumping and big polaron jumping) [325]. 
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Figure 4.22: Evolution of ac conductivity (𝜎𝑎𝑐) with angular frequency (𝜔) of NCZFe2-xO4-

3x/2 system annealed at various Ts (a) 1100, (b) 1150, (c) 1200 and, (d) 1250 ℃. 
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Table 4.28. Extracted parameters from Jonscher’s power law of NCZFe2-xO4-3x/2 (x = 0, 0.04) system annealed at various Ts. 

 

Iron-deficiency, x Ts ℃ 𝑛 𝑙𝑜𝑔 𝐴 𝐴  𝑅2 

 

 

0.00 1100 0.4143 - 6.06777 8.555 ×10-7 0.9517 

 

0.00 1150 0.5205 - 6.80017 1.5844 ×10-7 0.9562 

 

0.00 1200 0.4264 - 6.16341 6.8642×10-7 0.9866 

 

0.00 1250 0.2986 - 4.42965 3.7183×10-5 0.9795 

 

0.04 1100 0.4575 - 6.23042 5.8827×10-7 0.9439 

 

0.04 1150 0.8131 - 9.18752 6.4935× 10-10 0.9803 

 

0.04 1200 0.3562 - 5.37446 4.2222×10-6 0.9773 

 

0.04 1250 0.3158 - 4.40725 3.9152×10-5 0.9616 
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Table 4.29. Extracted parameters from Jonscher’s power law of NCZFe2-xO4-3x/2 (x = 0.08, 0.12) system annealed at various Ts. 

 

Iron-deficiency, x Ts ℃ 𝑛 𝑙𝑜𝑔 𝐴 𝐴  𝑅2 

 

 

0.08 1100 0.4771 - 7.61403 2.4320×10-8 0.9498 

 

0.08 1150 0.5002 - 7.52857 2.9609×10-8 0.9656 

 

0.08 1200 0.4142 - 4.78762 1.6307×10-5 0.9411 

 

0.08 1250 0.5592 - 6.90130 1.2552×10-7 0.9781 

 

0.12 1100 0.6008 - 8.47260 3.3682×10-9 0.9698 

 

0.12 1150 0.5721 - 8.14673 7.1330×10-9 0.9818 

 

0.12 1200 0.4336 - 6.85369 1.4006×10-7 0.9559 

 

0.12 1250 0.4329 - 6.24021 5.7516×10-7 0.9814 
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4.2.9. Cole-Cole plot  

Figure 4.23 shows the Cole-Cole plots of NCZFe2-xO4-3x/2 system annealed at various Ts: (a) 

1100, (b) 1150, (c) 1200, and (d) 1250 ℃. The quantity of semicircular arcs identifies the type 

of electrical process in which the material is employed. The Nyquist plot usually displays three 

successive semicircles, subject to the number of relaxation mechanisms that exist in the 

substance: an incomplete semicircle at higher frequencies is related to grain bestowal; the grain 

border bestowal holds responsibility for forming the second semicircle at intermediate 

frequencies; and the third semicircle at lower frequencies is related to the electrode response 

[326]. The number of grains and grain diameters in the sample determine the semicircular arc's 

size. 
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Figure 4.23: Cole-Cole plots of NCZFe2-xO4-3x/2 system annealed at various Ts: (a) 1100, (b) 

1150, (c) 1200, and (d) 1250 ℃. 
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As shown in Figure 4.23 (a-d), every sample exhibits a significant slope, a straight line, or a 

partially semicircular arc, that corresponds to the impact of the grain border. As a result, it is 

declared that the grain border's impact explains the majority of the conductivity of electricity 

phenomenon. Since it asserts a frequency range over the frequency spectrum of our measuring 

device, the impact of the grain core to the conductivity of electricity is entirely concealed [327]. 

The low concentration of ferric ions, enhanced surface-to-volume proportion, porosity, and 

disorganized atomic organization close to the grain border may all contribute to an elevated 

value associated with the grain border. Owing to the heterogeneity in grain size [328], the 

polydispersive non-Debye sort dielectric relaxing processes hallmark is clearly discernible as 

the center of semicircular arcs is somewhat beneath the (Z')-axis. At all Ts, the diameter of a 

semicircle tends to grow as the degree of iron-nonstoichiometry rises, indicating that the 

sample's resistivity has gotten better. On the opposite hand, it comes to light that the diameter 

of the semicircle drops as Ts grows, which indicates a drop in the resistance of the substance 

[329]. The fact that the impedance is linearly proportional to the total amount of grains can be 

credited to this property. With rising Ts, it becomes apparent that the smaller grains interact to 

generate bigger grains. As a result, it turns out that there are fewer grains in the specimens. 

4.2.10. Magnetic permeability and magnetic loss tangent analysis  

Figure 4.24 shows how magnetic permeability (𝜇𝑖
′) evolves with frequency of NCZFe2-xO4-3x/2 

system annealed at various Ts: (a) 1100 ℃, (b) 1150 ℃, (c) 1200 ℃, and (d) 1250 ℃. The 

magnetic permeability of ferrites is generally influenced by different parameters: (i) intrinsic 

parameters, such as saturation magnetization, magnetostriction, and anisotropic constant; (ii) 

extrinsic parameters, such as micromorphology, grain diameter, porosity, and stress; and (iii) 

the integrated consequence of bifurcate distinct magnetization procedures, such as 

magnetization due to spin rotation and domain wall movement [330]. In contrast to spin 

rotation, the domain wall displacment has had a greater impact on magnetic permeability at 
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lower frequencies. Nakamura has already claimed that the domain wall motion is mostly 

responsible for the magnetic permeability below 100 MHz [330]. Typically, Globus' model is 

used to explain magnetic permeability brought on by domain wall displacement. The magnetic 

permeability (𝜇𝑖
′) caused by the displacement of the domain wall may be described as follows 

in Globus' model: (𝜇𝑖
′ − 1) =

3𝜋𝑀𝑠
2𝐷

4𝐸𝑤
 and the resonant frequency is determined by 𝑓𝑟 =

16𝐸𝑤

𝜋𝛽𝐷2
, 

where, 𝐸𝑤 represents the domain wall’s energy, 𝛽 denotes the coefficient of damping, 𝑀𝑠 

denotes saturation magnetization, and 𝐷 denotes grain diameter [285, 331-333]. 
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Figure 4.24: Evolution of magnetic permeability (𝜇𝑖
′) with frequency of NCZFe2-xO4-3x/2 

system annealed at various Ts: (a) 1100, (b) 1150, (c) 1200 and, (d) 1250 ℃.
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Table 4.30-4.31 list the 𝜇𝑖
′ value at various chosen frequencies and 𝑓𝑟value as a function of the 

degree of iron-nonstoichiometry and Ts. With the exception of the x = 0.12 sample, all Ts 

exhibit a progressive reduction in 𝜇𝑖
′ value as applied frequency rises at 1100 °C. The 𝜇𝑖

′ value 

is seen to be constant at 1100 °C to a maximum of a specific frequency in x = 0.12, after which 

it begins to abruptly decline to a minimal value. Following Snoek's relation 𝜇𝑖
′ × 𝑓𝑟 =

𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 [334], it can be shown that increased magnetic permeability correlates to lower 

resonant frequency (𝑓𝑟). Table 4.30-4.31 provide an overview of the Snoek product at 1 MHz. 

Table 4.30-4.31 show that Snoek's product is practically constant, supporting Snoek's rule. As 

shown in Table 4.30-4.31, the value of 𝜇𝑖
′ is shown to grow in x = 0.12 at 1100, 1150, and 1200 

°C after initially decreasing with increasing iron-nonstoichiometry degree to maximum of x = 

0.08. At 1250 °C, the value of 𝜇𝑖
′ begins to decrease as the iron-nonstoichiometry degree rises. 

On the other hand, in x = 0, 0.04, and 0.08, it is shown that the value of 𝜇𝑖
′ increases with rising 

Ts, as shown in Table 4.30-4.31. The improvement in bulk density and grain diameter is 

responsible for the increase in 𝜇𝑖
′ value with increasing Ts in x = 0, 0.04, and 0.08. The increase 

in annealed density causes the volume portion of magnetic particles to increase, which in turn 

causes a rise in magnetic permeability [335]. Because there are more domain walls and fewer 

grain borders in big grain, the bulging or bending of the domain wall, whichever mostly 

attributes to the 𝜇𝑖
′ value is greatly enhanced. During grain expansion, the pores that prevent 

the domain wall from moving because the wall is pinned would shrink [336]. As a result, it is 

shown that the value of 𝜇𝑖
′ grows as Ts increases. Additionally, it has been shown that when Ts 

increases, magnetocrystalline anisotropic consatnt is seen to decrease due to a reduction in 

internal stress and crystal anisotropy [336, 337]. The orbit-lattice contact brought on by the 

surrounding ions would be the primary cause of the spin-orbit coupling, which is where the 

magnetocrystalline anisotropy would have its origins [291]. The value of 𝜇𝑖
′ is seen to rise with 

rising Ts [251] because the reduction in magnetocrystalline anisotropic constant would aid in 
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the creation of movable and adjustable domain barriers. In addition, when x = 0.12, the 𝜇𝑖
′ value 

begins to decrease on rising Ts. In x = 0.12, the decrease in 𝜇𝑖
′ value with rising Ts may be 

attributed to the development of aberrant grain borders and excessively wide pores inside the 

grain borders [254]. The peak 𝜇𝑖
′′ value [338] was used to establish the resonant frequency (𝑓𝑟). 

The energy absorption caused by the synchronization in the midst of the magnetic dipoles' 

oscillational frequency and the applied frequency is what is responsible for the 𝑓𝑟 value that 

associates to the maximum of 𝜇𝑖
′′value. For the purpose of orienting the magnetic dipoles, the 

crystal lattice receives energy from the magnetic field at this frequency [331]. Table 4.30-4.31 

contains a list of the resonant frequency. Table 4.30-4.31 show that for all Ts, the value of 𝑓𝑟 is 

shown to slowly diminish as the level of iron-nonstoichiometry increases. Figure 4.25 shows 

how the magnetic loss tangent (𝑡𝑎𝑛𝛿𝜇) with frequency of NCZFe2-xO4-3x/2 system annealed at 

various Ts: (a) 1100, (b) 1150, (c) 1200, and (d) 1250 ℃. As becomes apparent, at lower 

frequencies (≤ 10 kHz), the 𝑡𝑎𝑛𝛿𝜇 value is shown to diminish, and at frequencies amongst 100 

kHz and 1 MHz, it becomes almost frequency-invariant. At ≥ 1 MHz, 𝑡𝑎𝑛𝛿𝜇 is shown to 

increase with rising frequency, exhibit a peak at a particular frequency, and then begin to fall 

at higher frequencies. The resonance develops when there is synchronization in the midst of 

the applied field's frequency and the electron spin's Larmor precession; in this situation, energy 

from the magnetic field is transmitted to the system, aiding in the orientation of the magnetic 

dipoles. The values of 𝑡𝑎𝑛𝛿𝜇 measured at several chosen frequencies are shown in Table 4.30-

4.31. Table 4.30-4.31 show that the value of 𝑡𝑎𝑛𝛿𝜇 begins to increase in x = 0.04 initially, 

afterwhich drops in x = 0.08, and improves again in x = 0.12 for 1100-1200 °C. The 𝑡𝑎𝑛𝛿𝜇 

value drops as the iron-nonstoichiometry degree increases at 1250 °C. Additionally, the 

improvement in grain diameter causes the value of 𝑡𝑎𝑛𝛿𝜇 to grow with increasing Ts. There 

are a lot of domain walls inside grains when the grain diameter is huge. As a result, the domain 

walls could be easily capable of shifting along the grain and a significant quantity of eddy 
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current is generated. If the grain diameter is scanty, there are several grain borders inside the 

grain that block the movement of the eddy current. Big grains have a tendency to produce more 

magnetic domains, which causes losses brought on by the lag in domain wall motion [335, 

339]. 
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Figure 4.25: Evolution of magnetic loss tangent (𝑡𝑎𝑛𝛿𝜇) with frequency of NCZFe2-xO4-3x/2 

system annealed at various Ts: (a) 1100, (b) 1150, (c) 1200 and, (d) 1250 ℃. 
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Table 4.30. Magnetic permeability (𝜇𝑖
′), resonant frequency (𝑓𝑟), Snoek’s product, and magnetic loss tangent (𝑡𝑎𝑛𝛿𝜇) at specific frequencies of 

NCZFe2-xO4-3x/2 (x = 0, 0.04) system annealed at various Ts. 

 

Composition 

(x) 

Ts (˚C) 𝜇𝑖
′ at 𝑓𝑟 

(MHz) 

Snoek’s 

product  

(𝜇𝑖
′ × 𝑓𝑟)  

(@ 1 MHz) 

 

𝑡𝑎𝑛𝛿𝜇 at 

 

10  

(kHz) 

100  

(kHz) 

1  

(MHz) 

10 

 (MHz) 

100 

(MHz) 

10 

(kHz) 

100 

(kHz) 

1  

(MHz) 

10 

(MHz) 

100  

(MHz) 

 

 

0.0 

1100 890 751 637 328 53 7.67 4886 0.30 0.16 0.13 0.89 1.37 

 

1150 913 711 570 346 49 10.7 6099 0.39 0.21 0.16 0.73 1.56 

 

1200 1150 862 655 359 52 9.80 6419 0.36 0.24 0.21 0.79 1.46 

 

1250 888 808 640 304 54 8.37 5357 0.35 0.16 0.24 0.82 1.22 

 

 

 

0.04 

1100 663 600 527 272 61 7.27 3831 0.42 0.14 0.14 0.77 0.95 

 

1150 755 636 499 269 56 9.97 4975 0.40 0.20 0.21 0.69 1.11 

 

1200 952 758 571 291 57 8.37 4779 0.37 0.23 0.24 0.75 1.13 

 

1250 883 793 633 309 60 8.52 5393 0.39 0.17 0.22 0.79 1.12 
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Table 4.31. Magnetic permeability (𝜇𝑖
′), resonant frequency (𝑓𝑟), Snoek’s product, and magnetic loss tangent (𝑡𝑎𝑛𝛿𝜇) at specific frequencies of 

NCZFe2-xO4-3x/2 (x = 0.08, 0.12) system annealed at various Ts. 

 

Composition 

(x) 

Ts (˚C) 𝜇𝑖
′ at 𝑓𝑟 

(MHz) 

Snoek’s 

product 

(𝜇𝑖
′ × 𝑓𝑟) (@ 

1 MHz) 

 

𝑡𝑎𝑛𝛿𝜇 at 

 

10  

(kHz) 

100 

(kHz) 

1 

(MHz) 

10 

(MHz) 

100 

(MHz) 

10 

(kHz) 

100 

kHz 

1  

(MHz) 

10 

(MHz) 

100 

(MHz) 

 

 

0.08 

1100 572 516 503 245 46 6.55 3295 0.36 0.09 0.12 0.78 1.30 

 

1150 652 562 533 286 59 8.22 4381 0.54 0.13 0.11 0.74 1.08 

 

1200 781 627 544 282 48 8.08 4396 0.40 0.17 0.15 0.79 1.33 

 

1250 910 773 650 332 80 8.37 5441 0.54 0.19 0.17 0.76 0.81 

 

 

 

0.12 

1100 805 788 725 262 60 3.80 2755 0.32 0.08 0.26 0.92 0.97 

 

1150 721 669 623 265 59 5.22 3252 0.44 0.10 0.20 0.83 0.999 

 

1200 710 607 554 268 47 7.80 4321 0.397 0.13 0.15 0.80 1.34 

 

1250 544 489 459 245 48 8.98 4122 0.31 0.10 0.12 0.71 1.22 
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4.3. Elucidating the impacts of sintering temperature on the behavior of (1-

y) [Ba0.9Ca0.1Zr0.1Ti0.9O3] + (y) [Ni0.25Cu0.13Zn0.62Fe2O4] composite 

multiferroics 

In this section, the results on the impacts of Ts on electromagnetic characteristics of (1-y) 

[Ba0.9Ca0.1Zr0.1Ti0.9O3] (BCZTO) + (y) [Ni0.25Cu0.13Zn0.62Fe2O4] (NCZFO) composite 

multiferroics developed employing the solid-state synthetic technique route annealed for 5 h at 

four distinctive temperatures (1373-1523 K; in steps of 323 K) have been discussed.  

4.3.1. Crystallographic characteristics 
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Figure 4.26: (a) XRD profiles and (b) FTIR spectrum of BCZTO and NCZFO powders are 

calcinated at temperature of 1223 K for 5h. 
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Figure 4.26 (a) shows the XRD profiles of (i) BCZTO and (ii) NCZFO powders that were 

calcinated for 5 h at 1223 K. The key peaks associated with the BCZTO and NCZFO phases 

may all be seen within the visual resolution limit, as shown in Figure 4.26 (a). The lower 

diffraction peaks were recognized as (100), (110), (111), (002), (102), (211), (301), and (311) 

reflections of BCZTO with tetragonal symmetry, whilst the top peaks were listed to (220), 

(311), (222), (400), (422), (333), (440), (622) and (444) reflections of NCZFO with cubic 

symmetry. The emergence of the BCZTO phase with tetragonal symmetry was supported by 

the wide peaks (200/002) and (211/112). There is no indication of the impurity phases' 

existence at the resolution limit of XRD. The absence of peaks in the XRD spectrum 

corresponding to the impurity phase shows how pure each phase is. This indicates that the Ca2+ 

and Zr4+ ions were successfully incorporated into the BaTiO3 lattice's tetrahedrally and 

octahedrally coordinated (A and B)-sites to create a homogeneous solid solution. The lattice 

constants of the BCZTO and NCZFO phases were calculated using the interplanar distance 

(𝑑ℎ𝑘𝑙) seen in the XRD spectra.Using the following formulae, the lattice constants of the 

NCZFO and BCZTO phases were calculated [185, 340]: 

(i)  𝑎2 = (
𝜆2

4𝑠𝑖𝑛2𝜃ℎ𝑘𝑙
) × (ℎ2 + 𝑘2 + 𝑙2)  

and (ii) 𝑠𝑖𝑛2𝜃ℎ𝑘𝑙 =
𝜆2(ℎ2+𝑘2)

4𝑎2
+
𝜆2𝑙2

4𝑐2
  

where, hkl denote the Miller’s indices, 𝜆 represents to X-ray’s wavelength and 𝜃ℎ𝑘𝑙 denotes 

diffraction angle. The BCZTO has lattice constant, a = b = 4.0034 Å and c = 4.0066 Å 

possessing tetragonal ratio c/a of 1.0008 whilst the NCZFO has the lattice constant of (8.4263 

± 0.0027) Å. The cell volume of BCZTO and NCZFO has been estimated employing the 

equations: 𝑉𝑐𝑒𝑙𝑙 (𝐵𝐶𝑍𝑇𝑂)  =  𝑎
2𝑐 and 𝑉𝑐𝑒𝑙𝑙 (𝑁𝐶𝑍𝐹𝑂)  =  𝑎

3, where a and c denote the lattice 

constant of BCZTO and NCZFO. The cell volume of BCZTO and NCZFO is 64.2146 Å3 and 

(598.2904 ± 0.5704) Å3. The crystallite diameter (𝐷ℎ𝑘𝑙) of calcinated BCZTO and NCZFO 
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powders was separately determined using Debye-Scherrer’s formula [183] using the strongest 

peak of BCZTO (110) and the strongest peak of NCZFO (311). The calcinated BCZTO has a 

small crystallite diameter (39.3 nm), whilst the calcinated NCZFO has a large crystallite 

diameter (57.9 nm). The inset of Figure 4.26 (a) shows the micromorphological structures of 

BCZTO powder (underneath panel) and NCZFO powder (top panel) calcinated for 5 h at 1223 

K. Both BCZTO and NCZFO powders were found to be highly agglomerated with small 

primary particle diameters. Figure 4.26 (b) shows the FTIR spectra of (i) BCZTO and (ii) 

NCZFO powders calcinated for 5 h at 1223 K. In Figure 4.26 (i), only one broad higer 

wavenumber band is detected at 524.64 cm-1, proving the development of a perovskite 

framework.  
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Figure 4.27: XRD profiles of (1-y) [BCZTO] + (y) [NCZFO] (y = 0-1.0) composite 

multiferroics annealed for 5 h at: (a) 1373, (b) 1423, (c) 1473 and, (d) 1523 K. 
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The two strong wavenumber bands can bee seen in Figure 4.26 (ii) for the calcinated powder 

associated with the cubic spinel ferrite. The presence of a high wavenumber band (𝜈1) at 578.64 

cm-1 indicates to the tetrahedrally coordinated (A)-site whilst the presence of a low 

wavenumber band (𝜈2) at 389.44 cm-1 is associated with the octahedrally coordinated (B)-site. 

These two distinctive bands result from the stretching and bending vibrational modes resulting 

from interplay among the atoms of oxygen and cations within the limits of the tetrahedrally 

coordinated (A) and octahedrally coordinated (B)-sites, accordingly. We may thus draw the 

conclusion that the evolution of the cubic spinel architecture has been shown. The Fe3+-O2- 

lengths at the A-site (1.865 Å) and the B-site (2.02 Å), respectively, vary, which accounts for 

the variation in band locations [341]. Consequently, the FTIR spectra demonstrate that the 

calcinated powder has entirely changed into a ferrite skeleton. In response to the H-O-H 

bending vibrational mode of free or adsorbed water, a wide band was seen between 1616.35 

cm-1 due to BCZTO and 1608.63 cm-1 due to NCZFO. Water adsorption may be connected to 

the component phases' high volume to surface ratios [342]. The existence of residual adsorbed 

or ambient CO2 can be confirmed by an intense wavenumber band seen at 2375.95 cm-1 due to 

BCZTO and 2375.95 cm-1 due to NCZFO. Owing to the CH2 vibration, two additional 

wavenumbers that occur at 2924.09 cm-1 and 2864.29 cm-1 due to BCZTO and 2924.09 cm-1 

and 2858.51 cm-1 due to NCZFO are attributed to asymmetrical and symmetrical carbon chains, 

accordingly. Due to O-H stretching from the condensing items, the wide bands at 3442.94 cm-

1 due to BCZTO and 3439.08 cm-1 due to NCZFO have been seen [343]. Figure 4.27 displays 

the XRD profiles of (1-y) [BCZTO] + (y) [NCZFO] composite multiferroics annealed at 1373 

K in (a), 1423 K in (b), 1473 K in (c), and 1523 K in (d), over the course of five hours. As 

shown in Figure 4.27 (a-d), the composite multiferroics' XRD spectrum is able to be listed by 

the expected BCZTO [represented by solid circles (•); intense peak is (110)] and NCZFO 

[represented via a diamond (♦); for importance, just the strongest (311) peak] peak, and no 

additional contamination phases can be listed, demonstrating that each of the component phases 
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may exist together and demonstrate the anticipated chemical suitability instead of a response 

amongst the two phases during the process of crystallization and nucleation. This is crucial for 

the manufacture of magnetoelectric composite multiferroics in order to prevent a decline in the 

dielectric and magnetic characteristics of the component phases during sintering. The phase 

proportion in the compounds affects the strength of the strongest peaks, such as (311) NCZFO 

and (110) BCZTO. A precise examination of the composite multiferroics' XRD patterns 

discloses that as NCZFO concentrations rise, so do the NCZFO phase's peak intensity and 

number. For instance, the primary peaks [(220), (311), (400), (511), and (440)] related to the 

NCZFO escalate slowly as you raise the NCZFO amount from y = 0.0 to y = 1.0 subsequently, 

the primary peaks [(110), (111), (200), (210), (211), and (220) related to the BCZTO drop over 

time to eventually accomplish pristine BCZTO. 
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Figure 4.28: Partial enlargement of (110) and (311) peaks of (1-y) [BCZTO] + (y) [NCZFO] 

(y = 0-1.0) composite multiferroics in the midst of 2θ = 30°-36° annealed for 5 h at: (a) 1373, 

(b) 1423, (c) 1473 and, (d) 1523 K, and (e, f) shows composition and Ts dependent intensity 

ratio of (311)/(110). 

 

This increase in the strength that corresponds to NCZFO indicates a boost in the crystal 

architecture of the material, and it is supported by the fact that BCZTO-NCZFO composite 

multiferroics with distinct NCZFO amounts. Exact locations of the cations Cu2+ (0.73 Å, 
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coordination number, CN = 6), Zn2+ (0.74 Å, CN = 6), Ca2+ (1.34 Å, CN = 12), and Zr4+ (0.72 

Å, CN = 6). The ionic radius and valence of the constituent elements can be used to identify 

the lattice. The ionic radius of Cu2+ (0.73 Å, CN = 6), Zn2+ (0.74 Å, CN = 6), Ni2+ (0.69 Å, CN 

= 6), Ca2+ (1.34 Å, CN = 12), Ba2+ (1.35 Å, CN = 6), Zr4+ (0.72 Å, CN = 6) and Ti4+ (0.605 Å, 

CN = 6). Therefore, Cu2+ (0.73 Å, CN = 6), Zn2+ (0.74 Å, CN = 6), Ca2+ (0.99 Å, CN = 6) and 

Zr4+ (0.72 Å, CN = 6) mainly reside Ni2+ (0.69 Å, CN = 6), Ba2+ (1.35 Å, CN = 6) and Ti4+ 

(0.605 Å, CN = 6) cations [344]. Therefore, it may be said that the composite multiferroics that 

were created satisfy the rules of combining. From Fig. 4.28 (a-f), it is noticeable that the 

strongest peak (110) of the BCZTO is nearly retained at y = 0.1, 0.4, and 0.6 at 1373 K. At y = 

0.2, y = 0.5, the strong peak (110) changes towards smaller angle, while at y = 0.3, 0.6, 0.7, 

and 0.8, the strongest peak (110) moves to larger angle. At the identical time, the strongest 

peak (311), that correlates to the NCZFO, changes towards higher angles in y = 0.3, 0.4, 0.6, 

0.7, and 0.8 and towards lower angles in y = 0.2 and 0.5. As the level of NCZFO rises, the 

strongest maximum (110) connected with the BCZTO phase changes to smaller angles at 1423 

K. At 1423 K, as the level of NCZFO rises, the strogest maximum (311) correlating to the 

NCZFO as well moves to lower angle. As the level of NCZFO is raised, the strongest maximum 

(110) connected with the BCZTO phase changes to lower angle. On raising NCZFO volume at 

1473 K, the sharpest maximum (311) correlating to NCZFO as well changes toward lower 

angle. The strongest maximum (110) at 1523 K, which correlates to the BCZTO phase, changes 

toward lower angle while the NCZFO volume is raised. At 1373 K, the strogest maximum 

(311) associated with the NCZFO likewise changes towards a lower Bragg diffraction angle as 

the quantity of the NCZFO escalates. The splitting of the BCZTO (002/200) peak at 2θ ∼ 45° 

was seen in both pure BCZTO and composite multiferroics, confirming the tetragonal geometry 

of BCZTO. It's also important to note that the (002)/(200) splitting gets progressively worse 

when the NCZFO phase content of the composite rises. The electrostatic attraction between the 

3d electrons of Ti4+ and the 2p electrons of O2-ions is the mechanism that creates the resulting 
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splitting (002/200) characteristic peak [345, 346]. The crystallite diameter is also calculated 

employing Debye-Scherrer's relationship [183]. Table 4.32-4.35 lists the lattice constants, 

crystallite diameter, and tetragonality for each phase in all Ts. From Table 4.32-4.35, it is easy 

to see that the average crystallite diameter of each phase alters in a non-systematically on 

upsuring NCZFO amount and Ts. This diverse fluctuation in crystallite diameter may be 

assigned to the juxtaposition effect caused by two components, such as (1) alterations in the 

cell volume (the lattice constant), and (2) tensions and microstrains that stemmed from defects 

in the structure of the crystal, such as stacking faults, dislocations, vacancies, etc. [296].  

Additionally, the composite multiferroics' combined powders' nano-characteristics may be 

seen. As compared to each of the component phases, i.e., NCZFO and BCZTO, the lattice 

constants of the component phases of the composite multiferroics are marginally different. A 

number of chemical interactions occur in a portion of the BCZTO phase while sintering. At 

first, the chemical bonds of Ba2+-O2--Ba2+, Ca2+-O2--Ca2+, Zr4+-O2--Zr4+, Ti4+-O2--Ti4+, Ba2+-

O2--Ti4+, Ca2+-O2--Ti4+, Ba2+-O2--Zr4+, Ca2+-O2--Zr4+ decomposes because some of O2- is 

excited. Then, the ions Ba2+ (1.35 Å), Ca2+ (0.99 Å) and Zr4+ (0.72 Å) and Ti4+ (0.605 Å) 

substitute the Fe3+ ion (0.645 Å) at tetrahedrally and octahedrally coordinated (A and B)-sites 

ions of NCZFO architecture [347]. This alteration might be attributable to a shift in the ionic 

radii of the metal ions; for example, Ni2+ ion (0.69 Å), Cu2+ ion (0.73 Å), Zn2+ ion (0.74 Å) ion 

have higher radii than Fe3+ ions (0.645 Å), Ba2+ (1.35 Å), Ca2+ (0.99 Å), Zr4+ (0.72 Å) and Ti4+ 

ions (0.605 Å), which are available in composite multiferroics [344]. Table 4.32-4.35 shows 

that (c/a) declines on rising NCZFO amount. The decrease in (c/a) ratio is attributed to the 

overlap of the (002/200) peaks on escalating NCZFO amount [348]. It is evident that when the 

NCZFO amount rises, the peak strength ratio rises as well. The intensity ratio was observed to 

decline to a maximum of 1473 K in the composite multiferroics with y = 0.1-0.4 and 0.6 and 

showed a rising feature at 1523 K. In y = 0.5, the intensity ratio was reduced at 1423 K, and 

after which, it was observed to improve with further increase in Ts. The ratio of intensity peak 
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in y = 0.7 was enhanced to a maximum of 1473 K and decrease at 1523 K. It is obsereved that 

the ratio of intensity peak in y = 0.8 increases with increasing Ts. The changed connection of 

the NCZFO phase is the factor that leads the peak ratio to rise. The proportion of the component 

phases in the composite multiferroics is determiend employing the following formula: % of 

NCZFO/BCZTO = 
Area under the spinel peak (311) area under the perovskite peak {(110)+(101)}⁄

area under the perovskite peak {(110)+(101)}+Area under the spinel peak (311)
×

100% [349]. The achieved phase fractions for each phase correspond roughly to the fractions 

originally used in the synthesis and are summarized in Table 4.32-4.35. This also confirms the 

simultaneous existence of the component phases within the composite.  

4.3.2. Micromorphological and densification investigation 

Figure 4.29 (i-x) and (xi-xx) show the micromorphological structures of (1-y) [BCZTO] + (y) 

[NCZFO] composite multiferroics annealed for 5 h at 1373 K and 1423 K. On the other hand, 

Figure 4.30 (i-x) and (xi-xx) represent the micromorphological structures for the composite 

multiferroics annealed for 5 h at 1473 K and 1523 K. The micromorphological structures of 

BCZTO (Figure 4.29 (i) annealed at 1373 K and (xi) annealed at 1423 K and Figure 4.30 (i) 

annealed at 1473 K and (xi) annealed at 1523 K phase and NCZFO (Fig. 4.29 (x) annealed at 

1373 K and (xx) annealed at 1423 K and 4.30 (x) annealed at 1473 K and (xx) annealed at 

1523 K phase exhibits a quasi-spherical like micrstructures with generally uniform grain 

diameter, few holes or pores, and little agglomeration. The incorporation of NCZFO to BCZTO 

displays the grain's asymmetrical form. The emergence of the grain's irregular form as the 

NCZFO concentration rises may be attributed to the NCZFO particles' segregation at the grain 

borders and their filling of pores in the midst of BCZTO grains. The line intercept approach 

[350] was used to calculate the grain diameter of the component phases and the composite 

multiferroics, and the results are shown in Table 4.32-4.35. 
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Figure 4.29: Micromorphological structures of (1-y) [BCZTO] + (y) [NCZFO] (y = 0-1.0) 

composite multiferroics (i) y = 0 (pure BCZTO), (ii) y = 0.1, (iii) y = 0.2, (iv) y = 0.3, (v) y = 

0.4, (vi) y = 0.5, (vii) y = 0.6, (viii) y = 0.7, (ix) y = 0.8, (x) y = 1  (pure NCZFO) annealed at 

1373 K for 5h and  (xi) y = 0 (pure BCZTO), (xii) y=0.1, (xiii) y = 0.2, (xiv) y = 0.3, (xv) y = 

0.4, (xvi) y = 0.5, (xvii) y = 0.6, (xviii) y = 0.7, (xix) y = 0.8, (xx) y = 1 (pure NCZFO) annealed 

at: 1423 K for 5h. 

 

The NCZFO has bigger grains than the BCZTO, as seen in Table 4.32-4.35. This phenomenon 

is attributed to the BCZTO and NCZFO's different formation temperatures [349]. Another way 

to explain this characteristic is as follows: the heavier and larger component atoms in BCZTO 

may be responsible for the difference in grain diameter in the midst of the component phases, 

y = 0.0 y = 0.1 y = 0.2 y = 0.3 

y = 0.4 y = 0.5 
y = 0.6 y = 0.7 

y = 0.8 y = 1.0 y = 0.0 y = 0.1 

y = 0.2 y = 0.3 y = 0.4 y = 0.5 

y = 0.6 y = 0.7 y = 0.8 y = 1.0 

(i) (ii) (iii) (iv) 

(v) (vi) (vii) (viii) 

(ix) (x) (xi) (xii) 

(xiii) (xiv) (xv) (xvi) 

(xvii) (xviii) (xix) (xx) 
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and less mass transport during phase formation may have resulted in smaller grains compared 

to NCZFO grains [351]. Due to the discrepancy in the midst of the component phases' thermal 

expansion coefficients and rates of densification, it is impossible to prevent internal stress in 

composite multiferroics [352, 353]. It is conceivable that stress is the cause of the formation of 

the irregular micromorphology alongside varying grain diameters, as evidenced by the 

modification in the grain architecture on rising NCZFO concentration [352, 353]. The observed 

reduction in composite grain diameter on rising NCZFO concentration can be ascribed to the 

distinct grain diameters of the component phases. Due to the NCZFO phase's potential to 

impede grain growth, the reduction in grain diameter that occurs with increased NCZFO 

concentration may also be attributed to the BCZTO phase's grain growth being slowed. As the 

amount of NCZFO in the grain increases, the electron’s mean free path is improved, which 

improves the composite multiferroics' resistivity and magnetoelectric properties [368]. With 

rising Ts, it is seen that the grain diameter steadily increases. This is due to the fact that the 

diffusion coefficient rises as Ts rises [354], which causes the grain border to shift quickly and 

encourages grain expansion [207]. It is important to note that the grain diameter determined 

from FESEM micrographs using the linear intercept approach is larger than the crystallite 

diameter determined from XRD patterns employing the Debye-Scherrer’s prescription. The 

difference amongst these two characteristics is that the crystallite grain diameter is what is 

determined by XRD patterns, while the particle diameter is determined by FESEM 

micrographs. 
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Figure 4.30: Micromorphological structures of (1-y) [BCZTO] + (y) [NCZFO] (y = 0-1.0) 

composite multiferroics (i) y = 0 (pure BCZTO), (ii) y = 0.1, (iii) y = 0.2, (iv) y = 0.3, (v) y = 

0.4, (vi) y = 0.5, (vii) y = 0.6, (viii) y = 0.7, (ix) y = 0.8, (x) y = 1  (pure NCZFO) annealed at 

1473 K for 5h and  (xi) y = 0 (pure BCZTO), (xii) y = 0.1, (xiii) y = 0.2, (xiv) y = 0.3, (xv) y = 

0.4, (xvi) y = 0.5, (xvii) y = 0.6, (xviii) y = 0.7, (xix) y = 0.8, (xx) y =1 (pure NCZFO) annealed 

for 5 h at: 1523 K.  

 

It is essential to note that because a single particle may include more than one crystalline grains, 

the crystalline grain diameter may be less than the particle diameter. Since the crystallite 

diameters of the grains in composite multiferroics are not totally equal, the results derived from 

the Debye-Scherrer formula represent the genuine mean of crystallite grains with various 

diameters. Additionally, because the crystalline grain is not spherical, its thickness varies in 

(i) (ii) (iii) (iv) 

(v) (vi) (vii) (viii) 

(ix) (x) (xi) (xii) 

(xiii) (xiv) (xv) (xvi) 

(xvii) (xviii) (xix) (xx) 

y = 0.0 y = 0.1 y = 0.2 y = 0.3 

y = 0.4 y = 0.5 y = 0.6 y = 0.7 

y = 0.8 
y = 1.0 y = 0.0 y = 0.1 

y = 0.2 y = 0.3 y = 0.4 y = 0.5 

y = 0.6 y = 0.7 y = 0.8 y = 1.0 
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various directions, meaning that the diameter of the crystalline grain achieved by distinct 

diffraction peaks is frequently variable [355]. The component phases' and composite 

multiferroics' bulk densities (𝜌𝑏𝑢𝑙𝑘 ) were calculated using the following relation: 𝜌𝑏𝑢𝑙𝑘 =

𝑚𝑎𝑠𝑠

𝑣𝑜𝑙𝑢𝑚𝑒
=

𝑚

𝜋𝑟2ℎ
, where 𝑚 represents the mass of the component phases, and the composite 

multiferroics, 𝑟 denotes the pellet specimen’s radius and ℎ denotes the thickness of the pellet 

specimens. Table 4.32-4.35 provides a brief summary of the composite multiferroics' 

𝜌𝑏𝑢𝑙𝑘  values. It is noticeable from Figure 4.31 that, with the exception of the composite with y 

= 0.1, the 𝜌𝑏𝑢𝑙𝑘 value rises on escalating NCZFO level at 1373 K. when anticipated, when the 

NCZFO concentration rises, so does the 𝜌𝑏𝑢𝑙𝑘 value for the composite multiferroics. In the 

beginning, the 𝜌𝑏𝑢𝑙𝑘 value is increaseed owing to the enhanced grain development and 

decreased porosity, and afterwards, the 𝜌𝑏𝑢𝑙𝑘  value is changeed little considering the ideal 

grain compactness. It is also important to note that high Ts may result in increased sample 

density, which can be attributed to grain expansion via advancement of grain border motion 

[356]. When the NCZFO content is increased further, the value of 𝜌𝑏𝑢𝑙𝑘  is shown to grow to a 

maximum of y = 0.2, then decrease to y = 0.4, and then increase once more. The 𝜌𝑏𝑢𝑙𝑘 value at 

1473 K steadily rises as NCZFO content rises. When the NCZFO amount is increased at 1523 

K, the 𝜌𝑏𝑢𝑙𝑘 value is seen to grow to maximum of y = 0.7 and then diminishes at y = 0.8. When 

the NCZFO content is increased, the value of 𝜌𝑏𝑢𝑙𝑘  is seen to steadily grow at 1373 K, however 

at 1473 K, the value of 𝜌𝑏𝑢𝑙𝑘  is seen to decrease. Additionally, the value of 𝜌𝑏𝑢𝑙𝑘  for the 

composite multiferroics at 1473 K is less than that of 𝜌𝑏𝑢𝑙𝑘  at 1423 K. The elevated grain 

growth may be responsible for the decrease in 𝜌𝑏𝑢𝑙𝑘 value. Here, the intergrain gaps are made 

larger due to the increased grain diameter [357]. When compared to 1373 K, the value of 

𝜌𝑏𝑢𝑙𝑘 is less at 1423 K. The dissolution or interdiffusion in the midst of the BCZTO and 

NCZFO phases appears to be the primary cause of this decline. From 1373 to 1523 K, the 

density of the NCZFO rises. Since the Ts of the NCZFO is smaller than that of the BCZTO, the 
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densification at elevated Ts is attributed to the creation of the liquid phase, a decrease in 

activation energy, and encouragement of grain development. The exchange interactions 

amongst Fe3+ and Zr4+, Ti4+ through O2- ions may be responsible for the rise in 𝜌𝑏𝑢𝑙𝑘 value. 

Component phases' and composite multiferroics' X-ray densities (𝜌𝑋−𝑟𝑎𝑦 ) were estimated 

using the relationships [358, 359]: 

(i)  𝜌𝑋−𝑟𝑎𝑦(𝐵𝐶𝑍𝑇𝑂) =
𝑍𝑀𝑊(𝐵𝐶𝑍𝑇𝑂)

𝑁𝐴𝑎2𝑐
,  

(ii) 𝜌𝑋−𝑟𝑎𝑦(𝑁𝐶𝑍𝐹𝑂) =
𝑍𝑀𝑊(𝑁𝐶𝑍𝐹𝑂)

𝑁𝐴𝑎3
,  

and 

(iii)  𝜌𝑋−𝑟𝑎𝑦(𝐶𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒) =
𝑚(𝑁𝐶𝑍𝐹𝑂)+𝑚(𝐵𝐶𝑍𝑇𝑂)

𝑚(𝑁𝐶𝑍𝐹𝑂)×𝜌𝑋−𝑟𝑎𝑦(𝑁𝐶𝑍𝐹𝑂)+𝑚(𝐵𝐶𝑍𝑇𝑂)×𝜌𝑋−𝑟𝑎𝑦(𝐵𝐶𝑍𝑇𝑂)
,  

where 𝑍 denotes number of atom per unit cell (𝑍 = 1 for BCZTO and 𝑍 = 8 for NCZFO) 

𝑀𝑤(BCZTO) and 𝑀𝑤(NCZFO) are the molecular mass,  𝑎 and 𝑐 are the lattice constants of 

BCZTO and NCZFO, and 𝑁𝐴 denotes the Avogadro’s number, 𝑚(NCZFO) and 𝑚(BCZTO) are 

the masses of NCZFO and BCZTO, 𝜌𝑋−𝑟𝑎𝑦(NCZFO), 𝜌𝑋−𝑟𝑎𝑦(BCZTO), and 

𝜌𝑋−𝑟𝑎𝑦(composite) the 𝜌𝑋−𝑟𝑎𝑦of NCZFO, BCZTO, and composite multiferroics. Table 4.32-

4.35 provides a summary of the value of 𝜌𝑋−𝑟𝑎𝑦  for the composite multiferroics for all Ts. 

Table 4.32-4.35 makes it clear that the value of the 𝜌𝑋−𝑟𝑎𝑦  displays a declining pattern with 

increasing NCZFO concentration. The large value of the NCZFO phase's lattice constant may 

be to blame for this descendent behavior. Additionally, compared to Ni2+ (8.91 g/cm3), Cu2+ 

(8.96 g/cm3), Zn2+ (7.14 g/cm3) and Fe3+ (7.874 g/cm3), has higher density than that of Ba2+ 

(3.51 g/cm3), Ca2+ (1.55 g/cm3), Zr4+ (6.52 g/cm3) and Ti4+ (4.51 g/cm3), which also causes the 

reduction in 𝜌𝑋−𝑟𝑎𝑦  for all Ts. [360]. According to Table 4.32-4.35, there is a pronounced 

difference in the midst of the values of the 𝜌𝑏𝑢𝑙𝑘 and 𝜌𝑋−𝑟𝑎𝑦 , indicating that the value of the 

𝜌𝑏𝑢𝑙𝑘  is much less than the 𝜌𝑋−𝑟𝑎𝑦 . The existence of the pores created during manufacturing 
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and sintering in the composite multiferroics [345] is explicitly indicated in this discrepancy.  

The component phases (BCZTO and NCZFO) and composite multiferroics' porosity were 

estimated using: (%) porosity = 
𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦−𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

𝑡ℎ𝑒𝑜𝑟𝑒𝑡𝑖𝑐𝑎𝑙 𝑑𝑒𝑛𝑠𝑖𝑡𝑦
× 100 and presented in 

Table 4.32-4.35.  Two significant elements, such as intergranular porosity (𝑃𝑖𝑛𝑡𝑒𝑟) (at the point 

where grains converge) and intragranular porosity (𝑃𝑖𝑛𝑡𝑟𝑎) (within a grain), are responsible for 

the porosity in ceramics [313]. As a result, the total porosity (𝑃 (%)  =  𝑃𝑖𝑛𝑡𝑒𝑟  +  𝑃𝑖𝑛𝑡𝑟𝑎) is the 

combination of 𝑃𝑖𝑛𝑡𝑒𝑟 and 𝑃𝑖𝑛𝑡𝑟𝑎. To totally eradicate intragranular porosity is actually 

extremely challenging. Additionally, 𝑃𝑖𝑛𝑡𝑒𝑟 is said to rely on grain diameter, whereas 𝑃𝑖𝑛𝑡𝑟𝑎 is 

said to depend on Ts [313, 361]. The grain diameter is seen to vary randomly when NCZFO 

content rises. Because of this, when NCZFO concentration rises, 𝑃𝑖𝑛𝑡𝑟𝑎 has a greater effect 

whereas the attribution of 𝑃𝑖𝑛𝑡𝑒𝑟 fluctuates randomly [362]. A convincing justification for the 

NCZFO phase's ability to successfully accelerate the densification of the composite 

multiferroics can be seen in Table 4.32-4.35, which shows that the porosity drops on rising 

NCZFO level. Moreover, when Ts increases, the porosity decreases. This decrease of porosity 

with various Ts is associated with the observation that the component grains get bigger and 

close together, enhancing the grain-to-grain contact [363]. More mobile magnetic domains are 

created as a result of reduced porosity, which has a substantial impact on magnetic 

permeability. 
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Figure 4.31: Evolution of: (a, b) bulk density (𝜌𝑏𝑢𝑙𝑘), (c, d) theoretical density (𝜌𝑋−𝑟𝑎𝑦) and 

(e, f) with composition and Ts of (1-y) [BCZTO] + (y) [NCZFO] (y = 0-1.0) composite 

multiferroics. 

 

 



 

260 

 

Table 4.32. Lattice constants, proportion of the component phases, bulk density (𝜌𝑏𝑢𝑙𝑘 ), theoretical density (𝜌𝑋−𝑟𝑎𝑦 ), porosity (P), grain diameter 

(𝐷𝑆𝐸𝑀 ), and crystallite diameter (𝐷ℎ𝑘𝑙) of (1- y) [BCZTO] + (y) [NCZFO] composite multiferroics annealed at 1373 K  

Ts 

(ºC) 

Composit

ion (x) 

Lattice constant (Å) % of component 

phases 
𝜌𝑏𝑢𝑙𝑘  

(g/cm3) 

𝜌𝑋−𝑟𝑎𝑦  
(g/cm3) 

𝐷𝑆𝐸𝑀  
(𝝁m) 

𝑃(%) 𝐷ℎ𝑘𝑙 (nm) 

NCZFO BCZTO NCZFO BCZTO NCZFO BCZTO 

𝑎 𝑎 𝑐 𝑐/𝑎 

 

 

 

 

1373 

0 - 3.9863 

 

4.3206 1.0838 

 

- 100 4.57 5.51 

 

0.45 17 - 25.9 

0.1 8.4191 4.0064 

 

3.8436 0.9699 

 

8.58 

 

91.427 

 

4.29 6.05 

 

0.45 29 

 

41.9 21 

0.2 8.4237 4.0394 

 

3.7476 

 

0.9278 

 

20.92 

 

79.08 

 

4.47 6.01 

 

0.46 26 

 

49.1 21.2 

0.3 8.4159 

 

3.9810 

 

4.0624 

 

1.0181 

 

29.24 

 

70.76 

 

4.55 5.71 

 

0.40 20 

 

25.3 17.2 

0.4 8.4138 

 

4.0083 

 

4.0299 

 

1.0054 38.81 

 

61.19 

 

4.54 5.64 

 

0.46 20 

 

38 19.3 

0.5 8.4143 4.0181 

 

3.8553 

 

0.9595 47.14 

 

52.86 

 

4.58 5.71 

 

0.46 20 

 

43 21.4 

0.6 8.4201 4.0229 3.8220 

 

0.9501 

 

56.02 

 

43.98 

 

4.65 5.64 

 

0.51 18 

 

36.8 23.9 

0.7 8.3856 

 

4.0618 

 

3.4961 

 

0.8607 

 

64.40 

 

35.60 

 

4.71 5.74 0.51 18 

 

43.4 28.1 

0.8 8.3993 

 

4.0707 

 

3.4721 

 

0.8530 71.07 

 

28.93 

 

4.71 5.60 0.40 16 

 

48.2 40 

1.0 8.3888 - - - 100 - 5.21 5.38 1.89 3 

 

52.7 - 
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Table 4.33. Lattice constants, proportion of the component phases, bulk density (𝜌𝑏𝑢𝑙𝑘 ), theoretical density (𝜌𝑋−𝑟𝑎𝑦 ), porosity (P), grain diameter 

(𝐷𝑆𝐸𝑀 ), and crystallite diameter (𝐷ℎ𝑘𝑙) of (1- y) [BCZTO] + (y) [NCZFO] composite multiferroics annealed at 1423 K 

 

Ts 

(ºC) 

Composition 

(x) 

Lattice constant (Å) % of component 

phases 
𝜌𝑏𝑢𝑙𝑘  

(g/cm3) 
𝜌𝑋−𝑟𝑎𝑦  
(g/cm3) 

𝐷𝑆𝐸𝑀  
(𝝁m) 

𝑃(%) 𝐷ℎ𝑘𝑙 (nm) 

NCZFO BCZTO NCZFO BCZTO NCZFO BCZTO 

𝑎 𝑎 𝑐 𝑐/𝑎 

 

 

 

 

1423 

0 - 3.9909 

 

3.9820 

 

0.9978 

 

- 100 4.03 

 

5.96 

 

0.44 32 - 37.2 

0.1 8.4066 4.0014 

 

3.9846 

 

0.9958 

 

5.46 

 

94.54 

 

4.04 

 

5.87 

 

0.22 31 52.8 22.9 

 

0.2 8.4136 4.0048 3.9959 0.9978 

 

13.92 

 

86.08 

 

4.58 

 

5.79 

 

0.39 21 77.9 33 

0.3 8.4047 4.0058 3.9757 0.9925 17.71 

 

82.29 

 

4.22 

 

5.76 

 

0.56 27 

 

81.8 22.6 

0.4 8.4053 

 

4.0008 3.9765 0.9939 27.04 

 

72.96 

 

4.12 

 

5.71 

 

0.32 28 65.1 22.4 

0.5 8.4013 3.9977 

 

3.9894 0.9979 35.88 

 

64.12 

 

4.28 

 

5.65 

 

0.48 24 77.2 21.8 

0.6 8.3980 3.9962 4.0069 1.0027 47.95 52.05 

 

4.40 

 

5.58 

 

0.54 21 

 

73.2 21.3 

0.7 8.3974 4.0019 

 

3.9745 

 

0.9932 58.88 

 

41.12 

 

4.63 

 

5.54 

 

0.61 16 

 

91.6 21.3 

0.8 8.4033 4.0136 3.97753 0.9905 69.87 

 

30.13 

 

4.68 

 

5.46 

 

0.81 14 

 

86 20.4 

1.0 8.3974 

 

- - - 100 - 5.14 

 

5.37 1.32 4 

 

103 - 
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Table 4.34. Lattice constants, proportion of the component phases, bulk density (𝜌𝑏𝑢𝑙𝑘 ), theoretical density (𝜌𝑋−𝑟𝑎𝑦 ), porosity (P), grain diameter 

(𝐷𝑆𝐸𝑀 ), and crystallite diameter (𝐷ℎ𝑘𝑙) of (1- y) [BCZTO] + (y) [NCZFO] composite multiferroics annealed at 1473 K 

 

Ts 

(ºC) 

Composition 

(x) 

Lattice constant (Å) % of component 

phases 
𝜌𝑏𝑢𝑙𝑘  

(g/cm3) 

𝜌𝑋−𝑟𝑎𝑦  

(g/cm3) 

𝐷𝑆𝐸𝑀   
(𝝁m) 

P (%) 𝐷ℎ𝑘𝑙 (nm) 

NCZFO BCZTO NCZFO BCZTO NCZFO BCZTO 

𝑎 𝑎 𝑐 𝑐/𝑎 

 

 

 

 

 

 

 

 

 

1473 

0 - 3.9888 4.2320 1.061 - 100 3.98 

 

5.62 

 

0.38 29.18 

 

- 10 

0.1 8.4212 

 

4.0077 3.9381 0.9826 10.14 89.86 3.98 

 

5.91 

 

0.49 32.66 74.4 7.58 

0.2 8.4046 

 

4.0376 3.7164 0.9204 16.46 83.54 4.16 

 

6.07 

 

0.49 31.47 

 

106 29.2 

0.3 8.4011 

 

4.0012 

 

4.1516 1.0376 

 

30.99 69.00 4.38 

 

5.59 0.43 21.65 

 

81.6 27.5 

0.4 8.4320 

 

4.0134 4.0692 

 

1.0139 

 

39.56 60.44 4.57 

 

5.58 0.66 18.10 59 29.3 

0.5 

 

8.4093 

 

4.0407 

 

3.7117 0.9186 

 

43.66 56.34 4.74 5.79 

 

0.54 18.13 65.4 29.6 

0.6 8.4283 

 

4.0428 3.8331 

 

0.9481 

 

59.29 42.71 4.88 

 

5.60 0.82 12.86 

 

70.6 28.8 

0.7 8.4439 

 

4.1015 3.5399 

 

0.8631 66.55 33.45 5.02 

 

5.60 1.06 10.36 

 

76.4 33.5 

0.8 8.4180 

 

4.0257 3.9582 0.9832 

 

72.25 27.75 5.03 

 

5.44 1.04 7.54 83.4 30.4 

1.0 8.4365 

 

- - - 100 - 5.18 

 

5.29 7.51 2.08 95.7 - 
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Table 4.35. Lattice constants, proportion of the component phases, bulk density (𝜌𝑏𝑢𝑙𝑘 ), theoretical density (𝜌𝑋−𝑟𝑎𝑦 ), porosity (P), grain diameter 

(𝐷𝑆𝐸𝑀 ), and crystallite diameter (𝐷ℎ𝑘𝑙) of (1- y) [BCZTO] + (y) [NCZFO] composite multiferroics annealed at 1523 K 

 

Ts 

(ºC) 

Composition 

(x) 

Lattice constant (Å) % of component 

phases 
𝜌𝑏𝑢𝑙𝑘  

(g/cm3) 

𝜌𝑋−𝑟𝑎𝑦  

(g/cm3) 

𝐷𝑆𝐸𝑀   
(𝝁m) 

P (%) 𝐷ℎ𝑘𝑙 (nm) 

NCZFO BCZTO NCZFO BCZTO NCZFO BCZTO 

𝑎 𝑎 𝑐 𝑐/𝑎 

 

 

 

 

1523 

0 - 4.0000 3.9909 0.9975 - 100 3.92 

 

5.93 0.67 33.90 - 38.5 

0.1 8.4098 

 

4.0196 3.8445 0.9564 9.16 

 

90.84 

 

4.41 

 

6.02 

 

0.27 26.74 65.0 29.6 

0.2 8.4026 

 

4.0095 4.0411 1.0079 22.32 

 

77.68 

 

4.68 

 

5.73 1.26 18.32 77.8 39.5 

0.3 8.4010 

 

4.0272 3.7510 0.9314 32.93 

 

67.07 

 

4.81 

 

5.96 0.93 19.30 82.2 52.6 

0.4 8.3969 

 

4.0344 3.6609 0.9074 42.42 

 

57.58 

 

4.89 

 

5.96 0.63 17.95 79.2 38.3 

0.5 8.4061 

 

4.0361 3.6373 0.9012 57.77 

 

42.23 

 

4.90 

 

5.87 0.34 16.52 99.0 39.2 

0.6 8.4259 

 

4.0324 3.7243 0.9236 62.95 

 

37.05 

 

4.91 

 

5.69 0.66 13.71 79.2 54.5 

0.7 8.4081 

 

4.0459 3.6250 0.8960 72.48 

 

27.52 

 

4.90 

 

5.66 0.97 13.43 69.7 25.4 

0.8 8.4007 4.1859 3.6571 0.8737 83.76 

 

16.24 

 

4.72 

 

5.47 1.21 13.71 75.1 43.1 

1.0 8.4047 

 

- - - 100 - 5.23 

 

5.35 1.45 1.87 95.7 - 
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4.3.3. Dielectric permittivity analsyis 

Figure 4.32 how the real component (휀′) of electric permittivity evolves with respect to 

frequency of (1 - y) [BCZTO] + (y) [NCZFO] composite multiferroics annealed for 5 h at 

various Ts: (a) 1373, (b) 1423, (c) 1473, and (d) 1523 K. The 휀′ value is often dependent on a 

number of factors, including stoichiometry, density, and uniform skeleton, porosity, and 

particle diameter. The 휀′ value in spectra decreases sharply at lower frequencies before 

evolving towards a frequency-independent value at higher frequencies. Maxwell-Wagner's 

theory [364] and Koop's theory [235] may both be used to explain this phenomenon. Pursuant 

to Maxwell-Wagner model, dielectric materials are widely recognized to have two layers, one 

of which is a highly conductive layer made up of grains and one more of which is a weakly 

conductive layer made up of grain borders. The contribution of the grain borders is substantial 

at lower frequencies, and as a result, grain border resistance is significantly high. As a result, 

space charges are prevented from emigrating and gathering at grain borders. This buildup of 

space charge helps to polarize the space charge, producing an extremely high 휀′value. Due to 

the electron hopping Fe2+ and Fe3+ ions, Zr3+ and Zr4+ ions, and Ti3+ and Ti4+ ions, dipolar 

polarization becomes more prevalent as the applied frequency rises. The electron exchange in 

the midst of the ions may be used to explain how the dipoles move, and as a result, the dipoles 

align with the field that is active. However, the possible impediment in the midst of Fe2+ and 

Fe3+, Zr3+ and Zr4+ and Ti3+ and Ti4+ ions will trigger the motion of the charge carriers to 

become inactive, leading to a relaxation of polarization. As a consequence, at higher 

frequencies, the polarization begins to recede behind the field. As a result, with rising 

frequency, the 휀′ value diminishes until it eventually becomes frequency independent [365]. 

Table 4.36-4.39 lists the values of 휀′ at various Ts and chosen frequencies. At 1373 and 1523 

K, the NCZFO exhibits maximum 휀′ in contrast to the BCZTO at lower frequencies (≤ 1 kHz). 

The spontaneous shift of the oxidation state in the midst of Fe2+ and Fe3+ at the tetrahedrally 

and octahedrally coordinated (A and B)-sites, which takes place without causing the crystal’s 
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energy state to alter, is what causes an anomalous rise in 휀′ in the NCZFO [346, 366, 367]. The 

value of 휀′ is maximal for the NCZFO and least in y = 0.8 and 0.0, since the availability of 

space charge polarization for the NCZFO phase is greatest near the grain borders. The mean 

free route of the electron is increased for the NCZFO phase by the largest grain diameter and 

lowest grain border region, and as a result, 휀′ becomes maximal for the NCZFO phase. In the 

earlier trial [368], comparable outcomes were noted.  
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Figure 4.32: Evolution of real component (휀′) of electric permittivity with frequency of (1-y) 

[BCZTO] + (y) [NCZFO] (y = 0-1.0) composite multiferroics annealed for 5 h at: (a) 1373, (b) 

1423, (c) 1473 and, (d) 1523 K, and (e. f) shows composition and Ts dependent 휀′ at 1MHz. 

The y = 0.8 composite demonstrates optimum 휀′ in comparison to BCZTO at 1423 K and 1473 

K at the lower frequencies (≤ 1 kHz), whereas the y = 0.6 and 0.3 composite multiferroics 

reveal lowest 휀′. The mobile charges' substantial density is where these improved dispersive 

properties come from [369]. Since the value of 휀′ for the NCZFO is greater than that of 휀′ for 
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the BCZTO [368], it is found that the 휀′ value at lower frequencies increases with increasing 

NCZFO concentration for only 1523 K. The 휀′ value is seen to diminish with increased NCZFO 

concentration at higher frequencies, as is readily apparent. The following variables could be 

the cause of the decrease in 휀′: (1) the lack of a percolation outcome and the disembodiment of 

component phases, (2) the NCZFO's 휀′ value is less than the BCZTO phase's 휀′ value (i.e., the 

dilution outcome), and (3) Verwey's class electronic interchange polarization [370, 371]. 

However, it has been found that when Ts rises, the value of 휀′ grows. The improvement in grain 

diameter with rising Ts and the increase in Fe2+ ions are both responsible for this increase in 

the value of 휀′. Through the use of the following equations, the experimental findings were 

compared to the theoretical results [372, 373]:  

(i) sum rule: 휀′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒) = (1 − 𝑥)휀′(𝐵𝐶𝑍𝑇𝑂) + (𝑥)휀′(𝑁𝐶𝑍𝐹𝑂),   

 

(ii) Lichtenecker equation [374]: 

 𝑙𝑛휀′(composite) = (1 − 𝑦)𝑙𝑛휀′(BCZTO) + (𝑦)𝑙𝑛휀′(NCZFO),  

 

(iii) Looyenga’s mixing formula [375, 376]: 

 휀′1 3⁄ (𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒) = (1 − 𝑦)휀′1 3⁄ (𝐵𝐶𝑍𝑇𝑂) + (𝑦)휀′1 3⁄ (𝑁𝐶𝑍𝐹𝑂),  

 

(iv) Maxwell-Wagner model [377]: 

휀′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒) = 휀′(𝐵𝐶𝑍𝑇𝑂) [
2 ′(𝐵𝐶𝑍𝑇𝑂)+ ′(𝑁𝐶𝑍𝐹𝑂)+2𝑦( ′(𝑁𝐶𝑍𝐹𝑂)− ′(𝐵𝐶𝑍𝑇𝑂))

2 ′(𝐵𝐶𝑍𝑇𝑂)+ ′(𝑁𝐶𝑍𝐹𝑂)−𝑦( ′(𝑁𝐶𝑍𝐹𝑂)− ′(𝐵𝐶𝑍𝑇𝑂))
],  

 

(v) Bruggeman model [378]: 

 (1 − 𝑦)
′(𝐵𝐶𝑍𝑇𝑂)− ′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒)

′(𝐵𝐶𝑍𝑇𝑂)+2 ′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒)
+ (𝑦)

′(𝑁𝐶𝑍𝐹𝑂)− ′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒)

′(𝑁𝐶𝑍𝐹𝑂)+2 ′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒)
= 0  

and  

(vi) Clausius-Mossotti law [379]: 

 
′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒)−1
′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒) +1

= (1 − 𝑦)
′(𝐵𝐶𝑍𝑇𝑂)−1
′(𝐵𝐶𝑍𝑇𝑂) +2

+ (𝑦)
′(𝑁𝐶𝑍𝐹𝑂)−1
′(𝑁𝐶𝑍𝐹𝑂) +2

, 

 

where y is the volume percent of the NCZFO phase and 휀′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒), 휀′(𝐵𝐶𝑍𝑇𝑂) 

and 휀′(𝑁𝐶𝑍𝐹𝑂) are the permittivities of the composite. Figure 4.33 compares the estimated value 
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of 휀′ with NCZFO content to the measured value (collected at 1 MHz) annealed for 5 h at various 

Ts: (a) 1373 K, (b) 1423 K, (c) 1473 K, and (d) 1523 K. 
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Figure 4.33: NCZFO content dependent experimental and predicted electric permittivity at 

1MHz of (1-y) [BCZTO] + (y) [NCZFO] (y = 0-1.0) composite multiferroics annealed for 5 h 

at: (a) 1373, (b) 1423, (c) 1473 and, (d) 1523 K. 

The discrepancy amongst the estimated and experimental values proves that composite 

multiferroics were effectively created and that it is impossible to avoid the consequence of 

ionic diffusion on 휀′ value amongst two separate phases [379, 380]. It is crucial to research the 

porosity adjustment for the experimental 휀′ value in order to eliminate the type of porosity that 

exists in composite multiferroics. In order to identify the existence of open porosity in the 

composite multiferroics, we utilized Rushman and Strivens' equation: 휀′(corrected) =

휀′(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) ×
2+𝑃

2×(1−𝑝)
, where 휀′(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑) denotes the measured electric permittivity 
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and 𝑃 represents the porosity [381, 382]. Figure 4.34 shows the porosity corrected 휀′ value at 

1 MHz with respect to NCZFO level annealed at (a) 1373, (b) 1423, (c) 1473, and (d) 1523 K. 

One observation was that the measured electric permittivity and the porosity adjusted electric 

permittivity extremely closely resemble one other. It is confirmed that the composite 

multiferroics have minimal porosity thanks to the similarity in the midst of the observed electric 

permittivity and the porosity adjusted electric permittivity [383]. 
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Figure 4.34: Porosity corrected electric permittivity (at 1MHz) of (1-y) [BCZTO] + (y) 

[NCZFO] (y = 0-1.0) composite multiferroics with NCZFO content annealed for 5 h at: (a) 

1373, (b) 1423, (c) 1473 and, (d) 1523 K. 
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4.3.4. Permittivity loss tangent analysis 

 

Figure 4.35 shows how the permittivity loss tangent (𝑡𝑎𝑛𝛿 ) evolves with respect to frequency 

of (1 - y) [BCZTO] + (y) [NCZFO] composite multiferroics annealed at: (a) 1373, (b) 1423, (c) 

1473, and (d) 1523 K. 𝑡𝑎𝑛𝛿 , generally speaking, is a dielectric substance's capacity to convert 

electrical energy into thermal energy, which causes the material to produce heat [384]. Because 

of the presence of grain borders, contaminants, and defects in the crystal lattice, there is a lag 

amongst the polarization and applied field that causes the development of 𝑡𝑎𝑛𝛿  [385]. The 

proportion of each phase, the stoichiometric ratio, the concentration of Fe2+ ions, and structural 

homogeneity are a few factors that affect the 𝑡𝑎𝑛𝛿  value, which in turn relies on composition 

and Ts [239]. The 𝑡𝑎𝑛𝛿  value drastically reduced at lower frequencies because of the strong 

resistance of the composite multiferroics, which reflects the grain border’s bestowal. The 𝑡𝑎𝑛𝛿  

value is elevated, but at higher frequencies, 𝑡𝑎𝑛𝛿  is weak, which relates the composite’s low 

resistance, which is associated to grain’s composition. Due to the considerable resistance 

offered by the composite multiferroics, transport of electrons inside the composite multiferroics 

will be challenging, and a significant amount of energy is needed for an electron transfer to 

take place amongst Fe2+ and Fe3+, Ti3+ and Ti4+ and Zr3+ and Zr4+ ions. Due to the composite 

multiferroics' low internal resistance, transferring electrons in the midst of Fe2+ and Fe3+, Ti3+ 

and Ti4+ and Zr3+ and Zr4+ ions will need less energy due to easier electron movement within 

the composite multiferroics. Table 4.36-4.39 lists the values of 𝑡𝑎𝑛𝛿  for a selection of 

frequencies and Ts. The 𝑡𝑎𝑛𝛿  value diminishes against frequency on a frequency-dependent 

trend in the midst of 1373 K and 1423 K. Tan at 1473 K revealed a maximum for NCZFO in 

the midst of 1 and 100 kHz (y = 1.0). The 𝑡𝑎𝑛𝛿  value exhibited a maximum in all composite 

multiferroics in the midst of 10 kHz and 1 MHz at 1523 K. When the frequency of jumping of 

the electron interchange amongst Fe2+ and Fe3+, Ti3+ and Ti4+ and Zr3+ and Zr4+ approaches the 

applied frequency [346], a maximum is seen in the 𝑡𝑎𝑛𝛿  spectrum. The grain-grain border 
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contribution, which accounts for the peak's appearance, may be explained by the resonance of 

the domain wall, which, in accordance with the Debye relaxation theory [240, 386], 

corresponds to the equation below: 𝜔𝑚𝑎𝑥𝜏 = 1, where 𝜔𝑚𝑎𝑥 = 2𝜋𝑓𝑚𝑎𝑥 denotes the angular 

frequency and 𝜏 stands for the relaxation period of time, that relates the jumping chance per 

unit time. The oscillating ions get the most energy during this process, and the value of 

𝑡𝑎𝑛𝛿  increases at resonant frequency [386]. When the NCZFO concentration is increased, the 

peak at 1523 K is shown to shift toward the higher frequencies, indicating that composite 

multiferroics containing the ion pairs Fe2+/Fe3+, Ti3+/Ti4+, and Zr3+/Zr4+ would relax more 

quickly. When the relaxation period is longer than the applied field's fluctuation duration (high-

frequency zone), the 𝑡𝑎𝑛𝛿  value would be minimal, and vice versa [368]. With rising Ts and 

NCZFO concentration, respectively, the degree of 𝑡𝑎𝑛𝛿  is shown to grow. 



 

272 

 

10
3

10
4

10
5

10
6

10
7

0.0

0.7

1.4

2.1

2.8

3.5

 

 

ta
n



Frequency (Hz)

 y = 0.0,  y = 0.1,  y = 0.2,  y = 0.3,  y = 0.4

 y = 0.5,  y = 0.6,  y = 0.7,  y = 0.8,  y = 1.0
(a)

T
s
 = 1373 K/5h

10
3

10
4

10
5

10
6

10
7

0

4

8

12

16

10
3

10
4

10
5

10
6

10
7

0.0

0.4

0.8

1.2

1.6

 

 

ta
n



Frequency (Hz)

 

 

ta
n



Frequency (Hz)

 y = 0.0,  y = 0.1,  y = 0.2,  y = 0.3,  y = 0.4

 y = 0.5,  y = 0.6,  y = 0.7,  y = 0.8,  y = 1.0(b)
T

s
 = 1423 K/5h

10
3

10
4

10
5

10
6

10
7

0.0

0.7

1.4

2.1

2.8

3.5

4.2

 

 

ta
n



Frequency (Hz)

 y = 0.0,  y = 0.1,  y = 0.2,  y = 0.3

 y = 0.4,  y = 0.5,  y = 0.6,  y = 0.7

 y = 0.8,  y = 1.0

T
s
 = 1473 K/5h

(c)

10
3

10
4

10
5

10
6

10
7

0.0

0.9

1.8

2.7

3.6

4.5

 

 

ta
n



Frequency (Hz)

 y = 0.0,  y = 0.1,  y = 0.2,  y = 0.3,  y = 0.4

 y = 0.5,  y = 0.6,  y = 0.7,  y = 0.8,  y = 1.0
(d)

T
s
 = 1523 K/5h

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.3

0.6

0.9

1.2

1.5

1.8
 T

s
 = 1373 K/5h

 T
s
 = 1423 K/5h

 T
s
 = 1473 K/5h

 T
s
 = 1523 K/5h

 

 

ta
n



NCZFO (y)

(e) @1MHz

 

1350 1400 1450 1500 1550
0.0

0.3

0.6

0.9

1.2

1.5

1.8

 

 

ta
n



T
s
 ()

 y = 0.0,  y = 0.1,  y = 0.2,  y = 0.3,  y = 0.4

 y = 0.5,  y = 0.6,  y = 0.7,  y = 0.8,  y = 1.0

@1MHz

(f)

 

Figure 4.35: Evolution of permittivity loss tangent (𝑡𝑎𝑛𝛿 ) with frequency of (1-y) [BCZTO] 

+ (y) [NCZFO] (y = 0-1.0) composite multiferroics annealed for 5 h at (a) 1373, (b) 1423, (c) 

1473 and, (d) 1523 K, and (e, f) shows composition and Ts dependent 𝑡𝑎𝑛𝛿 value at 1MHz. 
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Table 4.36. Electric permittivity (휀′), permittivity loss tangent (𝑡𝑎𝑛𝛿 ), and ac conductivity (𝜎𝑎𝑐) of (1-y) [BCZTO] + (y) [NCZFO] composite 

multiferroics annealed at 1373 K. 

Ts (K) Composition 

 

휀′ at 𝑡𝑎𝑛𝛿  at 𝜎𝑎𝑐  (Ω-1m-1) 

 

 

 

 

 

1373 

(y) 10kHz 100kHz 1MHz 10MHz 10kHz 100kHz 1MHz 10MHz 10kHz 100kHz 1MHz 10MHz 

0 626 590 572 659 0.08 0.03 0.02 0.04 2.63×10-5 1.09×10-4 7.34×10-4 1.43×10-2 

0.1 314 277 266 280 0.23 0.06 0.03 0.03 3.98×10-5 9.75×10-5 3.94×10-4 4.35×10-3 

0.2 269 221 210 216 0.33 0.09 0.03 0.03 5.03×10-5 1.18×10-4 3.67×10-4 3.33×10-3 

0.3 127 97 89 89 0.38 0.14 0.04 0.03 2.68×10-5 7.37×10-5 2.09×10-4 1.33×10-3 

0.4 194 151 141 144 0.37 0.12 0.04 0.03 4.00×10-5 1.06×10-4 3.11×10-4 2.37×10-3 

0.5 120 98 92 92 0.31 0.10 0.04 0.03 2.09×10-5 5.64×10-5 1.93×10-4 1.45×10-3 

0.6 113 79 69 69 0.45 0.19 0.06 0.01 2.92×10-5 9.06×10-5 2.25×10-4 5.34×10-4 

0.7 83 50 42 41 0.68 0.29 0.08 0.03 3.13×10-5 8.07×10-5 1.85×10-4 6.74×10-4 

0.8 73 41 32 31 0.71 0.36 0.11 0.03 2.86×10-5 8.20×10-5 1.99×10-4 6.05×10-4 

1.0 171 54 32 27 2.39 1.26   0.40 0.11 2.27×10-4 3.83×10-4 7.09×10-4 1.69×10-3 
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Table 4.37. Electric permittivity (휀′), permittivity loss tangent (𝑡𝑎𝑛𝛿 ), and ac conductivity (𝜎𝑎𝑐) of (1-y) [BCZTO] + (y) [NCZFO] composite 

multiferroics annealed at 1423 K. 

Ts (K) Composition 

 

휀′ at 𝑡𝑎𝑛𝛿  at σac (Ω-1m-1) 

(y) 10kHz 100kHz 1MHz 10MHz 10kHz 100kHz 1MHz 10MHz 10kHz 100kHz 1MHz 10MHz 

 

 

 

 

1423 

0 463 441 427 404 0.05 0.03 0.02 0.12 1.27×10-5 6.89×10-5 5.81×10-4 2.75×10-2 

0.1 237 210 202 191 0.19 0.06 0.03 0.14 2.48×10-5 6.86×10-5 3.66×10-4 1.53×10-2 

0.2 182 158 151 147 0.22 0.07 0.03 0.07 2.25×10-5 6.24×10-5 2.43×10-4 5.39×10-3 

0.3 98.3 76.7 71.8 69.6 0.33 0.12 0.03 0.03 1.80×10-5 5.03×10-5 1.38×10-4 1.27×10-3 

0.4 152 124 117 113 0.29 0.10 0.03 0.05 2.51×10-5 6.84×10-5 2.20×10-4 3.35×10-3 

0.5 142 93.5 79.6 71.8 0.51 0.23 0.10 0.08 4.03×10-5 1.19×10-5 4.32×10-5 3.33×10-3 

0.6 70.7 49.8 44.1 42.6 0.41 0.18 0.06 0.03 1.62×10-5 5.17×10-5 1.41×10-4 7.37×10-4 

0.7 180 90.8 65.8 60 0.93 0.48 0.17 0.06 9.32×10-5 2.45×10-4 6.19×10-4 2.11×10-3 

0.8 434 133 59.8 41.5 2.61 1.45 0.67 0.22 6.31×10-4 1.09×10-3 2.25×10-3 5.14×10-3 

1.0 140 51.4 31.2 25.7 5.46 1.94 0.51 0.13 4.28×10-4 5.61×10-4 8.88×10-4 1.94×10-3 
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Table 4.38. Electric permittivity (휀′), permittivity loss tangent (𝑡𝑎𝑛𝛿 ), and ac conductivity (𝜎𝑎𝑐) of (1-y) [BCZTO] + (y) [NCZFO] composite 

multiferroics annealed at 1473 K. 

Ts (K) Composition 

 

휀′ at 𝑡𝑎𝑛𝛿  at σac (Ω-1m-1) 

(y) 10kHz 100kHz 1MHz 10MHz 10kHz 100kHz 1MHz 10MHz 10kHz 100kHz 1MHz 10MHz 

 

 

 

 

 

1473 

0 228 221 218 228 0.04 0.02 0.01 0.02 4.76×10-6 2.04×10-5 1.41×10-4 2.08×10-3 

0.1 378 367 362 392 0.03 0.01 0.01 0.02 6.37×10-6 2.84×10-5 1.93×10-4 4.58×10-3 

0.2 257 237 230 243 0.10 0.04 0.02 0.02 1.46×10-5 5.07×10-5 2.26×10-4 2.45×10-3 

0.3 147 127 119 118 0.15 0.07 0.04 0.03 1.24×10-5 5.23×10-5 2.45×10-4 1.74×10-3 

0.4 274 212 197 118 0.32 0.12 0.04 0.02 4.96×10-5 1.47×10-4 4.05×10-4 2.54×10-3 

0.5 345 186 142 137 0.63 0.37 0.13 0.04 1.22×10-4 3.90×10-4 1.07×10-3 3.27×10-3 

0.6 639 231 131 115 0.95 0.75 0.34 0.10 3.38×10-4 9.74×10-4 2.46×10-3 6.22×10-3 

0.7 481 165 85 62.3 1.46 0.94 0.48 0.18 3.92×10-4 8.74×10-4 2.27×10-3 6.26×10-3 

0.8 1350 310 101 51.3 3.08 2.15 1.20 0.53 2.31×10-3 3.76×10-3 6.77×10-3 1.53×10-2 

1.0 376 62 32.5 25.2 1.76 1.80 0.58 0.17 3.69×10-4 6.28×10-4 1.05×10-3 2.42×10-3 
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Table 4.39. Electric permittivity (휀′), permittivity loss tangent (𝑡𝑎𝑛𝛿 ), and ac conductivity (𝜎𝑎𝑐) of (1-y) [BCZTO] + (y) [NCZFO] composite 

multiferroics annealed at 1523 K. 

Ts 

(K) 

Composition 

 

휀′ at 𝑡𝑎𝑛𝛿  at σac (Ω-1m-1) 

(y) 10kHz 100kHz 1MHz 10MHz 10kHz 100kHz 

 

1MHz 10MHz 10kHz 100kHz 1MHz 10MHz 

 

 

 

 

 

1523 

0 397 385 378 423 0.03 0.02 

 

0.01 0.01 6.72×10-6 3.69×10-5 2.51×10-4 3.40×10-3 

0.1 447 429 421 473 0.05 0.02 

 

0.01 0.01 1.29×10-5 5.03×10-5 2.88×10-4 3.56×10-3 

0.2 630 436 391 444 0.34 0.17 

 

0.05 0.03 1.24×10-4 4.48×10-4 1.11×10-3 6.54×10-3 

0.3 352 307 293 319 0.15 0.06 

 

0.03 0.03 3.07×10-5 1.11×10-4 4.65×10-4 5.86×10-3 

0.4 307 134 96 92.7 0.75 0.51 

 

0.17 0.04 1.33×10-4 4.01×10-4 9.00×10-4 2.05×10-3 

0.5 271 161 134 135 0.45 0.28 

 

0.08 0.02 7.11×10-5 2.60×10-4 6.12×10-4 1.78×10-3 

0.6 1150 359 152 117 0.67 0.92 

 

0.56 0.16 4.42×10-4 1.94×10-3 4.74×10-3 1.07×10-2 

0.7 1870 582 163 88 0.55 1.01 

 

0.98 0.41 5.93×10-4 3.47×10-3 8.94×10-3 2.06×10-2 

0.8 1030 209 71 41 0.95 1.42 

 

0.89 0.37 5.67×10-4 1.75×10-3 3.55×10-3 8.66×10-3 

1.0 1420 105 36 24 1.81 4.01 

 

1.54 0.41 1.48×10-3 2.48×10-3 3.08×10-3 5.49×10-3 



 

277 

 

4.3.5. Electrical conductivity analysis 

Figure 4.36 shows how the ac conductivity (𝜎𝑎𝑐) evolves with respect to frequency of (1-y) 

[BCZTO] + (y) [NCZFO] composite multiferroics annealed at: (a) 1373, (b) 1423, (c) 1473, 

and (d) 1523 K. It is evident from Figure 4.36 (a-d) that the 𝜎𝑎𝑐 spectrum distinguishes in the 

midst of two regions: (i) the plateau region at the lower ferquencies, and (ii) the dispersion zone 

at the higher frequencies. In the first region, the value of 𝜎𝑎𝑐 is essentially constant, but in the 

second zone, it is substantially frequency dependent. The bulk conductivity, which developed 

because of the the charge carrier’s movement, is often attributed to the plateau area and is 

connected with the direct current conductivity (𝜎𝑑𝑐) [387]. The linear increase in frequency 

that is seen in the dispersion area is attributed to the improvement of the mobile charge carriers. 

The jumping frequency is demonstrated to move toward higher frequencies as NCZFO content 

and Ts rise [346], is the frequency that the dispersion of 𝜎𝑎𝑐 is expected to take place. The 

observed properties of 𝜎𝑎𝑐 follow Jonscher' power law, which is expressed as: 

𝜎𝑎𝑐(𝜔 = 2𝜋𝑓) = 𝜎𝑑𝑐(𝜔 = 2𝜋𝑓 = 0) + 𝐴(2𝜋𝑓)
𝑛, where 𝑛 (0 <  𝑛 <  1)  is a temperature-

dependent exponent that describes how migrating ions interplay with the neighboring lattice 

[316]. The Verwey-De Boer [388] process, which involves the electron exchange in the midst 

of the same element's ions that are dispersed randomly throughout the corresponding 

crystallographic lattice sites, may be used to interpret the conduction process. The hole amongst 

Ni3+ and Ni2+ (according to Ni3+ ↔Ni2+ + e+ (hole)), Cu2+ and Cu1+ (according to Cu2+ ↔ Cu1+ 

+ e+ (hole)), Zn3+ and Zn2+ (according to Zn3+ ↔ Zn2+ + e+ (hole)), Ba3+ and Ba2+ (according 

to Ba3+ ↔Ba2+ + e+ (hole)) and Ca3+ and Ca2+ (according to Ca3+ ↔Ca2+ + e+ (hole)) are in 

charge of the p-type charge carriers and the transfer of electrons amongst Fe2+ and Fe3+ 

(according to Fe2+ ↔Fe3+ + e- (electron)), Ti3+ and Ti4+ (according to Ti3+ ↔Ti4+ + e- (electron)) 

and Zr3+ and Zr4+ (according to Zr3+ ↔ Zr4+ + e- (electron)) is in charge of the n-type charge 

carriers, which are in charge of conduction of electricity. It is evident that when Ts and NCZFO 
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content rises, the value of 𝜎𝑎𝑐 is shown to grow as well. The improvement in 𝜎𝑎𝑐 on rising Ts 

may be explained as follows: on raising Ts, the porosity reduces, enabling the component grains 

to look like they are touching one another, while the mean grain diameter grows, acting as a 

source to reduce the grain border. Due to these two reasons, the composite multiferroics' overall 

resistance decreases as their cross-sectional area increases. Additionally, it is discovered that 

when Ts increases, the quantity of Fe2+ ions increase, facilitating hopping-type conduction in 

the midst of Fe2+ and Fe3+, Ti3+ and Ti4+ and Zr3+ and Zr4+. It is widely recognized that the 

process of conduction happens to be carried out by two distinct kinds of polarons, small polaron 

and large polaron. When the electrical conductivity starts to decrease as one increases 

frequency, the big polaron hypothesis is favored; however, the small polaron concept is 

acceptable when the conductivity seems to go up linearly against frequency rise [389] as 

evidenced in Fig. 4.37. Table 4.36-4.39 lists the values of 𝜎𝑎𝑐 for various Ts and specific 

frequencies. 
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Figure 4.36: Evoluation of the ac conductivity (𝜎𝑎𝑐) with frequency of (1-y) [BCZTO] + 

(y)[NCZFO] (y = 0-1.0) composite multiferroics annealed for 5 h at (a)1373, (b) 1423, (c) 1473 

and, (d) 1523 K, and (e, f) shows composition and Ts dependent 𝜎𝑎𝑐 at 1MHz. 
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Figure 4.37: Evolution of the ac conductivity (𝜎𝑎𝑐) with angular frequency of (1-y) [BCZTO] 

+ (y) [NCZFO] (where y = 0-1.0) composite multiferroics annealed for 5 h at (a) 1373, (b) 

1423, (c) 1473 and, (d) 1523 K, and (e, f) shows composition and Ts dependent 𝜎𝑎𝑐 at 1MHz. 
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4.3.6. Impedance spectroscopic analysis  
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Figure 4.38: Evolution of the real component (𝑍′) of impedance with frequency of (1-y) 

[BCZTO] + (y) [NCZFO] (y = 0-1.0) composite multiferroics annealed for 5 h at (a) 1373, (b) 

1423, (c) 1473 and, (d) 1523 K, and (e, f) shows composition and Ts denpendent 𝑍′ at 1MHz. 
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Figure 4.38 shows how the real component (𝑍′) of impedance depends on frequency for pristine 

BCZTO, NCZFO phases and (1-y) [BCZTO] + (y) [NCZFO] (where y = 0.1-0.8) composite 

multiferroics annealed at: (a) 1373, (b) 1423, (c) 1473 and, (d) 1523 K. The 𝑍′ value, which 

counts the space charge polarization at the intersection due to differences in permittivity, is 

high at low applied frequency windows, debilitates continuously to a maximum of a certain 

frequency, and bunches up at high applied frequency windows regardless of the NCZFO 

content. The rise in 𝜎𝑎𝑐 value is supported by the falling 𝑍′ characteristic that descends more 

often [390, 391]. The fact that the formed charge carriers near the phase borders have enough 

energy to overcome the barrier is what is responsible for the increase in 𝜎𝑎𝑐 value with the 

decrease in impedance [392]. The bunching togetherness property of 𝑍′ at a high frequency 

regime can be connected to the release of the space charges that have collected at the interface 

and the ensuing reduction of the potential barrier [393]. Additionally, the quantity of NCZFO 

affects how frequently space charges are released. The frequency at which 𝑍′ values cluster 

together and become frequency independent is shown to evolve toward a higher frequency with 

increasing NCZFO concentration, illuminating the potential of a frequency relaxation process 

[394]. Recombination occurs more quickly in a high-frequency window because the space 

charges have less time to relax. The composition- and sintering-dependent 𝑍′ value at a certain 

frequency of 1 MHz is delineated in Figure 4.38 (e, f). Figure 4.38 (e) delineates how the 𝑍′ 

value increases as the NCZFO concentration rises. Furthermore, the 𝑍′ value rose with Ts, as 

seen in Fig. 4.38 (f). Fig. 4.39 shows how the imaginary component (𝑍′′) of impedance, which 

is connected to capacitance (𝑍′′ = 1 𝑗𝜔𝐶⁄ ) at various Ts: (a) 1373, (b) 1423, (c) 1473, and (d) 

1523 K. It is clear from the frequency domain that as the frequency rises, the 𝑍′′ value drops, 

supporting the claim that this also accounts for the rise in 𝜎𝑎𝑐 value. The pure NCZFO and 

the x = 0.8 composite show relaxation in the low-frequency window at 1373 K. If there is no 

peak, it is possible that the peak is there but at a very low frequency window. The following 
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equation describes the genesis of a Debye peak: 𝑍′′ = 𝑅[𝜔𝑅𝐶 (1 + 𝜔𝑅𝐶2)⁄ ], where 𝐶 

represents the composite's capacitance in air, and electrodes with an air gap are utilized in its 

stead, and 𝜔 is the angular frequency. The formula 𝑍′′(𝑓) = 𝑅𝑏𝑢𝑙𝑘[𝜔𝜏 (1 + 𝜔
2𝜏2)⁄ ] clarifies 

that the peak heights are proportional to the bulk resistance (𝑅𝑏𝑢𝑙𝑘). [395]. Due to the stationary 

relaxation species/electron in the composite, the relaxation process is absent. Figure 4.39 (e, f) 

shows the composition and Ts dependent 𝑍′′ at a specific frequency of 1 MHz, respectively. 

According to Figure 4.39 (f), the value 𝑍′′ shows a declining trend as Ts increases. The value 

of 𝑍′′ rises in proportion to the NCZFO concentration. 
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Figure 4.39: Evolution of the imaginary component (𝑍′′) of impedance with frequency of (1-

y) [BCZTO] + (y) [NCZFO] (y = 0-1.0) composite multiferroics annealed for 5 h at (a) 1373, 

(b) 1423, (c) 1473 and, (d) 1523 K, and (e, f) shows composition and Ts dependent 𝑍′′ at 1MHz. 

 

 



 

285 

 

4.3.7. Cole-Cole plots 
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Figure 4.40: Cole-Cole plots of (1-y) [BCZTO] + (y) [NCZFO] (y = 0-1.0) composite 

multiferroics annealed for 5 h at (a) 1373, (b) 1423, (c) 1473, (d) 1523 K. 

 

Figure 4.40 shows the Cole-Cole curves of (1-y) [BCZTO] + (y) [NCZFO] composite 

multiferroics annealed at: (a) 1373, (b) 1423, (c) 1473, and (d) 1523 K. An arrow's movement 

signifies a frequency enhancement was employed. The Cole-Cole diagram must originally 

include three successive semicircles that vary based on the electrical characteristics of the 

substances or the appropriate proportions for their time of relaxation. The initial one, which 

exists in certain substances at the lowest applied frequency range and correlates to the aggregate 

of grain and grain border resistance, is associated with a large polarization of the electrode 

effect. The second kind that could be detected in the intermediate region of the applied 
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frequency has connections to the resistance-significantly benefiting from the grain border 

action. A third type emerges obvious, that substantially raises the grain's effect on resistance at 

higher frequencies. [395]. The alignment of the real 𝑍′ axis at its beginning and higher 

frequencies creates an perfect Debye-kind, in accordance with Debye's hypothesis, that 

anticipates that uniform substances having only one relaxation duration will create a perfect 

semicircle where the center is located along the 𝑍′ axis [396, 397]. Single semicircular arcs 

may be seen in the complex impedance spectra, indicating strong dielectric and conductive 

property homogeneity, and many components can be seen, indicating local heterogeneity [398]. 

The center of the semicircle beneath the 𝑍′ axis, however, represents the distribution of 

relaxation time in the current research because of the uneven distribution of grains. This 

distinguishing quality unequivocally states that the non-Debye class relaxing impact is seen 

[399]. A number of variables, such as grain diameter allocation, grain acclimatization, atomic 

allocation, grain borders, and others [400], may contribute to the development of the non-ideal 

feature. At 1423 K, it can be shown that the composite multiferroics display comparable 

properties and lack the semicircle form in y = 0.0-0.7. Only the high-frequency semicircle is 

visible in y = 0.8 indicating that the grain resistance is lower and the grain border resistance is 

outside of the mesurement. Two semicircular arcs, one for the impact of grain and the other for 

the grain border impact respectively, can be seen in the NCZFO phase at 1473 K. It is 

discovered that at 1373 K, the composite multiferroics only display a single semicircular arc 

that elucidate both the bulk and grain border’s impacts. There is a propensity for two 

semicircular arcs to emerge in NCZFO. A single semicircle with a center below the 𝑍′ axis is 

visible in y = 0.8 and NCZFO at 1423 K. The two semicircular arcs are seen around 1473 K 

for NCZFO. The grain border impsct is attributed with the low frequency arc, whereas the high 

frequency arc is credited with the grain impact. At 1523 K, the two semicircular arcs are visible 

in y = 0.8 and NCZFO. A single semicircle is seen in the current system, which solely shows 

the influence of grains [401]. Plots show that the arc’s radius likewise lowers as NCZFO level 
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varies, indicating that resistance diminishes as NCZFO content rises. The NCZFO phase 

produces a small amount Ni, Cu, Zn, or Fe ions that interact with the BCZTO lattice, which is 

what causes the BCZTO phase's falling resistance [402]. 

4.3.8. Dielectrical modulus spectroscopic analysis 

Figure 4.41 shows how the real component of dielectrical modulus (𝑀′) with frequency of pure 

BCZTO and NCZFO phases and (1-y) [BCZTO] + (y) [NCZFO] (where y = 0.1-0.8) composite 

multiferroics annealed at various Ts: (a) 1373, (b) 1423, (c) 1473 and, (d) 1523 K. It was noticed 

𝑀′ exhibits an increasing character to a maximum of a certain value before becoming 

practically constant as a result of the relaxing process. The 𝑀′ variation may be separated into 

three sections, as shown in this Figure 4.41: (i) at the low-frequency window, the 𝑀′ values are 

extremely low (pretty close to zero), claiming that the polarization of the electrodes (dipoles) 

makes a negligibly small contribution or disproving the existence of the polaron hopping in the 

composite multiferroics [403, 404]. Insufficiency of the restoration force, which controls how 

charge carriers advance when an electric field is formed, might potentially account for this 

phenomenon [405]. As a result of the insufficient restoring force needed to avert the movement 

of charge carriers while the produced electric field is present, the  𝑀′ value advances very small 

at lower frequencies. This pattern supports charge carriers' long-distance movement in the 

context of a generated electric field. An exponential rise in 𝑀′ values is seen at intermediate 

frequencies. At high frequencies, the magnitudes of 𝑀′ have a propensity to become saturated 

at the highest asymptotic figure. This might be as a result of charge carriers' short-range 

mobility while being affected by a generated electric field [236, 406]. Furthermore, a sigmoidal 

rise in the 𝑀′ value on rising frequency eventually reaching to infinity may be utilized to 

describe the conduction phenomena brought on by the short-distance movement of charge 

carriers (especially ions). 
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Figure 4.41: Evolution of the real component (𝑀′) of dielectrical modulus with frequency of 

(1-y) [BCZTO] + (y) [NCZFO] (y = 0.0-1.0) composite multiferroics annealed for 5 h at (a) 

1373, (b) 1423, (c) 1473 and, (d) 1523 K, and (e, f) shows composition and Ts dependent 𝑀′ at 

1 MHz. 
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Figure 4.42: Evolution of the imaginary component (𝑀′′) of dielectrical modulus with 

frequency of (1-y) [BCZTO] + (y) [NCZFO] (y = 0.0-1.0) composite multiferroics annealed for 

5 h at (a) 1373, (b) 1423, (c) 1473 and, (d) 1523 K, and (e, f) shows composition and Ts 

dependent 𝑀′′at 1 MHz. 

On escalating NCZFO level, the resonant frequency at which 𝑀′ shifted from a constant low 

value to higher values. The fluctuation of 𝑀′ in relation to the composition of the NCZFO 
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content and Ts at the chosen frequency are depicted in Figure 4.41(e, f). The 𝑀′ value was 

discovered to rise as NCZFO content rose. The fluctuation of 𝑀′′ for composite multiferroics 

annealed at (a) 1373, (b) 1423, (c) 1473, and (d) 1523 K is shown in Figure 4.42. For each Ts, 

it is discernible that 𝑀′′ displayed traits that were comparable. As a matter of fact, at the 

beginning, 𝑀′′ rises with applied frequency till reaching its maximum at relaxation frequency 

(𝑓𝑀′′
𝑚𝑎𝑥). The 𝑀′′ value then starts to decline with an increase in applied frequency. The resonant 

or relaxation frequency, which distinguishes in the midst of charge carriers moving over long 

distances and those moving over short distances, produces a relaxation peak at that frequency. 

When the applied and oscillating dipole frequencies synchronize, the relaxation peak has been 

reached. The reciprocal of the grain border capacitance and grain capacitance determines the 

maximum 𝑀′′ values. In comparison to grain borders, the capacitances of the grains are 

smaller. As a result, in the 𝑀′′ spectra, the maximum value associated with the grain is 

significantly stronger than that of grain border capacitances [407]. Additionally, when the 

NCZFO concentration increases, the sites of the maximums progressively shift to a higher 

frequency domain. Such a feature suggests that the rise in NCZFO content is connected to the 

relaxing process. Additionally, the positioning variation of 𝑀𝑚𝑎𝑥
′′  with NCZFO concentration 

is connected to the alteration in composite multiferroics' resistivity. The formulas 2𝜋𝑓𝑚𝑎𝑥𝜏 =

1 → 𝜏 =
1

2𝜋𝑓𝑚𝑎𝑥
 [408] are used to compute the relaxation time from the greatest peak of 𝑀𝑚𝑎𝑥

′′  

at frequency. The shift toward the high-frequency side shortens the relaxing period. The shift 

from short-range to long-distance mobility is proposed at the peak location (at lower 

frequency), where ions are free to move locally rather than being restricted to long-distance 

motion (in the high-frequency area) [409]. In addition, the asymmetric spreading of maximum 

demonstrates the distribution of relaxing phenomena over various time constants, which 

tangibly signals the presence of a non-Debye class relaxing tendency [410]. The non-uniform 

microstructure or the charge carriers' diffusive mobility in composite multiferroics are the 
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causes of the emergence of the non-Debye type relaxation [411]. The lower frequency regime 

on the left side of the relaxation peak shows the frequency range for which the conducting 

charge carriers (polarons) are capable of moving over a long distance, indicating that they can 

easily perform hopping from one site to a neighboring site and exhibit commensurate dc 

conductivity. The conducting charge carriers only move locally within their potential wells and 

remain spatially constrained by them in the higher frequency domain on the right side of the 

relaxation peak [412], which is comparable with ac conductivity [413]. The relaxation 

frequency, which is the complimentary frequency to the relaxation peak, corresponds to the 

change from dc to ac in the electrical conduction process. The increase in dc conductivity 

caused by the maximum 𝑀′′ peak shifting into higher frequency areas as the NCZFO rises is 

consistent with the theory's prediction that the maximum 𝑀′′ peak is travelling in that direction: 

In the formula, 𝜎𝑑𝑐 =
0

𝑀∞𝜏
, where 휀0 denotes the permittivity in air, 𝑀∞ denotes the inverse of 

the high-frequency permittivity, and τ denotes the relaxation time [414]. However, as NCZFO 

content increases, the relaxation peak's intensity increases and it shifts to higher frequencies. 

This phenomenon may be explained by the increased interfacial region that results from 

adding more NCZFO content, which facilitates the movement and accumulation of free 

charges at the interface region and maintains the frequency change. Additionally, when 

NCZFO concentration rises, the relaxation peak of the composite multiferroics broadens. 

These relaxation patterns suggest that adding NCZFO material to the composite strengthens 

the interfacial polarization [415]. Figure 4.43 displays the Cole-Cole curves for the composite 

multiferroics annealed at various Ts: (a) 1373, (b) 1423, (c) 1473, and (d) 1523 K. This figure 

illustrates the presence of a single semicircle with a different radius, which confirms the 

grain's predominant contribution. Their centers of semicircles lying below the real axis show 

the spread of relaxation with various time constants. A jump mechanism for electrical 

conduction and non-Debye dielectric relaxation in the system is therefore suggested by the 
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characteristics of the dielectrical modulus spectra. It is evident that when the NCZFO quantity 

rises, the curve regions get larger. 
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Figure 4.43: Cole-Cole plots of (1-y) [BCZTO] + (y) [NCZFO] (y = 0.0-1.0) composite 

multiferroics annealed for 5 h at: (a) 1373, (b) 1423, (c) 1473 and, (d) 1523 K.  
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Figure 4.44: Evolution of the scaling characteristics (𝑀′′ 𝑀𝑚𝑎𝑥
′′⁄ ) with frequency of (1-y) 

[BCZTO] + (y) [NCZFO] (y = 0-1.0) composite multiferroics annealed for 5 h at (a) 1373, (b) 

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

The total capacitance supplied by the grain is shown by the intercept of the first semicircle on 

the real 𝑀′′ axis, and the grain border effect's total capacitance contribution is shown by the 

intercept of the second semicircle [416]. As shown in Figure 4.44, we plot the modulus plots 

scaling behavior (𝑀′′ 𝑀𝑚𝑎𝑥
′′⁄ ) for composite multiferroics with respect to frequency annealed 

at (a) 1373, (b) 1423, (c) 1473 and, (d) 1523 K to clarify whether the relaxation is dominated 

by long- or short-distance charge carrier’s movement in the composite multiferroics. The 

differences in NCZFO content in the composite multiferroics may be seen as a disagreement 

amongst the curves. The relaxation peaks of 𝑀′′ 𝑀𝑚𝑎𝑥
′′⁄  spectra show a perfect separation 

feature, demonstrating that the charge carrier’s local hopping process dominates the dielectric 
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relaxation. The normalized plot of 𝑀′′/𝑀𝑚𝑎𝑥
′′  vs 𝑓 𝑓𝑚𝑎𝑥⁄  for composite multiferroics annealed 

at various Ts is shown in Figure 4.45 (a-d).  The spectrum reveals three significant features, 

including (i) the presence of a slight amount of peak pattern shifting, (ii) basically identical 

form and layout with minor changes in full width at half maximum depending on NCZFO 

content, and (iii) the emergence of an asymmetric peak, denoting a non-Debye characteristic 

of the conductivity relaxation. As proof of delocalized or long-range relaxation, 𝑀′′/𝑀𝑚𝑎𝑥
′′  

curves' overlapping peak positions are shown [417]. 
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Figure 4.45: Modulus master curves (𝑀′′(𝑓)/𝑀𝑚𝑎𝑥
′′ (𝑓) vs. 𝑓 𝑓𝑚𝑎𝑥⁄ ) of (1-y) [BCZTO] + (y) 

[NCZFO] (y = 0-1.0) composite multiferroics annealed for 5 h at (a) 1373, (b) 1423, (c) 1473 and, 

(d) 1523 K. 
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4.3.9. Magnetic permeability and magnetic loss tangent analysis  

Figure 4.46 displays how the real component of magnetic permeability (𝜇𝑖
′) depends on 

frequency of (1 - y) [BCZTO] + (y) [NCZFO] composite multiferroics annealed at various Ts: 

(a) 1373 K, (b) 1423 K, (c) 1473 K and (d) 1523 K. The value of 𝜇𝑖
′ in composite materials 

depends on a number of factors, including stoichiometry, phase composition, grain diameter, 

impurity level, intragranular porosity, saturation magnetization, magnetostriction, crystal 

anisotropy, porosity, reversible displacement of domain walls, and bulging of domain walls 

[185]. The value of 𝜇𝑖
′ for the NCZFO phase is found to drop gradually with frequency, 

although the rate of decline accelerates at higher frequencies in the midst of 1 and 100 MHz 

for all Ts. The value of 𝜇𝑖
′ is shown to be rather constant at 1373 K to a maximum of several 

MHz, then it starts to rise somewhat at a certain frequency before falling off quickly, which 

indicates the onset of ferromagnetic resonance. Contrarily, in composite multiferroics annealed 

at 1373-523 K, the value of 𝜇𝑖
′ is found to be gradually declining after being rather steady to a 

maximum of several MHz without displaying any peak at a particular frequency. The range of 

utility, which may be applied in real-world situations, is defined as the frequency range to a 

maximum of which the value of 𝜇𝑖
′ stays frequency-independent. It is discovered that when the 

NCZFO concentration rises, the stability of 𝜇𝑖
′ is seen to diminish. The peak's presence at 1373 

K can be interpreted in the fashion that follows. When the harmonization amongst the applied 

frequency and the Larmor precession frequency is detected, this peak often appears in the midst 

of the magnetic dipoles. When this happens, a particular amount of energy from the input field 

is transmitted to the moving magnetic dipoles at a specific frequency. As a result, magnetic 

dipoles exhibit high orientation and high velocity, which increases the domain wall's velocity. 

As a result, at the peak location, magnetic permeability achieves its greatest value.  
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Figure 4.46: Evolution of the magnetic permeability (𝜇𝑖
′) with respect to frequency of (1-y) 

[BCZTO] + (y) [NCZFO] (y = 0.1-1.0) composite multiferroics annealed for 5 h at (a) 1373, 

(b) 1423, (c) 1473 and, (d) 1523 K, and (e-f) shows composition and Ts dependent 𝜇𝑖
′ at 1 MHz. 

The change in magnetic permeability (𝜇𝑖
′) can be explained by the formula [185]: μi

′ ∝

μ0Ms
2Dm

[K1+
3

2
λsσ]β

1
3δ

, where 𝜇0, 𝑀𝑠, 𝐷𝑚, 𝐾1, 𝜆𝑠, 𝜎, 𝛽, and 𝛿 are magnetic permeability in air, saturation 

magnetization, grain diameter, anisotropic constant, constant of saturated magnetostriction, 
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stress, impurity amount, and domain wall thickness, respectively. According to reports, the 

domain wall movement is mostly responsible for the μi
′ value down from 100 MHz [236]. As 

previously mentioned, according to our study's findings, the domain wall movement is the 

cause of magnetic permeability [83]. Increasing the percentage of NCZFO causes the value of 

μi
′ to rise, which is connected to the enhancement of the continuation and engagement of 

magnetic grains. A considerable contribution from domain wall movement and an 

improvement in saturated magnetization are the relevant causes of this improvement in μi
′ value 

with Ts. Because the higher Ts increases the activation energy, it is excellent for initiating grain 

development [280, 418, 419]. Small moveable domain barriers are present because of the minor 

quantity of grain borders and diminishing grain borders present in large grains. Pore density 

decreases during grain expansion, which also contributes to an improvement in μi
′ value. The 

domain wall is often restricted in its mobility by the pores, which also serve as a barrier to this 

movement. The value of μi
′  therefore shrinks. Additionally, when Ts increases, the magnetic 

anisotropy decreases due to a reduction in intrinsic tension and anisotropy in crystals that 

declines the resistance to domain wall movement [420, 421]. Table 4.40-4.43 display the 

μi
′ values for various Ts at various frequencies. To evaluate and compare the measured magnetic 

permeability, Maxwell-Garnett and Bruggeman approximation approaches were utilized 

according to the relationships [422-424]:  

(i) 𝜇𝑖
′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒) = 𝜇𝑖

′(𝐵𝐶𝑍𝑇𝑂) (1 +
3𝑓𝑁𝐶𝑍𝐹𝑂𝛽

1−𝑓𝑁𝐶𝑍𝐹𝑂𝛽
),  

(ii) 𝛽 =
𝜇𝑖
′(𝑁𝐶𝑍𝐹𝑂)−𝜇𝑖

′(𝐵𝐶𝑍𝑇𝑂)

𝜇𝑖
′(𝑁𝐶𝑍𝐹𝑂)+2𝜇𝑖

′(𝐵𝐶𝑍𝑇𝑂)
, and  

(iii) (1 − 𝑦) (
𝜇𝑖
′(𝐵𝐶𝑍𝑇𝑂)−𝜇𝑖

′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒)

𝜇𝑖
′(𝐵𝐶𝑍𝑇𝑂)+2𝜇𝑖

′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒)
) + (𝑦) (

𝜇𝑖
′(𝑁𝐶𝑍𝐹𝑂)−𝜇𝑖

′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒)

𝜇𝑖
′(𝑁𝐶𝑍𝐹𝑂)+2𝜇𝑖

′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒)
) = 0,  

where y is the proportion of NCZFO phase,  𝜇𝑖
′(𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑒) represents the magnetic 

permeability of composite, 𝜇𝑖
′(𝐵𝐶𝑍𝑇𝑂) and 𝜇𝑖

′(𝑁𝐶𝑍𝐹𝑂) express the magnetic permeability of 

component phases. Due to the BCZTO phase's non-magnetic nature, the value of 𝜇𝑖
′(𝐵𝐶𝑍𝑇𝑂) 
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is unity. It is generally known that the MG model applies when the filler content is negligible, 

but the Bru model is appropriate when each phase is equally important. The fluctuation of the 

measured and predicted permeabilities for composite multiferroics including NCZFO annealed 

at various Ts: (a) 1373, (b) 1423, (c) 1473, and (d) 1523 K are shown in Figure 4.47, 

accordingly. The outcomes of the experiment and the calculations are found to differ. This 

outcome might be attributed to how the component phases interacted. The fluctuation of 

magnetic loss tangent (𝑡𝑎𝑛𝛿𝜇) with frequency annealed at (a) 1373, (b) 1423, (c) 1473, and (d) 

1523 K is shown in Figure 4.48. 
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Figure 4.47: Ferrite volume fraction variation of 𝜇𝑖
′ of (1-y) [BCZTO] + (y) [NCZFO] (y = 

0.1-1.0) compositie multiferroics at 1 MHz and predicted lines from the Maxwell-Garnett 

(MG) and Bruggeman-Hanai (BH) equations annealed for 5 h at (a) 1373, (b) 1423, (c) 1473 

and, (d) 1523 K. 

 



 

299 

 

A possible explanation for the extrinsic properties of windings is that 𝑡𝑎𝑛𝛿𝜇 value is strong at 

lower frequency region and drops at higher frequency region. The value of 𝑡𝑎𝑛𝛿𝜇 is 

progressively reduced to a maximum of 1 MHz, after which it is shown to gradually grow and 

exhibit a maximum at a specific frequency. The ferromagnetic resonance is thought to be 

responsible for the peak's existence at a certain frequency [425]. The domain wall’s 

oscillational frequency closely matches applied frequency when resonance occurs. The 

composite multiferroics show an extremely low value of 𝑡𝑎𝑛𝛿𝜇 for all Ts at 0.1 MHz ≤ f ≤ 10 

MHz. For all Ts, the 𝑡𝑎𝑛𝛿𝜇 value fluctuates at random to a maximum of y = 0.7. However, the 

composite y = 0.8 shows a lowest magnitude at 1373 K and a highest magnitude at all Ts except 

1373 K. The 𝑡𝑎𝑛𝛿𝜇 value is enhanced for additional Ts (1473 and 1523 K) after decreasing at 

1423 K. However, with y = 0.8, the value of 𝑡𝑎𝑛𝛿𝜇 value progressively improves with rising 

Ts to a maximum of 1473 K before degrading at 1523 K. Table 4.40-4.43 lists the values of tan 

at particular frequencies for various Ts. 
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Figure 4.48: Evolution of magnetic loss tangent (𝑡𝑎𝑛𝛿𝜇) with frequency of (1-y) [BCZTO] + 

(y) [NCZFO] (y = 0.1~1.0) composite multiferroics annealed for 5 h at (a) 1373, (b) 1423, (c) 

1473 and, (d) 1523 K, and (e, f) shows composition and Ts dependent 𝑡𝑎𝑛𝛿𝜇 at 1 MHz. 
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4.3.10. Q-factor analysis 

Figure 4.49 shows how Q-factor depends on frequency of (1-y) [BCZTO] + (y) [NCZFO] (with 

y = 0.1~0.8) composite multiferroics annealed at: (a) 1373, (b) 1423, (c) 1473 and, (d) 1523 K 

for 5h. Generally speaking, a material's Q-factor fluctuates as inversely proportionate to its 

resistivity and is also influenced by a variety of parameters, such as the density, porosity, and 

grain diameter of the material [426].  The Q-factor rises with frequency, peaks at a certain 

frequency, and then falls as a result of ferrimagnetic resonance losses. The large grain diameter 

of the pure NCZFO, which reduces the percentage of grain borders with high resistance, is 

mostly to blame for the phase's low Q-factor. It is well known that NCZFO has significantly 

lower resistivity than BCZTO. As a result, the rise in NCZFO concentration supported both an 

increase in eddy current loss and a decrease in resistivity. Additionally, the relatively large and 

uniform grain diameter is advantageous for improving residual loss and eddy current loss [427]. 

The increase in 𝜇𝑖
′ value causes the Q-factor peaks to progressively move from a higher 

frequency domain to a lower frequency domain. The composite multiferroics achieve the 

maximum Q-factor at 1373 K while having the lowest bulk density. Therefore, microstructure 

has a far greater impact on Q-factor than bulk density. The fluctuation of Q-factor in relation 

to NCZFO concentration and Ts at 10 MHz is depicted in Figure 4.49 (e, f). As the NCZFO 

concentration rises, the Q-factor deviates noticeably, as can be shown in Figure 4.49 (e). 

Additionally, it is discovered that the Ts, when their NCZFO concentrations vary, have a 

significant influence on Q-factor. Since big grains often give rise to low Q-factor, these 

declining properties of the Q-factor may be responsible for the grains' rapid development [258]. 

A larger concentration of NCZFO phase may have been a major cause in the development of 

intergranular pores and inhomogeneous grains, which hampered the mobility of the domain 

wall and increased resistivity, which worsened the Q-factor [428]. The gradually declining Q-

factor of the composite multiferroics with rising Ts is seen in Figure 4.49 (f). According to the 

findings, optimizing the quantity of NCZFO content and maintaining relatively low Ts are 
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beneficial for raising Q-factor. Table 4.40-4.43 lists the Q-factor values for a selection of Ts at 

a variety of frequencies. 
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Figure 4.49: Evolution of the Q-factor with frequency of (1-y) [BCZTO] + (y) [NCZFO] (y = 

0.1-1.0) composite multiferroics for 5 h annealed at (a)1373, (b) 1423, (c) 1473 and, (d) 1523 

K,  and (e-f) shows compostion and Ts dependent Q-factor at 10 MHz. 
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Table 4.40. Magnetic permeability (𝜇𝑖
′), magnetic loss tangent (𝑡𝑎𝑛𝛿𝜇), Q-factor of (1-y) [BCZTO] + (y) [NCZFO] (y = 0.1-1.0) composite 

multiferroics at specific frequencies and resonant frequency (𝑓𝑟) annealed at 1373 K. 

 

Ts 

Composition 

(y) 

𝜇𝑖
′ 𝑓𝑟 MHz 𝑡𝑎𝑛𝛿𝜇 Q –factor at 

 

10kHz 100kHz 1MHz 10MHz 100MHz 10kHz 

 

100kHz 1MHz 10MHz 100MHz 10kHz 100kHz 1MHz 10MHz 100MHz 

 

 

 

 

 

 

 

 

1373 

0.1 47.6 46.9 46 44.2 43.1  5.29 

 

0.54 0.074 0.024 0.005 0.189 1.86 13.42 41.27 211.71 

0.2 56.7 56.2 55.4 53.4 51.6  5.87 

 

0.59 0.077 0.024 0.012 0.170 1.70 12.92 41.39 82.96 

0.3 53.6 52.7 52.1 50.4 47.8 51.80 4.76 

 

0.49 0.065 0.023 0.029 0.210 2.06 15.36 42.80 34.39 

0.4 63.5 61.9 60.6 58.5 53.8 53.60 4.61 

 

0.48 0.069 0.029 0.052 0.217 2.07 14.53 34.97 19.09 

0.5 52.3 51.9 51.2 49.9 43.5 53.60 4.06 

 

0.41 0.058 0.032 0.095 0.246 2.46 17.27 31.31 10.52 

0.6 64.3 63.2 61.9 60.6 49.9 52.70 4.26 

 

0.44 0.064 0.040 0.131 0.235 2.27 15.71 25.00 7.63 

0.7 64.8 63.3 61.7 60.4 47.6 52.70 3.68 

 

0.39 0.061 0.045 0.166 0.272 2.58 16.50 22.39 6.01 

0.8 78.8 77.1 75.7 74.6 56.7 51.8 3.14 

 

0.33 0.052 0.044 0.194 0.318 3.02 19.35 22.62 5.15 

1.0 891 766 647 301 47.7 72.7 0.26 

 

0.15 0.146 0.930 1.466 0.389 6.67 6.87 1.076 0.68 
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Table 4.41. Magnetic permeability (𝜇𝑖
′), magnetic loss tangent (𝑡𝑎𝑛𝛿𝜇), Q-factor of (1-y) [BCZTO] + (y) [NCZFO] (y = 0.1-1.0) composite 

multiferroics at specific frequencies and resonant frequency (𝑓𝑟) annealed at 1423 K. 

 

Ts 

Composition 

(y) 
i  𝑓𝑟 MHz 𝑡𝑎𝑛𝛿𝜇 Q –factor at 

 

10kHz 100kHz 1MHz 10MHz 100MHz 10kHz 

 

100kHz 1MHz 10MHz 100MHz 10kHz 100kHz 1MHz 10MHz 100MHz 

 

 

 

1423 

0.1 51.25 50.67 50.09 48.34 46.88  3.26 

 

0.34 0.049 0.019 0.007 0.307 2.98 20.21 51.70 142.58 

0.2 34.88 33.9 33.25 31.98 30.61  2.87 

 

0.31 0.051 0.024 0.027 0.349 3.25 19.78 41.54 37.75 

0.3 39.67 38.93 38.6 37.36 34.63 69.70 2.04 

 

0.21 0.037 0.027 0.048 0.489 4.69 27.09 37.65 20.94 

0.4 48.13 47.64 47.28 45.84 40.20 53.60 2.18 

 

0.22 0.038 0.037 0.080 0.459 4.49 26.48 27.01 12.50 

0.5 70.29 69.32 68.59 66.36 55.54 39.80 2.63 

 

0.27 0.044 0.050 0.097 0.381 3.70 22.92 20.04 10.30 

0.6 64.08 62.72 61.64 59.01 43.80 39.10 1.81 

 

0.20 0.041 0.083 0.169 0.552 5.11 24.58 12.11 5.92 

0.7 83.76 81.30 79 73.22 47.39 35.20 1.21 

 

0.14 0.044 0.134 0.254 0.824 6.97 22.51 7.46 3.93 

0.8 112.68 108 102.64 87.86 49.28 26.10 1.71 

 

0.21 0.070 0.229 0.327 0.584 4.76 14.20 4.37 3.06 

1.0 792.47 623.12 498.76 303.36 53.46 11.70 0.37 

 

0.21 0.165 0.659 1.227 2.672 4.76 6.07 1.52 0.81 



 

305 

 

Table 4.42. Magnetic permeability (𝜇𝑖
′), magnetic loss tangent (𝑡𝑎𝑛𝛿𝜇), Q-factor of (1-y) [BCZTO] + (y) [NCZFO] (y = 0.1-1.0) composite 

multiferroics at specific frequencies and resonant frequency (𝑓𝑟) annealed at 1473 K. 

 

Ts 

Composition 

(y) 
i  𝑓𝑟 MHz 𝑡𝑎𝑛𝛿𝜇 Q –factor at 

 

10kHz 100kHz 1MHz 10MHz 100MHz 10kHz 100kHz 1MHz 

 

10MHz 100MHz 10kHz 100kHz 1MHz 10MHz 100MHz 

 

 

 

 

1473 

0.1 37.34 33.87 33.18 31.69 30.96  3.89 0.45 0.069 

 

0.027 0.015 0.257 2.22 14.58 37.60 67.58 

0.2 36.73 33.56 33.25 32.03 31.01  3.45 0.39 0.057 

 

0.023 0.023 0.289 2.56 17.53 43.08 43.30 

0.3 49.14 45.67 44.94 43.41 40.79 59.50 3.36 0.38 0.056 

 

0.027 0.043 0.298 2.65 17.75 37.54 23.33 

0.4 55.07 51.03 50.33 48.64 43.23 56.50 2.60 0.30 0.048 

 

0.037 0.0781 0.384 3.38 20.82 26.67 12.81 

0.5 57.74 53.06 51.63 49.05 39.32 45.00 2.38 0.28 0.056 

 

0.070 0.1479 0.420 3.54 17.84 14.28 6.76 

0.6 74.18 70.68 69.14 64.73 48.92 39.80 2.26 0.25 0.055 

 

0.094 0.1642 0.443 3.97 18.25 10.61 6.09 

0.7 104.67 99.68 96.62 85.15 55.48 28.50 1.86 0.22 0.067 

 

0.168 0.2359 0.538 4.63 15.02 5.94 4.24 

0.8 138.40 133.45 128.31 98.87 55.51 16.00 1.24 0.15 0.087 

 

0.288 0.3150 0.805 6.46 11.44 3.48 3.17 

1.0 984.07 761.04 582.12 316.83 51.91 10.10 0.33 0.23 0.209 

 

0.782 1.2488 3.038 4.44 4.78 1.28 0.80 
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Table 4.43. Magnetic permeability (𝜇𝑖
′), magnetic loss tangent (𝑡𝑎𝑛𝛿𝜇), Q-factor of (1-y) [BCZTO] + (y) [NCZFO] (y = 0.1-1.0) composite 

multiferroics at specific frequencies and resonant frequency (𝑓𝑟) annealed at 1523 K. 

 

Ts 

Composition 

(y) 
i  𝑓𝑟 MHz 𝑡𝑎𝑛𝛿𝜇 Q –factor at 

10kHz 100kHz 1MHz 10MHz 100MHz 10kHz 100kHz 1MHz 10MHz 100MHz 10kHz 

 

100kHz 1MHz 10MHz 100MHz 

 

 

 

 

 

1523 

0.1 51.09 48.62 48.23 46.57 45.49  3.62 0.39 0.055 0.019 0.0020 0.276 

 

2.59 18.29 51.51 497.88 

0.2 45.48 42.67 41.99 40.31 38.83  3.77 0.42 0.062 0.026 0.0239 0.265 

 

2.41 16.20 38.99 41.78 

0.3 52.51 49.05 48.46 46.71 43.91 80.20 3.21 0.35 0.054 0.027 0.0398 0.311 

 

2.82 18.53 36.52 25.10 

0.4 51.94 48.66 48.12 46.27 41.60 58.50 2.92 0.32 0.052 0.039 0.0673 0.342 

 

3.10 19.32 25.58 14.86 

0.5 59.92 56.42 55.57 52.42 42.63 41.20 2.85 0.31 0.057 0.077 0.1299 0.351 

 

3.18 17.40 12.92 7.70 

0.6 77.69 73.69 72.12 66.55 49.85 31.70 2.10 0.24 0.055 0.117 0.1622 0.477 

 

4.19 18.09 8.56 6.17 

0.7 103.35 98.48 95.95 82.92 54.39 20.50 1.82 0.21 0.065 0.196 0.2222 0.550 

 

4.72 15.49 5.09 4.50 

0.8 122.43 116.96 113.20 86.48 47.95 13.20 1.19 0.15 0.080 0.305 0.3241 0.842 

 

6.58 12.45 3.28 3.09 

1.0 856.04 789.88 649.01 324.70 47.12 9.30 0.22 0.13 0.211 0.802 1.5695 4.513 

 

7.77 4.74 1.25 0.64 
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4.4. Exploration of electromagnetic and magnetoelectric traits of (1-y) 

[Ba0.9Ca0.1Ti0.9Zr0.1O3] + (y)[Ni0.25Cu0.13Zn0.62Fe2-xO4-3x/2] system 

In this section, the results of the effect of iron-deficient non-stoichiometry (IDNS) dominance 

on structural, topographical, electric, magnetic, and magnetoelectric properties of (1-y) 

[Ba0.9Ca0.1Ti0.9Zr0.1O3] (BCTZO) + (y) [Ni0.25Cu0.13Zn0.62Fe2-xO4-3x/2] (NCZFe2-xO4-3x/2) (where 

x = 0.00, 0.04, 0.08, 0.12 and y = 0.2, 0.5) multiferroic composites annealed at 1200 ºC are 

discussed. 

4.4.1. Crystallographic characteristics 

It is important to do XRPD investigation at room temperature to examine crystal phase 

provenance, crystal architecture, and extent of crystallinity as well as to determine the 

crystallite diameter. The quality of the generated ferroelectromagnetic composite ceramics, the 

unit cell parameters, the subsequent phase formation, and other physical properties were 

calculated from the XRD data. Figure 4.50 displays the XRPD patterns of the (1-y) [BCZTO] 

+ (y) [NCZFe2-xO4-3x/2] ferroelectromagnetic composite ceramics: (a) x 0.0; 0.04; 0.08; 0.12; y 

= 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5. Generally speaking, various variables, including 

(i) molecular composition, (ii) crystallite diameter, (iii) the X-ray voltage, (iv) step scan and 

scan duration, (v) the diffraction plane utilized for examination, affect the strength of the 

diffraction maximum and crystallinity of the specimen [429, 430]. Figure 4.50 (a, b) reveals 

that the crystallographic planes represented by the solid circle “●” in the XRPD spectra and 

observed as (100), (110), (111), (200), (210), (211), (220), (300), and (103) resemble to 

BCZTO phase. Contrarily, the detected (111), (220), (311), (222), (400), (422), (511), (440), 

(623), and (533) crystallographic planes, designated in the XRPD patterns with an open circle 

“○” correspond to the NCZFe2-xO4-3x/2 phase. As a result, within the constraints of the 

experiment, the ferroelectromagnetic composite ceramics were successfully created without 

any additional peaks concerning any foreign phases. 
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Figure 4.50: XRD profiles for (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 

0.12; y = 0.2, 0.5) ferroelectromagnetic composite ceramics: (a) x = 0.0; 0.04; 0.08; 0.12; y = 

0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5. Enlarged view of peak (110) corresponding to 

BCZTO and peak (311) associated with NCZFe2-xO4-3x/2: (c) x = 0.0; 0.04; 0.08; 0.12; y = 0.2 

and (d) x = 0.0; 0.04; 0.08; 0.12; y = 0.5, respectively. 

 

The findings suggest that the ferroelectromagnetic composite ceramics have a high crystalline 

character and lack any indication of observable chemical interaction in the midst of their two 

component phases when the process of sintering is taking place. A further estimation of the 

phase progression is provided by the delineation of the principal peaks in the XRPD patterns 

of the BCZTO and NCZFe2-xO4-3x/2 phases in Figure 4. 50 (c, d). According to Figure 4.50 (c), 

the (110) peak shifts from the lower 2𝜃 angle to the greater 2𝜃 angle in x = 0.04 and 0.08 and 

then back again in y = 0.2, while the (311) peak shifts from the smaller 2𝜃 angle to the greater 
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2𝜃 angle in x = 0.04 and then back again in x = 0.08 and 0.12 respectively. Instead, the (110) 

peak progresses to the lower 2𝜃 angle in x = 0.04 and then progresses to the greater 2𝜃 angle 

in x = 0.08 and finally progresses to the lower 2𝜃 angle in x = 0.12, while the (311) peak 

progresses to greater 2𝜃 angle in x = 0.04 and then progresses to lower 2𝜃 angle in x = 0.08, 

and finally progresses to the greater 2𝜃 angle in x = 0.12 and y = 0.5. The shifting of the peaks 

in the direction of the lower and greaterr 2𝜃 angle, respectively, confirms an escalation and a 

diminution in the lattice constants. The aforementioned findings show a reciprocal relationship 

in the midst of the crystal structures of the two distinct phases, which may be partially explained 

by the lattice stress-strain that both phases have formed on one another. Therefore, it can be 

predicted that with the current ferroelectromagnetic composite ceramics fabrication method, 

the two distinct phases' grain border crystal structures will be somewhat altered after being 

combined, pelletized, and annealed to 1200 °C. The lattice constant and crystallite diameter 

must be assessed after phase identification of each component phase. Using the well-known 

Bragg's rule, the distance in the midst of the crystal lattice planes (𝑑ℎ𝑘𝑙) for every diffraction 

peak of the component phases is quantitatively determined [184]: 2𝑑ℎ𝑘𝑙𝑠𝑖𝑛𝜃ℎ𝑘𝑙 = 𝑛𝜆𝐶𝑢−𝐾𝛼 , 

where 𝜆𝐶𝑢−𝐾𝛼 is the wavelength of 1.5406Å, 𝑛 is a positive integer, ℎ, 𝑘, and 𝑙 are Miller 

indices, and 𝜃ℎ𝑘𝑙 is the diffraction angle with respect to the (ℎ𝑘𝑙) crystal plane. In order to 

quantitatively eastimate the lattice constants of the BCZTO and NCZFe2-xO4-3x/2 phases the 

following fomulas were used [183]: 𝑑ℎ𝑘𝑙 = 1 √
ℎ2+𝑘2

𝑎2
+
𝑙2

𝑐2
⁄ =

𝜆𝐶𝑢−𝐾𝛼

2𝑠𝑖𝑛𝜃ℎ𝑘𝑙
 , and 𝑎 =

𝑑ℎ𝑘𝑙√ℎ2 + 𝑘2 + 𝑙2 =
𝜆𝐶𝑢−𝐾𝛼

2
×√

(ℎ2+𝑘2+𝑙2)

𝑠𝑖𝑛2𝜃ℎ𝑘𝑙
, where 𝑎 =  𝑏 ≠  𝑐 denotes the lattice constants 

for BCZTO and 𝑎 =  𝑏 =  𝑐 denotes the lattice constants for NCZFe2-xO4-3x/2. The computed 

lattice constants for the NCZFe2-xO4-3x/2 and BCZTO phases are shown in Table 4.24. Table 

4.24 shows that the NCZFe2-xO4-3x/2 phase's lattice constant rises first in x = 0.04, aftewhich 

drops in x = 0.08, and in the end rises in x = 0.12 at y = 0.2. In contrast, the NCZFe2-xO4-3x/2 
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phase's lattice constant first increases in x = 0.04 and then drops in x = 0.08 before declining 

in x = 0.12 and y = 0.2. On the other hand, at x = 0.04 the lattice constant (a) of BCZTO first 

increases and then increases again to a maximum of x = 0.12 in y = 0.2 and 0.5. Comparable 

to this, the lattice constant (c) increases on rising IDNS level at y = 0.5 and the lattice constant 

(c) increases on rising IDNS in x = 0.08 and afterwhich rises in x = 0.12 at y = 0.2. Tetragonality 

(c/a) decreases in x = 0.08 and then rises to a maximum of x = 0.12 when y = 0.2, but afterwhich 

drops in x = 0.04 and then decreases again when y = 0.5. The lattice anisotropy in BCZTO-

NCZFe2-xO4-3x/2 ferroelectromagnetic composite ceramics on risng IDNS level is shown by the 

declining and enhancing patterns in the c/a ratio [431]. The NCZFe2-xO4-3x/2 lattice constant 

changes with BCZTO degree and vice versa in annealed BCZTO/NCZFe2-xO4-3x/2 

ferroelectromagnetic composite ceramics because the maximum shifts, as seen in Figure 4.50 

(c, d). During sintering, there may be a little potential of component ions migrating in the midst 

of the BCZTO and NCZFe2-xO4-3x/2 phases of the ferroelectromagnetic composite ceramics, 

causing the BCZTO and NCZFe2-xO4-3x/2 phases to alternate in their crystal structure and type 

[432]. We all know that the ionic radius of Ti4+ [rTi
4+ = 0.605 Å , sixfold coordination number 

(CN) = 6] and Zr4+ (rZr
4+ = 0.72 Å , CN = 6) is almost close to those of Fe3+ (rFe

3+ = 0.645 Å , 

CN = 6), Ni2+ (rNi
2+ = 0.69 Å , CN = 6), Cu2+ (rCu

2+ = 0.73 Å , CN = 6), and Zn2+ (rZn
2+ = 0.74 

Å,  CN = 6) and that of Ti4+ (rTi
4+ = 0.42 Å , CN = 4) and Zr4+ (rZr

4+= 0.59 Å , CN = 4) is 

comparable in size to that of Fe3+ (rFe
3+ = 0.49 Å , CN = 4), Ni2+ (rNi

2+ = 0.55 Å , CN = 4), Cu2+ 

(rCu
2+ = 0.57 Å, CN = 4), and Zn2+ (rZn

2+ = 0.60 Å , CN = 4) [344, 432, 433]. Therefore, during 

sintering, the Fe3+, Ni2+, Cu2+, and Zn2+ ions in the NCZFe2-xO4-3x/2 phase, of which Fe3+ ions 

are distributed amongst the tetrahedrally and octahedrally coordinated sublattices, while Zn2+ 

ions prefer to occupy oxygen tetrahedron site (tetrahedrally coordinated (A)-site) and Ni2+ and 

Cu2+ ions preferably enter the space of oxygen octahedron site (octahedrally coordinated B 

sublattice), respectively [65, 432, 434], Ti4+ and Zr4+ must more or less replace these ions. The 

NCZFe2-xO4-3x/2 phase may also develop cation vacancies as a result of the extra positive 
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charges produced by the substitution of Ti4+ and Zr4+ ions for Fe3+, Ni2+, Cu2+, and Zn2+ ions. 

As a result, it is assumed that the lattice constant of the NCZFe2-xO4-3x/2 phase would decrease 

as the BCZTO phase intensifies. Since the vacancies of the cation and the replacement of the 

Ti4+ and Zr4+ ions with a little sparse ionic radius are achieved with the rise in the component 

phase content. Similar to this, Ni2+ (rNi
2+= 0.69 Å, CN = 6), Cu2+ (rCu

2+ = 0.73 Å, CN = 6), Zn2+ 

(rZn
2+ = 0.74 Å, CN = 6), and Fe3+ (rFe

3+= 0.645 Å, CN = 6) ions, each with a slightly greater 

ionic radius than Ti4+ and Zr4+, are substituted for them at the oxygen octahedron of the BCZTO 

[432, 433]. In other words, even if oxygen vacancies are created in the BCZTO when cations 

of low charge, such as Ti4+ and Zr4+, replace cations of high charge, the lattice constant of 

BCZTO will decrease with increasing BCZTO phase concentration. Therefore, when the 

BCZTO content increases, the NCZFe2-xO4-3x/2 phase content decreases, resulting in reduced 

lattice constants for both the BCZTO and NCZFe2-xO4-3x/2 phases [432]. As shown in Table 

4.24, the lattice constants of the BCZTO and NCZFe2-xO4-3x/2 phases are well matched since 

the NCZFe2-xO4-3x/2 phase's lattice constant is almost twice as big as the BCZTO phase's. The 

component phases' lattice-discrepancy in conjunction with lattice constants aferroelectric(a,

(a + c) 2⁄  and c) of BCZTO phase and aferrite of NCZFe2-xO4-3x/2 phase was calculated 

employing the relation [435]: 𝑍 = (𝑎ferrite − 2𝑎ferroelectric 𝑎ferrite⁄ ) × 100%.  According to 

the data, there is a little value lattice difference (< 3%) in the midst of the BCZTO and NCZFe2-

xO4-3x/2 phases, which is directly related to the efficient strain transfer [436]. The NCZFe2-xO4-

3x/2 phase's unit cell (the fundamental unit of crystal structure) dimensions increase in x = 004 

and then decline in x = 0.08 before increasing again in x = 0.12 and y = 0.2, whereas the cell 

dimension decreases in x = 0.04 and then rises in x = 0.08 before declining in x = 0.12 and y = 

0.5. In BCZTO, the unit cell dimension decreases in x = 0.04 and then increases to x = 0.12 at 

y = 0.2 and 0.5. The difference in the ionic radii of the components of the component phases 

may be responsible for the variation in unit cell dimension. Compared to difference in ionic 

radius in the midst of Ba2+ (rBa
2+= 1.35 Å, coordination number (CN) = 6, rBa

2+= 1.61 Å, CN = 
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12) and Ca2+ (rCa
2+ = 1.00 Å, CN = 6, rCa

2+ = 1.34 Å, CN = 12), Fe3+ (rFe
3+ = 0.49 Å, CN = 4, 

rFe
3+ = 0.645 Å , CN = 6), Ni2+ (rNi

2+ = 0.55 Å , CN = 4, rNi
2+ = 0.69 Å,CN = 6), Cu2+ (rCu

2+ = 

0.57 Å, CN = 4, rCu
2+= 0.73 Å, CN = 6), and Zn2+ (rZn

2+ = 0.60 Å, CN = 4, rZn
2+ = 0.74 Å, CN 

= 6) have ionic radii that comaparble to those of Ti4+ (rTi
4+ = 0.42 Å, CN = 4, rTi

4+ = 0.605 Å, 

CN = 6) and Zr4+ (rZr
4+ = 0.59 Å , CN = 4, rZr

4+ = 0.72 Å , CN = 6), as a result, it may be 

expected that substituting Ti4+ and Zr4+ ions with Fe3+, Ni2+, Cu2+, and Zn2+ ions will have a 

minor effect on the unit cell dimensions [344, 437]. An increase in crystallinity is indicated by 

an increase in peak intensity and a reduction in their full width at half maximum (FWHM). By 

using the renowned Debye-Scherrer's equation and the strongest diffraction peaks that 

correspond to (110) for the BCZTO and (311) for the NCZFe2-xO4-3x/2, the mean crystallite 

diameter perpendicular to crystal plane directions, or volume of coherently diffracting domains 

[438], for the BCZTO and NCZFe2-xO4-3x/2 phases were quantitatively calculated. For the 

BCZTO and NCZFe2-xO4-3x/2 phases, the average crystallite diameter perpendicular to crystal 

plane directions, or the volume of coherently diffracting domains [438], was quantitatively 

calculated from the XRD peak broadening accounting the strongest diffraction peak 

corresponding to (110) for the BCZTO phase and the strongest diffraction peak equivalent to 

(311) for the NCZFe2-xO4-3x/2 phase, respectively, utilizing Debye-Scherrer’s formula [439]: 

𝐷SC =
0.94×𝜆𝐶𝑢−𝐾𝛼

∆(2𝜃)×𝑐𝑜𝑠𝜃ℎ𝑘𝑙
, where 𝐷SC denotes the mean crystallite diameter and ∆(2𝜃) denotes the 

width of strongest peaks (110) and (311) equivalent to  half maximum height. Table 4.24 shows 

the values for the computed average crystallite diameter (𝐷SC). Table 4.24 shows that the value 

of 𝐷SC of NCZFe2-xO4-3x/2 rises in x = 0.04 and then drops in x = 0.08 before rising again in x 

= 0.12 and y = 0.2, whilst the IDNS phase enhances with an upturning to a maximum of x = 

0.08 and then drops in x = 0.12 and y = 0.5. If y = 0.2, the value of 𝐷SC for BCZTO phase 

decreases in x = 0.12, whereas the IDNS phase enhances with an upturing for x = 0.08 and 

drops in x = 0.12 and y = 0.5. As a result, it is shown that the 𝐷SC values of the component 
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phases fluctuate arbitrarily with IDNS. This distinctive trait could be caused by the 

micromorphological faults in the ferroelectromagnetic composite ceramics, e.g., lattice 

deformation, oxygen vacancies, and cation reallocation [440]. To put it another way, the state 

of reaction could initially slow the development of grains as IDNS rises and afterwards 

accelerate up the creation of brand-new nuclei thereby accelerating the creation of particles as 

IDNS rises even higher, may be correlated with the non-systematic variation of with IDNS 

[441]. 

4.4.2. Densification and porosity investigations  

In controlling the electromagnetic characteristics of polycrystalline materials, density plays a 

critical role. Grain growth and densification are connected, according to Lange and Kellet 

[201]. The diffusion or migration of the grain border controls the development and 

densification of the grain [442]. The bulk density (𝜌bulk) of the ferroelectromagnetic composite 

ceramics is calculated employing the formula: 𝜌bulk =
Mass of the sample pellet specimen

Volume of the pellet specimen
=

4×𝑚

𝜋×𝐷2×𝑒
, where 𝑚 denotes the mass, 𝐷 denotes diameter and, 𝑒 denotes the thickness and 

presented in Table 4.44-4.45. Figure 4.51 illustrates the impact of IDNS on 𝜌bulk value: (a) x 

= 0.0–0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5. From Table 4.44-4.45 and Figure 

4.51, it is clear that the results showed that 𝜌bulk increases as the IDNS increases to a maximum 

of x = 0.08 and then drops in x = 0.12 at y = 0.2. On the other hand, when the IDNS increases 

to x = 0.08, the value of 𝜌bulk decreases, and if y = 0.5 comes along, it increases in x = 0.12. 

The sintering process, atomic mass of NCZFe2-xO4-3x/2, and heterogeneous architecture of the 

ferroelectromagnetic composite ceramics may all be responsible for the non-systematic change 

of 𝜌bulk value [443]. The increase in 𝜌bulk value is linked to the reduction in porosity and 

enhancement of particle diameter. In other words, an increase in 𝜌bulk value may be attributed 

to the oxygen ion's acceleration of ionic diffusion [444]. The decrease in molecular mass of the 

ferroelectromagnetic composite ceramics may be substantiated by the decrease in 𝜌bulk value 
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with IDNS [445]. The value of  𝜌bulk  is larger at x = 0.0; 0.04; 0.08; 0.12; y = 0.5 

ferroelectromagnetic composite ceramics than at x = 0.0; 0.04; 0.08; 0.12; y = 0.2 

ferroelectromagnetic composite ceramics because the value of 𝜌bulk for NCZFe2-xO4-3x/2 is 

higher than the 𝜌bulk value for BCZTO. Smit and Wijn's formula [185]: 𝜌X−ray : 
𝑍×𝑀𝑊

𝑁𝐴×𝑉
, where 

is Z = the number of atoms per unit cell, for BCZTO (Z = 1 and Z = 8 for NCZFe2-xO4-3x/2; M 

= molecular mass; N = Avogadro's number; and V = a2c and a3  are the unit cell volume of 

BCZTO and NCZFe2-xO4-3x/2 phases is employed to compute the theoretical density (𝜌X−ray) 

of the component phases. The NCZFe2-xO4-3x/2 phase is discovered to have a higher (𝜌𝑋−𝑟𝑎𝑦) 

value than the BCZTO phase. The NCZFe2-xO4-3x/2 phase is therefore regarded to be denser 

than the BCZTO phase. The BCZTO phase may experience stress as a result of the NCZFe2-

xO4-3x/2 phase [446]. The theoretical density (𝜌𝑋−𝑟𝑎𝑦) of ferroelectromagnetic composite 

ceramics was calculated employing formula [447]: 𝜌X−ray(composite) = (1 − 𝑦) [
𝑀FE

𝑁𝐴×𝑉FE
] +

(𝑦) [
8×𝑀F

𝑁𝐴×𝑉F
], where 𝑀FE and  𝑀F are the molecular mass, and 𝑉FE and 𝑉F the are cell volume of 

the BCZTO and NCZFe2-xO4-3x/2 phases. For each of the examined ferroelectromagnetic 

composite ceramics, the computed values of 𝜌X−ray are shown in Table 4.44–4.45. In Figure 

4.51, the IDNS-dependent 𝜌X−ray value of ferroelectromagnetic composite ceramics is shown. 

x = 0.0; 0.04; 0.08; 0.12; y = 0.2 in (a) and (b) and x = 0.0; 0.04; 0.08; 0.12; y = 0.5. The 𝜌X−ray 

value changes directly with atomic mass and inversely with the cubic lattice constant. We can 

see that in y = 0.2 and 0.5, 𝜌X−ray value drops with increasing IDNS in Table 4.44-4.45 and 

Fig. 4.51 (a, b). The discrepancy in density in the midst of the NCZFe2-xO4-3x/2 ferrite phase 

and the BCZTO perovskite phase, as well as the decrease in composition’s atomic mass of the 

ferroelectromagnetic composite ceramics with an upswing of IDNS, account for the lowering 

trend of 𝜌X−ray with an increasing IDNS [448]. Table 4.44-4.45 show that the 𝜌bulk value is 

less substantial than the 𝜌X−ray value. The mismatch in the midst of the 𝜌bulk and 𝜌X−ray values 
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of the BCZTO and NCZFe2-xO4-3x/2 phases, as well as the continuance of pores produced during 

the sample's fabrication and the sintering procedure, may be responsible for this variance in 

𝜌bulk and 𝜌X−ray values [449]. The formula: P (%) =
𝜌X−ray−𝜌bulk

𝜌X−ray
× 100 was used to calculate 

porosity (P %). Calculated porosity for each of the examined ferroelectromagnetic composite 

ceramics is shown in Table 4.44-4.45. Actually, the porosity may also be impacted by the 

sintering circumstances and particle diameter distribution [450, 451]. When the grains are large 

enough, they can decrease the porosity whereas grains that are too tiny can contribute to filling 

pores or gaps [452]. Figure 4.51 (a, b) depicts the change in porosity with IDNS in x = 0.0; 

0.04; 0.08; 0.12; y = 0.2 and x = 0.0; 0.04; 0.08; 0.12; y = 0.5 ferroelectromagnetic composite 

ceramics. It is generally agrred that porosity (P %) results from the interplay amongst the 

intragranular (𝑃𝑖𝑛𝑡𝑟𝑎) and intergranular (𝑃𝑖𝑛𝑡𝑒𝑟) porosity, reliant on whether pores are located 

on grain borders or within component grains [362]. The growth of the grains determines the 

intergranular porosity (𝑃𝑖𝑛𝑡𝑒𝑟), whilst the Ts and ionic radius determine the intragranular 

porosity (𝑃𝑖𝑛𝑡𝑟𝑎) [453]. Contrary to intragranular porosity, intergranular porosity has no effect 

on magnetic permeability [362]. As can be seen from Figure 4.51 (a) and Table 4.44-4.45, the 

porosity decreases as the IDNS increases in x = 0.08 and afterwhich increases in x = 0.12 and 

y = 0.2. Conversely, if y = 0.5, the porosity increases in x = 0.04 and then decreases with IDNS 

to a maximum of x = 0.12. The increase in porosity causes the pores to open up more, the 

densification to be worse, and the particle adhesion to be inhibited. The decrease in porosity is 

a sign of smaller pores and increased densification. Due to the reduction in average crystallite 

diameter, the decline in porosity may also be attributed to the decline in 𝑃𝑖𝑛𝑡𝑒𝑟 value. In 

conclusion, the increase in 𝑃𝑡𝑜𝑡 value in x = 0.12 and y = 0.2 and x = 0.04 and y = 0.5 could be 

supported by the increase in 𝑃𝑖𝑛𝑡𝑟𝑎 owing to the noticeable increase in the lattice constant, 

whereas 𝑃𝑖𝑛𝑡𝑒𝑟 plays an insignificant role as a result of the little reduction in grain diameter 

[454]. 
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Figure 4.51: Evolution of bulk density, porosity, and grain diameter with IDNS of (1-y) 

[BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 0.12; y = 0.2; 0.5) ferroelectromagnetic 

composite ceramics: (a) x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 

0.5. 
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Table 4.44. Lattice constant (𝑎), cell volume (𝑉), bulk density (𝜌𝑏𝑢𝑙𝑘), theoretical density (𝜌𝑋−𝑟𝑎𝑦), porosity (P %), grain diameter (𝐷𝑆𝐸𝑀), and 

crystallite diameter of the component phases of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 0.12; y = 0.2) ferroelectromagnetic 

composite ceramics 

Composition Lattice constant (Å) Unit cell volume 

(Å3) 

𝜌𝑏𝑢𝑙𝑘 

(g/cm3) 

𝜌𝑋−𝑟𝑎𝑦 

(g/cm3) 

R. D. 

(%) 

P 

(%) 

𝐷𝑆𝐸𝑀 

(𝝁m) 

 (𝐷ℎ𝑘𝑙) (nm) 

Ferrite 

phase 

Ferroelectric phase Ferrite 

phase 

(a3) 

Ferroelec

tric phase 

(a2c) 

Ferrite 

phase 

Ferroelectric 

phase 

a a c c/a 

x y 

0.0 0.2 8.3867 3.9967 3.9941 0.9993 589.89 63.80 4.03 5.82 69 31 0.50 48.4 24.3 

0.04 0.2 8.3937 3.9956 3.9896 0.9985 591.37 63.69 4.39 5.81 76 24 0.51 60.5 27.6 

0.08 0.2 8.3887 3.9967 3.9895 0.9982 590.32 63.73 4.68 5.80 81 19 0.76 59.7 26.5 

0.12 0.2 8.3977 3.9990 3.9973 0.9996 592.22 63.93 4.38 5.76 76 24 0.71 67.5 26.0 
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Table 4.45. Lattice constant (𝑎), cell volume (𝑉), bulk density (𝜌𝑏𝑢𝑙𝑘), theoretical density (𝜌𝑋−𝑟𝑎𝑦), porosity (P %), grain diameter (𝐷𝑆𝐸𝑀), and 

crystallite diameter of the component phases of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 0.12; y = 0.5) ferroelectromagnetic 

composite ceramics 

Composition Lattice constant (Å) Unit cell volume 

(Å3) 

𝜌𝑏𝑢𝑙𝑘 

(g/cm3) 

𝜌𝑋−𝑟𝑎𝑦 

(g/cm3) 

R. D. 

(%) 

P 

(%) 

𝐷𝑆𝐸𝑀 

(𝝁m) 

 (𝐷ℎ𝑘𝑙) (nm) 

Ferrite 

phase 

Ferroelectric phase Ferrite 

phase 

(a3) 

Ferroelec

tric phase 

(a2c) 

Ferrite 

phase 

Ferroelectric 

phase 

a a c c/a 

x y 

0.0  0.5 8.3957 4.0041 3.9934 0.9973 591.79 64.03 4.71 5.64 83 17 0.70 64.5 25.8 

0.04 0.5 8.3917 4.0008 3.9844 0.9959 590.95 63.78 4.66 5.62 83 17 0.50 65.0 26.6 

0.08 0.5 8.3967 4.0024 3.9916 0.9973 592.01 63.94 4.65 5.57 83 17 0.90 69.7 27.5 

0.12 0.5 8.3911 4.0026 3.9969 0.9986 590.82 64.03 4.76 5.53 86 14 0.90 58.1 26.5 
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4.4.3. Micromorphological investigation 
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Figure 4.52: Micromorphological structures and histograms of (1-y) [BCZTO] + (y) [NCZFe2-xO4-

3x/2] (x = 0.0; 0.04; 0.08; 0.12; y = 0.2; 0.5) ferroelectromagnetic composite ceramics: (a) x = 0, y = 

0.2, (b) x = 0.04, y = 0.2, (c) x = 0.08, y = 0.2, and (d) x = 0.12, y = 0.2. 

x = 0.0; y = 0.2 
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x = 0.12; y = 0.2 
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(b) 

(c) 

(d) 
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Figure 4.53: Micromorphological structures and histograms of (1-y) [BCZTO] + (y) [NCZFe2-xO4-

3x/2] (x = 0.0; 0.04; 0.08; 0.12; y = 0.2; 0.5) ferroelectromagnetic composite ceramics: (a) x = 0, y = 

0.5, (b) x = 0.04, y = 0.5, (c) x = 0.08, y = 0.5, and (d) x = 0.12, y = 0.5. 
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Ferroelectromagnetic composite ceramics' electromagnetic characteristics are heavily 

influenced by the microstructure and crystal particle morphology of the crystal particles. Figure 

4.52 shows the typical micromorphology of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] 

ferroelectromagnetic composite ceramics: (a) x = 0.0; y = 0.2, (b) x = 0.04; y = 0.2, (c) x = 0.08; 

y = 0.2, and (d) x = 0.12; y = 0.2. As opposed to this, Fig. 4.53 shows the micromorphological 

structures of ferroelectromagnetic composite ceramics: (a) x = 0.0; y = 0.5, (b) x = 0.04; y = 

0.5, (c) x = 0.08; y = 0.5, and (d) x = 0.12; y = 0.5. Figures 4.52 (a-d) and 4.53 (a-d) demonstrate 

that the ferroelectromagnetic composite ceramics have irregular polygonal grains with an 

uneven distribution and limited pores. The emergence of grains and the continuance of pores 

immediately influence the dielectric characteristics. The allocation of grains is not properly 

separated from one another, which makes it challenging to discern BCZTO and NCZFe2-xO4-

3x/2 grains from SEM pictures [455]. Since the grain diameter heavily depends on the nucleation 

mechanism and grain growth kinetics at the time of fabrication [456, 457], different grains for 

various materials are often formed [456, 457]. The development of pores on the surface of 

ferroelectromagnetic composite ceramics is attributed to a number of factors [458, 459]: (i) the 

pellet specimen’s compaction pressure may not be high enough; and (ii) PVA's intense 

volatilization and intense burning might result in gases like CO2 when the the sintering is taking 

place. Pores are created by the quick expulsion of these gases from the ferroelectromagnetic 

composite ceramics bodies, and (iii) additional grain borders in the midst of the BCZTO and 

NCZFe2-xO4-3x/2 phases are created during synthesis, which might hamper grain development. 

Increased grain borders might result in increased pore formation. Both faster grain development 

at a high Ts and the loss probability of zinc, which is given by the equation [275]: 𝑍𝑛𝑂 → 𝑍𝑛 +

(
1

2
)𝑂2, may have contributed to the formation of pores since they caused the pores to be trapped 

inside the grain [276]. Additionally, pores may have been generated by the formation of oxygen 

vacancies [460]. Because of their magnetic properties and the cohesiveness of the 

microparticles, the various particles aggregate and form clusters at higher Ts and weaker 
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Vander Waals interactions [461-463]. Figure 4.52 (a, b) shows how the grain diameter depends 

on IDNS level in x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and x = 0.0; 0.04; 0.08; 0.12; y = 0.5 

ferroelectromagnetic composite ceramics. Table 4.24 and Figure 4.52 (a) show that when the 

IDNS increases to a maximum of x = 0.08 and then decreases in x = 0.12 and y = 0.2, the grain 

diameter improves. In contrast, the grain diameter increases until x = 0.04 and then drops till x 

= 0.12 in y = 0.5. According to a mismatch in the midst of grain growth and grain border 

diffusion of the component phases, the asymmetrical shift in grain growth has occurred [464]. 

We note that 𝐷𝑆𝐸𝑀 ≫ 𝐷𝑆𝐶  in Table 4.44-4.45 and Figure 4.52 (a, b). This is due to the fact that 

each grain examined by a scanning electron microscope (SEM) is made up of a collection of 

much smaller crystallites, yet X-rays have a resolution that is much greater [465]. 

4.4.4. Fourier-transform infrared spectroscopic investigation 

Analyzing the location and value of the absorption peak is crucial to comprehend the kind of 

crystal structure, changes in chemical bonding, and molecular structure in ferroelectromagnetic 

composite ceramics. The FTIR spectra of the (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] 

ferroelectromagnetic composite ceramics are shown in Figure 4.54 as (a) x = 0.0; 0.04; 0.08; 

0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5, respectively. The FTIR spectrum may 

be separated into two domains: (i) the domain (4000-1500 cm-1), where we want to find out 

what functional groups are present in the materials, and (ii) the domain (1500-400 cm-1), where 

we want to assess the spectral matching/molecular fingerprint [189, 466]. The cation mass, 

cation-oxygen distance, bonding force, preparation process, grain diameter, and sintering 

conditions are only a few of the variables that affect how the vibrational bands emerge [467, 

468]. Table 4.46 lists the basic bands of each phase along with their assigned positions. 

Waldron [134] asserts that ferromagnetic substances consistently consist of bonded crystals, 

demonstrating that they are related to all of their encircling neighbors through identical forces 

that might be Van der Waal’s type, ionic or covalent [134]. Table 4.46 and Figure 4.54 (a, b) 
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reveal that the FTIR bands were visible in the fingerprint region. The wavenumber band was 

observed at frequencies of 660-646 cm-1 in y = 0.2 and 648-618 cm-1 in y = 0.5. These 

frequencies are typically referred to as higher wavenumber band (𝜈1) and correspond to basic 

stretching of metal-oxygen bonding at tetrahedrally coordinated site (𝑀tetra ↔ 𝑂), while the 

wavenumber band was observed at frequencies of 503-488 cm-1 in y = 0.2 and 496-486 cm-1 

(known as low frequency (𝜈2)) in y = 0.5 that associated with the intrinsic stretching of metal-

oxygen bonding at tetrahedrally coordinated site (𝑀octa ↔ 𝑂) [134]. 
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Figure 4.54: FTIR spectra of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] ferroelectromagnetic 

composite ceramics: (a) x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 

0.5. 
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In y = 0.2 and 0.5, it can be shown that when the IDNS rises, the higher wavenumber band (𝜈1) 

drifts toward the higher frequency side. If y = 0.2, the IDNS rises and the low frequency band 

(𝜈2) advances nearer the higher frequency side. The low frequency band (𝜈2), on the other 

hand, first progresses toward the higher frequency side in x = 0.08, afterwhich gradually 

progresses to low wavenumber side in x = 0.04 and y = 0.5. The placements and intensities of 

the two basic bands (𝜈1 and 𝜈2) of the different phases are discovered to differ. The typical 

metal-oxygen distances, the differing tetrahedrally and octahedrally coordinated bond 

distances, mass of the cations, the radius of ions, the force constant at the tetrahedrally and 

octahedrally coordinated sites, the electronegativity, and the the forces that bind may all be 

used to explain this discrepancy [469, 470]. The discrepancy in bond distance at the A and B 

sites, as well as the cation’s reallocation or transfer amongst the A and B sites in the NCZFe2-

xO4-3x/2 ferrites, may all be used to support the difference in band locations for these materials. 

From Fig. 4.54 (a, b) and Table 4.46, it can be deduced that the basic bands for BCZTO also 

exhibit a fingerprint area linked to metal-oxygen bonding, such as Ba-O, Ca-O, Ti-O, and Zr-

O [435, 471,472]. The higher wavenumber band (𝜈1), which is connected with the metal-

oxygen vibrational bonding and is seen to reside in the midst of 445 and 432 cm-1 in y = 0.2 

and 432-428 cm-1 in y = 0.5, is the lattice vibration of the dipole [(Ba, Ca)2+]-[Zr/TiO3]
2- [473, 

474]. In contrast, the low wavenumber band (𝜈2) is found to lie in the midst of 599 and 589 

cm-1 in y = 0.2 and 602-577 cm-1 in y = 0.5. This is supported by the inherent asymmetric and 

symmetric stretching and bending vibrational modes of the Ti-O and Zr-O ([TiO6]
2- and 

[ZrO6]
2-) octahedron bonding, featuring with its lattice deformation [347, 475]. The high 

wavenumber band (𝜈1) shifts from the low wavenumber side in x = 0.08 to the high 

wavenumber side in x = 0.12 at y = 0.2. It initially progresses to high wavenumber side in x = 

0.04 and afterwhich progresses to low wavenumber side in x = 0.08. The high wavenumber 

band (𝜈1) progresses to low wavenumber side in x = 0.04 at y = 0.5, afterwhich progresses to 

high wavenumber side in x = 0.08, and finally progresses toward the lower wavenumber side 
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in x = 0.12. In y = 0.2 and 0.5, the IDNS rises and the low wavenumber band (𝜈2) progresses 

to high wavenumber edge. Therefore, it can be determined that the ferroelectromagnetic 

composite ceramics were effectively developed. The equation [476]: 𝑘𝑡/𝑜 = 4𝜋
2𝑐2𝜈𝑡/𝑜

2 𝜇 is 

used to calculate the force constant (𝑘) for Fe/Ti/Zr-O, where 𝜈 denotes the wavenumber for 

the corresponding vibrational frequency of metal-oxygen ions, 𝜇 is the reduced mass, and 𝑐 

stands for the speed of light. The equation [290, 477]: 𝜇 = [
𝑀𝑂×𝑀𝐹𝑒

𝑀𝑂+𝑀𝐹𝑒
] × 1.6605 × 10−27 kg , 

where 𝑀𝑂 and 𝑀𝐹𝑒 are the masses of Fe3+ and O2- , was used to calculate the reduced mass (𝜇) 

for the NCZFe2-xO4-3x/2 phase. The formula [140, 150]: 𝜇 =
𝑀𝑂×[0.9𝑀𝑇𝑖+0.1𝑀𝑍𝑟]

𝑀𝑂+[0.9𝑀𝑇𝑖+0.1𝑀𝑍𝑟]
× 1.6605 ×

10−27 kg, where, 𝑀𝑂, 𝑀𝑇𝑖 and 𝑀𝑍𝑟 are the atomic mass of O, Ti, and Zr, was used to determine 

the reduced mass (𝜇) of Zr/Ti-O ions for the BCZTO. Table 4.46 contains the calculated force 

constants for the phases BCZTO and NCZFe2-xO4-3x/2. It is evident that 𝐾𝑇 value in the NCZFe2-

xO4-3x/2 phase is bigger than 𝐾𝑂 value, suggesting that the band frequency related to the 

tetrahedrally coordinated (A)-site is larger than that of the octahedrally coordinated (B)-site. 

Since the IDNS rises in y = 0.2 and 0.5, Table 4.46 shows that the 𝑘 value for the tetrahedrally 

coordinated (A)-site increases, but the 𝑘 value for the octahedrally coordinated (B)-site 

increases in x = 0.04, then stays steady in x = 0.08, and finally increases in x = 0.12 at y = 0.2. 

In addition, the 𝑘 value for the octahedrally coordinated (B)-site rises for x = 0.04, then rises 

again in x = 0.08, before decreasing in x = 0.12 and y = 0.5. Similar to the BCZTO phase, at y 

= 0.2 and 0.5, the 𝑘 value of stretching mode vibration (Zr/Ti-O) rises on rising IDNS level. In 

contrast, the 𝑘 value for the Zr/Ti-O bending mode vibration increases in x = 0.04, then drops 

in x = 0.08, and finally increases in x = 0.12 and y = 0.2. Additionally, the bending vibrational 

mode (Zr/Ti-O) 𝑘 value decreases in x = 0.04, rises in x = 0.08, and finally decreases in x = 

0.12 and y = 0.5. The increase and decrease in bond length may be used to support the 

increment and decrease in 𝑘 that occurs while IDNS is on the rise. According to IDNS 

observations, the 𝑘 value fluctuates randomly and is connected with the redistribution of the 
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cation in the midst of the tetrahedrally and octahedrally coordinated (A and B)-sites [435, 478-

480]. According to relation [435, 477]: 𝑟 = (
17

𝑘
)
1 3⁄

, the bond distances (𝑟) of the stretching 

and bending vibration of Fe-O for the NCZFe2-xO4-3x/2 and Zr/Ti-O for the BCZTO was 

determined. Table 4.49 shows the bond lengths that were computed. From Table 4.49, it is 

noticeable that 𝑟 value for the tetrahedrally coordinated (A)-site decreases with rising IDNS 

level in y = 0.2 and 0.5, but 𝑟 value for the octahedrally coordinated (B)-site decreases in x = 

0.04 and then rises somewhat in x = 0.08 before decreasing in x = 0.12 and y = 0.2. Conversely, 

at x = 0.04, 𝑟 value of the octahedrally coordinated (B)-site increases. This increase is followed 

by a fall at x = 0.08 and a last increase at x = 0.12 with y = 0.5. It's possible that a rise in IDNS 

and an increase or reduction in 𝑟 will result in changes in the force constant. Table 4.47-4.48 

provide a summary of the functional group bands that are assigned to the FEMCC component 

phases and their corresponding functional group bands. 
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Table 4.46. FTIR wavenumber bands for the component phases along their assignments and force constants of (1-y) [BCZTO] + (y) [NCZFe2-xO4-

3x/2] (x = 0.0; 0.04; 0.08; 0.12; y = 0.2, 0.5) ferroelectromagnetic composite ceramics 

Composition FTIR wavenumber bands (cm-1) 

NCZFe2-xO4-3x/2   phase BCZTO phase 

FTIR bands Assignment Force constant 

(×105) 

(dynes/cm) 

FTIR bands Assignment Force constant 

(×105) 

(dynes/cm) 

𝜈𝑇 (cm-1) 𝜈𝑂 (cm-1) 𝜈𝑇 (cm-1) 𝜈𝑂 (cm-1) 𝐾𝑇 𝐾𝑂   Stretchi

ng mode 

𝜈1 (cm-

1)  

Bendin

g mode 

𝜈2 (cm-

1) 

𝜈1 (cm-1) 𝜈2 (cm-1) 𝐾𝑇  𝐾𝑂   

x y 

0.0 0.2 645.77 487.99 Due to the 

intrinsic 

stretching 

vibrations 

of the M-O 

ions at A-

site 

Due to the 

intrinsic 

stretching 

vibrations 

of the M-O 

ions at the 

B-site 

3.06 1.75 588.93 431.67 Due to the 

Ti-O or 

Zr-O 

stretching 

vibration 

of Zr/TiO6 

octahedral

ly 

coordinate

d B-site  

Due to the  

Ti-O-Ti or 

Zr-O-Zr 

bending 

vibration of 

Zr/TiO6 

octahedrally 

coordinated 

B-site 

2.51 1.35 

0.04 0.2 650.98 497.20 3.11 1.81 597.25 444.85 2.58 1.43 

0.08  0.2 658.30 496.57 3.18 1.81 598.26 442.29 2.59 1.41 

0.12  0.2 659.68 503.42 3.19 1.86 598.90 444.39 2.59 1.43 

0.0  0.5 618.12 491.85 2.80 1.77 576.93 432.40 2.40 1.35 

0.04  0.5 618.31 489.92 2.81 1.76 581.42 429.75 2.44 1.33 

0.08  0.5 640.00 495.71 3.01 1.80 586.82 432.31 2.49 1.35 

0.12  0.5 648.42 486.06 3.08 1.73 601.92 427.64 2.62 1.32 
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Table 4.47. FTIR wavenumber bands due to the presence of functional groups and their assignments of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x 

= 0.0; 0.04; 0.08; 0.12; y = 0.2) ferroelectromagnetic composite ceramics 

 

Wavenumber (cm-1) 

 

Assignments 

x = 0.0; y = 0.2 x = 0.04; y = 0.2 x = 0.08; y = 0.2 x = 0.12; y = 0.2 

 

3774.69-3439.08 3772.76-3437.15 3772.76-3444.87 3772.76-3437.15 

 

Assigned to O-H stretching vibrations due to 

physically adsorbed H2O molecules  

2854.65-2922.16 2855.58-2922.16 2858.51-2922.16 2858.51-2924.09 

 

Assigned to C-H stretching vibration  

2379.20 2379.20 2379.20 2379.20 

 

Assigned to the asymmetric stretching 

vibration of free CO2 absorbed from the 

atmosphere  

1624.06 1624.06 1622.13 1624.06 

 

Assigned to O-H the deformation mode and 

bending vibration of physically adsorbed water 

molecules  

1435.04 1435.20 1435.20 1435.20 

 

Assigned to the symmetric stretching vibration 

of C = O  

1109.07 1107.14 1107.14 1109.07 

 

Assigned to out of plane bending vibrations of 

O-H stretching of the absorbed water 

molecules  
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Table 4.48. FTIR wavenumber bands due to the presence of functional groups and their assignments of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x 

= 0.0; 0.04; 0.08; 0.12; y = 0.5) ferroelectromagnetic composite ceramics 

 

Wavenumber (cm-1) 

 

Assignments 

x = 0.0; y = 0.5 x = 0.04; y = 0.5 x = 0.08; y = 0.5 x = 0.12; y = 0.5 

 

3772.76-3437.15 3772.76-3446.79 3772.76-3433.29 3772.76-3433.29 

 

Assigned to O-H stretching vibrations due to 

physically adsorbed H2O molecules  

2860.43-2924.09 2856.58-2924.09 2858.51-2924.09 2859.20-2926.40 

 

Assigned to C-H stretching vibration  

2376.0 2376.0 2376.0 2376.0 

 

Assigned to the asymmetric stretching 

vibration of free CO2 absorbed from the 

atmosphere  

1624.06 1622.13 1622.13 1624.06 

 

Assigned to O-H the deformation mode and 

bending vibration of physically adsorbed water 

molecules  

1438.40 1438.40 1438.40 1438.40 

 

Assigned to the symmetric stretching vibration 

of C = O  

1101.35 1097.5 1101.35 1099.43 

 

Assigned to out of plane bending vibrations of 

O-H stretching of the absorbed water 

molecules  
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Table 4.49. Tetrahedrall and octahedrally coordinated bond lengths of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 0.12; y = 0.2; 

0.5) ferroelectromagnetic composite ceramics 
 

Composition  Bond-length (Å) 

NCZFO phase BCZTO phase 

 

Tetrahedrally 

coordinated site (A-

site) 

Octahedrally 

coordinated site (B-

site) 

Stretching vibration  

(Zr/Ti-O)  

Bending vibration 

 (Zr/Ti-O)  

 
x y 

0.0  0.2 1.7711 2.1337 1.8920 2.3265 

 

0.04  0.2 1.7616 2.1099 1.8748 2.2823 

 

0.08  0.2 1.7485 2.1099 1.8723 2.2930 

 

0.12  0.2 1.7467 2.0908 1.8723 2.2823 

 

0.0  0.5 1.8243 2.1257 1.9205 2.3265 

 

0.04  0.5 1.8221 2.1297 1.9099 2.3381 

 

0.08  0.5 1.7809 2.1138 1.8971 2.3265 

 

0.12  0.5 1.7673 2.1419 1.8652 2.3440 
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4.4.5. Dielectric permittivity analysis  

The dispersion and interaction of the component phases determine the multiferroic 

ferroelectromagnetic composite ceramics' dielectric characteristics. According to Mott’s 

hypothesis [243], the complex permittivity, 휀∗, designated as: 휀∗ = 휀′ − 𝑗휀′′, where the system's 

polarization is turned into stored potential energy, creating ionic, electronic, and dipolar 

polarization, and the real component of the electric permittivity (휀′) reveals the dielectric 

material's great energy storage capacity [481], whereas, the imaginary component (휀′′) is 

directly connected to the energy loss in dielectric materials. 
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Figure 4.55: Evolution of the real component (휀′) of electric permittivity with frequency: (a) 

x = 0.00-012; y = 0.2 and (b) x = 0.00-012; y = 0.5, and inset shows IDNS dependent 휀′ at 1 

MHz, and (c, d) evolution of the permittivity loss tangent (𝑡𝑎𝑛𝛿 ) with frequency and inset 

shows IDNS dependent 𝑡𝑎𝑛𝛿  at 1 kHz of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] composites. 
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To clarify the mechanism regulating the dielectric characteristics, frequency evolution of 휀′ of 

(1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] ferroelectromagnetic composite ceramics with various 

IDNS is shown in Figure 4.55: (a) x = 0.0; 0.04; 0.08; 0.12 and y = 0.2 and (b) x = 0.0; 0.04; 

0.08; 0.12 and y = 0.5. On rising frequency to a maximum of 10 kHz, all ferroelectromagnetic 

composite ceramics display declining behavior that eventually becomes frequency-invariant at 

higher frequencies, simulating an expected dielectric dispersion. The benefits of electrical 

polarization with several components might explain this rising trend, which is known as: (i) 

electronic polarization (EP), (ii) ionic (or atomic) polarization (IP or AP), (iii) dipolar (or 

orientational) polarization (DP or OP), and (iv) space charge polarization (SCP) [482, 483]. 

Each polarization's contribution corresponds to a certain frequency. The associated polarization 

does not play a part in the overall polarization process when the frequency being used is higher 

than the intended frequencies. In actuality, the lower frequency side exhibits a particularly high 

effectiveness of the final two polarization processes. The higher frequency side is dominated 

by the other two polarization processes. In general, EP only occurs in the valence electrons of 

the outer layer of the atom, progresses at a frequency to a maximum of 1016 Hz [484-486], and 

is reversible as a result of the intense electron's attraction inside the atom's interior layer. In 

contrast, IP or AP occurs as a result of the interaction in the midst of negative and positive ions 

and occurs at a frequency of 1013 Hz [299, 484-486], and EP has a brief enactment and 

dissolution time of around 10-16-10-15 s [484-486]. Since ions are heavier than electrons, they 

cannot be polarized fast in this situation. DP or OP generates because of the existence of 

molecules with persistent electric dipole moments that shift their rotational axis into the applied 

field’s direction and it eventuates to a maximum of 1010 Hz [299, 484-486]. The enforcement 

and disintegration periods for IP are also small with a slight loss of energy and are 

approximately 10-13-10-12 s [484-486]. SCP emerges at frequencies in the midst of 1 and 103 

Hz and may last for a few kilohertz and eventually materializes as a result of the charge carriers 

mobilization (hole and electron) being constrained by the intersection between two materials 
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or portions of the like material when a strong field is present [484-486]. DP takes longer than 

EP and IP that respectively take around 10-6-10-2 s [484-486]. The dielectric trait, on the 

contrary hand, has been evaluated at low frequencies and is mainly confirmed through an 

interfacial SCP determined by the Maxwell-Wagner interfacial polarization, that is put on by 

the buildup of free charge at the grain/grain border intersections of ferroelectromagnetic 

composite ceramics or the ferroelectromagnetic composite ceramics /electrodes intersections 

[487], that agrees with Koop's notion [235, 488], whilst the others are unimportant [299]. 

According to Koop's idea [235], the ferroelectromagnetic composite ceramics are made up of 

two layers: the first layer is composed of microscopic crystals or grains that exhibit high 

conductivity, while the second layer is composed of grain borders that exhibit poor 

conductivity. The second thin layer is separated from the top layer. Highly conducting grains 

are very persuasive at higher frequency side compared to poorly conducting grain borders, 

which are very persuasive at lower frequency side. More ions, including Ba2+, Ba3+, Ca2+, Ca3+, 

Fe2+, Fe3+, Ni2+, Ni3+, Cu1+, Cu2+, Zn2+, Zn3+, Zr3+, Zr4+, Ti3+, and Ti4+, are affected in our 

ferroelectromagnetic composite ceramics by the operation of the alternating electric field. Due 

to the high resistance of the poorly conductive grain borders and interfaces at lower applied 

frequencies, all ions/charges have the opportunity to collect there. This leads to the 

development of interfacial space charge polarization and a high 휀′value. Since certain of those 

charges are incapable to accurately detect the fast alteration in frequency of the applied field in 

accordance with their masses, charge accumulation is reduced at higher applied frequency 

windows [446, 489]. This is because some of these charges experience hopping in the midst of 

different ions, which results in a small and constant for 휀′ value. The Verwey de Bohr 

mechanism's jumping phenomena might potentially be used to explain dielectric dispersion 

[434]. In ferroelectromagnetic composite ceramics, the presence of the holes displacement 

takes place amongst Ba2+ and Ba3+ (Ba3+ ↔Ba2+ + e+ (hole jumping)), Ca2+ and Ca3+ (Ca3+ 

↔Ca2+ + e+ (hole jumping)), Ni2+ and Ni3+ (Ni3+ ↔Ni2+ + e+ (hole jumping)), Cu2+ and Cu1+ 
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(Cu2+ ↔Cu1+ + e+ (hole jumping)), Cu3+ and Cu2+ (Cu3+ ↔ Cu2+ + e+ (hole jumping)), and Zn2+ 

and Zn3+ (Zn3+ ↔Zn2+ + e+ (hole jumping)) ions. Along with the electrons Fe2+ and Fe3+ (Fe2+ 

↔Fe3+ + e- (electron jumping)), Zr3+ and Zr4+ (Zr3+ ↔Zr4+ + e- (electron jumping)), and Ti3+ 

and Ti4+ (according to Ti3+ ↔Ti4+ + e- (electron jumping)), additionally, the regional migration 

of holes along the applied field’s direction contribute to the net polarization. Additionally, the 

achievement of holes is less than the electronic exchange in the midst of Fe2+ and Fe3+ 

(according to Fe2+ ↔Fe3+ + e- (electron jumping)), Zr3+ and Zr4+ (Zr3+ ↔Zr4+ + e- (electron 

jumping)), and Ti3+ and Ti4+ (Ti3+ ↔Ti4+ + e- (electron jumping)). Due to their lower mobility 

and the fact that they have the opposite sign from electrons, holes achieve polarization more 

quickly than electrons even in a low-frequency frame. In turn, this causes the total polarization 

to noticeably decline at low-frequency windows and then gradually decline at high-frequency 

windows (above 1 kHz) [490, 491]. Table 4.50-4.51 and 4.52-4.53 list the values of 휀′ and 휀′′at 

particular frequencies of the ferroelectromagnetic composite ceramics with x = 0.0; 0.04; 0.08; 

0.12; y = 0.2 and x = 0.0; 0.04; 0.08; 0.12; y = 0.5. As shown from Fig. 4.55 (a, b)’s inset in x 

= 0.0; 0.04; 0.08; 0.12; y = 0.2 and x = 0.0; 0.04; 0.08; 0.12; y = 0.5, 휀′ value at 1 MHz is 

graphed against IDNS level to explore the IDNS dependency of 휀′ for ferroelectromagnetic 

composite ceramics. From Figure 4.55 (a, b)’s inset, it is recognized that the 휀′ value rises in x 

= 0.04 and afterwhich decreases in x = 0.12 and y = 0.2, whilst 휀′ value reduces with rising 

IDNS level in x = 0.08 and then rises in x = 0.12 and y = 0.5. The decline in the concentration 

of the Fe2+ ion at the octahedrally coordinated position supports the correlation in the midst of 

the drop in 휀′ value and an increase in IDNS. The polarization decreases because the electron 

exchange in the midst of the ions Fe2+ and Fe3+, Zr3+ and Zr4+, and Ti3+ and Ti4+ is hindered. 

Therefore, the 휀′ value decreases with an increase in IDNS [492]. Because the value of changes 

directly with the electrical conductivity's square root, it is possible to attribute the increase in 

휀′value to the decrease in resistivity in particular [245]. Another possible explanation for the 

improvement in 휀′ value with IDNS is the lowering of grain/particle diameter. Additionally, 
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the low resistivity is caused by the low concentration of Fe2+ ions at the octahedrally 

coordinated site of the NCZFe2-xO4-3x/2 phase, which causes 휀′ value to be greater [493]. The 

ferroelectromagnetic composite ceramics with x = 0.0; 0.04; 0.08; 0.12; y = 0.2 have a greater 

value of 휀′ than the ferroelectromagnetic composite ceramics with x = 0.0; 0.04; 0.08; 0.12; y 

= 0.5. Since part of the Fe3+ ions are transformed into Fe2+ ions when the sintering is taking 

place, the Fe2+ ions are given credit for this higher value. The grain-to-grain border ratio is also 

raised by sintering. As a result, 휀′ value rises [310]. Contrarily, the NCZFe2-xO4-3x/2 phase's 

conducting character lessens the polarization, resulting in a smaller value of 휀′for 

ferroelectromagnetic composite ceramics with x = 0.0; 0.04; 0.08; 0.12; y = 0.5 than for 

ferroelectromagnetic composite ceramics with x = 0.0; 0.04; 0.08; 0.12; y = 0.2. Furtherfore, 

we fitted 휀′ value using a modified Debye's function [494]: 휀′ = 휀∞
′ +

( 0
′− ∞

′ )

[1+(𝜔𝜏)2(1−𝛼)]
 to clarify 

the electric permittivity's dispersive characteristic that suggests the possibility of more than one 

charge carriers participating in the permittivity relaxation mechanism., where 휀′ stands for the 

real component of the permittivity constant, 휀∞
′  stands for the permittivity constant at higher 

frequencies (at 10 MHz), 휀0
′  stands for the permittivity constant at lower frequencies (at 1 Hz), 

𝜔 (= 2𝜋𝑓) stands for the angular frequency, 휀0
′ − 휀∞

′  stands for the dielectric relaxation 

strength, 𝜏  (𝜏 =
1

2𝜋𝑓𝑟
) stands for the relaxation time, and 𝛼 stands for the spreading component. 

Most likely, more than one charge carriers would participate in the dielectric relaxation process 

given the consistency of the measured and theoretical evidence, which supports the validity of 

the modified Debye's function [495]. Table 4.54 displays the fitted values for 𝛼 and 𝜏. Table 

4.54 reveals that 𝛼 in x = 0.04, decreases, then improves in x = 0.08, and in the end reduces in 

x = 0.12 with y = 0.2 and 0.5. In contrast, at y = 0.2, 𝜏 drops as the IDNS increases, but 𝜏 

improves at x = 0.04, afterwhich drops at x = 0.08, and ultimately rises at x = 0.12 and y = 0.5.  
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4.4.6. Permittivity loss tangent analysis 

 

One of the crucial concerns in ferroelectromagnetic composite ceramics is the investigation of 

permittivity loss tangent. Figure 4.55 depicts the development of permittivity loss tangent 

(tan𝛿 ) with respect to frequency of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] 

ferroelectromagnetic composite ceramics: (c) x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and (d) x = 0.0; 

0.04; 0.08; 0.12; y = 0.5. Typically, permittivity loss tangent happens when applied ac field’s 

polarization trails behind and is brought by a variety of factors, including grain borders, the 

existence of free charge carriers), Ts, chemical structure, contaminants, imperfections 

architectural uniformity, and stoichiometry [496]. The density, on the opposite hand, has a 

substantial impact on the change in tan𝛿  value, therefore a rise in porosity (lower density) 

leads to a higher tan𝛿  value. There is no doubt that tan decreases with frequency and becomes 

constant at the higher frequency side. Unusually poorly conducting grain borders are persuasive 

at lower frequency side; as a result, tan𝛿  value is high because it takes a lot of energy to move 

electrons in the midst of Fe2+ and Fe3+, Zr3+ and Zr4+, and Ti3+ and Ti4+ ions [497]. To put it 

another way, if the charge carrier’s hopping frequency amongst Fe2+ and Fe3+, Zr3+ and Zr4+, 

and Ti3+ and Ti4+ ions exceed that of the applied field, charge carriers are perfectly able to keep 

up with rapid changes in the applied field. This causes a higher absorption of electromagnetic 

waves that are being transmitted, which causes a significant tan𝛿  value to be seen at the lower 

frequency side [498]. The electrical proactivity of the highly conductive grains at high 

frequencies necessitates the transfer of a little amount of energy in the midst of the ions of Fe2+ 

and Fe3+, Zr3+ and Zr4+, and Ti3+ and Ti4+, which results in a low tan𝛿  value [497]. In other 

words, the charge carriers are incapable to pursue precisely the quick transformation in the 

field being introduced if their hopping frequency is smaller the applied frequency.  As an 

outcome, propagating electromagnetic waves are scarcely absorbed, and relatively samml 

tan𝛿  values are observed at higher frequencies [498]. Additionally, it has been demonstrated 
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that a maximum in tan𝛿  emerges at lower frequencies in x = 0.0 and y = 0.2 and in x = 0.04, 

0.08, and 0.12 and y = 0.5 in accordance with Debye-like relaxing mechanisms. Additionally, 

it has been demonstrated that a maximum in tan𝛿  emerges at lower frequencies in x = 0.0 and 

y = 0.2 and in x = 0.04, 0.08, and 0.12 and y = 0.5 in accordance with Debye-like relaxing 

mechanisms. With the aid of the Debye relaxation theory [499, 500], it is possible to analyze 

this peak's occurrence in tan𝛿  spectra, which is connected to a ferromagnetic resonance effect 

[499]. This hypothesis states that the loss peak eventuates if the applied frequency and the 

electron jumping frequency amongst Fe2+ and Fe3+, Zr3+ and Zr4+, and Ti3+ and Ti4+ ions 

coincide [501] and the condition 𝜔𝑚𝑎𝑥𝜏 = 1 is satisfied, where 𝜔𝑚𝑎𝑥 (= 2𝜋𝑓𝑚𝑎𝑥) refers the 

angular frequency and 𝜏 refers the relaxation. The relaxing time supports the hopping chance 

per unit time (𝑝) as 𝜏 =
1

2𝑝
 or 𝜔𝑚𝑎𝑥 = 2𝑝 [501]. In this situation, the crystal lattice receives the 

biggest quantity of electrical energy from the applied field, which results in a quick increase in 

𝑡𝑎𝑛𝛿  value. The joint bestowal of electrons and holes further supports the formation of the 

resonance peak. In this research, the displacement of electrons and the leaping of electrons in 

the midst of Fe2+ and Fe3+ (Fe2+ ↔ Fe3+ + e-), Zr3+ and Zr4+ (Zr3+↔Zr4+ + e-), and Ti3+ and Ti4+ 

(Ti3+ ↔Ti4+ + e-). Additionally, the displacement of holes is supported by the jumping of holes 

in the midst of Ba2+ and Ba3+ (Ba3+ ↔Ba2+ + e+), Ca2+ and Ca3+ (Ca3+↔Ca2+ + e+), Ni2+ and 

Ni3+ (Ni3+↔Ni2+ + e+), Cu2+ and Cu1+ (Cu2+↔Cu1+ + e+), Cu3+ and Cu2+ (Cu3+ ↔ Cu2+ + e+), 

and Zn2+ and Zn3+ (Zn3+ ↔Zn2+ + e+). Table 4.50-4.51 and 4.52-4.53 include a list of the values 

of tan𝛿  at various frequencies. Figure 4.55 (c, d)'s inset shows how tan𝛿  depends on IDNS 

level at 1 kHz. It is clear that whereas tan𝛿  value improves in x = 0.04 and afterwhich drops 

on rising IDNS level in x = 0.12 and y = 0.5, tan𝛿  value rises in x = 0.08 and afterwhich drops 

in x = 0.12 and y = 0.2. The increase and decrease in tan𝛿  value using IDNS may be related 

to a decrease and increase in resistivity, which results in an improvement and facilitation of 

tan𝛿  value. Based on the electron theory, thr formula for tan𝛿  is: tan𝛿 =
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𝜎𝑎𝑐 2𝜋𝑓휀
′휀0 = 1 2𝜋𝑓휀

′휀0𝜌𝑎𝑐⁄⁄ , where 𝜌𝑎𝑐 represents the resistivity [443, 502]. According to 

the aforementioned relationship, tan𝛿  value diminishes as 휀′ and 𝜌𝑎𝑐  values grow, and vice 

versa [245]. The tan𝛿  value may be shown to be greater for ferroelectromagnetic composite 

ceramics with x = 0.0; 0.04; 0.08; 0.12; y = 0.5 than for ferroelectromagnetic composite 

ceramics with x = 0.0; 0.04; 0.08; 0.12; y = 0.2. This difference in tan𝛿  has developed since 

ferroelectromagnetic composite ceramics with larger NCZFe2-xO4-3x/2 concentration produces 

large number of charge carriers. At 10 MHz, the small tan𝛿  value of the x = 0.04; y = 0.2 

ferroelectromagnetic composite ceramic is 5.04 × 10-5, whereas that of the x = 0.0; y = 0.5 

ferroelectromagnetic composite ceramic is 1.51× 10-4. A good quality of the 

ferroelectromagnetic composite ceramics is shown by the tiny tan𝛿  values.
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Table 4.50. Real component (휀′) and imaginary component (휀′′) of electric permittivity, permittivity loss tangent (𝑡𝑎𝑛𝛿), relative loss factor 

(𝑡𝑎𝑛𝛿 휀′⁄ ), ac conductivity (𝜎𝑎𝑐), real component (𝑍′) and imaginary component (𝑍′′) of impedance, and real component (𝑀′) and imaginary 

component (𝑀′′) of dielectrical modulus of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0, 0.04; y = 0.2) ferroelectromagnetic composite 

ceramics 

Composition  Frequency 휀′ 휀′′ 𝑡𝑎𝑛𝛿 𝜎𝑎𝑐  
(Ω-1 m-1) 

𝑡𝑎𝑛𝛿 휀′⁄  𝑍′ (Ω) 𝑍′′ (Ω) 𝑀′ 𝑀′′ 

x y 

 

 

0.0 

 

 

0.2 

1 kHz 123 

 

32 0.26 1.80 × 10-6 2.11 × 10-3 2.34 × 106 9.00 × 106 7.60 × 10-3 1.97 × 10-3 

10 kHz 88 

 

14.7 0.17 8.38 × 10-6 1.90 × 10-3 214745 1.29 × 106 1.11 × 10-2 1.85 × 10-3 

100 kHz 78.2 

 

4.71 0.06 2.63 × 10-5 7.71 × 10-4 9199 152572 1.27 × 10-2 7.68 × 10-4 

1 MHz 74.7 

 

1.58 0.02 8.97 × 10-5 2.84 × 10-4 334 15759 1.34 × 10-2 2.84 × 10-4 

10 MHz 75 

 

1.13 0.02 6.47 × 10-4 2.01 × 10-4 23.32 1548 1.33 × 10-2 2.01 × 10-4 

 

 

0.04 

 

 

0.2 

1 kHz 330 

 

44.1 0.13 2.48 × 10-6 4.04 × 10-4 418221 3.14 × 106 2.97 × 10-3 3.97 × 10-4 

10 kHz 290 

 

16.7 0.06 9.53 × 10-6 1.99 × 10-4 20626 357863 3.44 × 10-3 1.98 × 10-4 

100 kHz 279 

 

5.22 0.02 2.91 × 10-5 6.71 × 10-5 714 38152 3.58 × 10-3 6.71 × 10-5 

1 MHz 275 

 

2.53 0.01 1.43 × 10-4 3.34 × 10-5 35 3820 3.63 × 10-3 3.34 × 10-5 

10 MHz 297 

 

4.45 0.01 2.55 × 10-3 5.04 × 10-5 5.23 349 3.37 × 10-3 6.04 × 10-5 
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Table 4.51. Real component (휀′) and imaginary component (휀′′) of electric permittivity, permittivity loss tangent (𝑡𝑎𝑛𝛿), relative loss factor 

(𝑡𝑎𝑛𝛿 휀′⁄ ), ac conductivity (𝜎𝑎𝑐), real component (𝑍′) and imaginary component (𝑍′′) of impedance, and real component (𝑀′) and imaginary 

component (𝑀′′) of dielectrical modulus of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.08, 0.12; y = 0.2) ferroelectromagnetic composite 

ceramics 

Composition  Frequency 휀′ 휀′′ 𝑡𝑎𝑛𝛿 𝜎𝑎𝑐  
(Ω-1 m-1) 

𝑡𝑎𝑛𝛿 휀′⁄  𝑍′ (Ω) 𝑍′′ (Ω) 𝑀′ 𝑀′′ 

x y 

 

 

0.08 

 

 

0.2 

1 kHz 328 

 

40 0.12 2.25 × 10-6 3.71 × 10-4 428390 3.52 × 106 3.00 × 10-3 3.65 × 10-4 

10 kHz 288 

 

18.8 0.07 1.07 × 10-5 2.26 × 10-4 26128 400770 3.46 × 10-3 2.26 × 10-4 

100 kHz 273 

 

6.85 0.03 3.82 × 10-5 9.19 × 10-5 1087 43327 3.66 × 10-3 9.19 × 10-5 

1 MHz 268 

 

3.23 0.01 1.82 × 10-4 4.50 × 10-5 53 4366 3.74 × 10-3 4.51 × 10-5 

10 MHz 286 

 

4.52 0.02 2.59 × 10-3 5.54 × 10-5 6.39 404 3.50 × 10-3 5.54 × 10-5 

 

 

0.12 

 

 

0.2 

1 kHz 312 

 

41.9 0.13 2.36 × 10-6 4.31 × 10-4 453414 3.37 × 106 3.15 × 10-3 4.24 × 10-4 

10 kHz 272 

 

17.3 0.06 9.86×10-6 2.33 × 10-4 24501 385945 3.66 × 10-3 2.32 × 10-4 

100 kHz 261 

 

 

5.52 0.02 3.08 × 10-5 8.11 × 10-5 876 41371 3.83 × 10-3 8.12 × 10-5 

1 MHz 256 

 

2.72 0.01 1.54 × 10-4 4.14 × 10-5 44 4152 3.90 × 10-3 4.13 × 10-5 

10 MHz 277 

 

4.39 0.02 2.52 × 10-3 5.72 × 10-5 6 379 3.60 × 10-3 5.71 × 10-5 
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Table 4.52. Real component (휀′) and imaginary component (휀′′) of electric permittivity, permittivity loss tangent (𝑡𝑎𝑛𝛿), relative loss factor 

(𝑡𝑎𝑛𝛿 휀′⁄ ), ac conductivity (𝜎𝑎𝑐), real component (𝑍′) and imaginary component (𝑍′′) of impedance, and real component (𝑀′) and imaginary 

component (𝑀′′) of dielectrical modulus of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0, 0.04; y = 0.5) ferroelectromagnetic composite 

ceramics 

Composition  Frequency 휀′ 휀′′ 𝑡𝑎𝑛𝛿 𝜎𝑎𝑐 (Ω
-1 m-1) 𝑡𝑎𝑛𝛿 휀′⁄  𝑍′ (Ω) 𝑍′′ (Ω) 𝑀′ 𝑀′′ 

 

 
x y 

 

 

0.0 

 

 

0.5 

1 kHz 267 32.5 

 

0.12 1.83 × s10-6 4.56 × 10-4 479971 3.95 × 106 3.69 × 10-3 4.49 × 10-4 

10 kHz 233 15.6 

 

0.07 8.93 × 10-6 2.88 × 10-4 30307 451082 4.27 × 10-3 2.87 × 10-4 

100 kHz 221 5.67 

 

0.03 3.16 × 10-5 1.16 × 10-4 1253 48827 4.53 × 10-3 1.16 × 10-4 

1 MHz 216 2.68 

 

0.01 1.51 × 10-4 5.74 × 10-5 61 4925 4.62 × 10-3 5.73 × 10-5 

10 MHz 226 3.44 

 

0.02 1.97 × 10-3 6.75 × 10-5 7.10 466 4.30 ×10-3 6.75 × 10-5 

 

 

0.04 

 

 

0.5 

1 kHz 482 270 

 

0.56 1.52 × 10-5 1.16 × 10-3 999839 1.79 × 106 1.58 × 10-3 8.85 × 10-4 

10 kHz 239 107 

 

0.45 6.09 × 10-5 1.87 × 10-3 173580 388900 3.48 × 10-3 1.56 × 10-3 

100 kHz 160 35.1 

 

0.23 1.96 × 10-5 1.37 × 10-3 14859 67912 5.95 × 10-3 1.30 × 10-3 

1 MHz 138 9.23 

 

0.07 5.22 × 10-4 4.83 × 10-4 540 8102 7.19 × 10-3 4.79 × 10-4 

10 MHz 139 4.03 

 

0.03 2.31 × 10-3 2.09 × 10-4 23.22 800 7.20 × 10-3 2.09 × 10-4 

 

 

 



 

342 

 

Table 4.53. Real component (휀′) and imaginary component (휀′′) of electric permittivity, permittivity loss tangent (𝑡𝑎𝑛𝛿), relative loss factor 

(𝑡𝑎𝑛𝛿 휀′⁄ ), ac conductivity (𝜎𝑎𝑐), real component (𝑍′) and imaginary component (𝑍′′) of impedance, and real component (𝑀′) and imaginary 

component (𝑀′′) of dielectrical modulus of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.08, 0.12; y = 0.5) ferroelectromagnetic composite 

ceramics 

Composition  Frequency 휀′ 휀′′ 𝑡𝑎𝑛𝛿 𝜎𝑎𝑐 (Ω
-1 m-1) 𝑡𝑎𝑛𝛿 휀′⁄  𝑍′ (Ω) 𝑍′′ (Ω) 𝑀′ 𝑀′′ 

 

 
x y 

 

 

0.08 

 

 

 0.5 

1 kHz 180 43.7 0.24 

 

2.46 × 10-6 1.35 × 10-3 1.49 × 106 6.11 × 106 5.25 × 10-3 1.28 × 10-3 

10 kHz 133 21.7 0.16 

 

1.24 × 10-5 1.23 × 10-3 137971 843101 7.34 × 10-3 1.20 × 10-3 

100 kHz 115 8.07 0.07 

 

4.50 × 10-5 6.10 × 10-4 7142 101737 8.66 × 10-3 6.08 × 10-4 

1 MHz 109 2.73 0.03 

 

1.54 × 10-4 2.30 × 10-4 266 10628 9.16 × 10-3 2.29 × 10-4 

10 MHz 112 2.10 0.02 

 

1.20 × 10-3 1.67 × 10-4 19.03 1019 8.90 × 10-3 1.66 × 10-4 

 

 

0.12 

 

  

0.5 

1 kHz 260 113 0.43 

 

6.34 × 10-6 1.664 × 10-3 1.76 × 106 4.07 × 106 3.24 × 10-3 1.40 × 10-3 

10 kHz 156 46.2 0.30 

 

2.64 × 10-5 1.90 × 10-3 215671 729584 5.88 × 10-3 1.74 × 10-3 

100 kHz 123 14.9 0.12 

 

8.32 × 10-5 9.89 × 10-4 12406 101981 8.04 × 10-3 9.78 × 10-4 

1 MHz 113 4.33 0.04 

 

2.45 × 10-4 3.38 × 10-4 423 11056 8.83 ×10-3 3.38 × 10-4 

10 MHz 114 2.59 0.02 

 

1.48 × 10-3 1.98 × 10-4 24.44 1081 8.74×10-3 1.98 × 10-4 
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Table 4.54. Extracted parameters 휀𝑠
′ , 휀∞

′ , ∆휀, spreading factor (𝛼) and relaxation time (𝜏) of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 

0.04; 0.08; 0.12; y = 0.2; 0.5) ferroelectromagnetic composite ceramics. 

Composition  

 

Modified Debye function 

휀𝑠
′  휀∞

′  ∆휀
= 휀𝑠

′ − 휀∞
′  

𝛼 𝜏 (𝑠)



x y 

0.0  0.2 

 
  106 0.70 0.75 × 10-3 

0.04  0.2 

 
  113 0.66 0.91 × 10-3 

0.08  0.2 

 
  121 0.72 1.24 × 10-3 

0.12  0.2 

 
  121 0.70 1.62 × 10-3 

0.0  0.5 

 
  101 0.72 0.89 × 10-3 

0.04  0.5 

 
  853 0.72 2.09 × 10-3 

0.08  0.5 

 
  150 0.74 1.07 × 10-3 

0.12  0.5 

 
  372 0.73 2.69 × 10-3 
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4.4.7. Electrical conductivity analysis 
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Figure 4.56: Evolution of the ac conductivity (𝜎𝑎𝑐) with frequency of (1-y) [BCZTO] + (y) 

[NCZFe2-xO4-3x/2] composites: (a) x = 0.00-012; y = 0.2 and (b) x = 0.00-012; y = 0.5 and inset 

shows IDNS dependent 𝜎𝑎𝑐 at 1 MHz. (c, d) shows the representative fitted curve of 𝜎𝑎𝑐  using 

Jonscher’s power law. 

Figure 4.56 investigates and depicts the development of the ac conductivity (𝜎𝑎𝑐) of (1- y) 

[BCZTO] + (y) [NCZFe2-xO4-3x/2] ferroelectromagnetic composite ceramics according to the 

applied frequency: (a) x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 

0.5. Figure 4.56 (a, b) shows how the dynamical ac spectra may be separated into two distinct 

groups. (i) The lower frequencies, or frequency-invariant (𝜔 ≅ 0) range, are known as the DC 

conductivity (𝜎𝑑𝑐), together with relatively small 𝜎𝑎𝑐 because of the electrode's polarization 

impact and uncontrolled diffusion of charge carriers (which relates to the long-distance 

translational movement) [502]. At higher frequencies, 𝜎𝑎𝑐, also shows frequency dispersion as 

a result of the enormous improvement in charge carrier’s movement (which crelates to the 
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short-distance translational movement) [503]. Maxwell-Wagner [504] and Koop [235] notions 

can also be used to explain the shift in 𝜎𝑎𝑐. According to these hypotheses, it can be recognized 

that ferroelectromagnetic composite ceramics are made up of exceptionally conductive grains 

that are separated from one another by a thin layer that is not notably conductive. These layers 

are known as grain borders. According to these models, unremarkably conductive grain borders 

have electrical proactiveness at low-frequency frequencies that is noticeably stronger than 

remarkably conductive grain surfaces. In light of this, the Verwey de Bohr mechanism [434] 

predicts that there is a chance of charge carriers jumping amongst Zr3+ and Zr4+ ions (Zr3+ 

↔Zr4+ + e-), Ti3+ and Ti4+ ions (Ti3+ ↔Ti4+ + e-), O2- ions (O2- ↔ O- + e-), and Fe2+ and Fe3+ 

ions (Fe2+ ↔Fe3+ + e-) and Ba3+ and Ba2+ ions (Ba3+ ↔Ba2+ + e+), Ca3+ and Ca2+ ions (Ca3+ 

↔Ca2+ + e+), Ni3+ and Ni2+ ions (Ni3+ ↔Ni2+ + e+), Cu2+ and Cu1+ ions (Cu2+ ↔Cu1+ + e+), 

Zn3+ and Zn2+ ions (Zn3+ ↔Zn2+ + e+) is incompetent and hence, a continuous plateau zone is 

formed. The activity unusually conducting grains increases against frequency relative to the 

borders of less remarkably conductive grains. Accordingly, the charge carrier’s jumping 

probability in the midst of Zr3+ and Zr4+ ions (Zr3+ ↔Zr4+ + e-), Ti3+ and Ti4+ ions (Ti3+ ↔Ti4+ 

+ e-), O2- ions (O2- ↔ O- + e-), and Fe2+ and Fe3+ ions (Fe2+ ↔Fe3+ + e-) and Ba3+ and Ba2+ ions 

(Ba3+ ↔Ba2+ + e+), Ca3+ and Ca2+ ions (Ca3+ ↔Ca2+ + e+), Ni3+ and Ni2+ ions (Ni3+ ↔Ni2+ + 

e+), Cu2+ and Cu1+ ions (Cu2+ ↔Cu1+ + e+), Zn3+ and Zn2+ ions (Zn3+ ↔Zn2+ + e+)  is eminent. 

The increase in 𝜎𝑎𝑐 at high frequencies was correlated with an increase in the mobility of charge 

carrier without changing the concentration of net charge carriers [386]. However, the jumping 

holes can also influence the electrical conductivity. N-type carriers are believed to prevail in 

the electrical conduction mechanism because the holes jumping is less noticeable than the 

electron jumping. The frequency-dependent 𝜎𝑎𝑐  follows Jonscher’s power law as [505]: 

𝜎𝑎𝑐 (𝜔)(𝜔 = 0, 𝑇) + 𝜎𝑎𝑐(𝜔) = 𝜎𝑑𝑐(𝜔 = 0, 𝑇) + 𝐴(𝑇)𝜔
𝑛(𝑇) = 𝜎𝑑𝑐 (1 +

𝐴(𝑇)𝜔𝑛(𝑇)

𝜎𝑑𝑐
) =

𝜎𝑑𝑐 [1 + (
𝜔

𝜔ℎ
)
𝑛(𝑇)

], where 𝜎𝑑𝑐 is the DC conductivity, and the term 𝐴(𝑇)𝜔𝑛 (0 < 𝑛 < 1) 
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describes the frequency dependency of 𝜎𝑎𝑐 and the phenomenon of dispersion, where, 

𝜔 (= 2𝜋𝑓) denotes  the angular frequency, exponent 𝑛 which weakly relies upon frequency or 

frequency-invariant, and greatly relies on the materials' inherent characteristics and 

temperature  [506], and also a factor in influencing how strongly mobile ions interact with the 

lattice and how far the behavior deviates from optimal Debye function [507], 𝐴 is written as 

𝐴(𝑇) = (𝜋𝑁2𝑒2) [6𝑘𝐵𝑇(2𝛼)]⁄  possessing unit of 𝜎𝑎𝑐(𝜔), where 𝑒 is charge of the electron, 

𝑁 is the number of sites per unit volume where the jumping occurs, 𝑘𝐵 denotes  the Boltzmann 

constant, 𝑇 denotes the temperature, and 𝛼 denotes the polarizability. The factor (𝐴) declares 

the magnitude of the material’s polarizability and 𝜔ℎ = (𝜎𝑑𝑐 𝐴(𝑇)⁄ )
1

𝑛 is the frequency used to 

bridge dc to dispersive conductivity zone when 𝜔 > 𝜔ℎ and is known as the charge carrier’s 

jumping frequency [506].  According to Jonscher [508], the energy accumulated in the short-

distance correlated motion of charge carriers is the root cause of a value that is higher than zero 

of 𝑛 in the dispersive region of 𝜎𝑎𝑐. Ideal ionic-type crystals exhibit coupled ac conduction and 

DC conduction if 𝑛 =  0 [509]. According to Funke [323], the physical meaning of 𝑛 is as 

follows: 𝑛 ≤  1 (Debye-type) shows that the charge carriers give rise to a short-range 

translatory transfer with a rapid hop which is facilitated by a small polaronic process [319, 

508], whilst 𝑛 > 1 (non-Debye type) suggests that the movement is due to a large polaronic 

process amongst the neighboring sites, which benefits a confined or reorientational jumping 

without species departing the neighborhood. The jumping frequency, which is determined by 

by the charged carriers' polaron jumping, is discovered to travel toward the higher frequencies 

where the slope eventually changes. Inables 4.50-4.51 and 4.52-4.53, the 𝜎𝑎𝑐 values for various 

frequencies are reported. Figure 4.56 (a, b)’s inset displays the dependency of 𝜎𝑎𝑐 with IDNS 

level at 1 MHz for ferroelectromagnetic composite ceramics with x = 0.0; 0.04; 0.08; 0.12; y = 

0.2 and x = 0.0; 0.04; 0.08; 0.12; y = 0.5. It is discovered that while the IDNS rises to a 

maximum of x = 0.08, 𝜎𝑎𝑐 improves and afterwhich drops in x = 0.12 and y = 0.2, but 
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𝜎𝑎𝑐 improves dramatically in x = 0.04 and then descends in x = 0.08 before improving in x = 

0.12 and y = 0.5. The ac conductivity is significantly impacted by IDNS, as seen by the data 

above. The collected data of 𝜎𝑎𝑐 were fiited using Jonscher’s power law to reveal the measured 

frequency dispersion and conductivity relaxation as well as to determine the values of 𝜎𝑑𝑐, 

factor ‘𝐴’, and exponent '𝑛'. Table 4.55 lists the extracted parameters. The usual fitted curves 

of 𝜎𝑎𝑐 according to Jonscher's law for the ferroelectromagnetic composite ceramics with x = 

0.0, y = 0.2 and x = 0.04, y = 0.5 are shown in Figure 4.56 (c, d). A continuous red line, which 

indicates the degree of fit, clearly shows how well the fitted curve harmonizes with the 

measured data. In contrast to 𝜎𝑑𝑐, which improves in x = 0.04 and then lowers in x = 0.08 

before enhancing in x = 0.12 and y = 0.5, 𝜎𝑑𝑐 ascends as the IDNS rises to a maximum of x = 

0.08 and ultimately escalates in x = 0.12 and y = 0.2. This is seen in Table 4.55. The 

ferroelectromagnetic composite ceramics with small grains contain a significant number of 

grain borders than grains, which is consistent with the improvement in grain diameter and the 

augmentation of 𝜎𝑑𝑐with IDNS. Given that the ferroelectromagnetic composite ceramics with 

big grains contain a smaller number of grain borders, the decrease in 𝜎𝑑𝑐  with IDNS is verified 

by the decrease in grain diameter. According to Table 4.55, whereas 𝐴 grows in x = 0.04 and 

then drops in x = 0.08 before increasing in x = 0.12 and y = 0.5, 𝐴 increases in x = 0.04 and 

then drops in x = 0.08 before increasing in x = 0.12 and y = 0.2. It is clear from Table 4.55 that 

the '𝑛' numbers range from zero to one (i.e. 0 <  𝑛 <  1). We can see from Table 4.55 that 𝑛 

increases in x = 0.12 and y = 0.2 and then decreases with rising IDNS level to a maximum of 

x = 0.08. On the other hand, 𝑛 increases in x = 0.08 and aftewhcih decreases in x = 0.12 if y = 

0.2. This is in contrast to 𝑛 declining in x = 0.04 and then increasing in x = 0.08. The growth 

and decline of charge carrier hopping may be attributed to the increase and decrease in 𝑛 that 

accompany an increase in IDNS. So, the hopping of small polarons that are engulfed in limited 

states supports 𝜎𝑎𝑐 [510].



 

348 

 

Table 4.55. Extracted parameters from Jonscher’s power law: 𝜎𝑎𝑐 = 𝜎𝑑𝑐 + 𝐴𝜔
𝑛 of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 

0.12; y = 0.2; 0.5) ferroelectromagnetic composite ceramics 

 

Composition 

 
From fitting of 𝜎𝑎𝑐 = 𝜎𝑑𝑐 + 𝐴𝜔

𝑛 

 

𝜎𝑑𝑐 (Ω
−1𝑚−1) 𝐴 (Ω−1𝑚−1) 𝑛 𝜒2 𝑅2 

 

 x y 

0.0 0.2 

 

8.84× 10-6 2.01 × 10-10 0.9222 9.65 × 10-11 0.9930 

0.04 0.2 

 

1.78 × 10-6 1.57 × 10-8 0.6470 3.37 × 10-12 0.9960 

0.08 0.2 

 

8.79 × 10-7 2.42 × 10-8 0.6372 2.17 × 10-12 0.9986 

0.12 0.2 

 

1.79 × 10-6 1.40 × 10-8 0.6624 3.26 × 10-12 0.9968 

0.0 0.5 

 

8.49 × 10-7 1.75 × 10-8 0.6482 1.44 × 10-12 0.9987 

0.04 0.5 

 

3.50 × 10-5 8.65 × 10-8 0.6217 2.59 × 10-9 0.9873 

0.08 0.5 

 

1.65 × 10-5 1.42 × 10-10 0.9818 4.30 × 10-10 0.9904 

0.12 0.5 

 

2.46 × 10-5 2.68 × 10-9 0.8105 8.01 × 10-10 0.9891 
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4.4.8. Impedance spectroscopic analysis 
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Figure 4.57: (a, b) Evolution of the real component (𝑍′) of impedance with frequency of (1-

y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 0.12; y = 0.2, 0.5) and inset shows 

evolution of the imaginary component (𝑍′′) of impedance, and (c, d) Fitted Nyquist plots and 

inset shows the the equivalent circuit for fitting. 

Figure 4.57 shows how the real component (𝑍′) of impedenace depends on frequency of (1-y) 

[BCZTO] + (y) [NCZFe2-xO4-3x/2] ferroelectromagnetic composite ceramics: (a) x = 0.0; 0.04; 

0.08; 0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5, while how the imaginary component 

(𝑍′′) depends on frequency is illustarted in the inset of Figure 4.57 (a, b). At lower frequencies, 

𝑍′ and 𝑍′′ values are at their highest value, progressively decreasing to a maximum of 10 kHz 

before evolving into frequency-independent values that are virtually zero. The proactiveness 

of extremely resistant grain borders is striking, and all types of polarization are present [511, 
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512], which is consistent with the large values of 𝑍′ and 𝑍′′ at the lower frequency side. In 

other words, because grain borders are proactive, the charge carrier’s jumping amongst Zr3+ 

and Zr4+ (as reported by Zr3+ ↔Zr4+ + e-), Ti3+ and Ti4+ (Ti3+ ↔Ti4+ + e-), O2- ↔ O- + e-, and 

Fe2+ and Fe3+ (Fe2+ ↔Fe3+ + e-) ions (n-type) and Ba2+ and Ba3+ (Ba3+ ↔Ba2+ + e+), Ca2+ and 

Ca3+ (Ca3+ ↔Ca2+ + e+), Ni2+ and Ni3+ (Ni3+ ↔Ni2+ + e+), Cu2+ and Cu1+ (Cu2+ ↔Cu1+ + e+), 

Zn2+ and Zn3+ (Zn3+ ↔Zn2+ + e+) is low,leading to increased 𝑍′ and 𝑍′′ values. The decreasing 

tendency of 𝑍′ and 𝑍′′ against frequency supports the idea that the relaxation process depends 

on frequency. The inset of Figure 4.57 (a, b) reveals that 𝑍′′ does not display a relaxation 

maximum in the recorded frequency range. Non-existence of a maximum suggests that the 

process of dielectric relaxation is absent. With increasing frequency, the characteristics of 𝑍′ 

and 𝑍′′ begin to deteriorate, which is a symptom of an increase in charge carrier mobility (the 

hopping phenomenon) and ac conductivity [513, 514]. The possible reason for the rise in ac 

conductivity is the quick emancipation of the space charge and subsequent continual 

diminishing of the barrier features for the space charge movement, are supported by the 

behavior of 𝑍′ and 𝑍′′ at higher frequencies, where 𝑍′ and 𝑍′′ entirely converge to a value that 

is practically constant and nearly frequency invariant regardless of IDNS level [461, 515]. 

Based on their characteristics, ferroelectromagnetic composite ceramics may be utilized as low 

pass filters that only let a certain frequency range to pass while blocking all others [516]. In 

Table 4.50-4.51 and 4.52-4.53, the 𝑍′ and 𝑍′′ at various frequencies are listed. Table 4.50-4.51 

show that 𝑍′ and 𝑍′′ at 1 MHz first decrease in x = 0.04; they then increase in x = 0.08; and 

then, in y = 0.2, they finally plummet in x = 0.12. On the other hand, it can be shown from 

Table 4.52-4.53 that 𝑍′ at 1 MHz rises in x = 0.04, afterwhich drops in x = 0.08, and lastly rises 

in x = 0.12, but 𝑍′′ increases with rising IDNS lelevl in y = 0.5. The drop and rise in 𝑍′ and 𝑍′′ 

with rising IDNS level highlight a change in charge carriers' resistance. Figure 4.57 (c, d) 

depicts the Nyquist plots for the ferroelectromagnetic composite ceramics with (a) x = 0.0; 

0.04; 0.08; 0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5. These plots include showing 
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𝑍′′ with respect to 𝑍′ [517]. The high-frequency Nyquist charts are shown in the inset of Figure 

4.57 (c, d). Because there are several relaxation processes in the system, each of which has a 

distinct relaxation period, Nyquist plots are made up of three successive semicircles that may 

be drawn at particular frequencies. The second semicircle (at the higher frequencies) is related 

to the resistance of grain, whilst the first semicircle (at the lower frequencies) is related to the 

resistance of the grain border [518]. A third semicircle may occasionally occur and be 

supported by the impedance produced by interfaces or even by electrodes [466]. The 

semicircular arcs in the graphs do not lie below the center of the 𝑍′-axis, and (i) the graphical 

depictions do not accomodate any clearly defined semicircles. Such distinctive characteristics 

may be attributed to superimposed achievements from grain and grain borders as well as 

potential consequences of a defunct mismatch in the midst of the most relaxed frequencies 

[519]. We detect depressed semicircles whose centers are below the 𝑍′-axis, and these are 

associated with the persistence of relaxations other than those of the Debye type [520]. The 

stress-strain processes that occur at the atomic scale, the borders of grains, atomic impurity 

distribution, and grain distributions and orientations [521, 522] all provide evidence for the 

causes of such non-Debye relaxation. In contrast to the semicircular arc, whose radius 

decreases in x = 0.04 and afterwhich rises in x = 0.08 before in the end ascending in x = 0.12 

and y = 0.5, the semicircular arc's radius increases to a maximum of x = 0.08 and then drops in 

x = 0.12 and y = 0.2. The features of each semicircular arc's radius that increase and decrease 

with increasing IDNS are directly supported by the advancement and facilitation of resistance-

related relaxation consequences, thereby accepting changes in conductivity and relaxation that 

are also contributing to the observed decline in ac conductivity [523]. The 

(𝑅𝑠)(𝐶𝑔𝑄𝑔𝑏𝑅𝑔)(𝐶𝑔𝑏𝑅𝑔𝑏) equivalent circuit and ZSimpWin software were used to fit the 

experimental data, and Table 4.56 shows the extracted parameters. Figure 4.57 (c, d)'s inset 

shows the comparable electrical circuit model. It is obvious that the fitted and measured data 

are completely identical. The grain resistance (𝑅𝑔) is shown in Table 4.56 to increase in x = 
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0.04 and then diminish with rising IDNS level to a maximum of x = 0.12 and y = 0.2, whilst 

𝑅𝑔 decreases in x = 0.04 and then escalates in x = 0.08 and ultimately drops in x = 0.5 and y = 

0.5. The resistance of grain border, on the other hand, decreases in x = 0.04, escalates in x = 

0.08, and finally decreases in x = 0.12 and y = 0.5. The nature of 𝑅𝑔 and 𝑅𝑔𝑏 with rising IDNS 

level suggests that the potential barrier characteristics are improved and decreased, 

respectively. Improved electrical transport characteristics were made possible by the potential 

barrier qualities' improvement and facilitation, while deteriorating electrical transport 

properties were prevented [524]. The resistance at the grain borders (𝑅𝑔𝑏) is greater than the 

resistance at the grain (𝑅𝑔), indicating the creation of surface defects in ferroelectromagnetic 

composite ceramics, and grain borders control the ac conductivity [525]. According to Table 

4.56, the grain capacitance (𝐶𝑔) for ferroelectromagnetic composite ceramics with x = 0.0; 

0.04; 0.08; 0.12; y = 0.2 and x = 0.0; 0.04; 0.08; 0.12; y = 0.5 is greater than the grain border 

capacitance (𝐶𝑔𝑏). Increased defects and oxygen distribution limit charge carriers within the 

grains, are evidence of the discrepancy in the midst of the aforementioned parameters [526]. It 

has been discovered that when y = 0.2, 𝐶𝑔 increases to a maximum of x = 0.04 and then drops 

as the IDNS increases to a maximum of x = 0.12, however and y = 0.5, 𝐶𝑔 increases as the 

IDNS increases to a maximum of x = 0.12. On the other hand, 𝐶𝑔𝑏 improves in x = 0.04 and 

then degrades as the IDNS increases to a maximum of x = 0.12 and y = 0.2, whilst 𝐶𝑔𝑏 falls 

with rising IDNS level to a maximum of x = 0.12 if y = 0.5. Thus, it might be able to boost and 

reduce the electronic/ionic faults that allow for larger charge carrier intensification and 

lessening, leading to, respectively, a reduction and a rise in capacitance with rising and 

descending IDNS level [526]. 
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Table 4.56. Series resistance (𝑅𝑠), grain resistance (𝑅𝑔), grain capacitance (𝐶𝑔), grain border resistance (𝑅𝑔𝑏), and grain border capacitance 

(𝐶𝑔𝑏) achieved from the modeling of Nyquist plots with equivalent circuits of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 0.12; 

y = 0.2; 0.5) ferroelectromagnetic composite ceramics. 

Composition 

 
𝑅𝑠 (Ω) 𝑅𝑔 (Ω) 𝐶𝑃𝐸 (S-sec^n)   𝑛 𝐶𝑔 (𝐹) 𝑅𝑔𝑏 (Ω) 𝐶𝑔𝑏 (𝐹) 

x y 
 

0.0  0.2 
 

132.6 1.8 × 107 2.19 × 10-6 0.997 4.84 × 10-8 1.15 × 108 1.12 × 10-11 

 

 
0.04 0.2 

 
87.22 3.8 × 1010 3.04 × 10-11 1 9.17 × 10-6 1.92 × 107 4.96 × 10-11 

 

 
0.08 0.2 

 
1.31 5.12 × 107 2.50 × 10-7 0.02 1.73 × 10-7 8.82 × 107 1.97 × 10-11 

 

 
0.12 0.2 

 
1.238 4.2 × 107 2.78 × 10-7 0.02 1.29 × 10-7 7.36 × 107 1.68 × 10-11 

 

 
0.0  0.5 

 
198.6 9.5 × 108 5.68 × 10-7 0.04 7.82 × 10-6 9.91 × 107 3.39 × 10-11 

 

 
0.04  0.5 

 
227.4 3.1 × 105 5.40 × 10-6 0.01 2.16 × 10-6 1.02 × 107 2.25 × 10-11 

 

 
0.08 0.5 

 
352.6 5.6 × 107 5.32 × 10-7 0.79 5.89 × 10-8 8.35 × 107 1.67 × 10-11 

 

 
0.12  0.5 

 
270.6 1.4 × 107 1.60 × 10-6 0.81 2.77 × 10-8 2.90 × 107 1.63 × 10-11 
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4.4.9. Dielectrical modulus spectroscopic analysis 
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Figure 4.58: Evolution of the real component (𝑀′) of dielectrical modulus with frequency: (a) 

x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5 and imaginary 

component of dielectrical modulus (𝑀′′) with frequency: (c) x =0.0; 0.04; 0.08; 0.12; y = 0.2 

and (d) x = 0.0; 0.04; 0.08; 0.12; y = 0.5 of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 

0.04; 0.08; 0.12; y = 0.2; 0.5) ferroelectromagnetic composite ceramics. 

 

Figure 4.58 shows how the real component of dielectrical modulus (𝑀′) depends on frequency 

of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] ferroelectromagnetic composite ceramics: (a) x = 

0.0; 0.04; 0.08; 0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5. It is evident from Figure 

4.58 (a, b) that the 𝑀′ value reaches noticeably smaller value at the lower frequency side. The 

smaller 𝑀′ value at lower frequencies suggests insignificant or non-existence or eradication of 

electrode’s polarization and the simplicity of polaron jumping along with minimal electronic 

polarization [527, 528]. Additionally, for lower frequencies, the smaller 𝑀′ value reflects the 
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restoration force's restrictions on the transportability of the charge carrier under the applied 

field [529]. However, the long-range charge carrier’s movement at the lower frequencies 

controls the electrical conduction phenomena [530]. Due to the short-distance charge carrier's 

mobility [531] and the 𝑀′ value is saturating, which is supported by the arrival of the SCP, the 

𝑀′ value at the higher frequency side climbs sharply with frequency, reaches a peak at some 

frequencies, and then gradually drops. Table 4.50-4.51 and 4.52-4.53 provide a list of the 𝑀′ 

values in the ferroelectromagnetic composite ceramics with x = 0.0; 0.04; 0.08; 0.12; y = 0.2 

and x = 0.0; 0.04; 0.08; 0.12; y = 0.5 at various frequencies. It can be noticed that 𝑀′ increases 

with rising IDNS level to a maximum of x = 0.08 at higher frequencies (105 Hz <f <107 Hz), 

and then decreases in x = 0.12 at y = 0.2 and 0.5. Figure 4.58 shows the development of the 

imaginary component of the dielectrical modulus (𝑀′′) with respect to frequency in the 

ferroelectromagnetic composite ceramics with x = 0.0; 0.04; 0.08; 0.12; and y = 0.2; 0.5. 

According to Figure 4.58 (c), 𝑀′′ increases as applied frequency rises, revealing a single 

asymmetric electrical relaxation peak (𝑀𝑚𝑎𝑥
′′ )) at the electrical relaxation frequency (𝑓𝑚𝑎𝑥) in 

x = 0.0. It then gradually decreases with rising frequency in x = 0.04, 0.08, and 0.12 if y = 0.2. 

In contrast, Figure 4.58 (d) shows that 𝑀′′ enhances with rising frequency and reveals just one 

asymmetrical relaxation maxima at 𝑓𝑚𝑎𝑥, and thereafter declines in x = 0.0; 0.04; 0.08; 0.12; y 

= 0.5. The appearance of the peak demonstrates the occurrence of the electrical conductivity 

relaxing process in the ferroelectromagnetic composite ceramics. It is evident that when the 

IDNS level rises in y = 0.2, the 𝑀𝑚𝑎𝑥
′′ ' peak shifts toward the lower frequency side. On the 

other hand, 𝑀𝑚𝑎𝑥
′′  peak shifts from the higher frequency side in x = 0.04 to the lower frequency 

side in x = 0.08, and lastly shifts back to the higher frequency side in x = 0.12 when y = 0.5. 

When 𝑀𝑚𝑎𝑥
′′  peak shifts toward the lower and higher frequency sides with rising IDNS level, 

the relaxation duration also increases and decreases, which suggests a connection amongst the 

motions of different mobile charge carriers [532]. Additionally, it is recognized that when y = 

0.5, the height and breadth of 𝑀𝑚𝑎𝑥
′′  seem to rise with the increase in applied frequency. A 
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decrease in the capacitance of the ferroelectromagnetic composite ceramics may be responsible 

for the increase in the height of 𝑀𝑚𝑎𝑥
′′  with frequency [533]. The spreading of the relaxation 

period with varied time constants (non-Debye type) is confirmed by the broadening 

(asymmetric) of the peaks [534]. The frequency range under 𝑓𝑚𝑎𝑥 displays a range of frequency 

whereby the electrically charged carriers might successfully jump between a single location to 

the next, signaling the process of conduction. Conversely, the frequency extent beyond 𝑓𝑚𝑎𝑥 

favors the spatial containment of the charge carriers within the potential wells and, as 

consequently, only implements limited movement for the charge carriers within the inside of 

the potential well. [520]. According to the requirement: 𝜔𝑚𝜏𝑚 = 1, where 𝜏𝑚 is the relaxation 

period, the peak's frequency range is an early indication of the switch between long-distance to 

short-distance movement [535]. Table 4.50-4.51 and 4.52-4.53 provide the values of 𝑀′′ in the 

ferroelectromagnetic composite ceramics with x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and x = 0.0; 

0.04; 0.08; 0.12; y = 0.5 at various frequencies. The full set of 𝑀′′ attributes, which depend on 

the charge carrier’s hopping in ac conductivity, provide a straightforward validation in IDNS 

level. 

4.4.10. Magnetic permeability and magnetic loss tangent analysis 

 

Figure 4.59 depicts how the real component (𝜇𝑖
′) of magnetic permeability evolves with 

frequency of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] ferroelectromagnetic composite ceramics: 

(a) x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5. Generally speaking, 

𝜇𝑖  
′  is influenced by both intrinsic and extrinsic characteristics, such as density, 

micromorphology, porosity, particle diameter, and ferrous ions concentration [536]. Examples 

of intrinsic parameters include magnetization and anisotropy constant. It has previously been 

stated by Nakamura [330] and Tsutaoka et al. [537] that the 𝜇𝑖
′ value of multifunctional 

materials is connected with the fusion of two distinct magnetization processes, i.e., relaxation-

like spin rotation and its dispersion change inversely against frequency, while resonance-like 
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domain wall’s displacement and its dispersion vary directly with the square of the frequency 

and can be explicited as: 𝜇𝑖
′ = 1 + 𝜒DW + 𝜒Spin, where 𝜇𝑖

′ represents the magnetic 

permeability; 𝜒DW stands for the domain wall’s susceptibility; and 𝜒Spin is the inherent 

rotational susceptibility. 𝜒DW and 𝜒Spin are explicited as: 𝜒DW =
3𝜋𝑀𝑠

2𝐷SEM

4𝛾
 and 𝜒Spin =

2𝜋𝑀𝑠
2

𝐾𝑢
, 

where 𝑀𝑠 is the saturated magnetization which relies on the number of magnetic atoms, atomic 

magnetic moment, and temperature of the component material, 𝐾𝑢 stands for the net anisotropy 

constant, 𝐷SEM refers for the mean grain diameter, and 𝛾 refers the domain wall’s energy. 

Nevertheless, the spin rotation part is dominated by chemical composition, whereas the 

composition and microstructure both drive the movement of the domain walls [537]. 

Additionally, it has been noted that, below 500 kHz, domain wall displacement is the primary 

magnetizing process and significantly contributes to the magentic permeability, whilst domain 

wall resonance occurs in the midst of 1 and 100 MHz and rotational resonance manifests at the 

highest frequency of 1 GHz [330, 538-540]. By ignoring spin rotation contributions, Globus 

and Duplex model have long been mentioned that the 𝜇𝑖
′ value due to domain wall’s movement 

changes inversely with the magnetocrystalline anisotropic constant (𝐾1 =
𝑀𝑠𝐻𝑐

0.96
) [541] and 

directly with the squared 𝑀𝑠 and 𝐷𝑆𝐸𝑀. In other words, (𝜇𝑖
′)DW  ∝

𝑀𝑠
2×𝐷SEM

𝐾1
. The following 

elements, including (i) improved mixture of chemicals, (ii) microstructure with large density, 

(iii) huge grain and lean grain border, and (iv) diminution of the crystallographic anisotropic 

constant and the magnetostriction, necessary to take into account in order to increase magnetic 

permeability [208]. 
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Figure 4.59: Evolution of real component (𝜇𝑖
′)  of magnetic permeability with frequency and 

(inset) IDNS-dependent  𝜇𝑖
′ at 1 MHz of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 

0.08; 0.12; y = 0.2, 0.5) ferroelectromagnetic composite ceramics: (a) x = 0.0; 0.04; 0.08; 0.12; 

y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5, and evolution of the magnetic loss tangent 

(𝑡𝑎𝑛𝛿𝜇) with frequency and (inset) IDNS-dependent 𝑡𝑎𝑛𝛿𝜇at 10 MHz: (c) x = 0.0; 0.04; 0.08; 

0.12; y = 0.2 and (d) x = 0.0; 0.04; 0.08; 0.12; y = 0.5. 

 

The magnetic permeability of magnetic materials has the general characteristic property that it 

is nearly frequency-invariant, reaches a maximum value at a certain frequency, and then rapidly 

depreciates through a ferromagnetic relaxing procedure to an extremely small value [542]. As 

shown in Figure 4.59 (a), the 𝜇𝑖
′ value in the current experiment is not particularly steady in x 

= 0.0; 0.04; 0.08; 0.12; y = 0.2 ferroelectromagnetic composite ceramics across the whole 

measured frequency domain and steadily decreases as applied frequency increases. In contrast, 

Figure 4.59 (b) shows that the 𝜇𝑖
′ value is nearly steady to a maximum of 10 MHz, but that it 
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thereafter begins to decline due to the ferromagnetic resonance phenomena. The 

nonappearance of phase lag amongst the applied frequency and domain wall’s movement is 

attributed to the virtually frequency independent property of the 𝜇𝑖
′ value throughout a large-

frequency domain [543]. The compositional stability of ferroelectromagnetic composite 

ceramics is supported by the frequency-invariant 𝜇𝑖
′ value. Table 4.57-4.58 and 4.59-4.60 list 

the 𝜇𝑖
′ values for a few frequencies in y = 0.2 and 0.5, respectively. In x = 0.0; 0.04; 0.08; 0.12; 

y = 0.2 ferroelectromagnetic composite ceramics, the inset of Figure 4.59 (a) demonstrated that 

𝜇𝑖
′ drops with an ascent in IDNS. Conversely, the inset of Figure 4.59 (b) showed that the 𝜇𝑖

′ 

value rises first in x = 0.04 and then drops with successive increases in IDNS in y = 0.5. Since 

the value of 𝜇𝑖
′ value is exactly proportional to 𝑀𝑠 [543], the recognized diminishing tendency 

in 𝜇𝑖
′ value with rising IDNS level might be attributed to the diminution of 𝑀𝑠 value. The drop 

in 𝜇𝑖
′ value with IDNS is ascribed to a reduction in saturation magnetization because the 

reduction of ferrous ions at octahedrally coordinated site reduces the disparity in atomic 

magnetic moment in the midst of tetrahedrally and octahedrally coordinated sites [544]. 

Despite the fact that the bulk density and grain diameters rose, the 𝜇𝑖
′ value degraded due to the 

pinning effect as a result of the pores within the grain border growing to be exceedingly big. 

As IDNS increased in y = 0.2 ferroelectromagnetic composite ceramics, 𝜇𝑖
′ value dropped. The 

𝜇𝑖
′ value at chosen frequencies in the ferroelectromagnetic composite ceramics with x = 0.0; 

0.04; 0.08; 0.12; y = 0.2 and x = 0.0; 0.04; 0.08; 0.12; y = 0.5 is shown in Table 4.57-4.58 and 

4.59-4.60. Uozumi et al.'s description of the resonant frequency (𝑓𝑟) [545] states that it follows 

the following relation [546, 547]: 𝑓𝑟 =
4𝜌

𝜋𝜇0𝜇𝑖
′𝐷SEM
2 , where 𝜌 stands for electrical resistivity and 

𝜇0 for magnetic permeability in air. Since 𝑓𝑟 changes inversely with the square of grain 

diameter, it can be deduced from the relationship above that ferroelectromagnetic composite 

ceramics with larger grains have lower resonant frequencies. According to Table 4.57-4.58 and 

4.59-4.60, the resonant frequency (𝑓𝑟) is achieved from the maximum of 𝜇𝑖
′′value. It is obvious 
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to see from Figure 4.59 (a) and Table 4.57-4.58 that in y = 0.2, the frequency at which the 𝑓𝑟 

value may be expected to occur is greater than 100 MHz. In contrast, it is clear from Figure 

4.59 (b) and Table 4.59-4.60 that the 𝑓𝑟 value escalates in x = 0.04 and afterwhich decreases 

on rising IDNS level further at y = 0.5. Snoek's law states that the 𝑓𝑟 value changes inversely 

with 𝜇𝑖
′ value [334, 548], therefore a decrease in 𝜇𝑖

′ value corresponds to an increase in 𝑓𝑟 value. 

Snoek’s product [334, 548], that is defined as: (𝜇𝑖
′ − 1)𝑓𝑟 = 1 3𝜋(𝛾𝑀𝑠)⁄ , where 𝛾 is the 

gyromagnetic ratio in x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and x = 0.0; 0.04; 0.08; 0.12; y = 0.5 

ferroelectromagnetic composite ceramics, is shown in Table 4.57-4.58 and 4.59-4.60. In 

contrast, Table 4.57-4.58 show that Snoek's product increases in x = 0.04 and then drops with 

rising IDNS level to a maximum of x = 0.12 if y = 0.5. This is because Snoek's product is not 

present when the 𝑓𝑟 value appears away from 100 MHz in ferroelectromagnetic composite 

ceramics with x = 0.0; 0.04; 0.08; 0.12; y = 0.2. The loss tangent was examined to determine 

the dissipation of magnetic energy. Figure 4.59 (c, d) show how the magnetic loss tangent 

(tan𝛿𝜇) depends on frequency of the ferroelectromagnetic composite ceramics with (c) x = 0.0; 

0.04; 0.08; 0.12; y = 0.2 and (d) x = 0.0; 0.04; 0.08; 0.12; y = 0.5. When the domain wall moves 

laterally relative to the applied field, the tan𝛿𝜇value is visible. The tan𝛿𝜇 value is expressed as 

[549]: tan𝛿𝜇 = tanδe + tanδh + tanδc, where tanδe, tanδh, and tanδc stand for 

corresponding eddy current loss tangent, hysteresis loss tangent, and residual loss tangent. 

According to reports, tanδe, tanδh, and tanδc, respectively, are the primary causes of magnetic 

loss tangent below 500 kHz [550]. The tanδe value varies inversely with electrical resistivity 

and directly with operating frequency squared and average particle diameter [185, 551]. The 

tanδe value rises as grain diameter grows because the domain wall may move more readily in 

larger grains. The tanδe value becomes important at higher frequencies because changing 

magnetic fields induce circulating current in the ferroelectromagnetic composite ceramics, 

which causes energy losses [552]. It is crucial to improve the grain border resistivity in order 
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to raise the resistivity in order to lower the tanδe value. In a weakly applied ac field, the tanδh 

value has no effect because it alters inversely with the cubic of 𝜇𝑖
′ value and directly with the 

operating frequency, i.e., tanδh ∝ 1 𝜇𝑖
′3⁄ . On the other hand, tanδh value is primarily 

understood by the irreversible domain wall’s movement that changes totally with the area of 

the hysteresis loop [185]. The average grain diameter, saturation magnetization, and magnetic 

anisotropy constant are viewed as being tightly correlated with the value of 𝜇𝑖
′. In order to lower 

the tanδh value at low frequencies, it is therefore necessary to lessen the restriction on domain 

wall movement [551, 552]. The tanδc value is consistent with the 𝜇𝑖
′′ value, which positively 

affects the number of ferrous ions in the ferroelectromagnetic composite ceramics. Under low 

frequency (f <500 kHz), the tanδc value could often be disregarded. By using a fine-grained 

sample, it should be able to maximize the complex magnetic permeability at the higher 

frequency while minimizing the tanδc value. The IDNS restricts the electron exchange 

interaction in the midst of Fe2+ and Fe3+ in the current ferroelectromagnetic composite 

ceramics. The tanδc value declines as a result of the electron exchange interaction being 

hindered by an increase in IDNS level [553]. From Figure 4.59 (c), it can be deduced that 

tanδh declines to a maximum of 1 MHz before remaining nearly frequency invariant in x = 

0.0; 0.04; 0.08; 0.12; y = 0.2. Furthermore, no discernible ferromagnetic resonant maximum is 

seen that might have occurred at frequencies greater than 100 MHz. From Figure 4.59 (d), it 

can be seen that the tanδμ value decreases to a maximum of 1 MHz, achieves a lowest value, 

increases again and achieves the maximum value at a particular frequency (signifying the 

domain wall’s resonant process), drops with a further rise in frequency, and finally drops in 

ferroelectromagnetic composite ceramics with x = 0.0; 0.04; 0.08; 0.12; y = 0.5. If the 

frequency of domain wall and applied field harmonize, the loss peak manifests [67]. The tanδμ 

values in ferroelectromagnetic composite ceramics with x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and 

x = 0.0; 0.04; 0.08; 0.12; y = 0.5 at specific frequencies are reported in Table 4.57-4.58 and 
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4.59-4.60. The inset of Figure 4.59 (c, d) delineates the alteration in tanδμ in the 

ferroelectromagnetic composite ceramics with x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and x = 0.0; 

0.04; 0.08; 0.12; y = 0.5 at a specific frequency (1 MHz) using IDNS. From Figure 4.59 (c)’s 

inset, it is recognized that tanδμ declines as IDNS increases to a maximum of x = 0.04 and 

then stays constant until x = 0.12 when y = 0.2. In contrast, tanδμ is seen to decline in x = 0.04 

and then increase on rising IDNS level until x = 0.12 if y = 0.5. These attributes might be 

attributed to the microstructural change. The relative loss coefficient (RLF) (RLF =

tan𝛿𝜇 𝜇𝑖
′)⁄ should be kept as low as feasible in the ferroelectromagnetic composite ceramics' 

practical applications. Table 4.57-4.58 and 4.59-4.60 displays RLF at certain frequencies in 

ferroelectromagnetic composite ceramics with x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and x = 0.0; 

0.04; 0.08; 0.12; y = 0.5. The smaller grain diameter is assumed to be the cause of the lower 

RLF values, as shown in Table 4.57-4.58 and 4.59-4.60. The smaller grain diameter implies an 

improvement in grain borders, which hinders the flow of eddy current [554]. 

4.4.11. Q-factor analysis  

Figure 4.60 shows how the Q-factor evolves with frequency of (1-y) [BCZTO] + (y) [NCZFe2-

xO4-3x/2] ferroelectromagnetic composite ceramics with (a) x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and 

(b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5. In the ferroelectromagnetic composite ceramics with x = 

0.0; y = 0.2 and x = 0.12; y = 0.2, it can be shown in Figure 4.60 (a) that the Q-factor increases 

gradually across the accessible frequency range, with the peaks equivalent to the maximum Q-

factor being located outside of the experimental frequency. At the higher frequency side, the 

Q-factor achieves its greatest value and is then aided in x = 0.04; y = 0.2. The Q-factor increases 

progressively with increasing frequency. There are also two peaks with the values of x = 0.08; 

y = 0.2. The domain wall oscillations may be responsible for the peak at the lower frequency 

side, while the precession of electron spins may be responsible for the peak at high frequencies 

[555, 556]. According to Figure 4.60 (b), the Q-factor rises with increasing applied frequency, 
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reaches its maximum value, and then starts to fall at the higher frequency side in x = 0.0; 0.04; 

0.08; 0.12; y = 0.5. In x = 0.04; y = 0.2 and x = 0.08; y = 0.2, the peak values correlating to the 

optimal Q-factor shifted toward the lower frequency side with sising IDNS level. In y = 0.5, it 

was noticed that the peaks equivalent to the highest Q-factor moved toward the lower frequency 

side on rising IDNS level. When the loss factor (𝑡𝑎𝑛𝛿𝜇) is at its lowest, the highest Q-factor 

manifests. The Q-factor values in x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and x = 0.0; 0.04; 0.08; 

0.12; y = 0.5 at specific frequencies are provided in Table 4.57-4.58 and 4.59-4.60. We can see 

from Table 4.57-4.58 and 4.59-4.60 that the Q-factor increases successively with rising IDNS 

level to a maximum of x = 0.08 and afterwhich drops in x = 0.12; y = 0.2 at 1 MHz. When y = 

0.5 at 1 MHz, the Q-factor first rises in x = 0.04 and then falls with IDNS. Resistivity is 

increased by the improvement of grain borders. The presence of IDNS significantly raises the 

resistivity of the ferroelectromagnetic composite ceramics. The x = 0.08 FEMCC displays the 

highest Q-factor when compared to other ferroelectromagnetic composite ceramics, which is 

closely related to the presence of substantial magnetic permeability, and increased resistivity 

leads in a lesser loss tangent. Due to an improvement in the concentration of electronic 

interaction in the midst of ferrous and ferric ions, the Q-factor rises with IDNS due to an 

increase in resistivity and a decrease in eddy current loss. As IDNS increases, it is recognized 

that the optimum Q-factor also increases significantly and shifts toward the higher frequencies. 

The product (𝑄 ×  𝑓) in x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and x = 0.0; 0.04; 0.08; 0.12; y = 0.5 

at 1 MHz is shown in Table 4.57-4.58 and 4.59-4.60. When y = 0.2, the product (𝑄 ×  𝑓) grows 

with rising IDNS level to a maximum of x = 0.08 before declining in x = 0.12; but, if y = 0.5, 

it rises in x = 0.04 before declining with rising IDNS level to a maximum of x = 0.12. 
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Figure 4.60: Evolution of Q-factor with frequency of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] 

(x = 0.0; 0.04; 0.08; 0.12; y = 0.2; 0.5) ferroelectromagnetic composite ceramics: (a) x = 0.0; 

0.04; 0.08; 0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5.
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Table 4.57. Real component (𝜇𝑖
′) and imaginary component (𝜇𝑖

′′) of magnetic permeability, magnetic loss tangent (𝑡𝑎𝑛𝛿), relative loss factor 

(𝑡𝑎𝑛𝛿𝜇 𝜇𝑖
′⁄ ), Q-factor at specific frequencies, resonant frequency (𝑓𝑟), and Snoek’s product of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0, 

0.04; y = 0.2) ferroelectromagnetic composite ceramics 

 

Composition  Frequency 𝜇𝑖
′ 𝜇𝑖

′′ 𝑡𝑎𝑛𝛿 𝑡𝑎𝑛𝛿𝜇 𝜇𝑖
′⁄  Q-factor 𝑄 × 𝑓 at  

1MHz  
𝑓𝑟  

(MHz) 

Snoek’s 

product  

(𝜇𝑖
′ × 𝑓𝑟) at 1 

MHz  

x y 

 

 

0.0 

 

 

0.2 

10 kHz 45.8 209.0 4.56 9.96 × 10-2 0.22 

 

 

 

15.23 

 

 

- 

 

 

- 100 kHz 45.0 21.0 0.47 1.04 × 10-2 2.14 

 

1 MHz 44.4 2.92 0.07 1.48 × 10-3 15.23 

 

10 MHz 42.7 1.09 0.03 5.97 × 10-4 39.21 

 

100 MHz 41.3 0.67 0.02 3.94 × 10-4 61.37 

 

 

 

0.04 

 

 

0.2 

10 kHz 42.2 64.5 1.53 3.62 × 10-2 0.66 

 

 

 

31.91 

 

 

- 

 

 

- 100 kHz 42.1 6.96 0.17 3.93 × 10-3 6.05 

 

1 MHz 41.7 1.31 0.03 7.52 × 10-4 31.91 

 

10 MHz 40.4 0.78 0.02 4.77 × 10-4 51.93 

 

100 MHz 38.9 0.96 0.02 6.33 × 10-4 40.62 
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Table 4.58. Real component (𝜇𝑖
′) and imaginary component (𝜇𝑖

′′) of magnetic permeability, magnetic loss tangent (𝑡𝑎𝑛𝛿), relative loss factor 

(𝑡𝑎𝑛𝛿𝜇 𝜇𝑖
′⁄ ), Q-factor at specific frequencies, resonant frequency (𝑓𝑟), and Snoek’s product of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.08, 

0.12; y = 0.2) ferroelectromagnetic composite ceramics 

 

Composition  Frequency 𝜇𝑖
′ 𝜇𝑖

′′ 𝑡𝑎𝑛𝛿 𝑡𝑎𝑛𝛿𝜇 𝜇𝑖
′⁄  Q-factor 𝑄 × 𝑓 at  

1MHz  
𝑓𝑟  

(MHz) 

Snoek’s 

product  

(𝜇𝑖
′ × 𝑓𝑟) at 1 

MHz  

x y 

 

 

0.08 

 

 

0.2 

10 kHz 38.7 26.8 0.69 1.79 × 10-2 1.44 

 

 

 

42.88 

 

 

- 

 

 

- 100 kHz 38.2 2.99 0.08 2.05 × 10-3 12.78 

 

1 MHz 37.9 0.88 0.02 6.15 × 10-4 42.88 

 

10 MHz 36.6 0.82 0.02 6.09 × 10-4 44.86 

 

100 MHz 34.8 1.27 0.04 1.05 × 10-3 27.41 

 

 

 

0.12 

 

 

0.2 

10 kHz 31.2 136.0 4.36 1.40 × 10-1 0.23 

 

 

 

16.66 

 

 

- 

 

 

- 100 kHz 31.0 13.5 0.44 1.41 × 10-2 2.29 

 

1 MHz 30.8 1.85 0.06 1.95 × 10-3 16.66 

 

10 MHz 29.7 0.69 0.02 7.84 × 10-4 42.97 

 

100 MHz 28.8 0.42 0.01 5.03 × 10-4 69.04 
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Table 4.59. Real component (𝜇𝑖
′) and imaginary component (𝜇𝑖

′′) of magnetic permeability, magnetic loss tangent (𝑡𝑎𝑛𝛿), relative loss factor 

(𝑡𝑎𝑛𝛿𝜇 𝜇𝑖
′⁄ ), Q-factor at specific frequencies, resonant frequency (𝑓𝑟), and Snoek’s product of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0, 

0.04; y = 0.5) ferroelectromagnetic composite ceramics 

 

Composition  Frequency 𝜇𝑖
′ 𝜇𝑖

′′ 𝑡𝑎𝑛𝛿 𝑡𝑎𝑛𝛿𝜇 𝜇𝑖
′⁄  Q-factor 𝑄 × 𝑓 at  

1MHz  
𝑓𝑟 

(MHz) 

Snoek’s 

product  

(𝜇𝑖
′ × 𝑓𝑟) at 1 

MHz  

x y 

 

 

0.0 

 

 

0.5 

10 kHz 50.2 181.0 3.61 7.20 × 10-2 0.28 

 

 

 

15.80 

 

 

41.9 

 

 

2015.39 100 kHz 49.2 18.6 0.38 7.70 × 10-3 2.64 

 

1 MHz 48.1 3.05 0.06 1.32 × 10-3 15.80 

 

10 MHz 45.8 3.69 0.08 1.76 × 10-3 12.42 

 

100 MHz 35.4 5.31 0.15 4.24 × 10-3 6.67 

 

 

 

0.04 

 

 

0.5 

10 kHz 63.0 83.2 1.32 2.10 × 10-2 0.76 

 

 

 

27.03 

 

 

44.2 

 

 

2674.10 100 kHz 61.8 9.7 0.16 2.54 × 10-3 6.37 

 

1 MHz 60.5 2.24 0.04 6.12 × 10-4 27.03 

 

10 MHz 58.1 3.15 0.05 9.32 × 10-4 18.47 

 

100 MHz 48.5 5.28 0.11 2.24 × 10-3 9.19 
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Table 4.60. Real component (𝜇𝑖
′) and imaginary component (𝜇𝑖

′′) of magnetic permeability, magnetic loss tangent (𝑡𝑎𝑛𝛿), relative loss factor 

(𝑡𝑎𝑛𝛿𝜇 𝜇𝑖
′⁄ ), Q-factor at specific frequencies, resonant frequency (𝑓𝑟), and Snoek’s product of (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.08, 

0.12; y = 0.5) ferroelectromagnetic composite ceramics 

 

Composition  Frequency 𝜇𝑖
′ 𝜇𝑖

′′ 𝑡𝑎𝑛𝛿 𝑡𝑎𝑛𝛿𝜇 𝜇𝑖
′⁄  Q-factor 𝑄 × 𝑓 at  

1MHz  
𝑓𝑟 

(MHz) 

Snoek’s 

product 

 (𝜇𝑖
′ × 𝑓𝑟) at 1 

MHz  

x y 

 

 

0.08 

 

 

0.5 

10 kHz 57.2 93.7 1.64 2.86 × 10-2 0.61 

 

 

 

26.64 

 

 

41.9 

 

 

2312.88 100 kHz 56.1 10.1 0.18 3.23 × 10-3 5.53 

 

1 MHz 55.2 2.07 0.04 6.80 × 10-4 26.64 

 

10 MHz 53 3.12 0.06 1.11 × 10-3 17.02 

 

100 MHz 44.1 4.57 0.10 2.35 × 10-3 9.64 

 

 

 

0.12 

 

 

0.5 

10 kHz 53.0 209.0 3.95 7.45 × 10-2 0.25 

 

 

 

16.15 

 

 

34.0 

 

 

1747.60 100 kHz 52.0 21.3 0.41 7.87 × 10-3 2.44 

 

1 MHz 51.4 3.18 0.06 1.20 × 10-3 16.15 

 

10 MHz 48.8 4.10 0.08 1.72 × 10-3 11.90 

 

100 MHz 38.8 5.17 0.13 3.43 × 10-3 7.51 
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4.4.12. Magnetoelectric effect 

Figure 4.61 shows how the magnetoelectric response (𝛼𝑀𝐸) of (1-y) [BCZTO] + (y) [NCZFe2-

xO4-3x/2] ferroelectromagnetic composite ceramics depends on magnetic field: (a) x = 0.0; 0.04; 

0.08; 0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5. The proportion of the component 

phases, micromorphological development interface borders, electromechanical linking 

coefficient, piezoelectric and magnetostriction values, magnetic-mechanical-electric interplay, 

electric permittivity, and resistance of each phase are all significant variables that have an 

impact on the magnetoelectric response [557, 558]. The interaction of magnetic, mechanical, 

and electric forces amongst the component phases causes the magnetoelectric effect. Due to its 

magnetostrictive deformation brought on by spin-orbit interplay, the ferromagnetic phase 

experiences elastic strain when the magnetic field is triggered. Through the contact, the 

ferroelectric phase gradually takes on the same elastic strain that was previously present in the 

ferromagnetic phase. A demonstrably high voltage has been produced in ferroelectromagnetic 

composite ceramics as a result of the magnetoelectric process brought on by the magnetic field 

that is applied [559]. The typical type or evidence of the magnetic-mechanical-electric interplay 

amidst component phases should, in theory, be that 𝛼𝑀𝐸 improves with rising applied magnetic 

field, arrives at its maximum value, and then drops with rising applied magnetic field [560]. 

From Figure 4.61 (a), it can be shown that 𝛼𝑀𝐸  dramatically improves to a maximum of a 

certain field and then progressively increases with increasing DC magnetic field in x = 0.0; 

0.04; 0.08; 0.12; y = 0.2 ferroelectromagnetic composite ceramics, exhibiting the greatest value 

of 0.81 mV/cm-Oe. Because of the reduced composition of the NCZFe2-xO4-3x/2 and BCZTO 

phases, which result in a decrease in magnetostriction and piezoelectricity, respectively, this 

smaller value may be attributed to the combined influence of these two phenomena. According 

to a theoretical investigation, the reduction of magnetostriction and piezoelectricity results in a 

reduction in 𝛼𝑀𝐸 [561]. Additionally, it is important to note that as IDNS increases, 𝛼𝑀𝐸 

improves.  
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Figure 4.61: Evolution of the magnetoelectric response (𝛼𝑀𝐸) with DC magnetic field of (1-

y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 0.12; y = 0.2, 0.5) ferroelectromagnetic 

composite ceramics: (a) x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 

0.5. 

 

The increase in elastic interactions in the midst of the component phases is credited with 

causing the first improvement in 𝛼𝑀𝐸 [453, 562, 563]. According to Figure 4.61 (b), the 

saturated domain wall movement [564-566], which is attributed to the ferroelectromagnetic 
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composite ceramics, has the maximum value of 0.17 V/cm-Oe and causes 𝛼𝑀𝐸 to practically 

become field invariant in x = 0.0; 0.04; 0.08; 0.12; y = 0.5. The greater NCZFe2-xO4-3x/2 

concentration in the ferroelectromagnetic composite ceramics has reportedly been shown to 

have a high magnetostrictive and piezomagnetic coefficient [567]. As a consequence, the 

NCZFe2-xO4-3x/2 phase deforms more when a magnetic field is introduced to the 

ferroelectromagnetic composite ceramics. This larger deformation is then immediately 

transferred as a considerable elastic strain to the BCZTO through mechanical linking in the 

midst of the two phases, improving electrical polarization. A large magnetoelectric output is 

achieved by this improvement, which also successfully achieves the straightforward alignment 

of the dipole. According to theory, ferroelectromagnetic composite ceramics with an equal 

proportion of ferroelectric and ferromagnetic phases should provide the highest 

magnetoelectric response [568, 569]. In x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and x = 0.0; 0.04; 

0.08; 0.12; y = 0.5 ferroelectromagnetic composite ceramics with the change of IDNS, a sizable 

amount of 𝛼𝑀𝐸 is seen even at zero field (𝐻𝑑𝑐 =  0), which might be attributed to the remanence 

and easy magnetization traits with decreased coercivity [570, 571]. Figure 4.62 shows how the 

magnetoelectric response (𝛼𝑀𝐸) changes with IDNS, grain diameter, and porosity in (a) x = 

0.0; 0.04; 0.08; 0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5 ferroelectromagnetic 

composite ceramics. It is evident that the IDNS, grain diameter, and porosity have a significant 

impact on 𝛼𝑀𝐸 value. Because increasing porosity lowers the magnetic-mechanical-electrical 

interplay in the midst of two phases, Petrov et al.'s [572] experimental and theoretical evidence 

shows that 𝛼𝑀𝐸 decreases as porosity increases. It can be shown from Figure 4.62 (a, b) that 

𝛼𝑀𝐸  decreases as grain diameter increases. This distinguishing quality is explained by the fact 

that larger grains are less effective than smaller grains in producing magnetostriction and 

piezoelectric coefficient [368]. On the other hand, because increased porosity diminishes the 

magnetic-mechanical-electrical interplay in the midst of two phases, 𝛼𝑀𝐸  declines with 

increased porosity [572]. The significant magnetic-mechanical-electric interplay in the midst 
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of the NCZFe2-xO4-3x/2 and BCZTO phases of ferroelectromagnetic composite ceramics may 

support the improvement in 𝛼𝑀𝐸. 
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Figure 4.62: Evolution of the magnetoelectric response (𝛼𝑀𝐸), average grain diameter (𝐷𝑆𝐸𝑀), 

and porosity (P%) with various IDNS at specific DC-applied field (4 kOe) of (1-y) [BCZTO] 

+ (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 0.12; y = 0.2, 0.5) ferroelectromagnetic composite 

ceramics: (a) x = 0.0; 0.04; 0.08; 0.12; y = 0.2 and (b) x = 0.0; 0.04; 0.08; 0.12; y = 0.5. 
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Chapter Five: Summary and conclusions 

The present research mainly focuses on the sintering temperature and iron-deficient amount 

dependent structural, microstructural, elastic, electrical and magnetic traits of stoichiometric 

nickel-copper-zinc ferrites, Ni0.25Cu0.13Zn0.62Fe2O4 (NCZFO) and non-stoichiometric nickel-

copper-zinc ferrites, Ni0.25Cu0.13Zn0.62Fe2-xO4-3x/2 (NCZFe2-xO4-3x/2) and iron-deficiency non-

stoichiometry (IDNS) amount dependent phase structure, microstructure, electric, magnetic, 

and magnetoelectric traits of (1-y) [BCZTO] + (y) [NCZFO] (0 ≤ y ≤ 1.0) and (1-y) [BCZTO] 

+ (y) [NCZFe2-xO4-3x/2] (x = 0.0; 0.04; 0.08; 0.12 and y = 0.2; 0.5) ferroelectromagnetic 

composite ceramics allows us to draw the following conclusions: 

5.1. Summary and conclusions    

 

 XRD and FTIR analyses reveal that the stoichiometric NCZFO ferrites possesses spinel 

skeleton with cubic symmetry. The lattice constant varied in a non-systematic manner 

with sintering temperature (Ts). Zinc loss from the sample, cation re-allocation in the 

midst of tetrahedrally and octahedrally coordinated sites, and the oxidation-reduction 

process all have an impact on how the lattice constant varies with temperature (Ts). 

 The crystallite diameter of stoichiometric NCZFO ferrites have been observed to vary 

non-systematically with Ts. The solid-state diffusion process, which decreases the 

system's free energy by reducing the particle surface area, has resulted in the particles' 

consolidation, which has caused the crystallite diameter to grow with Ts. The crystallite 

diameter was larger at lower Ts than at higher Ts. 

 As the Ts rises, the bulk density of stoichiometric NCZFO ferrites drops as the porosity 

rises. The manifestation of grain development with the elevation of Ts causes the 

porosities to segregate to the grain borders, which is why the samples appear to be quite 

dense. 
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 It is noted that the grain diameter is augmented with elevating Ts, and EDX analysis 

shows the existence of the component elements in the stoichiometric ratio, according 

to SEM examination of stoichiometric NCZFO ferrites. 

 The elastic moduli, Poisson's ratio, longitudinal, transversal and mean elastic wave 

velocities, and Debye temperature were assessed. Through the use of the Ledbetter and 

Datta (LD) and the Hasselman and Fulrath (HF) models, the zero-porosity correction 

to elastic traits were executed and provide different values for corrected elastic moduli. 

 The Maxwell-Wagner-type interfacial polarization causes the dielectric traits of 

NCZFO ferrites to behave dispersively at lower frequencies, and it is shown to rise with 

Ts as a result of the partial reduction of Fe3+ ions to Fe2+ ions. 

 According to an analysis of the ac conductivity of NCZFO ferrites, the electrical 

conduction is discovered to support Jonscher's power law and is controlled by the small 

polaron-based hopping phenomenon. 

 According to Cole-Cole plots, the processes connected to the grain borders in the 

investigated frequency range are primarily responsible for the capacitative and resistive 

characteristics of synthesized ferrites. Impedance spectroscopic analysis demonstrates 

that as Ts is raised, both grain and grain border resistance decrease. 

 Due to the improvement in bulk densities and grain diameters, the magnetic 

permeability of NCZFO ferrites rises with Ts. Along with the rise in Ts, the Q-factor 

falls and the frequency of resonance moves to lower region of frequency. 

 Due to the lack of sample’s homogeneity and the existence of intra-granular porosity, 

the magnetic traits of NCZFO ferrites rapidly decrease with Ts. 

 XRD and FTIR analyses confirms the evolution of spinel skeleton with cubic symmetry 

iron-deficient NCZFe2-xO4-3x/2 ferrites. At 1100 °C, the lattice constant increases in 

linear manner with IDNS amount, however at 1150, 1200, and 1250 °C, it is seen to 

fluctuate non-linearly. 



 

375 

 

 The elastic characteristics, longitudinal, transversal, mean elastic wave velocities, and 

Debye temperature have been computed from FTIR data. Through the use of the HF, 

LD, and elastic theory (ET) models, the zero porosity correct to elastic traits were 

executed and provide different values for corrected elastic moduli. 

 The agglomeration and irregular grain growth have been seen in NCZFe2-xO4-3x/2 

ferrites, and agglomerations occur because of the magnetic interplay in the midst of the 

component grains. 

 Because of enhanced densification and the production of Fe2+ ions, it is discovered that 

the dielectric characteristics of NCZFe2-xO4-3x/2 ferrites improve with Ts. 

 The electrical conductivity study of NCZFe2-xO4-3x/2 ferrites suggests that the electrical 

conduction process obeys Jonscher’s universal power expression and is regulated by 

the charge carrier’s hopping amongst the localized states. The power law exponent is 

observed to vary non-monotonically with increasing Ts and iron-nonstoichiometry 

amount. 

 Cole-Cole plots proclaims that the electrical conduction in NCZFe2-xO4-3x/2 ferrites is 

ascribed to the grain border contribution. 

 The alteration of bulk density, porosity, particle diameter, and magnetic anisotropy may 

be credited for the percieved changes in magnetic permeability and magnetic loss 

tangent with respect to the IDNS amount. 

 XRD and FTIR studies have validated the simultaneousness of distinct phases in (1-y) 

[BCZTO] + (y) [NCZFO] (0 ≤ y ≤ 1.0) composites. In composites, the component 

phases retain their tetragonal structure for BCZTO and cubic structure for NCZFO, 

respectively. Since the metal’s ionic radii in composites change, so do the lattice 

constants for the component phases in BCZTO-NCZFO composites. 

 With rising NCZFO content and Ts, the crystallite diameter of the component phases 

fluctuates non-systematically. Such changes in crystallite diameter could be associated 
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with the combined impact of two parameters, such as (1) change in cell volume (the 

lattice constant) and (2) stress and microstrain that generated from the crystal lattice's 

imperfections. 

 The production of quasi-spherical type micromorphology with generally homogenous 

grain diameter, negligible voids or pores, and minute agglomeration is revealed by SEM 

analysis of BCZTO-NCZFO composites. When NCZFO is added to the BCZTO 

matrix, the uneven grain development is revealed. With increasing NCZFO content, the 

grain's uneven form has been noticed as a result of NCZFO particles segregating at the 

grain borders and filling pores in the midst of BCZTO grains. 

 Due to space-charge and orientational polarizations, dielectric dispersion is seen at 

lower frequencies. Due to the dilution effect, the electric permittivity of BCZTO-

NCZFO composites is found to decrease as NCZFO concentration increases, whereas 

the dielectric characteristics are seen to improve when Ts rises. The electric permittivity 

has been theoretically computed using several models, and comparisons with 

experimental results have been performed. The ion’s diffusion and contact in the midst 

of two phases have been perceived to cause a mismatch in the midst of the experimental 

and calculated values. 

 A close coincidence in the midst of the observed electric permittivity and the porosity 

corrected electric permittivity has been noticed after performing the porosity correction 

to electric permittivity. 

 In a region of low frequency, the conductivity is constant, whereas in a region of high 

frequency, the conductivity rises as the frequency rises. The electrical conduction 

mechanism is thought to follow Jonscher's power law and be controlled by the small 

polaron-based conduction mechanism, according to an examination of the AC 

conductivity of composites made of BCZTO and NCZFO. 
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 The existence of both grains and grain borders is indicated by Nyquist plots, and grain 

borders significantly affect the overall electric characteristics of BCZTO-NCZFO 

composites. 

 It is discovered that the magnetic permeability improves as NCZFO content rises. 

Theoretically, the magnetic permeability has been calculated via different models, and 

comparisons with experimental results have been performed. Due to ion diffusion and 

interplay in the midst of two phases, there is a discrepancy in the midst of the calculated 

and measured values. 

 In (1-y) [BCZTO] + (y) [NCZFe2-xO4-3x/2] ferroelectromagnetic composite ceramics, 

XRD and FTIR investigations supported the simultaneousness of the component phases 

without having no discernible undesired phase development. 

 Lattice constants, average crystallite diameter, and cell volume in BCZTO-NCZFe2-

xO4-3x/2 composites are observed to fluctuate non-monotonically with increasing IDNS 

amount. 

 SEM analysis of BCZTO-NCZFe2-xO4-3x/2 composites demonstrate the production of 

polyhedral or irregularly shaped grains with minor agglomeration and porosity, as well 

as IDNS amount. 

 According to Koop-Maxwell and Wagner models, the low-frequency dielectric 

dispersion in BCZTO-NCZFe2-xO4-3x/2 composites has been observed due to 

remarkably conducting grains and weakly conducting grain border. 

 The electrical conductivity increases slightly with increasing frequency at lower 

frequency regime, while raises rapidly at higher frequency regime. In BCZTO-NCZFe2-

xO4-3x/2 composites, the conductivity follows Jonscher power law with significant 

dispersion at high frequency region and is controlled through the transfer of charge and 

hopping of small polaron exchange interplay amongst the adjacent localized sites. 
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 The impedance study demonstrated that the phenomena associated with electrical 

conductivity may be supported by combined effect of highly conducting grain and 

poorly conducting grain border contributions. 

 It is noticed that the magnetic permeability is enhanced in x = 0.04 before declining 

upon rising IDNS amount in y = 0.5, after which it is shown to decrease with increasing 

IDNS amount in y = 0.2. 

 Due to the elastic interplay in the midst of the two phases, which is mediated by strain, 

a highest magnetoelectric coefficient of 0.17 V cm-1Oe-1 has been achieved for the 

composites at x = 0.0; y = 0.5. 

5.2. Recommendations for future Research 

Some recommendations for future research are given below:  

 Measurement of Transmission electron micrographs (TEM). 

 Measurement of (P-E) loop measurement to know the ferroelectric properties.  

 Mössbauer spectroscopy to realize cation the allocation in the midst of tetrahedrally 

coordinated (A) and octahedrally coordinated (B)-sites 
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