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ABSTRACT 

In recent years, great interest has been focused on ferrites because of their vast range 

of technological applications in electronics and communication engineering. The 

main advantage of ferrites is that, by the introduction of a relatively small amount of 

foreign ions, important modification in structure and magnetic properties can be 

obtained. Ferrite nanoparticles, thin films, and ferromagnetic-ferroelectric (FM-FE) 

composites have several applications. The study of such systems is quite interesting 

and challenging to find improved characteristics in research and development. 

Therefore, the present work includes the study of ferrite nanoparticles, ferrite thin 

films and ferromagnetic-ferroelectric composites. The MnxZn1-xFe2O4 (x=0 to 1) 

(ZMF) nanoparticles were prepared via chemical coprecipitation whereas BaTiO3 

(BTO) was prepared via hydrothermal method. The Mn0.5Zn0.5Fe2O4 thin films were 

fabricated via RF-magnetron sputtering, and the FM-FE composites were prepared 

via the solid-state route. 

To understand the effect of Mn-doping on the properties of ferrite nanoparticles, we 

have done a detailed structural, morphological, and magnetic studies of the 

synthesized nanoparticles. Structural studies of the prepared nanoparticles confirm 

the formation of cubic spinel structured nanosize ferrite with 5 to 70 nm particle size. 

The magnetization of the prepared ferrite nanoparticles is found to increase with 

increasing Mn-doping due to alteration in cation distribution and an increase in 

crystallite size. Ferromagnetic resonance studies show an increase in the internal field 

of nanoparticles with the increase in Mn-doping, which is indicative of dominant 

ferromagnetic interactions for Mn-rich samples. These results confirm that 

crystallographic parameters are related to the magnetic properties of the ferrite 

nanoparticles. 

The structural and morphological studies of the prepared ferrite thin films confirm 

the single-phase cubic spinel structure with the nano-cluster formation in the films.  

It is found that the magnetic and optical parameters of the prepared thin films are 

related to the crystallographic parameters and deposition conditions. The 

magnetization versus field plots reveals the soft ferrimagnetic behavior of the 

synthesized films. The angle-dependent magnetization and ferromagnetic resonance 

studies confirm the presence of magnetic anisotropy in the prepared thin films. 



X 
 

 

 

Multiferroic composites of Mn0.5Zn0.5Fe2O4 (ZMF) with barium titanate were well-

studied. The structural, morphological, magnetic and electrical properties of 

composites were taken into account to understand the multiferroics behavior of the 

prepared composites. The structure and morphology confirm the coexistence of ZMF 

and BTO phases in the composites. The magnetization is found to increase through 

the inclusion of ferrite because of the mixture rule. The existence of a magnetic 

hysteresis loop and P-E hysteresis loop is an indication of magnetic and electric 

ordering in the FM-FE composites. The FM-FE composites show a decrease in 

dielectric constant value with an increase in the dielectric loss by increasing ferrite-

content.  It is found that magnetic, electric and dielectric properties of composites 

strongly depend on the microstructure of the sample and ferrite percentage.  
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Chapter 1 

Introduction 

 

The chapter deals with the general introduction and applications of magnetic 

nanoparticles and thin films. The historical background of ferrite, basic theories of 

magnetization and applications of the ferrimagnetic-ferroelectric composite are 

included in this chapter.  

1.1 Applications of ferrite 

Ferrites are important technological materials that are potential candidates for many 

applications like transformer cores, magneto-caloric refrigeration, high-density 

information storage in computers, magnetic recording, ferrofluid technology, 

spintronics, etc. [1-9]. Low permeability loss, high resistivity and strong magnetic 

coupling at microwave frequencies make them an irreplaceable candidate for 

microwave devices.  Moreover, superexchange causes ferrimagnetism in the ferrites. 

However, magnetization is lower because of the opposite spin in ferrite. However, 

the resistivity of ferrites is higher than ferromagnetic materials because of the 

intrinsic atomic level interaction among oxygen and metal ions. Therefore they are 

useful in many high-frequency applications. Apart from this, ferrites are very useful 

in the preparation of multiferroic composite with sufficient magnetoelectric coupling 

when compared with single-phase multiferroic [10]. 

In recent years, miniaturization of electronic devices leads to a reduction in the size 

of magnetic materials up to nanometers dimensions [11]. Particle size reduction leads 

to an increase in the surface to volume ratio, which results in the alteration of the 

physical and chemical properties of ferrite. Therefore, nanoparticles of ferrite offer 

great advantages over bulk material and are found very useful in the field of medicine 

and biology [12-14], such as magnetically targeted drug delivery, MRI, etc. Ferrites 

are easy to prepare at a large scale with effective low cost. Ferrite properties are 

highly sensitive to the preparation condition and compositions [15-16]. Hence, 

controlled synthesis of ferrite nanoparticles of the desired dimensions and their 
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structural correlation with other physical properties have become an interesting area 

of activity for the scientific community [17-18]. 

Thin films of soft ferrite are also gaining scientific community attention as a potential 

candidate to replace their bulk counterpart in many electronic devices such as 

microwave devices [9], [19-21]. Ferrite thin films show high electric resistivity than 

the bulk counterpart. The difference in the properties of film compare to bulk arises 

because of the large surface-to-volume ratio, less thickness, and unique 

microstructure of the films [22-24].  In addition to this, ferrite films have applications 

in high-density magnetic recording, magnetic-optical recording, micro-transformers, 

magnetic sensors, high-frequency power supply, etc. Thus, ferrite nanoparticles and 

thin-film systems are quite interesting because of their magnetic and electronic 

properties differ from their bulk counterpart, as we have discussed above.  

1.1.1 Ferrites 

Similar to the ferromagnetic material, ferrites are also consists of domains and exhibit 

spontaneous magnetization with a typical hysteresis loop. Magnetic parameters like 

saturation magnetization, coercivity, permittivity, permeability, resistivity, etc. play 

an important role to define a particular application for the ferrite. These parameters 

can be controlled by manipulating porosity, grain size, and microstructure of ferrite. 

Ferrites show high resistivity (order of 107 Ω m) with low eddy current losses [25-

27], which makes them an efficient candidate in high-frequency electromagnetic 

applications [28]. 

In recent years, considerable efforts have been focused on the development of 

ferrimagnetic materials, especially Mn-Zn ferrite, because of their promising 

magnetic properties in high-frequency devices, magnetic resonance imaging, and 

spintronics devices, etc. [29-30].  Mn-Zn ferrite is a highly stable soft ferrimagnetic 

material due to the high moment Mn+2 ion. The Zn+2 ion in Mn-Zn ferrite control over 

the particle size and provides structural stability to the system. Curie temperature is 

high for Mn-Zn ferrite. The outstanding properties of Mn-doped Zn ferrite have found 

their applications in high-frequency devices [31-32].   
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1.2 Structure of ferrites 

Ferrite is divided into various classes depending on the structure and magnetic 

properties, as they are listed in the following table [28].  

Table 1.1: Classification of the ferrites. 

 

All the ferrite mentioned in Table 1.1 shows different properties depending on their 

crystal structure. Therefore, each ferrite has applications in different areas [33]. 

Among all the ferrites, spinel ferrite is a simple class of magnetic material with a 

cubic close-packed structure.  A- and B-site metal ions with oxygen cubic close-

packed arrangement of spinel ferrite is demonstrated in Fig. 1.1. Top and bottom 

layers of oxygen create two different kinds of voids: one is tetrahedral while another 

one is octahedral. 
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Figure 1.1. A- and B-site metal ions with oxygen cubic close-packed arrangement. 

 

Figure 1.2. Schematic drawing of the spinel unit cell [34]. 

Fig. 1.2 demonstrates a diagram of a “cubic spinel unit cell”. Oxygen atom sits on the 

corner of the cube to generate closed fcc cubic lattice. In general, a spinel structure 

contains two different kinds of magnetic sublattices: tetrahedral (A) with four nearby 

oxygen and another octahedral (B) with six nearby oxygen. Therefore, the general 

formula for spinel ferrites are written as “(Me2+
(1-ϰ)Fe3+

 ϰ)[Me2+
ϰ Fe+3

(2- ϰ)]O4”, 

whereas “Me” is a divalent metal ion. The degree of inversion (ϰ) is the fraction of 

trivalent cations (Fe+3 ions), which occupy the tetrahedral site. Inversion parameter 

(ϰ) describes the cation distribution of spinel ferrite as follows: 

ϰ = 0 for “normal spinel” 

ϰ = 1 for “inverse spinel” 

0 < ϰ < 1 for “mixed spinel” [35-36]. 
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Parenthesis () and square [] brackets correspond to the A- and B-sites. The cation 

distribution among A- and B-sites determine the magnetic properties of spinel ferrites 

[7], [37-39]. The following table lists the magnetic moments of metal ion on 

tetrahedral sites. 

Table 1.2: Magnetic moment of metal ion on tetrahedral sites. 

Metal Ion Theoretical moment Experimental moment 

Mn+2 5 4.6 

Fe 4 4.1 

Co+2 3 3.7 

Ni 2 2.3 

Cu+2 1 1.3 

Mg 0 1.1 

1.3 Fundamentals of Magnetism 

As we know, electrical charge motion produces a magnetic field. Similarly, in atoms, 

the motion of “electron-spin” and “orbital-angular momentum” around the nucleus 

generates a magnetic moment, as demonstrated in Fig. 1.3. An atom’s net magnetic 

moment is the addition of every constitutive electron’s magnetic moment [36], [40]. 

 

Figure 1.3. The spinning electron’s orbit around the nucleus. 

1.3.1 Exchange interactions 

The exchange interaction can be described as a quantum mechanical effect among 

identical particles due to the wave function of the particles. Exchange symmetry 

(either symmetric or antisymmetric) affects the interaction between the wave function 

of particles [41-42]. Exchange interactions among magnetic moments lead to a 

ferromagnetic or antiferromagnetic arrangement [27], [43-44]. Some of the exchange 

interactions are summarized below. 
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1.3.1.1 Direct exchange 

If the wave functions of two particles are sufficiently overlapped, then direct 

exchange interaction comes in the picture and gives a short but strong coupling that 

diminishes once ions are separated. Since “Coulomb interaction” is nominal 

whenever the atoms are close, then the electrons stay mostly in between the nuclei. 

This small interatomic distance gives an antiparallel alignment or “negative exchange 

(antiferromagnetism)” as following Fig. 1.4.  

 

 

 

Figure 1.4. “Antiparallel alignment” for small interatomic distances. 

The electrons stay mostly far from one another to keep down the “electron-electron 

repulsion” when the atoms are far away. Therefore, it causes a parallel alignment or 

“positive exchange (ferromagnetism)” as following Fig. 1.5.    

 

Figure 1.5. “Parallel alignment” for large interatomic distances. 

In direct interatomic exchange, “exchange coupling constant (j)” might be (+)ve or (-

)ve relying upon the “Coulomb energy” and “Kinetic energies”.  

1.3.1.2 Double exchange 

Zener (1951) proposed a direct exchange mechanism for interaction among the 

nearest ions of parallel spin through an O-ion. Double exchange arises among the 

ions possessing different valence states but belongs to the same metal. For the 180° 

bond angle in “Mn-O-Mn”, then the interaction of “eg orbitals” of Mn with “2p 

orbitals” of O provides more electrons to one Mn ion than the other as demonstrated 

in Fig. 1.6. 
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Figure 1.6. Double exchange in Mn-ions from d-orbitals. 

1.3.1.3 Indirect Exchange 

In the case of metal or semiconductor, indirect exchange interaction is prominent. In 

these materials, the interaction between two paramagnetic ions/atoms happens 

indirectly with the mediation of free electron of electron clouds (conduction electron). 

Therefore, this kind of interaction is named as an “indirect exchange interaction”.  

1.3.1.4 Super exchange 

The “superexchange interaction” is an “indirect exchange interaction” that takes 

place among the magnetic ions via the nonmagnetic ion placed in between them. 

Despite the non-overlapping wave-functions of magnetic ions, they can interact with 

the help of nonmagnetic ion and show appreciable spontaneous magnetization [36], 

[40].  

 

Figure 1.7. Example of superexchange interaction. 

Fig. 1.7 demonstrates the coupling among the moments of the metal-cations part by 

“diatomic-anion”. Fe3+ has spherical symmetry, whereas rare-earth ion (R) is 

asymmetric with strong spin-orbit coupling. The moment of both the ions is coupled 

via the superexchange. Therefore alteration in Fe moment changes the overlapping 

of the R cation.  
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1.3.1.5 Itinerant Exchange 

Non-localized electrons that are shared by the entire system can have interaction 

among themselves. This electron-electron interaction is termed as an “itinerant 

exchange interaction”. 

1.3.2 Magnetic anisotropy 

The energy difference among two magnetization directions w.r.t. the crystallographic 

axis is called “magnetic anisotropy”. The energy difference within the easy and hard 

axis of magnetization gives rise to different kinds of magnetic anisotropies, such as 

magnetocrystalline anisotropy, shape anisotropy, growth-induced anisotropy and 

stress-induced anisotropy. These anisotropies depend on sample shape, crystal 

structure and atomic or micro-scale texture [45-46]. Also, the anisotropy depends on 

temperature and must tend to zero at TC if there is no applied field.  

1.3.2.1 Magnetocrystalline anisotropy  

The energy required for changing the direction of magnetization from easy to the hard 

axis is called magnetocrystalline energy [47]. A material can have one or more easy 

direction of magnetization. Based on the number of easy axes, the material can fall 

under the category of uniaxial and cubic anisotropy. The material can be divided into 

two categories depending on the energy required for magnetization of the material as 

follows; 

(A) Isotropic: If same amount of energy is required for magnetization along the easy 

and hard axis, then the material falls under the category of isotropic.  

(B) Anisotropic: The easy and hard axis differ from each other in terms of free energy 

in an anisotropic material. 

For crystals of “cubic symmetry”, the “anisotropy energy” is described in terms of 

the “direction cosines (α1, α2, α3)” of the internal magnetization along the three cube 

edges [48] as follows; 

𝐸𝑎 = 𝐾1(𝛼1
2𝛼2

2 + 𝛼2
2𝛼3

2 + 𝛼3
2𝛼1

2) + 𝐾2𝛼1
2𝛼2

2𝛼3
2 + .... (1.1) 

Here, K1 and K2 represent “first- and second-order temperature-dependent 

magnetocrystalline anisotropy constants”, respectively. “α1 = cos α”, “α2 = cos β”, 

“α3 = cos γ”, and α, β, γ are the “angles between the magnetization and the three 
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crystal axes (easy axis)”. The unit of Ki is “Jm-3”, and the unit of Ea is “energy per 

unit volume”. This anisotropy is termed as “cubic anisotropy”. 

For “hexagonal symmetry”, anisotropy energy is written as [48] 

𝐸𝑎 = 𝐾1sin
2𝜃 + 𝐾2sin

4𝜃 + .... = ∑ 𝐾𝑛sin
2𝑛𝜃          (1.2) 

Here, θ is “angle between the magnetization and c-axis (easy-axis)”. This anisotropy 

is termed as “uniaxial anisotropy” [48]. 

1.3.2.2 Shape anisotropy 

The “shape anisotropy” occurs in ferromagnetic/ferrimagnetic materials with high 

intrinsic susceptibility and low degree of magneto-crystalline anisotropy [49]. In 

larger particles, “shape anisotropy” is insignificant than the “magneto-crystalline 

anisotropy”.  The shape anisotropy does not exist for an exact spherical sample. 

However, for a nonspherical sample, magnetization is easy in the long axis because 

of the smaller demagnetization field along the axis [50].  This anisotropy mostly 

exists in the films due to non-spherical grains. In thin-film grains may have an 

ellipsoidal shape (prolate or oblate type), leading to in-plane alignments of magnetic 

dipoles. The shape anisotropy energy is given by, 

𝐸 =
1

2
𝜇0𝑀𝑠

2𝑐𝑜𝑠2𝜃                                                     (1.3) 

Here, Ms is “saturation magnetization” and θ is “angle between magnetization and 

plane normal”. 

1.3.2.3 Surface anisotropy 

Surface effects are the main contributor to the anisotropy of nanosize magnetic 

particles. Symmetry breaking and reduction of the nearest neighbor coordination 

creates surface anisotropy in the system. 

The “Effective magnetic anisotropy” for the thin film is expressed as a sum of volume 

and surface terms [Johnson 1996]: 

𝐾eff = 𝐾𝑣 +
2

𝑡
𝐾𝑠           (1.4) 
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Here, t denotes “thickness of the film”, Ks denotes “surface contribution”, and Kv 

represents “volume contribution”. The above equation consists of 

“magnetocrystalline”, “magnetostriction” and “shape anisotropy” terms. 

For small spherical particles of diameter d, the “effective magnetic anisotropy” is 

described as 

𝐾eff = 𝐾𝑣 +
𝑆

𝑉
𝐾𝑠 = 𝐾𝑣 +

6

𝑑
𝐾𝑠   (1.5) 

Here, 𝑆 = 𝜋𝑑2 and 𝑉 =
1

6
𝜋𝑑3 

Here, S and V are “surfaces and volume of the particle”, respectively. 

1.3.2.4 Growth-induced anisotropy 

The growth-induced anisotropy arises from the conditions during the growth process. 

In this case, a certain ordering of the respective ions takes place along the growth 

directions, which leads to a uniaxial growth-induced anisotropy [48]. For 

polycrystalline specimens, the induced anisotropy energy is,  

𝐸 = 𝐾𝑢sin
2(𝜃 − 𝜃𝑢)              (1.6) 

Here, Ku represents “induced anisotropy constant” and (θ-θu) is “angle of the 

measuring field (θ) relative to the induced field (θu)”. 

1.3.2.5 Stress-induced anisotropy 

This anisotropy is created by external factors such as stress-induced in the system. 

The influence of the stress or strain also affects the preferred directions of 

magnetization due to the “magnetoelastic interactions”. The strain of the system alters 

“magnetocrystalline anisotropy” and, therefore, alters the magnetization direction. 

This effect is opposite to the “magnetostriction”. In the case of magnetostriction, 

sample dimensions vary on the alteration of magnetization direction [51-52]. 

Energy linked up with “stress-induced anisotropy” is proportional to the applied 

stress and the magnetic dipole’s orientation. The energy density per unit volume is 

given by [52]; 

𝐸 =
3

2
𝜆𝜎𝑠𝑖𝑛2𝜃                                                       (1.7) 
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Here, λ is “magnetostrictive constant” which depends on the orientation of dipoles, σ 

represents “applied stress” and θ denotes “angle between the magnetization and 

applied stress”. 

1.4 Applications of ferrimagnetic-ferroelectric Composite 

Multiferroics consists of more than one ferroic order such that “electric, magnetic and 

elastic behavior” simultaneously [53]. The simultaneous existence of ferroelectricity 

and magnetic ordering in multiferroic materials are gaining special interest due to 

their promising applications in various multifunctional devices [54-61]. There are 

two types of magnetoelectric (ME) multiferroic materials; single-phase and 

composite. Generally, the ME effect in the single-phase multiferroic appears at low 

temperature and contains relatively weak magnetoelectric coupling, which limits 

their practical applications [62]. On the other hand, the composite multiferroics 

consist of ferrimagnetic (magnetostrictive property) and ferroelectric (piezoelectric 

property) phase at room temperature.  These composites show the parent as well as 

their coupling material properties. Neither the magnetic nor the ferroelectric phase 

has the ME effect, but the composites exhibit a remarkable ME effect than that of 

single-phase compounds. Also, the composites are important for the advancement of 

various applications including four-state logic memory devices, magnetoelectronic 

devices, magnetoelectric sensors, magnetoelectric random access memory, etc. [63-

65]. During the past decade, several multiferroic composite materials were studied 

including Ni(Co, Mn)Fe2O4–BaTiO3 [66], CoFe2O4–BaTiO3 [67], NiFe2O4–BaTiO3 

[68],  Ni(Co, Mn)Fe2O4–PZT [69], etc. and found coupling between ferrimagnetic 

and electric degrees of freedom with remarkable properties. 

In recent years, researchers are looking forward to obtaining multiferroics with good 

magnetoelectric (ME) effect. Usually, the ME coupling mechanisms take place due 

to strain mediated coupling, exchange interaction mediated mechanisms and charge 

coupling (interfacial electronic reconstruction) [70]. In order to get higher magneto-

electric coupling: high magnetostriction, good piezoelectric coefficient and strong 

mechanical interaction between the phases are required [56], [67]. Therefore, for the 

preparation of the multiferroic composite, we have chosen Mn-Zn ferrite as a 

ferrimagnetic component and BaTiO3 as a ferroelectric component [71-73].  
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1.5 Structure of Barium titanate (BaTiO3) 

BaTiO3 (BTO) belongs to the perovskites family with formula ABO3, where A and 

B cations are of different sizes. BTO is lead-free ferroelectric material with a 

tetragonal structure at room temperature.  Its excellent dielectric, ferroelectric and 

piezoelectric properties make BTO an efficient candidate for various applications 

[73-74]. In BTO, a larger “cation A” forms fcc lattice with “oxygen”, whereas the 

smaller “cation B” takes “octahedral interstitial sites”, therefore, oxygen becomes the 

nearest neighbor of “cation B” as demonstrated in Fig. 1.8. 

BTO shows an abrupt phase transition from paraelectric to ferroelectric when the 

temperature is increased (Fig 1.9) (i.e., “cubic→ tetragonal → orthorhombic → 

rhombohedral at transition temperatures”) [75-78]. Therefore, BTO offers to explore 

the lattice strain-mediated magnetoelectric coupling, also known as a magnetoelastic 

coupling, in the case of composites. In BTO, the ferroelectric transition occurs around 

120°C, which is around the peak of permittivity.  

 

Figure 1.8. Schematic drawing of the perovskite structured BTO unit cell. 
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Figure 1.9. The “dielectric constant” of BTO as a function of temperature [77]. 

1.6 Aim  

Magnetic nanoparticles, thin films, and ferrimagnetic-ferroelectric composites have 

several applications. The study of such systems is quite interesting and challenging 

to find improved characteristics in research and development. The present work is 

aspired to control the magnetism in nano polycrystalline and thin films of ferrite by 

controlling the particle size, composition, and film thickness, respectively. The study 

of ferrite as nanoparticles, thin films and composites are very interesting from the 

applied and fundamental point of view. Further to realize the ferrite as a magnetic 

component in a composite multiferroic, the present work also focuses on the growth, 

characterization and physical properties of ferrite/BaTiO3 composites. 

Therefore, the present thesis has been presented in three aspects: (i) ferrite 

nanoparticles, (ii) ferrite thin films and (iii) ferrite and BaTiO3 composite ceramics. 

1.7 Objective of the present study  

The present work is focussed on the synthesis and study of Zn(Mn) ferrite 

nanoparticles, thin films of Zn(Mn) ferrites and Zn(Mn) ferrite-BaTiO3 composites. 

To attain these objectives, the following subsystems were studied; 

 

 



 
Chapter1: Introduction 

14 
 

 “MnxZn1-xFe2O4” nanoparticles (x=0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 

1.0). 

 “Mn0.5Zn0.5Fe2O4” (MZF) thin films. 

 

 “(x)Mn0.5Zn0.5Fe2O4 + (1-x) BaTiO3” composites (x = 0.05, 0.10, 0.15, 0.20). 

These subsystems were studied according to the following plan of work: 

1. To synthesize “MnxZn1-xFe2O4 (x=0 to 1)” (ZMF) nanoparticles via the 

coprecipitation method. 

2. To study the structure and morphology of ZMF nanoparticles.  

3. To study the magnetization behavior of ZMF nanoparticles using dc 

magnetization and ferromagnetic resonance studies.  

4.  To fabricate the MZF thin films by varying deposition conditions. 

5. To examine the structure, morphology, and optical behavior of MZF films.  

6. To understand the magnetization behavior of MZF films using dc 

magnetization studies. 

7. To carry out ferromagnetic resonance studies to realize the magnetic 

interactions exist in the MZF thin-films. 

8. To synthesize the BTO nanoparticles by hydrothermal method. 

9. To synthesize the ferrimagnetic-ferroelectric composite of ZMF and BTO. 

10. To study the structure and morphology of the multiferroic composite.  

11. To study the magnetic and electrical behavior of the multiferroic composite 

using dc magnetization, dielectric and PE loop studies.  

1.8 Organization of the thesis 

The work done during the Ph.D. is compiled in the form of six thesis chapters. The 

first two chapter includes a basic introduction of the material, their synthesis and 

characterization techniques, whereas chapter 3, 4, 5 covers the result and discussion 

about the work done during Ph. D. The main results, conclusions, and future scopes 

are summarized at the end of the thesis in chapter 6. A summary of each chapter is as 

follows;  
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Chapter 1: This chapter deals with the general introduction of ferrite nanoparticles, 

thin films, and its importance. It also contains information about the material which 

we have used in the preparation of nanoparticles, thin films, and composites.  

Chapter 2: This chapter describes the details of the fabrication method and the 

experimental techniques used for the study.  It includes the preparation method of 

ZMF and BTO nanoparticles, MZF thin films, and composites. The experimental set 

up for the study of structural, magnetic, optical and electrical properties is also 

included. 

Chapter 3: This chapter combines the structural and morphological study of the ZMF 

nanoparticles. DC magnetization and ferromagnetic resonance studies of ZMF 

nanoparticles explain about the magnetic behavior and interaction present in the 

nanoparticles.  

Chapter 4: This chapter consists of structure, morphology, optical, and 

magnetization study of the Mn0.5Zn0.5Fe2O4 thin films deposited under different 

conditions. 

Chapter 5: This chapter includes the structural and morphological study of the 

multiferroic composites. Magnetic and electrical behavior of multiferroic composites 

is explained using dc magnetization, dielectric and PE loop studies. 

Chapter 6: This chapter provides a summary of the work included in the thesis and 

main conclusions. The future scopes of the work are also included in the chapter.  
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Chapter 2 

Preparation and characterization techniques 

 

This chapter combines the details of the preparation method of Mn-Zn ferrite (ZMF) 

nanoparticles, BaTiO3 nanoparticles, thin films and bulk composites. Various 

experimental techniques to study the structural, morphological, magnetic, optical and 

electrical properties of the prepared samples are also described in this chapter. 

2.1 Material Preparation methods 

Spinel ferrite nanoparticles have stimulated scientific and technological interest among 

all the magnetic materials due to their promising industrial and biological applications 

[1]. The surface-to-volume ratio increases with the decreasing size of the nanoparticle. 

Due to the large surface-to-volume ratio and finite-size effect, ferrite nanoparticles are 

getting much interest than their bulk counterpart [2]. For the nanocrystalline ferrite, the 

saturation magnetization decreases due to the increase in surface spin effect (dead or 

inactive surface layer) compared to their bulk counterpart. The enhanced surface spins 

in smaller particles lead to the canted or spin-glass like behavior [3]. Moreover, the 

preparation method strongly influences the chemical, structural, electrical and magnetic 

properties of the materials. A perfect preparation method needs to give the required 

particle size with the narrow distributions, good crystallinity, controlled-shape, and 

required surface, etc. [4]. Therefore we have used different preparation methods for 

different materials to get the desired parameters.  These include chemical methods (co-

precipitation) for ZMF nanoparticles, the hydrothermal method for BTO nanoparticles, 

the ceramic method for bulk composites, and deposition methods (RF-magnetron 

sputtering) for nanocrystalline thin film samples. 
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2.1.1 Synthesis of ferrite nanoparticles 

The properties of spinel ferrite material strongly depend on the preparation conditions 

and techniques. In the case of nano-ferrites, the precursors play a crucial role to get the 

desired structure [5]. The use of appropriate precursors controls the homogeneity and 

highly dispersed state of the final product. However, there are various preparation 

approaches such as sol-gel, co-precipitation, hydrothermal, etc. [3], [5-15]. Among them, 

the chemical co-precipitation method is a commonly used technique to synthesize the 

ferrite nanoparticles due to the following reasons:  

1. Particle size can be easily controlled by varying the reaction parameters such as 

reaction temperature and pH of the solution. 

2. Easy to obtain uniform and homogenous spherical nanoparticles. 

3. Simple, economical and large scale preparation technique. 

The co-precipitation method used to prepare ZMF nanoparticles can be understood from 

Fig. 2.1 [3], [16-17]. 

 

Figure 2.1. Schematic representations of steps to obtain ZMF nanoparticles by 

coprecipitation method. 
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Nanoparticles of MnxZn1-xFe2O4 (x=0 to 1 with 0.1 step) were prepared via the co-

precipitation method [6], [18-22]. The metal salts of Mn2+, Zn2+, and Fe3+ were dissolved 

in the stoichiometric amount in distilled water. The aqueous solution of these metal salt 

was mixed and subsequently heated at 90°C. An aqueous NaOH solution was added to 

the final mixture. “Number of moles (n)” of NaOH controls the “pH of the reaction” 

which influences the particle size of the ferrites [3]. The following equation governs the 

chemical reaction involved in the synthesis: 

xMn2+ + (1 − x)Zn2+ + 2Fe3+ + nOH− = MnxZn1−xFe2O4 + H2O 

The obtained slurry was extensively cleaned with distilled water until the pH reached 7. 

The final precipitate was dried at 100°C to get the ZMF nanoparticles.  

2.1.2 Synthesis of BaTiO3 (BTO) nanoparticles 

There are several procedures have been described by the researcher to obtain nano-

powders and nano-materials [23].  

 

Figure 2.2. Schematic design of an autoclave used for the BTO preparation. 

In which hydrothermal procedure has significant advantages like nano-structure, 

homogeneity, etc. in the synthesis of nanoparticles. Homogeneous grain-growth during 

the hydrothermal process allows the preparation of materials with desired properties. In 

the present work, the nanoparticles of BTO were prepared by the hydrothermal method 
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in an autoclave. The stoichiometric amount of Ba(OH)2.8H2O and TiO2 were dissolved 

in distilled water and coprecipitated using NaOH. The final solution was heated via the 

hydrothermal process in an autoclave at 250°C for 12 hours as demonstrated in Fig 2.2. 

The obtained solution after coprecipitation was almost half filled inside the Teflon vessel 

with water. The vessel lid is closed tightly with the help of rubber O-ring. This whole 

set-up was heated inside the oven at approximately 250ºC. The heated set-up was cooled 

to room temperature slowly, and then the pressure was released.  The resulting slurry 

was cleaned with deionized water until the pH reached 7. The final precipitate was dried 

at 100°C to get the desired BTO particles. 

2.1.3 Synhesis of multiferroic bulk composite 

 

Figure 2.3. Flow chart of the ceramic processing of bulk multiferroic composite 

samples. 
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The composites of composition (1-x)BaTiO3+(x)Mn0.5Zn0.5Fe2O4 (x=0, 0.05, 0.10, 0.15, 

0.20 and 1) were synthesized by using the nanoparticles of ZMF and BTO via solid-state 

route. The nanoparticles of ZMF and BTO were weighed as per the required 

stoichiometric percentage. Both the nanoparticles were mixed well in “agate mortar and 

pestle” to yield a homogeneous powder. The approximately 1wt % polyvinyl alcohol 

(PVA) mixed nanoparticles of ZMF and BTO were ground and pressed into pellets by a 

“cold uniaxial hydraulic press”. Finally, the pressed pellets were sintered in a furnace in 

an air environment. Initially, the furnace temperature was kept 500ºC for 1 hour for 

complete decomposition of PVA. After this, the furnace temperature was increased to 

800oC and maintained it for 2 hours. Further, the temperature was raised to 1000oC for 1 

hour. Finally, the furnace temperature was maintained at 1200ºC for 6 hours. After this, 

the furnace temperature was brought to 500oC and switched off to allow the sample to 

cool. Sintering process controls the structure, microstructure, oxidation state, and 

physical properties [24] which makes it a most crucial part of the synthesis. Therefore, 

we have optimized the sintering temperature for composite after so many iterations. Fig. 

2.3 shows the flow chart of the ceramic processing of bulk multiferroic composite 

samples. 

2.1.4 Preparation of sputtering target 

To obtain Mn0.5Zn0.5Fe2O4 (MZF) thin-films via sputtering, we need a two-inch circular 

target. Therefore, target preparation was done in two steps as follows: 

1. Synthesis of MZF nanoparticles via co-precipitation method. 

2. Pressing the PVA mixed MZF nanoparticle powder in the cold hydraulic press 

followed by sintering at an appropriate temperature. 

The sintering of the target is done at high temperature (below the melting point) to fuse 

the particles to get the dense target. Finally, the MZF target was sintered at 1200°C. 

2.1.5 Deposition techniques of thin films 

Thin Film deposition can be done by several deposition techniques as shown in Fig. 2.4. 

Physical vapor deposition techniques follow the below steps: 
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 Conversion of solid material into ion vapor. 

 Transfer of ion vapor from target to the substrate under pressure. 

 Condensation of ion vapor on the substrate of the desired crystal structure. 

 

Figure. 2.4. Block diagram of various deposition techniques. 

Out of all physical vapor deposition techniques, sputtering was chosen for the deposition 

of MZF thin films due to the following benefits: 

 Controlled deposition rate. 

 Uniformity of film over entire substrate length. 

 Good adhesion of film over the substrate. 

 Reproducibility. 

 Deposition can be done in both reactive and non-reactive mode. 

2.1.5.1 Sputtering technique for thin film deposition 

Sputtering is one of the physical vapor deposition technique in which the atom of the 

target material is ejected in the inert gas environment and condensed onto the substrate 

at a high vacuum to form uniform thin/thick film [25].  Fig 2.5 demonstrates the 

schematic picture of the sputtering process. 
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Figure. 2.5. Pictorial presentation of the sputtering procedure. 

Operation of sputtering includes the following basic steps: 

1. Creating a rough vacuum (~10-3 Torr) in the chamber using a rotary pump. 

2.  Further, creating a high vacuum (~10-6 Torr) in the chamber using a turbo-pump. 

3. Inclusion of inert gas (e.g. argon (Ar)) or reactive gas (O2, N2) into the chamber 

in a controlled amount. 

4. Employing DC/RF voltage to the gun cathode to ionize the Ar gas in Ar+ and Ar- 

ions. This procedure generates plasma of different colors depending on the gas 

used. 

5. Accelerated Ar+ ions collide with the target and extract the target atoms. 

6. Finally, the target atoms sit on the substrate to grow the film of the target material. 

7. The Ar- ion goes towards the anode and ionizes further Ar atoms on the way and 

increases the cycle.  

Applied DC/RF voltage, the pressure of the inserted gas and deposition times are the key 

parameters to get the desired film. These parameters control the nuclear growth, 

deposition rate and thickness of the film. 

2.1.5.2 Specification of the sputtering unit used in the present study 

The sputtering system designed by TORR International was used to deposit the thin-

films. The schematic diagram of the sputtering system is shown in Fig. 2.6.  
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Figure 2.6. Schematic diagram of the magnetron sputtering system [26]. 

This system contains the following main components [27]: 

 Sputtering chamber 

 Vacuum system 

 RF-Sputtering power supply  

 Target gun assembly 

 Mass flow controller and Pressure Gauge 

 Sample Stage. 

In the present study, the ferrite thin films were fabricated via the “RF-magnetron 

sputtering system” on the thoroughly cleaned 0.5mm thick quartz substrate at room 

temperature. A two-inch circular polycrystalline Mn0.5Zn0.5Fe2O4 (MZF) target was used 

to obtain the thin films. Three sets of MZF thin were deposited by varying the deposition 

parameters like applied voltage, gas pressure and deposition time. The distance between 

the target and substrate was kept 6 cm during all the deposition. 
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2.2 Characterization techniques 

This section includes the working principles of a set of tools used to characterize the 

synthesized samples. Characterization techniques used to characterize ferrite 

nanoparticles, thin films, and composites in the study are summarized in Fig. 2.7. 

 

Figure 2.7. Pictorial representation of the characterization techniques used in the 

present study. 

2.2.1 X-ray diffraction  

The “X-ray diffraction (XRD)” pattern of the nanoparticles, thin films, and composite 

samples was recorded with “PANalytical X’Pert3 Powder diffractometer”. Cu-Kα source 

(target) was used in the equipment for producing X-rays.  The diffraction pattern can be 

compared with the standard available data from the “Joint Committee on Powder 

Diffraction Standards (JCPDS) PCPDF win and National Bureau of Standards”.  

X-rays are transverse electromagnetic waves with energy ranges from 100 eV to 10 MeV. 

It lies on the smaller wavelength side of the electromagnetic spectrum. According to the 

relation n=c/v=1/λ, its velocity does not change much when it enters the medium. Hence 

it shows very less refraction (refractive index slightly less than 1), which makes it 

suitable for structural characterization of the material.  Some general characteristics of 

X-rays are as follows: 
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1. Due to the high frequency of X-rays, it acts like an energy packet that can easily 

ionize atoms and rapture bonds in molecules. 

2. Shorter wavelength than visible light makes it useful to see structures at the atomic 

level with high resolution in X-ray microscopy. 

3. X-rays cannot be reflected, refracted, or deflected by an electric or magnetic field as 

it does not contain the charge. 

4. The “penetration depth” of X-rays depends on the quality, intensity, and wavelength 

of the X-ray. 

The X-ray diffraction studies mainly done on hard X-rays as it can penetrate deeper 

without attenuation. It can reveal structural information of the sample. The basic block 

diagram of the instrument used is demonstrated in Fig. 2.8. It contains three major parts: 

“X-ray source”, “Sample stage”, and “X-ray detector”.  

The monochromatic X-rays penetrates the sample kept on the sample stage. The detector 

collects the scattered rays after passing across the sample. The intensity of the diffracted 

beam gives information about the sample structure. The basic structural information can 

be obtained by JCPDF software. Each intense peak corresponds to the (hkl) plane of the 

sample according to Bragg’s law [28].  The shape of the intense peaks reveals 

information about crystallite size. The average crystallite size and strain of the samples 

were estimated using Scherer’s formula and Williamson and Hall (W-H) plot [28-29]. 
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Figure 2.8. Basic block diagram of X-ray diffraction. 

Rietveld refinement: Ideally, the shape of the XRD peak should be very sharp, but in 

real practice, the broadening of shape is observed. The diffraction peaks consist of both 

Bragg components like size and strain broadening and non-Bragg components like 

background and instrumental broadening. The refinement of raw XRD data considering 

both Bragg and non-Bragg component is given by Rietveld and is known as Rietveld 

refinement [30]. The principle of this method is to minimize the difference between 

recorded and calculated diffraction patterns. The refinement thus obtained can be used 

to extract structural information such as phase analysis, crystalline or amorphous nature, 

lattice parameters, atomic positions, and grain size and temperature vibrations.  

The “Rietveld refinement” was executed using the “Full prof suite program” with a 

“single-phase spinel structure” having “space group Fd-3m” for prepared nanoparticles 

[31]. The profile used for the fitting is “Thompson-Cox-Hastings pseudo-Voigt 

convoluted with axial divergence asymmetry function”. The crystallite size of the 

prepared samples was calculated using the “Williamson-Hall” (WH) plot [29], [32-33]. 

The “FullProf program” was primarily developed for “Rietveld analysis (structure profile 

refinement) of neutron or powder X-ray diffraction data”. However, this can be 

employed as a “Profile matching tool”. We can also do a single-crystal refinement. “PCR 

file” is the input parameters file for the “FullProf Diffraction profile”. 
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2.2.2 Raman Spectroscopy 

“Raman spectroscopy” is a surface-sensitive, nondestructive spectroscopic method 

which tells about the crystallinity, stoichiometry, and phase transition, etc.  Raman 

spectrum is the fingerprint of the sample and gives detail of the chemical composition. 

Two phases of the same material cannot have the same Raman spectra; hence they can 

be easily distinguished. Also, Raman spectra are independent of the frequency of incident 

light. The intensity of light depends on the number of excited molecules hence gives 

information about concentration as well. Raman spectroscopy is based on the molecular 

vibration of monochromatic light (laser light). The major part of the light is of the same 

frequency as that of the source (“Rayleigh scattering”). A small amount of the scattered 

light follows a shift in frequency from source frequency. This shift is due to the 

vibrational interaction of laser light with the molecule. A plot of shifted light intensity 

with the frequency of the source light gives Raman spectrum. The shifted frequency can 

be on either side of the Rayleigh frequency. The lower frequency-shifted lines are strokes 

lines and higher frequency-shifted lines are anti-strokes lines [34]. Fig 2.9 shows the 

pictorial representation of the Rayleigh line along with strokes and anti-strokes lines. 

 

Figure 2.9. Light scattering after laser exposure on a sample surface: Rayleigh line, 

anti-stroke line, and stroke line. 
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Advantages of Raman spectroscopy are as follows: 

1. Sample preparation is not required. 

2. Nondestructive technique. 

3. Can be used for solid, liquid or gas sample. 

4. Short measurement time.  

5. Analysis of aqueous system. 

6. Gives quantitative and qualitative information about the sample. 

There are three main components of the Raman spectroscopy experimental set-up as 

shown in Fig 2.10.  

Excitation source/Laser: The various types of lasers are used as a source for sample 

excitation. The basic criteria of laser selection are clean and narrow bandwidth laser to 

obtain stable and sharp Raman peaks.  

Sampling apparatus: The optical microscope or a fiber optic probe is used as a sampling 

apparatus for focusing the sample. 

Detector: The obtained Raman peaks are closely spaced. Therefore, a high-resolution 

spectrophotometer is used as a detector to distinguish the Raman shift clearly.  

The intense peak in the spectrum gives information about vibrational modes of molecules 

in the sample. The peak fitting of the spectrum can be done using Lorentzian/ Gaussian 

function to extract the analytical information. The broadness of peak, the height of the 

peak, and position of peak give important information about the sample. In the case of 

thin films, a comparison of peak position with bulk gives information about the 

tensile/compressive strain of the film. 
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Figure 2.10. Basic assembly of Raman spectrometer. 

Raman back-scattering spectra were recorded via “Alpha 300 Witec-Germany Raman 

spectrometer” with “Nd-YAG laser at 532 nm wavelength”. 

2.2.3 Field Emission Electron Microscopy 

The “Field Emission Electron Microscopy (FESEM)” is useful to understand the 

morphology of samples and for analyzing the new nanomaterials [35]. The basic 

principle describes that the beam of high energy electrons is accelerated in a high electric 

field and focused by electronic lenses in a narrow beam, which bombards the atoms of 

the sample resulting in the generation of “secondary electrons”, “back-scattered electrons 

(BSE)”, “X-rays”, light, specimen current, and “transmitted electrons”.  

Depending on the type of electrons collected and detectors, FESEM can be used in the 

following three ways: 

(a) Imaging: In this case, the secondary generated electrons (SE) are collected by the 

detector to produce an electronic signal. These signals are then amplified and 

transformed into an image that can be seen on a monitor (raster image). This imaging 

can be done with two modes of operation: In lens and SE2. 

In lens: In this mode of imaging, the in-lens detector detects secondary electrons 

generated by primary electrons based on the working distance. The geometry of the 
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specimen and accelerating voltage limits the working distance, which controls the image 

clarity. 

SE2: In this mode, a special detector is used at the specimen chamber to detect a small 

component of back-scattered electrons along with the secondary electrons. The working 

distance is kept at above 4 mm and the specimen is viewed laterally. This mode gives 

better surface information for some samples. 

 

Figure 2.11. Pictorial representation of basic components of FESEM. 

(b) Dispersive X-rays: The highly energetic beam (mostly 20 kV) of the electron is used 

on the sample to knock out inner shell electrons, which leads to the generation of 

characteristic Kα and Kβ X-rays. These generated X-rays provide information of the 

elements and composition [36]. These dispersive X-rays are of two types:  

EDAX: Energy dispersive X-rays provide details of elemental composition based on the 

energy generated by X-rays. This technique is used for major elements detection. The 

number of X-rays generated is related to the number of the element present in the sample. 

WDAX: Wavelength detective X-rays are used to detect the lighter elements present in 

the sample. It separates the elements based on the wavelength generated and not on 

energy. It is a more sensitive technique but causes more destruction to the sample. 
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(c) The back-scattered electron (BSE) tells about different elements of the sample 

because the intensity of BSE is a direct measure of the atomic number. Therefore, it is 

used in elemental analysis than the morphology of the sample. 

The block diagram of the set-up used in the study is shown in Fig. 2.11. 

The micrographs of nanoparticles, thin films, and composites were recorded using “field 

emission scanning microscope FESEM, CARL-ZEISS ULTRA 55” in imaging mode. 

The EDAX mode was used for the element analysis of the samples. 

2.2.4 Spectrophotometer 

A spectrophotometer amounts to the intensity of light transmitted, reflected, and 

absorbed after passing through the sample. The amount of light absorbs tells about the 

optical nature of the sample [37]. The optically active materials having high 

transmittance in the visible region are useful for photometric devices. Whereas, the 

highly absorbing materials (high absorbance) can be used to absorb photon energy, which 

can be to convert to other forms of energy. The high reflectance material gives the 

“lustrous effect”.  

 

Figure 2.12. Block diagram of basic parts of the UV-Vis-IR spectrophotometer. 

 

Spectrophotometer basic working steps are as follows: 

1. A light source illuminates the sample. 

2. Monochromator splits the light into individual wavelength and the adjustable slit 

allows only the desired wavelength to the sample. 

3. The sample mounted in the holder is shined by the light of the desired wavelength. 

4.  Finally, the output light is collected and displayed on the screen. 

The basic block diagram of the set up used is demonstrated in Fig. 2.12. 
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The “UV-Vis-NIR spectrophotometer” was used to measure the optical behavior in 190 

nm to 2500 nm range of the electromagnetic spectrum. The light source used in this 

instrument contains two lamps: tungsten lamp for the UV region (190-240 nm) and 

deuterium lamp in the visible and IR region (240-2500 nm). The spectrophotometer used 

is a double beam spectrophotometer as it compares the path of the sample with the 

reference sample. 

2.2.5 Vibrating sample magnetometer 

The “vibrating sample magnetometer (VSM)” was designed by S. Foner in 1955 [38]. It 

is a useful instrument to study the sample’s magnetic behavior due to its high sensitivity, 

accuracy, and ease to use. “Faraday’s law of electromagnetic induction” is the working 

principle for VSM. The sample is placed in between the coils of the magnetometer under 

an external magnetic field. So, the sample magnetizes along the field direction by 

aligning magnetic domains. The sample magnetization thus increases with an increasing 

external field. The dipole generated magnetic field produces a “drift field” across the 

sample. The sample vibrates between the detection coils. Due to the vibration of the 

sample and drift field, the flux associated with detection coils varies which induces an 

emf (e) [39] as follows; 

𝑒 = −
𝑑𝛷

𝑑𝑡
 

Induced emf is related to the sample’s magnetic field. To amplify this little induced 

“emf”, a trans-impedance amplifier and lock-in amplifier are used. The amplified signal 

is then sent to the computer interface, where suitable software converts it into 

magnetization value. 
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Figure 2.13. Block diagram of the basic components of VSM. 

When a magnetic sample is kept in a homogeneous magnetic field, the domains or 

individual spins align in a particular direction with the field, as a result, the sample gets 

magnetize. The “Lakeshore design VSM” was used to study the magnetization of the 

prepared samples. Fig. 2.13 depicts the basic block diagram of VSM.  

2.2.6 Ferromagnetic resonance spectroscope 

It is the spectroscopic technique which is used to study magnetic behavior of bulk and 

thin films.  The basic principle is based on spin interaction with an external magnetic 

field in the presence of electromagnetic radiation (in microwave range). The resonance 

arises when the quantized energy levels of electronic/nuclear moments split in the 

presence of a uniform magnetic field. The system absorbs energy equivalent to these 

splited energy levels. This RF induced transition results in absorption spectra as shown 

in Fig. 2.14. It is first derivative of absorption spectra rather than absorbance spectra 

which is used for analysis.  
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Figure 2.14. Schematic representation of energy level splitting in presence of RF field. 

The pictorial representation of RF induced transition is shown in Fig.1.11.The energy 

associated with this transition is expressed as [64], 

𝐸 = 𝜇. 𝐵 =   1/2−
+ 𝑔𝜇𝐵𝐵 

Here, 𝜇𝐵 is Bohr magneton, B is applied magnetic field and g is electron spin g factor. 

Based on the generated spin, the resonance can be named as electron spin/paramagnetic 

resonance (ESR/EPR), ferromagnetic resonance (FMR), anti-ferromagnetic resonance 

(AFMR), spin wave resonance (SWR) and nuclear magnetic resonance (NMR) [65]. 

The electron spin resonance (ESR)/ferromagnetic resonance (FMR) instrumentation is 

studied by considering the following parts [40]; 

1. Radiation source: The temperature stable Klystron tube circuit arrangement is used 

as a microwave radiation source. The frequency of the monochromatic source is kept 

fixed by providing fixed voltage to the circuit through the stabilizer. 

2. Waveguide: The hollow rectangular brass tube is used as a waveguide to pass 

radiation waves to the sample. The wave-meter is connected in the circuit to measure 

the frequency of radiation in MHz. 

3. Sample cavities: The sample is contained in the resonant cavity. The cavity can be 

rectangular (TE120) or cylindrical (TE011). The magnetic field interacts with the 

sample in the cavity. So, the position of the sample in the cavity is an important 

factor. The quality factor Q measures the sensitivity of the spectrophotometer by 

measuring energy loss in one microwave cycle. The sample is placed in a position 

where the largest magnetic field can be applied. Thus reduces energy loss and 

improves the quality factor. 
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4. Electromagnet: The stable and uniform magnetic field should pass through the 

sample. The stability of the magnetic field can be attained by connecting a highly 

regulated power supply to the electromagnet. The system is connected to a water 

circulation system to avoid access heat. 

5. Detection coils: The obtained ESR signal after interacting with the field is very weak 

thus signal amplification is required followed by signal modulation. The modulation 

is done to carry signal along with the carrier wave.  The amplitude modulation is 

done keeping the frequency and phase the same. These modulation coils are mounted 

on the cavity wall. 

The FMR spectra were recorded via “JEOL JES-FA200 ESR spectrometer at X-band (v 

= 9.2 GHz)”. The basic block diagram of the set-up used in the study is shown in Fig. 

2.15. 

 

Figure 2.15. Pictorial representation of the basic components of ESR. 

2.2.7 Impedance analyzer 

Since BaTiO3 is a constituent of multiferroic composite in the present study, therefore, 

dielectric properties of the composites were also studied. Dielectric properties of 

materials are determined by “electrical permittivity (ε)” also known as the “dielectric 

constant” and the “electrical conductivity (σ)” as following [41-42]; 
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AtCp 0/ 
 

Here, 0 is “permittivity of free space”, t denotes “thickness of the sample”, and A 

represents “surface area of the sample” [43]. 

𝜌𝐴𝐶 =
1

𝜀′𝜀0𝜔𝑡𝑎𝑛𝛿
 

In Fig. 2.16, the permittivity is presented as a capacitor (as a parallel plate condenser 

with the dielectric material). The capacitor is placed parallel to the resistor, the latter 

presenting the conductivity [44]. 

 

Figure 2.16. Schematic diagram of dielectric measurement setup.  

The room temperature relative permittivity study was done using “Impedance analyzer 

(Agilent E4980A LCR meter)”. 

2.2.8 P. E. Loop Tracer 

Polarization-Electric loop measurement is one of the important techniques to do the 

electrical characterization of the ferroelectric samples. We can calculate the saturation 

polarization, coercive electric field, remnant polarization, and leakage current by 

measuring the “P-E loop”. The “P-E loop” is a plot of polarization vs. electric field at 

fixed frequency [45-47]. Fig. 2.17 shows ideal responses via different P-E loop behavior 

of simple linear devices.  
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Working Principle of P-E Loop: This system is based on the “Sawyer Tower circuit” 

[46] which works according to the principle that if an ac voltage is employed across the 

capacitors which are attached in series, then both the capacitor will have the same charge. 

To get the saturation, the “internal capacitance” of the circuit should be greater than the 

“sample capacitance”. 

 

Figure 2.17. Different P-E loop behavior [47].  

Fig. 2.18 demonstrates the schematic diagram of the circuit used in the study. The P-E 

instrument consists of i) main P-E unit including digital oscilloscope, ii) sample holder, 

iii) temperature controller and iv) desktop (PC) [47]. 
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Figure 2.18. Schematic diagram of the P-E loop tracer system [47]. 

The “Radiant Precision Premier II Analyzer” was used for the P-E loop study of the 

composites.  
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Chapter 3 

Structural, morphological and magnetic 

properties of Mn-Zn ferrite nanoparticles 

 

This chapter combines the detailed study of the Mn-doped Zn ferrite nanoparticles 

via different characterization. 

3.1 Introduction 

Nanoparticles of zinc-containing spinel ferrites are extensively used for high 

frequency and electronic devices as it combines good magnetic, electrical, 

mechanical and dielectric properties that depend on several factors such as 

preparation conditions and chemical compositions [1-3]. Manganese-Zinc ferrites 

(Mn-Zn ferrite) nanoparticles are promising candidates for several technological 

applications such as choke coil, noise filter, recording-head, and ferrofluid. As well 

as they are useful for biological applications like hyperthermia, targeted drug delivery 

and MRI contrast due to their mechanical, chemical and thermal stability [4-9]. The 

substitution of Mn2+ ion in Zn ferrite influences the degree of inversion, magnetic 

moment and, super-exchange interaction; therefore, Mn2+ ions play a crucial role in 

deciding the magnetic properties [9-10]. The magnetic properties described by the 

hysteresis loop are highly dependent on both the intrinsic properties of the material 

(crystal structure and composition) and on extrinsic properties such as grain size and 

density [7-11].  

The polycrystalline “MnxZn1-xFe2O4 (x = 0.0 to 0.1)” (ZMF) nanoparticles were 

synthesized by co-precipitation as described in second chapter [7], [12-14]. The 

structure and morphology of all the prepared ZMF nanoparticles were well 

investigated. The “Fullprof suite program” was used to execute the Rietveld 

refinements for structural analysis of XRD data. The magnetization measurements of 

all the samples were carried out at room temperature and low temperature. The FMR 

study was also done for the prepared samples.  
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3.2 Structural Study  

3.2.1 X-ray diffraction Analysis 

 

Figure 3.1. Rietveld refined XRD pattern of the ZMF nanoparticles. 
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Fig. 3.1 depicts the Rietveld refined “X-ray diffraction pattern (XRD)” of the ZMF 

nanoparticles. The patterns show sharp peaks corresponding to the single-phase 

“cubic spinel structure” without any detectable impurities. Pure Zn-ferrite in bulk 

form is normal spinel, but in the case of nanoparticles, it shows a mixed spinel 

structure [7], [15]. Whereas, pure Mn-ferrite shows an inverse spinel structure. But 

on substitution of Mn2+ in Zn-ferrite, the final product (Mn-Zn ferrite) mostly shows 

the mixed spinel structure. The shifting of the maximum intense peak towards the 

lower angle side on increasing Mn-doping evidence the lattice’s expansion due to the 

presence of different strain in the nanocrystalline samples. The surface energy of the 

nanoparticles increases due to high surface to volume ratio, which creates the uniform 

and non-uniform strains within the grains. 

Further, the detailed structural analysis was done using Rietveld refinement via the 

Fullprof suite program. The solid black line represents the calculated pattern, and red 

circles represent the experimental data, while the residual plots (blue color) show the 

difference between experimental data and calculated pattern. The Rietveld analysis 

confirms the single-phase cubic spinel structure with the Fd-3m space group [7-10]. 

X-ray diffraction pattern fits well enough with the “Thompson-Cox-Hastings pseudo-

Voigt convoluted with the axial divergence asymmetry function”. The “goodness of 

fit (χ2)” found from the refinement varied between 1.1- 1.5, which indicates good 

agreement with the experimental data. The “lattice constant (a)” is extracted from the 

Rietveld fitting and tabulated in Table 3.1. The crystallite size was calculated using 

the “Williamson-Hall (W-H) plot”. 

W-H plot: The XRD peak broadening depends on the following factor: “lattice strain 

within the sample grain”, “instrumental contribution,” and the “nature of the sample”. 

Instrumental broadening can be adjusted by taking the peak-widths of the standard 

(SiO2) sample. Due to strain involvement, the estimated crystallite size is much 

bigger than what we get from the Scherrer formula.  “Scherrer’s formula” modified 

by “Williamson and Hall” helps to separate the lattice strain broadening contribution 

from the crystallite size contribution. In other words, we can say that the 

“Williamson-Hall (W-H)” plot is based on the formula which takes care of both size 

broadening (βsize) and the strain broadening (βstrain). Therefore, to estimate the correct 

size, we have used the W-H plot [16].  
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𝛽 = 𝛽𝑠𝑖𝑧𝑒 + 𝛽𝑠𝑡𝑟𝑎𝑖𝑛  

Here, β denotes “full-width half maxima (FWHM)” of the diffraction peaks. 

Here,      𝛽𝑠𝑖𝑧𝑒 =
𝑘𝜆

𝐿𝑐𝑜𝑠𝜃
          and  𝛽𝑠𝑡𝑟𝑎𝑖𝑛 = 4𝜀 𝑡𝑎𝑛𝜃 

Size broadening factor varies as 1/cosθ, whereas strain broadening factor varies as 

tanθ. Here, ε is the “coefficient related to strain”, θ is “Bragg’s angle”, k represents 

“grain shape factor”, and λ denotes “wavelength of Cu-Kα radiation”. 

Their combined effect is determined by a simple sum as follows: 

𝛽 =
𝑘𝜆

𝐿𝑐𝑜𝑠𝜃
+ 4𝜀 𝑡𝑎𝑛𝜃      

After multiplying the equation with cosθ, we get the following formula; 

𝛽 𝑐𝑜𝑠𝜃 =
𝑘𝜆

𝐿
+ 4𝜀 𝑠𝑖𝑛𝜃      

On comparison with the straight-line equation:    𝑦 = 𝑚𝑥 + 𝑐 

Here we can assume;       𝑥 = 4𝑠𝑖𝑛𝜃    𝑎𝑛𝑑     𝑦 = 𝛽 𝑐𝑜𝑠𝜃 

𝑐 (𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡) =
𝑘𝜆

𝐿
,        and   𝑚 (𝑠𝑙𝑜𝑝𝑒) = 𝜀, 

On plotting the curve x vs. y, intercept gives size component, whereas slope is giving 

strain component. The obtained plot is known as the “Williamson-Hall plot”. The 

“crystallite size” was estimated using the intercept value obtained from a linear fit on 

the “W-H plot” as depicted in Fig 3.2.  Table 3.1 lists the estimated average crystallite 

size of ZMF nanoparticles. 
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Figure 3.2. “W-H plot” of the ZMF nanoparticles. 

 

Figure 3.3. Structural parameters vs. x plots of the ZMF nanoparticles. 

Since the broadness (“full-width at half maxima”) of the XRD peak tells about the 

size and crystallinity of the samples. Therefore, a decrease in the broadness with Mn-

doping indicates an increase in the crystallite size on increasing Mn-doping. The 

compositional dependence of crystallite size, lattice constant (a), and unit-cell volume 
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is shown in Fig. 3.3. The variation of structural parameters with composition is non-

linear. It is observed that the parameters are increasing gradually till x=0.6, and after 

this composition, parameters start increasing enormously. An increment in lattice 

constant on increasing Mn concentration is because of the larger ionic size of Mn2+ 

(83 pm) than that of Zn2+ (74 pm). Therefore, the expansion of lattice takes place, 

which leads to an increase in the crystallite size. With the increase in Mn-doping, the 

fraction of bigger ions become very large compared to the smaller ion, which allows 

more expansion in the lattice. Therefore, the highly doped samples show a sharp 

increment in the crystallite size than the less doped samples. 

Table 3.1. “Structural parameters” of the ZMF nanoparticles. 

x Average grain size from 

FESEM histogram, (nm) 

Average crystallite 

size from W-H plot, 

(nm) 

Lattice 

constant, a 
χ
2 

0 7 6 8.407 1.02 

0.1 8 6 8.402 1.10 

0.2 11 7 8.404 1.05 

0.3 12 10 8.407 1.13 

0.4 14 10 8.403 1.08 

0.5 13 12 8.406 1.14 

0.6 16 13 8.409 1.03 

0.7 18 16 8.409 1.09 

0.8 24 20 8.413 1.09 

0.9 50 46 8.437 1.41 

1.0 68 65 8.498 1.18 

 

3.2.2 RAMAN Analysis 

Raman spectroscopy is a very sensitive tool that can differentiate into the chemical 

composition of the sample depending on phonon vibrations. The Raman spectra for 

the two phases differ from one another depending on the vibrational modes because 

the vibrational frequencies are specific to the molecule's chemical bonds and 

symmetry [17]. Fig. 3.4 shows the de-convoluted Raman spectra of all the ZMF 

nanoparticle samples, respectively. Lorentzian peak function was used to fit peaks to 

get the peak center value. The solid black line represents the fit, whereas the red 

circles show experimental data. Phonon modes related to the spinel structure are as 

follows:  

A1g(R), Eg (R), T1g, 3T2g (R), 2A2u, 2Eu, 4T1u (IR) and 2T2u. 
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Among them, five phonon modes are Raman active (“A1g(R), Eg (R), 3T2g (R)”) 

whereas 4T1u and 2T2u are infrared (IR) active modes [10], [18-19]. Raman modes 

above 600 cm-1 infer the modes of the tetrahedral group, which represents the local 

lattice effect in tetrahedral sublattice, whereas Raman modes below 600 cm-1 infer 

the modes of the octahedral group which indicates the local lattice effect of the 

octahedral sublattice.  All the samples show three maxima which correspond to the 

spinel ferrite.  Hence, Raman’s result also confirms the single-phase cubic spinel 

structure of the ZMF nanoparticles [17]. 

 

Figure 3.4. De-convoluted Raman spectra of the ZMF nanoparticles. 
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The variation in the peak values is attributed to the structural disorders present in the 

Mn-doped nanoparticle system. The Mn substitution alters the cation distribution 

between octahedral and tetrahedral sites of Zn-ferrite, which causes a change in 

symmetry of the crystal structure [17-20]. Therefore, an alteration in the vibrational 

modes takes place with Mn doping in the Zn-ferrite nanoparticles [20]. The increment 

in crystallite size with increasing Mn-doping indicates an expansion in the lattice, 

thereby show an increment in the bond length. Since the wavenumber is inversely 

proportional to the bond-length, therefore the Raman peaks shift towards lower 

wavelength side with increasing Mn-doping. This shifting of Raman-active modes 

upon doping of Mn+2 is associated with the bigger ionic radius of the Mn+2 compare 

to the Zn+2 ion [21]. Thus, the Raman analysis is supporting the conclusion drawn 

from the XRD analysis. 

3.3 Morphological study 

The morphological studies of the ZMF nanoparticles were done using FESEM 

analysis. This technique helps to estimate the average grain size, grain shape, 

composition and distribution of the prepared ZMF nanoparticles. Fig. 3.5 shows 

FESEM micrographs of all the ZMF nanoparticles. Spherical grains are observed in 

the FESEM micrograph. Agglomeration of ZMF nanoparticle is observed due to their 

magnetic nature [22]. Further, the histogram of particle count (N) is used to realize 

the “grain size distribution” of the ZMF nanoparticles. The histogram in Fig. 3.5 

(inset) demonstrates the “grain size distribution” of nanoparticles and is well fitted 

with “Gaussian peak function” which indicates an almost narrow distribution of 

grains [10]. The obtained values of “average grain size” from the fits are tabulated in 

Table 3.1 and the values are matching with the result obtained from the XRD analysis. 
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Figure 3.5. FESEM micrographs and grain size distribution histogram of the ZMF 

nanoparticles. 
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Figure 3.6. EDAX profile of the ZMF nanoparticles. 

The characterization of the nanoparticles was complemented by the “energy 

dispersive X-ray (EDAX) analysis” (Fig. 3.6) that confirmed the concentration of 

Mn, Zn, Fe and O in all the nanoparticle samples. The  EDAX analysis confirms the 

atomic weight percentage ratio of the atoms (elemental composition)  for pure as well 

as for Mn-doped Zn ferrite nanoparticles and it is matching with the expected values 

as listed in Table 3.2.  
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Table 3.2. “Elemental parameters” of the ZMF nanoparticles. 

x Chemical 

formula 

Ratio of the atom 

 (1-x)Zn/2Fe xMn/2Fe (1-x)Zn/xMn 

0 

ZnFe2O4 Theoretical values 0.576 - - 

Estimated values 

from EDAX 
0.507 

0.1 Mn0.1Zn0.9Fe2O4 Theoretical values 0.52 0.049 10.55 

  Estimated values 

from EDAX 

0.46 

 

0.043 10.66 

 

0.2 Mn0.2Zn0.8Fe2O4 Theoretical values 0.46 0.098 4.69 

Estimated values 

from EDAX 

0.41905 

 

0.091 

 

4.63 

 

0.3 Mn0.3Zn0.7Fe2O4 Theoretical values 0.404 0.148 2.73 

Estimated values 

from EDAX 

0.4 

 

0.176 

 

2.28 

0.4 Mn0.4Zn0.6Fe2O4 Theoretical values 0.346 0.197 1.76 

Estimated values 

from EDAX 

0.3 

 

0.17 

 

1.77 

 

0.5 Mn0.5Zn0.5Fe2O4 Theoretical values 0.288 0.246 1.17 

Estimated values 

from EDAX 

0.25 

 

0.2125 

 

1.18 

 

0.6 Mn0.6Zn0.4Fe2O4 Theoretical values 0.231 0.295 0.781 

Estimated values 

from EDAX 

0.2 0.255 

 

0.784 

 

0.7 Mn0.7Zn0.3Fe2O4 Theoretical values 0.172 0.344 0.502 

Estimated values 

from EDAX 

0.169 

 

0.315 

 

0.536 

 

0.8 Mn0.8Zn0.2Fe2O4 Theoretical values 0.12 0.394 0.293 

Estimated values 

from EDAX 

0.1 

 

0.34 

 

0.294 

 

0.9 Mn0.9Zn0.1Fe2O4 Theoretical values 0.058 0.443 0.130 

Estimated values 

from EDAX 

0.053 

 

0.405 

 

0.129 

 

1.0 MnFe2O4 Theoretical values - 0.492 - 

Estimated values 

from EDAX 

0.477 
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3.4 Magnetization study 

The ZMF is a cubic spinel soft ferrimagnetic material. On reduction of particle size 

below the critical size limit, ZMF nanoparticles show superparamagnetism. Soft 

ferrimagnetic and superparamagnetic nanoparticles show high initial permeability, 

which makes them useful in magnetic sensors, magnetic amplifiers, and other 

applications. The magnetic field-dependent and temperature-dependent dc 

magnetization studies were done for the ZMF nanoparticles.  Depending upon the 

magnetic behavior, the prepared ZMF nanoparticles are divided into two types; 

ferrimagnetic and superparamagnetic.  

3.4.3 Magnetic field-dependent magnetization study of ZMF 

nanoparticles 

The magnetic field dependent hysteresis loop tells about the behavior of the material, 

whether they are ferromagnetic, paramagnetic or superparamagnetic. The coercivity 

of a magnetic hysteresis loop is directly connected to the nature of the ferrite. 

Therefore, the hysteresis loop is also helpful in differentiating between soft and hard 

ferrite [23]. The shape of a hysteresis loop depends on so many factors like non-

saturation effects, random distribution of particles, cationic stoichiometry, occupancy 

of specific sites by cation, surface spin canting, etc. For ferromagnetic/ferrimagnetic 

materials, the movement of the domain wall is responsible for the magnetic properties 

because domain walls carry large anisotropy energy. Therefore, the formation of 

domain occurs in ferromagnetic material to minimize the magnetostatic energy [12], 

[15], [24-26].  

Detailed field dependence magnetization is investigated for the prepared ZMF 

nanoparticles at 300 and 100 K. Here, the nanoparticles of the composition x=0 and 

0.1 show superparamagnetic behavior because of their extremely nano size, which is 

around 6 nm. From x=0.2 the ferrimagnetic behavior starts dominating over 

superparamagnetic behavior due to the significant increment in the “crystallite size”. 

As the “crystallite size” is increasing the sample starts showing more ferrimagnetic 

behavior.  
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To get the detailed information about the magnetic behavior and magnetic parameters 

of the samples, the following equation was used to fit the M(H) curves [27-28]; 

     𝑀(𝐻) = [2
𝑀𝑠

𝜋
tan−1{(

𝐻±𝐻𝑐

𝐻𝑐
) tan(

𝜋𝑀𝑟

2𝑀𝑠
)}] + 𝜒𝐻                           3.1 

Here, MS is “saturation magnetization”, Mr refers "remanent magnetization", Hc 

denotes "coercivity", χ refers “magnetic susceptibility for the paramagnetic part”, M 

represents “measured magnetization” and H denotes "applied magnetic field". The 

first term in the eq. 3.1 represents the ferromagnetic/ferrimagnetic contribution, 

whereas the second term represents the paramagnetic part. M-H data for all the 

samples fitted well with the eq. 3.1 except x=0 and 0.1 at 300 K. The M-H curves for 

x=0 and 0.1 did not fit well with eq. 3.1. Therefore for these two M-H plots, we tried 

Langevin fit (eq. 3.2) of “superparamagnetic nanoparticles”.  The used Langevin 

function is as follows [29]: 

        𝐿 = 𝑀𝑆 ∗ [coth(𝐴 ∗ 𝑥) −
1

𝐴∗𝑥
]              ,  𝑥 = 𝜇0𝐻/𝐾𝐵𝑇               3.2 

Here, A contains information about “average particle magnetic moment”, MS is 

“saturation magnetization”, KB is “Boltzmann constant”, and T represents 

“temperature” at which measurement was executed.  

Fig. 3.7 and 3.8 depict the fitted M(H) curves for the ZMF nanoparticles at 300 and 

100 K, respectively. Magnetic parameters obtained from the fitting of M(H) plots are 

listed in Table 3.3. The experimental saturation magnetization, Ms, is estimated from 

the intercept on the y-axis by extrapolating the straight line drawn on M vs. H plots. 

The fitted values are close to the experimental values except for x=0 and x= 0.1 at 

300 K because these two samples show superparamagnetic dominance.  The lower 

values of the coercivity (Hc) and remanence (MR) indicates that all the samples belong 

to the family of soft ferrites. The Ms-value is increasing with an increase in Mn 

content.  
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The increment in magnetization on increasing Mn-content can be ascribed to the 

following reason; 

(i) Increase in the “average crystallite size” due to the doping of bigger ion 

(Mn+2) as discussed in the XRD analysis. The substitution of bigger size 

ions changes the bond length and bond angle, which leads to an expansion 

in the lattice. With the increase in crystallite size, the surface spin effect 

(dead surface layer) decreases, which leads to an increment in the 

magnetization [15].  

(ii) Alteration in the cation distribution of spinel structure with Mn 

substitution in the Zn ferrite [9-10]. 

It is well known that the “spinel structure” has two sub-lattices: one “tetrahedral” and 

another “octahedral” sub-lattices and the coupling between these two sub-lattices 

causes the net magnetization [20]. Since nonmagnetic Zn2+ ions have a strong 

tendency to occupy the “tetrahedral site”, therefore, zinc ferrite exhibits the normal 

spinel structure. But it is well known that Mn2+ cations can partially occupy both the 

sub-lattices.  Therefore, the substitution of Mn2+ ions in place of Zn2+ ions causes the 

migration of some Fe3+ ions from “octahedral sites” to “tetrahedral sites”. Migration 

of ions causes an alteration in the magnetic moment on tetrahedral and octahedral 

sub-lattice, which alters the net Ms of Mn-doped samples. Increasing the number of 

Mn2+ ions forces more number of Fe3+ ions to migrate from the octahedral sites to the 

tetrahedral sites, which ensures more ferrimagnetic behavior of Mn-rich nanoparticle 

samples. 
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Figure 3.7. Fitted M vs. H plots of the ZMF nanoparticles at 300 K. 
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Figure 3.8. Fitted M vs. H plots of the ZMF nanoparticles at 100 K. 
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The experimentally calculated magnetic parameters (Mr, Hc, and Ms) were also 

plotted as a function of Mn-doping (x) as demonstrated in Fig. 3.9. 

 

Figure 3.9 Ms vs. x, Hc vs. x, and Mr vs. x plots of ZMF nanoparticles at 300 and 

100 K. 

Table 3.3. “Magnetic parameters” of M(H) plots of the ZMF nanoparticles. 

x Ms 

(emu/g) 

At 300K 

Experim

ental 

Value 

Ms 

(emu/g) 

At 

300K 

Fitted 

Value 

Hc 

(Oe) 

At 

300K 

Mr 

(emu/

g) 

At 

300K 

Ms 

(emu/g) 

At 100K 

Experim

ental 

Value 

Ms 

(emu/g) 

At 

100K 

Fitted 

Value 

Hc 

(Oe)  

At 

100

K 

Mr 

(emu/g) 

At 

100K 

0 3 32 0.62 0.003 17 19 0.18 0.001 

0.1 6 35 0.78 0.002 19 21 0.29 0.002 

0.2 5 9 0.25 0.001 30 30 0.32 0.005 

0.3 8 11 3.5 0.007 40 39 0.09 0.005 

0.4 12 14 2.4 0.009 43 41 0.01 0.005 

0.5 22 22 0.29 0.019 48 49 4.1 0.24 

0.6 27 27 2.7 0.058 50 52 4.4 0.24 

0.7 34 34 1.1 0.054 51 54 17 1.2 

0.8 35 35 2.2 0.14 52 54 48 2.9 

0.9 39 39 7 0.74 52 56 111 6.6 

1.0 41 42 44 3.2 57 60 90 7.5 

Further, it is found that Hc increases on increasing Mn content. This variation is 

attributed to the increase in magnetic anisotropy due to an increase in grain size with 

increasing Mn content.  Moreover, the coercivity values strongly depend on 

microstructural factors such as grain boundaries [30]. The grain boundaries create 

pinning centers in the magnetic domain walls due to the defects formed at the 

interface of the boundaries [31]. Therefore the variation in coercivity may be due to 

the pinning of magnetic spins at grain boundaries. At 100 K, magnetization, 

coercivity, and remanence magnetization are increasing as compared to the room 

temperature values for all the samples due to the formation of ferrimagnetic (FM) 



   

Chapter 3: Structural, morphological and magnetic properties of Mn-Zn ferrite nanoparticles 

64 
 

clusters at lower temperatures [7]. As the temperature decreases, the magnetic spins 

start freezing which leads to the formation of FM clusters. The FM cluster formation 

is related to the magnetic spin concentration in some regions and their organization 

of the FM microphase. 

3.4.2 Temperature dependent magnetization study of the ZMF 

nanoparticles 

Temperature-dependent magnetization plots M(T) in the temperature range of 100 to 

400 K were recorded in “zero field cooled (ZFC)” and “field cooled (FC)” mode at 

500 Oe for ZMF nanoparticles. Fig. 3.10 depicts the M(T) plot of the ZMF 

nanoparticles. 

In ZFC mode, the samples were cooled up to 100 K in the absence of the magnetic 

field and then the magnetization was measured at 500 Oe as a function of temperature.  

In FC mode, samples were cooled in the field of 500 Oe and then the magnetization 

measurement was performed as a function of temperature. The ZFC and FC curves 

overlap each other at high temperature. But with a decrement in temperature, ZFC 

and FC plots split into different trajectories at low temperatures. The temperature at 

which the two curves start splitting is known as bifurcation (irreversible) temperature 

(Tirr). This divergence of the ZFC-FC curve is due to magnetic frustration in the 

sample. This magnetic frustration may be either due to co-existing 

ferromagnetic/ferrimagnetic and anti-ferromagnetic phases or because of the non-

interacting superparamagnetic particles. Moreover, the bifurcation of ZFC and FC 

curves also depends on the applied magnetic field. The existence of bifurcation 

confirms the ferrimagnetic or spin-glass behavior of ZMF nanoparticles [32].  The 

bifurcation temperature (Tirr) is increasing with Mn-doping and shows the higher 

value for higher Mn doping as shown in Fig. 3.11. This change in Tirr may be due to 

the alteration in “crystallite size” and “cation distribution” with Mn-doping. We have 

also plotted the difference between M(FC) and M(ZFC) as a function of Mn-doping 

content (x) to get a clear picture of the difference between these two curves. This 

curve clearly shows that the difference between M(FC) and M(ZFC) is increasing 

with x, similar to the Tirr vs. x plots. 
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Figure 3.10. M vs. T plots of the ZMF nanoparticles at 500 Oe. 

 

Figure 3.11. M vs. x, Tirr vs. x and (MFC-MZFC) vs. x plots of the ZMF 

nanoparticles. 
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3.5 FMR Study 

The ferromagnetic resonance (FMR) spectroscopy is a very relevant technique to 

understand the magnetic interaction and magnetic anisotropy present in the magnetic 

system related to intrinsic as well as extrinsic mechanisms influenced by structural 

inhomogeneities [32-33].  The FMR lineshape depends on the magnetic resonances 

of the system. Symmetric lineshape defines paramagnetic interaction, while 

asymmetric lineshape arises due to multiple resonances which ensures the 

ferrimagnetic nature of ferrite. We can get a clear picture of magnetic interaction by 

effective g-value. For paramagnetic material g-value is 2, for antiferromagnetic it is 

less than 2 and for ferromagnetic/ferrimagnetic material, it is greater than 2. Therefore 

this technique is used to investigate the magnetic interaction present in the ZMF 

nanoparticles. 

The FMR spectra give information about the superexchange between the sublattices 

of spinel ferrite. Therefore, variation in the magnetic interaction due to the Fe+3 

distribution among octahedral and tetrahedral sublattice can be investigated by the 

FMR spectra of the ZMF nanoparticles. Fig. 3.12 shows FMR spectra for the ZMF 

nanoparticles at room temperature. It can be seen that FMR spectra (lineshape) are 

becoming more asymmetric with increasing Mn-doping, which indicates that 

ferrimagnetic interaction is more in Mn-rich samples. Shifting of FMR spectra is also 

observed from Fig. 3.12, FMR spectra is shifting towards the lower magnetic field 

with increasing Mn-doping. To understand this variation we have calculated the 

resonance field (Hr), g-value and linewidth (D) from the FMR spectra and plotted as 

a function of Mn-doping content (x) which is demonstrated in Fig. 3.13. 

 

 



   

Chapter 3: Structural, morphological and magnetic properties of Mn-Zn ferrite nanoparticles 

67 
 

 

Figure 3.12. FMR spectra of the ZMF nanoparticles at 300 K. 

 

Figure 3.13. Hr vs. x, g-value vs. x, and D vs. x plots of the ZMF nanoparticles at 

300 K. 

The change of Hr-value is linked with the internal field of the 

ferromagnetic/ferrimagnetic sample [32]. Therefore, the decrease in Hr-value can be 

related to the increase in the internal magnetic field. The Hr- value decreases 

monotonically with an increase of “average crystallite size” of the ZMF 

nanoparticles. This shows an increment in ferrimagnetic interactions as particle size 

increases. Further, a monotonic increase in D and g-value with increasing Mn-doping 

also indicates that ferrimagnetic interaction is more for Mn-rich samples. The FMR 

spectra show that the ZMF nanoparticles are more ferrimagnetic with increasing Mn-

doping similar to the field-dependent magnetization results [34-35]. This can be 

attributed to the short-range antiferromagnetic order with increasing size. Hence, 

FMR data supports magnetization results. 
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3.6 Chapter Summary 

In summary, we report the single-phase cubic spinel ZMF nanoparticle formation via 

the co-precipitation route.  Rietveld analysis confirms the single-phase cubic spinel 

structure with the Fd-3m space group without any detectable impurity phase. The 

lattice constant and crystallite size are increasing with an increase in Mn content. 

Microstructural and Raman studies complement the XRD results. Ferrimagnetic 

ordering is confirmed via the magnetic hysteresis loop. It is found that the substitution 

of Mn2+ ion at the tetrahedral site in Zn-ferrite enhanced the ferrimagnetic (FM) 

interactions in the final material. These results confirm that the magnetic properties 

rely on the cation distribution of the prepared samples, microstructure and crystallite 

size of the nanoparticles. M(T) and FMR studies also support the M-H results. 
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Chapter 4 

Structural, optical and magnetic properties of 

Mn-Zn ferrite thin films 

 

This chapter consists of an elaborated study of structure, morphology, optical and 

magnetization behavior of spinel Mn0.5Zn0.5Fe2O4 (MZF) thin films deposited via RF 

sputtering under different conditions.  

4.1. Introduction 

Spinel structured ferrite thin films are well known for their high-frequency 

applications [1-2] due to their low conductivity than metal films. The tuning of 

material properties according to specific applications is an important activity in recent 

years. Several efforts to obtain enhanced frequency with low-loss materials for 

electronics and communication applications allowed the Mn-Zn ferrites to be one of 

the most cited magnetic materials. Mn-Zn ferrites possess a mixed spinel structure 

and give high magnetization when deposited in an argon environment [3-4].  The 

study of the Mn-Zn ferrite thin films is of great interest due to the fundamental 

differences in their magnetic and electronic properties from the bulk counterparts.  

These films have the potential to replace the bulk external magnets in current devices 

[5-6]. 

4.2 Selection of target composition for thin film deposition 

As discussed in chapter third we have made a series of Mn-doped Zn-ferrite 

nanoparticles. To make the thin film, we have selected Mn0.5Zn0.5Fe2O4 out of all the 

prepared composition. The selection of the target composition was based on the XRD 

result of the sintered nanoparticles. The MnxZn1-xFe2O4 (x = 0 to 1) nanoparticles 

mixed with approximately 1wt % polyvinyl alcohol (PVA) were ground and pressed 

into pellets using a “cold uniaxial hydraulic press”. Then the pressed pellets were 

sintered in a furnace at 1200°C for 6 hours in an air environment. To check the phase 
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formation, the XRD measurement on the sintered nanoparticles was performed which 

evidences the third phase formation after x=0.6 as shown in Fig. 4.1, that can be 

attributed to the different valence state of iron and manganese ions at high sintering 

temperature. 

 

Figure 4.1. The XRD pattern of the sintered MnxZn1-xFe2O4 (x = 0 to 1).  

Therefore, to avoid the third phase formation in the thin films we have not selected 

the composition from x=0.6. The magnetization vs. applied field (M(H)) plot of the 

Mn0.5Zn0.5Fe2O4 (MZF) target is shown in Fig 4.2. A well-defined hysteresis loop 

confirms the soft ferrimagnetic nature of the target material with a magnetization 

value of 40 emu/g. 
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Figure 4.2. The M(H) plot of the Mn0.5Zn0.5Fe2O4 target. 

The MZF thin films were deposited by RF-magnetron sputtering on 0.5 mm thick 

quartz substrates under different conditions in an argon gas environment using a 2-

inch circular MZF target synthesized via the co-precipitation method as described in 

chapter 2. The substrate was kept at room temperature during the deposition of all the 

MZF films. The distance between the target and substrate was kept ~ 6 cm. We have 

deposited three sets of thin films by varying deposition parameters (such as argon gas 

pressure, RF power, and deposition duration) which are as follows; 

1.  MZF thin films deposited at different argon gas pressure (i.e. 8, 10, 12, 14, 16 and 

18 mTorr) using 50 Watt RF power for 60 minutes. 

2. MZF thin films deposited at different RF power (i.e. 50, 75, and 100 Watt) in an 

argon gas pressure of 10 mTorr for 60 minutes. 

3. MZF thin films deposited for different deposition duration (i.e. 20, 30, 40, 50, and 

60 minutes) in an argon gas pressure of 10 mTorr using RF power of 100 Watt. 

The structure and morphology of all the as-deposited MZF films were well 

investigated. The magnetization measurements and FMR studies were done at room 

temperature to understand the magnetic behavior and anisotropy present in the as-

deposited MZF films.  

4.3 Structural Study of MZF films 

The XRD patterns of the MZF film deposited under different conditions in an argon 

gas environment are shown in Fig. 4.3. The pattern shows weak peaks corresponding 

to the cubic spinel structure according to the “Joint Committee on Powder Diffraction 

Spectra (JCPDS, Pack No. 742402)”. The significant amorphous background is 
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introduced by the quartz substrate [4]. To confirm this, we have also performed XRD 

for blank quartz substrate and target material which are also shown in Fig. 4.3. 

As we can see, the XRD pattern of the substrate is completely amorphous whereas 

the target’s XRD pattern depicts the peaks of the cubic spinel structure [7]. These 

results confirm that the observed peaks in the XRD pattern of the MZF thin films are 

related to the target material.  The broadness (“full-width at half maxima”) and 

intensity of the XRD peak tell about the size and crystallinity of the samples. 

Therefore, a small improvement in the intensity of XRD peaks is the evidence of an 

increase in the crystallinity of the film with increasing RF power as well as with 

increasing deposition duration. However, when we are increasing argon gas pressure 

a decrease in the peak intensity is observed due to back diffusion [8]. The sputtering 

rate increases on increasing chamber pressure due to the increase in the ion density 

at chamber up to a certain pressure but further increase in the chamber pressure leads 

to back diffusion and collisions with argon ions.  

 

Figure 4.3. XRD patterns of the MZF films, blank substrate and target material. 
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Since the XRD peaks are not sharp and well defined, the estimation of lattice 

parameters is not very accurate but for comparison between different films, we have 

approximated the values from the XRD data.  The “Debye-Scherer formula” was used 

to calculate the “average crystallite size” of the MZF films [3, 9]; 

𝐷 =
0.9𝜆

𝛽𝑐𝑜𝑠𝜙
                                                               (4.1) 

Here, λ represents “X-ray source wavelength”, ϕ denotes “Bragg’s diffraction angle” 

and β refers to “full width at half maximum”. 

The lattice parameters were calculated using “Bragg’s law”𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜙, and 
1

𝑑2 =

1

𝑎2 +
1

𝑏2 +
1

𝑐2 formula [3]. Here, λ is “X-ray source wavelength” (1.5406 Å for Cu 

source), ϕ is “Bragg’s diffraction angle”, d is “distance between two adjacent planes”, 

h, k, l are “miller indices” and a, b, c are the “lattice constants”. Here for cubic 

structure, a=b=c is considered. The estimated lattice parameters of all the samples are 

listed in Table 4.1. The structural parameters vs. deposition conditions plots of as-

grown MZF films under different conditions are depicted in Fig. 4.4. After 10 mTorr 

argon gas pressure, the XRD pattern did not show clear peaks, therefore, we were not 

able to calculate the structural parameters of the films deposited in argon gas at 12, 

14 and 16 mTorr chamber pressure. 

 

Figure 4.4. Structural parameters vs. deposition conditions plots of all the MZF 

films. 

As expected, the estimated crystallite size and lattice constants are nearly the same 

for all the MZF films. The calculated lattice constants are in the range of 8.3-8.6 Å. 

The average crystallite size is in the range of 5-12 nm for all the as-grown films. 

These values evidence the nanocrystalline nature of the MZF films. The broad XRD 
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peaks confirm the nanosize of crystallite present in the films similar to the calculated 

values. It is found that the lattice parameters are not systematic with argon gas 

pressure, RF power and deposition duration. The oscillatory behavior of lattice 

parameters with increasing power, pressure and deposition duration gives a hint that 

the unit cell is going through lattice distortions with a change in the deposition 

conditions. 

Table 4.1. “Crystallographic parameters”, “film thickness” and “optical 

parameters” of the MZF film deposited under different conditions. 

Deposition 

parameter 

Average 

crystallite 

size (nm) 

(XRD) 

Average 

grain size 

from 

FESEM 

histogram 

(nm) 

Lattice 

constant, 

a (Å) 

Film 

thickness 

(nm) 

FESEM 

Film 

thickness 

(nm) 

Optical 

Optical 

bandgap 

(eV) 

Deposited at various argon gas pressure at 50 Watt for 60 minutes. 

8 mTorr 5 7 8.56 315 322 2.9 

10 mTorr 4 6 8.37 350 331 2.8 

12 mTorr - 7 - 380 369 3.0 

14 mTorr - 8 - 410 398 2.7 

16 mTorr - 8 - 398 380 2.7 

Deposited in an argon gas pressure of 10 mTorr for 60 minutes at various RF power. 

50 watt 4 6 8.37 354 331 2.8 

75 watt 6 8 8.38 459 416 2.7 

100 watt 6 8 8.29 560 553 2.7 

Deposited in an argon gas pressure of 10 mTorr at 100 Watt for different duration. 

20 minute 5 6 8.45 243 - 3.1 

30 minute 7 8 8.38 300 351 3.1 

40 minute 12 13 8.41 456 489 2.6 

50 minute 10 11 8.37 500 521 2.7 

60 minute 6 8 8.29 560 553 2.7 

4.4 Microstructural Study of MZF films 

The morphological studies of the MZF thin films were done using “field emission 

scanning electron microscopy (FESEM)”. Fig. 4.5, 4.6, and 4.7 show FESEM 

micrographs in surface and cross-sectional view of all the as-deposited MZF films 

deposited under different conditions. Surface micrographs show the small nano-

cluster formation with a change in cluster size on changing deposition conditions. 

The deposition rate changes due to the change in argon gas pressure and RF power. 
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The growth of the film is affected by several factors such as internal stresses, 

preferential alignment of nanocrystalline grains and nucleation rate during the 

deposition, etc. [10]. The morphology of the films is also affected by the pressure of 

the gas used, solidification process and nucleation rate during the deposition. This 

causes an extra anisotropy in the grain’s shape.  

 

Figure 4.5. FESEM micrographs in cross-section and surface view of MZF films 

deposited under different argon pressure. 

 

Figure 4.6. FESEM micrographs in cross-section and surface view of MZF films 

deposited at different RF power. 
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Figure 4.7. FESEM micrographs in cross-section and surface view of MZF films 

deposited for different duration. 

The columnar growth is observed in all the as-deposited MZF films from the cross-

sectional images. The thickness of the films is also estimated from the cross-sectional 

micrographs and listed in Table 4.1. Film thickness is increasing with an increase in 

argon gas pressure, RF power and deposition duration. But for the films deposited 

under different argon pressure, film thickness variation is less compare to the other 

films deposited under different RF power and duration. 

The histogram of particle count (N) is plotted to realize the “grain size distribution” 

of the grains in the MZF films as shown in Fig. 4.5, 4.6, and 4.7 (inset). The histogram 

is well fitted with “Gaussian peak function” which indicates an almost narrow 

distribution of grains. The obtained values of “average grain size” from the fits are 

tabulated in Table 4.1 and are matching with the values obtained from the XRD 

analysis. The “average grain size” and “film thickness” are plotted as a function of 

deposition conditions for all the MZF films as shown in Fig 4.8. The variation of 

“average grain size” is non-systematic and confirms the nanocrystalline nature of the 

as-deposited MZF films. 
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Figure 4.8. Average grain size and film thickness vs. deposition condition plots of 

the MZF films. 

4.5 Optical Study of MZF films 

The analysis of the optical transmission spectra is important to understand the 

dependence of optical constants and optical bandgap on the structure of the films. The 

thickness of the thin films can also be calculated using the transmission spectra. The 

“optical constants” of the films rely on the deposition condition [11-12] therefore, we 

have analyzed the influence of the deposition condition on the optical behavior of the 

MZF films. 

Transmittance spectra: Fig. 4.9, 4.10, and 4.11 show the “optical transmission 

spectra” in the wavelength range of 200-2500 nm of various MZF films. The strong 

band edge absorption is observed for the films in the wavelength region of below 500 

nm. The fringes appear in the “transmission spectra” due to the interference of the 

incident light on the “air-film”, “film-substrate”, and “substrate-air interfaces”.  
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All the spectra show complete absorption in the “UV region”, transmittance above 

50% in the “visible region” and transmittance up to 90% in the “IR region”. About 

40-90% transmission is observed above the band edge. It is observed that the number 

of fringes is increasing with an increase in RF power and deposition duration. This 

clearly indicates an increase in the film thickness with the increase in deposition 

duration and RF power which supports the FESEM results. Whereas for the films 

deposited under different argon pressure, transmittance spectra are not changing 

much which shows less variation in film thickness. Hence, the optical transmittance 

data complements the FESEM result. 

 

Figure 4.9. The transmittance spectra and (αhν)2 vs. hν plots of the MZF 

films deposited under different argon pressure. 
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Figure 4.10. The transmittance spectra and (αhν)2 vs. hν plots of the MZF films 

deposited at different RF power. 

 

Figure 4.11. The transmittance spectra and (αhν)2 vs. hν plots of the MZF films 

deposited for different duration. 
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Film thickness calculation from the optical data: The thickness of the film was 

calculated from the interference fringes using the envelope method developed by 

“Swanepole” [13], which uses Tmax and Tmin in the transmittance pattern to calculate 

the “refractive index (n)” at that point corresponding to certain wavelength (λ) given 

by the relation, 

𝑛 = [𝑁 + √𝑁2 − 𝑛𝑠
2]

1

2                                               (4.2) 

Where, 

𝑁 = 2𝑛𝑠 [
𝑇𝑚𝑎𝑥 − 𝑇𝑚𝑖𝑛

𝑇𝑚𝑎𝑥𝑇𝑚𝑖𝑛
] +

𝑛𝑠
2 + 1

2
                            (4.3) 

Here, ns is the “refractive index of the substrate” (for quartz ns=1.52). The MZF thin 

film thickness (d) was calculated by estimating the “refractive index of the thin film” 

for two consecutive maxima/minima using the following equation;  

𝑑 =
𝜆1𝜆2

2[𝑛(𝜆1)𝜆2 − 𝑛(𝜆2)𝜆1]
                                         (4.4) 

Here, "n(λ1)”  and “n(λ2)” are “refractive indices in two consecutive maxima (or 

minima)” and “λ1” and “λ2” are the “corresponding wavelengths” [14]. The calculated 

thickness using the above method is given in Table 4.1. These are close to the values 

evaluated from cross-sectional FESEM images. In the case of the film deposited for 

20 minutes, there are only one maxima in the transmittance plot, therefore we were 

unable to calculate the thickness of this film. But this kind of spectra confirms that 

the film deposited for 20 minutes is the thinnest film among all the MZF films. 

Bandgap: The optical bandgap was calculated by estimating the “absorption 

coefficient (α)” using the below equation; 

𝛼 =
−1

𝑑
(𝑙𝑛(𝑇))                                                               (4.5) 

Here, d represents “thickness of the film” and T refers to “transmittance”.  

The “optical band gap (Eg)” was calculated from “Tauc’s equation” [15]; 

𝛼ℎ𝜈 = 𝐶(ℎ𝜈 − 𝐸𝑔)
𝑚

                                                     (4.6) 

Here α and hν are “absorption coefficient” and “energy of incident photon” 

respectively. The constant C depends on the “transition probability” and the 
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“exponent m” tells about the “nature of the band transition”.  m = 1/2 and 3/2 

corresponds to “direct allowed and direct forbidden transitions” and m = 2 and 3 

corresponds to “indirect allowed and indirect forbidden transitions”. The best fit is 

obtained in the “Tauc’s region” for m= ½, which is expected for a direct allowed 

transition. The intersection of linear fits of (αhν)1/m  vs. hν plots for m=1/2  on the x-

axis gives direct bandgaps [14-15] as shown in Fig. 4.9, 4.10, and 4.11 for all the 

different films. The calculated optical bandgap varies in the range of 2.6 to 3.1 eV as 

tabulated in Table 4.1. The obtained values of the optical bandgap are in agreement 

with our earlier reports [3-4]. The optical bandgap relies on the “grain size” and 

“chemical composition” of the film. As the grain size increases, the bandgap of the 

material decreases. The less variation in the bandgap of the present films is due to 

similar composition and less change in the average grain size.  

Refractive index: The “refractive index (n)” is the material’s inherent parameter and 

it was calculated using eq. 4.2. 

 

Figure 4.12. The refractive index and extinction coefficient vs. wavelength plots of 

the different MZF films. 
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The dependence of the “refractive index” and “extinction coefficient (K)” on the 

wavelength (λ) of the MZF thin-films deposited under different conditions are shown 

in Fig. 4.12. The estimated “refractive index” of MZF films is in the range of 1.7 to 

2.8 and it saturates at higher wavelengths. A decrease in the refractive index at a 

higher wavelength is due to normal dispersion. The observed fringes at lower 

wavelengths are due to interference between the waves of incident electromagnetic 

radiation and electrons in the material.  

The value of K was determined by the following relation; 

𝐾 =
𝛼𝜆

4𝜋
                                                  (4.7) 

Here α represents the “absorption coefficient” and λ denotes the “incident photon 

wavelength”. The estimated “extinction coefficient” of MZF films is in the range of 

0.07 to 0.23. K tells about the light lost because of the absorption and scattering at 

the grain boundaries. Therefore, the observed low value of K indicates the good 

surface smoothness of the MZF thin-films [15]. Also, K is nearly constant in the 

higher wavelength region. 

4.6 Magnetization Study of MZF films 

The study of microstructurally influenced magnetization behavior is important in the 

realization of planar ferrite devices [16]. Therefore, detailed field dependence 

magnetization is investigated in parallel and perpendicular directions at 300 K for the 

MZF thin films deposited under different conditions.  The magnetic field dependent 

hysteresis loop tells about the behavior of the material whether they are 

ferromagnetic, paramagnetic or superparamagnetic. Whereas, the coercivity of the 

magnetic hysteresis loop is directly connected to the nature of the ferrite (i.e. soft and 

hard ferrite) [17].  

Fig. 4.13, 4.14, and 4.15 shows M(H) plots in parallel (θ = 0°) and perpendicular (θ 

= 0°) orientation of MZF films deposited under different conditions. Here, the angle 

between the external magnetic field and film plane is denoted as θ. A well-defined 

hysteresis loop for all the MZF thin film indicates the existence of ferrimagnetic 

ordering in the film with strong magnetic anisotropy for all the samples. The 

saturation magnetization, Ms, is estimated from the intercept on the y-axis by 
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extrapolating the straight line drawn on M vs. H plots. For all the as-deposited films, 

the magnetization curves are saturating in θ = 0º configuration whereas for θ = 90º 

saturation is not observed. This shows that higher applied magnetic fields are required 

to get saturation in the perpendicular direction [18]. This is attributed to the preferred 

orientation of magnetic clusters present in the as-grown film along with an easy axis 

of magnetization. 

For the MZF films, saturation in magnetization is happening at θ = 0º configuration, 

therefore we can say that the easy axis of magnetization lies parallel to the film and 

the hard axis of magnetization lies perpendicular to the film plane. The strong angular 

dependence of M(H) plots confirms the presence of magnetic anisotropy in the MZF 

films. This can be attributed to the uniaxial anisotropy induced during deposition. A 

similar trend is reported in our earlier reports [3-4]. 

 

Figure 4.13. Angle dependent M(H) plots of MZF films deposited under different 

argon pressure. 
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Figure 4.14. Angle dependent M(H) plots of MZF films deposited at different RF 

power. 

 

Figure 4.15. Angle dependent M(H) plots of MZF films deposited for different 

duration.   
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The saturation magnetization (Ms), coercivity (Hc), and remanence magnetization 

(Mr) of all the MZF films are listed in Table 4.2. The magnetic parameters are 

showing oscillatory behavior as shown in Fig. 4.16. This non-systematic behavior of 

the magnetic parameters is correlated with the oscillatory trend of crystallite size as 

evaluated from XRD and FESEM analysis. 

 

Figure 4.16. Ms, Hc, and Mr vs. deposition parameters plots in θ=0° and θ=90° 

configuration for MZF films at 300 K. 

Also, the Ms-values show some increment with increasing RF power and deposition 

duration due to an increase in the film thickness. But in case of high argon gas 

pressure, Ms-values are decreased which may be due to the more amorphous nature 

of these films. The Hc-values of MZF films strongly depend on microstructural 

factors such as grain boundaries, surface roughness and interface of the film, etc. [2]. 

The grain boundaries create pinning centers in the magnetic domain walls due to the 

defects formed during film deposition [1]. Therefore the variation in coercivity can 

be related to the different microstructure of the MZF films [19-21]. 
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Table 4.2. “Magnetic parameters” of the MZF films deposited under different 

conditions. 

Deposition 

parameter 

Film thickness 

(nm) 

(FESEM) 

Magnetic parameters at 300 K 

Ms (emu/cc) Hc (Oe) Mr (emu/cc) 

0° 90° 0° 90° 0° 90° 

Deposited at various argon pressure at 50 Watt for 60 minutes. 

8 mTorr 315 35 42 214 195 6.9 9.4 

10 mTorr 350 7 8 292 234 2.1 2.2 

12 mTorr 380 7 11 289 242 1.5 2.4 

14 mTorr 487 2 5 289 262 0.8 1.5 

16 mTorr 445 5 6 472 317 1.3 1.8 

Deposited in an argon gas pressure of 10 mTorr for 60 minutes at various RF 

power. 

50 watt 354 7 8 293 234 2.1 2.2 

75 watt 459 14 23 212 215 3.5 3.7 

100 watt 560 29 32 162 193 4.7 5.7 

Deposited in an argon gas pressure of 10 mTorr at 100 Watt for different duration. 

20 minute 243 10 20 237 209 2.3 2.9 

30 minute 300 18 29 214 208 3.8 5.6 

40 minute 456 12 17 184 171 1.7 2.1 

50 minute 500 14 17 199 183 3.2 3.8 

60 minute 560 29 32 162 193 4.7 5.7 

 

4.7 FMR Study of the MZF films 

Ferromagnetic resonance (FMR) spectroscopy is a useful technique to study the 

magnetic anisotropies at the atomic level present in thin films due to the structural 

inhomogeneity [4], [22-24]. In ferromagnetic/ferrimagnetic samples, the 

ferromagnetic resonance changes according to the internal field of the samples. The 

out of plane angular dependence of the FMR spectra were recorded at a different 

angle (θ) between the applied magnetic field and film plane for all the MZF films. 



 

Chapter 4: Structural, optical and magnetic properties of Mn-Zn ferrite thin films 

 

89 
 

 

Figure 4.17. The FMR spectra, Hr vs. θ and g-value vs. θ plots at 300 K of the MZF 

film deposited under different argon gas pressure. 

 

Figure 4.18. The FMR spectra, Hr vs. θ and g-value vs. θ plots at 300 K of the MZF 

film deposited at different RF power. 
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Figure 4.19. The FMR spectra, Hr vs. θ and g-value vs. θ plots at 300 K of the MZF 

film deposited for the different duration. 

Fig 4.17, 4.18, and 4.19 show the derivative of microwave absorption (dP/dH) vs. 

applied magnetic field (FMR spectra) in θ = 0, 30, 60 and 90º orientations at 300 K 

of the MZF films deposited under different conditions. For all the samples, FMR 

spectra shift towards higher fields and the resonance field (Hr) increases as θ changes 

from 0 to 90º at 300 K. The change of Hr-value is directly connected to the internal 

field of the ferromagnetic/ferrimagnetic sample. The increase in Hr-value is related 

to the decrease in the internal magnetic field of the sample which indicates the 

decrease in the ferrimagnetic interaction in the MZF film with angle θ.  
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Further, the strong angular dependence of the FMR spectra reveals the presence of 

the uniaxial anisotropy created in the film during deposition [4], [22-24]. The film 

possesses anisotropy in the system due to the several factors such as geometrical 

shape anisotropy of the grains, internal stresses and orientation of atoms/ions during 

the growth process of the film, etc. [25]. In other words, the magnetic anisotropy of 

the film is related to the variation in the microstructure with the film orientation which 

comes from the shape anisotropy. The produced strain due to the lattice mismatch 

affects the magnetic properties of the MZF films. For the MZF films, the FMR signal 

becomes slightly asymmetric, broad and progressively splits into two unresolved 

peaks as the angle θ increases from 0 to 90º due to the presence of out-of-plane 

magnetic anisotropy in the MZF films. The FMR spectra of some of the MZF films 

have one shoulder peak (multiple resonances) at 90º. The occurrence of multiple 

resonances can be attributed to more than one magnetic interaction (magnetic phases) 

present in the MZF films.  Also, it indicates the axial anisotropy due to structural 

disorders present in the films [26-27]. The peak broadening in the FMR spectrum in 

θ = 90º configuration is attributed to the removal of preferred orientation of magnetic 

clusters and creating randomly oriented clusters (increased disorder) in the MZF films 

in the perpendicular orientation similar to the magnetization results. 

Fig. 4.20 shows the change in Hr-value and g-value as a function of the different 

deposition conditions at θ = 0 and 90º for all the MZF films. FMR parameters vs. 

deposition condition plots are not following systematic trends due to the oscillatory 

nature of the size of crystallite present in the MZF films. The FMR parameters of the 

as-deposited MZF thin film for both parallel and perpendicular configurations are 

listed in Table 4.3. 
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Figure 4.20. The Hr and g-value vs. deposition parameters plots in θ=0° and θ=90° 

configuration for MZF films at 300 K. 

Further, “Kittel’s equation” [28] was used to calculate the “perpendicular magnetic 

anisotropy field” (HK); 

For out of plane configuration, 

(
𝜔

𝛾
) = 𝐻⊥ − 4𝜋𝑀𝑒𝑓𝑓                                   (4.8) 

and for in-plane configuration, 

(
𝜔

𝛾
)

2

= 𝐻‖(𝐻‖ + 4𝜋𝑀𝑒𝑓𝑓)                           (4.9) 

Here, Hǁ and H⊥ are the “resonance field in parallel and perpendicular geometries” 

respectively. The “applied wave frequency” is denoted as ω and Meff is the “effective 

magnetization” and γ represents the “gyromagnetic ratio”. Effective magnetization 

and Hr-value depend on the internal field. The effective magnetization gives a major 
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contribution to the perpendicular anisotropy. The following equation was used to 

calculate the perpendicular anisotropy in the films. 

𝐻𝐾 = 4𝜋𝑀𝑆 − 4𝜋𝑀𝑒𝑓𝑓                                 (4.10) 

Here,                            𝐻𝐾 =
2𝐾

𝑀𝑆
 

Hk is the “perpendicular anisotropy field” and K represents the “first-order 

perpendicular anisotropy energy per unit volume”. The “saturation magnetization 

(Ms)” was estimated from the M(H) plots. The obtained HK-values and K values are 

listed in Table 4.3 [29-30]. The perpendicular uniaxial anisotropy energy (K) that 

controls the spin alignment in the thin films. The oscillatory variation in HK and K 

values also support the magnetization results.  

Table 4.3. “FMR parameters” of the MZF thin films deposited under different 

deposition conditions. 

Deposition 

parameter 

Film 

thickness 

(nm) 

(FESEM) 

FMR parameters at 300 K HK-value 

(Oe) 

K-value 

(erg/cm3) 

0° 90°   

  Hr (kOe) g Hr (kOe) g   

Deposited under different argon gas pressure at 50 Watt for 60 minutes. 

8 mTorr 315 2.4 2.7 3.5 1.9 -223 -4678 

10 mTorr 350 2.6 2.6 3.2 2 -304 -1217 

12 mTorr 380 2.9 2.4 3.2 2.3 -63 -346 

14 mTorr 487 3.2 2.1 3.3 2.1 -4 -10 

16 mTorr 445 2.8 2.4 3.1 2.2 -126 -377 

Deposited in an argon gas pressure of 10 mTorr for 60 minutes at various RF 

power. 

50 watt 354 2.6 2.6 3.2 2 -304 -1217 

75 watt 459 3.0 2.2 3.6 1.8 -116 -1327 

100 watt 560 2.9 2.3 3.8 1.8 -208 -3324 

Deposited in an argon gas pressure of 10 mTorr at 100 Watt for different duration. 

20 minute 243 3.0 2.3 3.8 1.8 -290 -2895 

30 minute 300 2.9 2.3 3.7 1.8 -176 -2563 

40 minute 456 3.1 2.2 3.7 1.8 -190 -1620 

50 minute 500 2.9 2.3 4.0 1.7 -534 -4539 

60 minute 560 2.9 2.3 3.8 1.8 -208 -3324 
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4.8 Chapter Summary 

The MZF thin films were fabricated by RF-magnetron sputtering on quartz substrates 

under different deposition conditions. The detailed study of the structure, optical 

bandgap, magnetization and FMR for the as-deposited films was undertaken. The 

XRD pattern shows weak peaks corresponding to the cubic spinel structure of the 

target. The FESEM micrographs show the small nano-cluster formation with 

columnar growth in all the MZF films. The magnetization versus field plots reveals 

the soft ferrimagnetic behavior of the MZF films. Strong angular dependence of the 

M-H curves confirms the presence of magnetic anisotropy in the MZF films. The 

resonance field in the FMR spectra shifts towards the higher magnetic field when the 

angle between the applied field and film plane is changed from 0 to 90º. Hence the 

FMR analysis also indicates the existence of magnetic anisotropy in the MZF films 

similar to the magnetization results. These results confirm that the magnetic and 

optical parameters of the prepared thin films are related to the crystallographic 

parameters and deposition conditions.  
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Chapter 5 

Structural, magnetic and electrical properties of 

Mn0.5Zn0.5Fe2O4 - BaTiO3 composites 

 

This chapter contains an introduction of the composite multiferroic. Further, we have 

discussed their structural, magnetic and ferroelectric properties.  

5.1 Composite multiferroic 

The simultaneous existence of ferroelectricity and magnetic ordering in multiferroic 

materials is gaining special interest due to their promising applications in various 

multifunctional devices [1-2]. In general, a combination of both ferroelectric (FE) and 

ferrimagnetic (FM) phases may lead to novel functionalities that are not present in either 

state alone as demonstrated in Fig. 5.1. Therefore, the composites are essential for the 

development of magneto-electronic devices in different frequency regions [1], [2-7].  

 

Figure 5.1. Graphical demonstration of the magnetic-ferroelectric multiferroic 

composite. 
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Moreover, the single-phase multiferroic systems are rare in nature which leads to the 

necessity of the preparation of FM-FE composite materials [8-15]. The magneto-electric 

behavior of FM-FE composites is due to the magnetic-mechanical-electric interaction 

between the FM and FE sublattices. In other words, the product of magnetostriction and 

piezoelectric effect in their respective phase causes a magneto-electric effect [9]. To get 

higher magneto-electric coupling: high magnetostriction, good piezoelectric coefficient 

and strong mechanical interaction between the phases are required. [4], [12]. Hence, for 

the preparation of the multiferroic composite, we have chosen the Mn-Zn ferrite as 

ferrimagnetic and BaTiO3 (BTO) as the ferroelectric component due to their fascinating 

magnetostriction and piezoelectric properties, respectively [16-18]. BTO has a 

“perovskite structure” with lattice constants “a = 3.994 Å” and “c = 4.033 Å (XRD PDF 

pack No. 831880”). Whereas, Mn0.5Zn0.5Fe2O4 (ZMF) has a “cubic spinel structure” with 

lattice constant “a = 8.453 Å (XRD PDF pack No. 7423398”). Almost double value of 

the lattice parameter of ZMF than BTO insures the well interface matching between 

ferrite and ferroelectric phase [17], [19]. Moreover, the good interface matching is 

important for the efficient interface coupling between ZMF and BTO. The strong 

coupling between ZMF and BTO grains improves the magnetoelectric effect. In 

particular, the optimization of ferrite percentage is crucial because their resistivity is not 

good enough to use for high voltage. Since higher ferrite content may lead to a significant 

decrease in the electrical properties of the composite, therefore we have used only up to 

20% of ferrite [17], [19].   

In order to prepare composite, ZMF and BTO were used as a base material [20-22]. The 

composites of composition (1-x) BaTiO3 + (x) Mn0.5Zn0.5Fe2O4 (x=0, 0.05, 0.10, 0.15, 

0.20 and 1) were synthesized via solid-state route. The disc-shaped sintered pellets were 

coated with silver paste on both sides for making electrodes, which gives the metal-

insulator-metal structure to the pellets which are ready for electrical measurements. Pure 

ZMF and BTO nanoparticles were also sintered in the pellet form under the similar 

conditions for reference. The structural and morphological properties of base material 

and composite were well investigated. The magnetization and electrical measurements 
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of Mn0.5Zn0.5Fe2O4 – BaTiO3 composites were studied to confirm the multiferroic 

behavior of the prepared composites with different ZMF fraction. 

5.2 Structural study of composites 

 

Figure 5.2. XRD pattern of FM-FE composites and base materials. 
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Fig. 5.2 depicts the XRD pattern of ZMF, BTO and composites samples. The red dotted 

line represents BTO’s main peak whereas the blue dotted line represents ZMF’s main 

peak. 

The crystal structure of pure ZMF is a “cubic spinel with Fd-3m space group” whereas 

for pure BTO the structure is “tetragonal with P4mm space group” as confirmed from 

XRD analysis reported in the earlier work [17], [22-23]. Moreover, splitting of the XRD 

peaks at a higher angle also ensures the tetragonal structure of pure BTO [24]. All the 

peaks depicted in the XRD pattern of the composites are associated to the ZMF and BTO 

phases with no other detectable third phase. Any chemical reaction between the ZMF 

and BTO phases degrades their magnetic and electric properties. But the XRD analysis 

ensures that the BTO and ZMF phases are in co-existence in the composite samples 

without any chemical reaction between them during sintering. The average crystallite 

size and lattice parameters were calculated using Scherrer’s formula and Bragg’s law as 

we have discussed in chapter 4 [25-26].  

Table 5.1. “Crystallographic parameters” for composites and base materials. 

Sample x Lattice constant (Å) Average 

crystallite 

size (nm) 

Unit cell 

volume 

(Å3) 

c/a 

BTO 0       a=b=3.95, c=4.07 55 64 1.03 

(0.95)BTO+(0.05)ZMF 0.05 BTO a=b=3.97, c=4.05 47 64 1.02 

ZMF a=b=c=8.59 46 636 

(0.9)BTO+(0.10) ZMF 0.10 BTO a=b=3.98, c=4.03 49 64 1.01 

ZMF a=b=c=8.64 49 645 

(0.85)BTO+(0.15)ZMF 0.15 BTO a=b=3.97, c=4.04 56 64 1.01 

ZMF a=b=c=8.62 50 640 

(0.8)BTO+ (0.2) ZMF 0.20 BTO a=b=3.97, c=4.04 50 64 1.02 

ZMF a=b=c=8.61 50 640 

ZMF 1    a=b=c=8.65 53 645 - 

The estimated “average crystallite size” and “lattice parameters” of all the composites 

are tabulated in Table 5.1. The calculated “average crystallite size” and “lattice 

parameters” of the composite samples are in agreement with the lattice parameters of the 

base material when present as particular phases as shown in Table 5.1. The intensity of 
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major peaks, (101) for BTO and (311) for ZMF represent the percentages of the particular 

phase present in the composite. The intensity of (101) peak is more than the (311) peak 

because ferrite percentage is low in the composites. 

5.3 Morphological study of composites 

The FESEM images of the composites and base materials are shown in Fig. 5.3. Two 

kinds of grains are present in the composite samples in which one corresponds to ZMF 

grains while the second one corresponds to the BTO grains.  

 

Figure 5.3. FESEM micrographs of different FM-FE composites and base material. 
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The observed non-uniform distribution of ZMF and BTO grains is due to the different 

growth rates of ZMF and BTO in composites [21]. The observed clear boundaries 

between the ZMF and BTO grains ensures that there is no chemical reaction between the 

two phases similar to the XRD results. The small spherical particles correspond to BTO 

whereas the disc-shaped bigger particles correspond to ZMF as confirmed from EDAX. 

5.4 Magnetization study of composites 

 

Figure 5.4. The M(H) plots at 300 and 80 K for FM-FE composites and pure ferrite. 

Fig. 5.4 shows the magnetization vs. magnetic field (M(H)) plots of the ZMF (inset) and 

composite samples at 300 and 80 K, respectively. The composite samples exhibit soft 

ferrimagnetic behavior with very low coercivity value. It is expected that the intrinsic 
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magnetic property of the ferrite phase should not change in the composite with the 

presence of the FE phase. The simultaneous existence of the FE phase dilutes the 

magnetic moment due to the reducing amount of the ferrite phase. As expected, the 

observed magnetization value of composites is less than the ZMF sample because of the 

dilution of the FM phase with the existence of non-magnetic BTO phase (as shown in 

the Fig. 5.5) [27]. Since the ferrite (ZMF) grains are in the matrix of ferroelectric material 

(BTO), therefore ferrite grains are separated by BTO grains. This separation alters the 

distribution of magnetic ions and their spin orientation, as a result, the magnetic coupling 

among the ferrite particles are influenced [28]. Further, the magnetization values are 

higher at 80 K than the values at 300 K due to the ferrimagnetic cluster formation 

(randomly frozen spin) at low temperatures [22], [27]. 

 

Figure 5.5. The Ms, Hc, and Mr vs. x(%) plot for FM-FE composites and pure ferrite. 

Fig. 5.5 depicts the change of “saturation magnetization (Ms)”, “coercivity (Hc)”, and 

“remanence magnetization (Mr)” with respect to the ZMF percentage (x %) for all the 

samples at 300 and 80 K respectively. The gradual increment in Ms-values of composites 

is observed at 300 and 80 K with an increase of ZMF percentage as expected. This 

indicates that the Ms-values for the composite samples follow the mixture rule (sum 
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property) [6] [27]. As we can see, the magnetic response of composites depends on the 

ZMF percentage [28]. Since the ZMF has a mixed cubic spinel structure, the 

magnetization nature of ZMF can be explained as cation distribution between octahedral 

and tetrahedral sublattices [22], [29]. The Hc-values and Mr-values are increasing with 

an increase in ZMF percentage at 300 and 80 K but have lower values for the pure ferrite.  

These variations can be attributed to the lattice distortion at the interfaces of ZMF and 

BTO grains. 

 

Figure 5.6. The M(T) plots of the composites and pure ferrite. 

Fig. 5.6 shows the magnetization vs. temperature (M(T)) plots recorded from 80 to 400 

K temperature-range  in zero field cooled (ZFC) and field cooled (FC) mode at 500 Oe 

for the samples.  In ZFC mode, first, the samples were cooled up to 80 K in the absence 

of a magnetic field and then the magnetization was measured at 500 Oe as a function of 
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temperature.  In FC mode, samples were cooled in the field of 500 Oe and then the 

magnetization measurement was performed as a function of temperature. 

Initially, the M(ZFC) increases sharply with decrease in temperature followed by almost 

saturation with a further decrease in temperature whereas M(FC) continues to rise slowly 

on decreasing temperature and splits from the ZFC curve which confirms the 

ferrimagnetic nature of the composites [22]. Moreover, the splitting (bifurcation) of ZFC 

and FC curves also depends on the applied magnetic field. It is found that the bifurcation 

temperature is nearly the same for all the composite samples which clear that bifurcation 

temperature relies on ferrite. An increase in magnetization is observed as indicated by 

M(T) plots with increasing ZMF percentage. Also, the long-range magnetic order is 

decreased as compared to pure ZMF due to the ferroelectric phase inclusion in the 

composite samples [17]. 

5.5 Electrical study of composites 

Since BaTiO3 is a constituent of multiferroic composite in the present study and it has 

ferroelectric nature, therefore, dielectric and polarization studies of the composites 

sample were done.  The dielectric property tells about the suitability of the material for 

various applications whereas polarization loop tells about the multiferroic nature of the 

composite. 

5.5.1 Dielectric study 

The response of the material in an electric field provides information about dielectric 

properties. The variation of the real part of dielectric constant (ε') and dielectric loss (tan 

δ) of FM-FE composites from 10 Hz to 1 MHz frequency range at room temperature are 

shown in Fig. 5.7. The FM-FE composites show a decrease in ε'-value with an increase 

in loss with increasing MZF percentage. It is observed that the dielectric constant and 

loss decreases with increasing frequency and approaches to a lower saturation value at 

higher frequencies. The variation of ε'-value with frequency is attributed to the fact that 

the electric dipoles are unable to follow the alternating electric field oscillations at higher 

frequencies. 
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Figure 5.7. The frequency-dependent dielectric constant (ε') and loss (tan δ) plots of the 

FM-FE composites and base materials. 

At lower frequencies, the composites have higher ε' and loss values. The variation of ε' 

and loss with frequency can be understood by Maxwell–Wagner type interfacial 

polarization and Koop’s phenomenological theory [12], [30]. In other words, at lower 

frequencies the high value of ε' is due to the space charge polarization and interfacial 

polarization which is attributed to the heterogeneity of the FM-FE composites. Since in 

the composites, the ferroelectric grains are surrounded by the ferrite grains or vice versa, 

the FM-FE phase distribution makes two types of inter grain connectivity which imply 

two types of ionic relaxations in the low-frequency region as confirmed from the FESEM 

micrographs (Fig. 5.3) [21], [31]. The loss curve shows more abnormal behavior with 
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increasing ZMF fraction which may be due to different valence states of iron ions in the 

composites caused by high sintering temperature.  

Further, the electric modulus analysis is also used to interpret the electrical response of 

materials. The complex electric modulus (M*) is defined as M*=1/ ε* where ε* is the 

complex dielectric constant. The real part of electric modulus (M') (Fig 5.8) saturates at 

high frequency and tends to attain zero value at low frequency indicating the negligible 

presence of electrode polarization [15]. 

 

Figure 5.8. The M' and M" vs. frequency plots of the FM-FE composites and base 

materials. 

The presence of maxima in imaginary electric modulus (M") vs. frequency plots (Fig 

5.8) confirms the hopping mechanism of electrical conduction in the composites. The 

region near the peak suggests the transition from long to short-range mobility of charge 

carriers [31]. The asymmetric and broad peak indicates the existence of non-Debye 

relaxations similar to the dielectric spectra [13], [15], [21]. The non-Debye relaxation is 

attributed to the non-uniform microstructure and diffusive motion of the charge carriers 

in the composite [32]. The maxima of M" vs. frequency plots is shifting towards higher 

frequencies with an increase in ferrite content confirming that the conductivity of the 
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composite is increasing with an increase in ferrite content. Because for pure BTO 

maxima is along the lower frequency whereas for pure ferrite maxima is toward higher 

frequency. 

5.5.2 Polarization study 

The domain size, structure and wall movement are the major reasons for the ferroelectric 

properties of the composites. In common, the ferrite domains are bigger than the 

ferroelectric domains which cause strong magneto-electric coupling at the domain walls 

and give rise to the interesting multiferroics property [17].  

 

Figure 5.9 The polarization vs. electric field (P(E)) loop of the FM-FE composites. 

Fig. 5.9 demonstrates the “ferroelectric hysteresis loop (P(E)) loop)” with various 

electric fields at room temperature for all the composites samples. The ferroelectric 

hysteresis loops show linear dielectric behavior at the lower electric field for all the 

composite samples. Whereas P(E) loops with positive curvature are obtained as the 

electric field is increased enough. The P(E) loop of positive curvature with an increase 
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in the electric field indicates the ferroelectric nature of composite samples with a high 

coercive field at room temperatures. Hence, the shape of the P(E) hysteresis loop 

confirms the ferroelectric ordering of the composites at room temperature. The positive 

curvature of the P(E) loop clears that the leakage current contribution is less. Generally, 

the leakage current contribution comes from the ferrite content due to the comparably 

low resistivity of ferrite. Because the iron ions (Fe3+ and Fe2+) creates the oxygen vacancy 

in ferrite which introduced the conductivity in the composite system [33]. 

 

Figure 5.10 The P(E) loop of BTO (x=0) and ZMF (x=1). 

Fig. 5.10 shows the P(E) loop of pure BTO and ZMF samples. A narrow loop is observed 

for pure BTO whereas for ZMF the loop is broad. The abnormal and broad hysteresis 

loop of pure ZMF sample indicates lossy behavior due to more conductivity of ZMF 

compare to BTO [34-35]. The polarization value of BTO is lower due to the porosity 

present in the system which is supported by the micrograph analysis [21]. Also, it is 

found that the P(E) loop shows a loop opening which may be due to the retention feature 

of the BTO ceramics [36-37]. 

Fig. 5.11 shows Ps vs. x (%), Ec vs. x (%), Pr vs. x (%), and Es vs. x plots, respectively. 

All the values are calculated just before the breakdown voltage. The remnant polarization 

and coercive field increases with an increase of ZMF percentage with a lower value than 

pure BTO. Whereas a decrease of saturation polarization (Ps) and saturation field (Es) is 

observed with an increase in ZMF content. The heterogeneous microstructure may be a 

possible reason for alteration in the interaction among the internal poles of the composite 

samples [38]. Generally, the coercive field is very much related to grain connectivity or 
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diffusivity at the grain boundaries of ZMF and BTO which depends on the relative 

theoretical density of the system. In this case, the composition of composite is affecting 

not only the relative density also it is changing the distance between the ferroelectric ions 

[17], [21]. This alters the interaction between the ferroelectric ions in the composite 

because the ferroelectric region is surrounded by the ferrite region. The grain boundaries 

create pinning centers in the magnetic domain walls of ZMF grains due to the defects 

formed at the interface of the boundaries, therefore the increase of Ec values with an 

increase of ZMF content in the composite is attributed to the pinning effect at grain 

boundaries [39-41]. 

 

Figure 5.11 Ps, Es, Ec, and Pr vs. x (%) plots for composites and base materials. 

It is clear from Fig. 5.9 that all the P-E hysteresis loop becomes more saturated and 

the Ps increases gradually with an increase of electric field for all composites. Therefore 

to get a clear picture of this variation we have plotted Ps vs. x, Ec vs. x and Pr vs. x plots 

of FM-FE composites samples at different applied voltages as shown in Fig. 5.12. These 

plots clearly show that the saturation polarization (Ps), remnant polarization (Pr) and 

coercive field (Ec) increases with an increase of drive voltage.  
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Figure 5.12. The Ps, Ec, and Pr vs. x (%) plots of composites at different applied 

voltages. 

5.6 Chapter Summary 

The composites were synthesized using the nanoparticles of Mn0.5Zn0.5Fe2O4 and BaTiO3 

via solid-state route. In summary, the multiferroic behavior of FM-FE composites by 

studying structure, magnetic, P-E loop, and dielectric properties is reported. The XRD 

and FESEM images confirm the coexistence of ZMF and BTO phases in the composites. 

The magnetization is found to increase through the inclusion of ferrite because of the 

mixture rule. The existence of a “magnetic hysteresis loop” and “P-E hysteresis loop” is 

an indication of magnetic and electric ordering in the FM-FE composites. The M(T) and 

dielectric properties also suggest the existence of FM and FE phases simultaneously. The 

FM-FE composites show a decrease in dielectric constant value with an increase in the 

dielectric loss by increasing ferrite-content.  It is clear from the results that magnetic, 

electric and dielectric properties of composites strongly depend on the microstructure of 

the sample and ferrite percentage. 
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Chapter 6 

Summary and further scope 

 

This chapter provides a summary of the work included in the thesis and main 

conclusions. The further scope of the work is also included in the chapter. 

6.1 Summary of the present work 

 Magnetic nanoparticles, thin films and ferrimagnetic-ferroelectric (FM-FE) 

composites have several applications. The study of such systems is important and 

challenging to find improved material characteristics for research and development. 

Ferrite nanoparticles have the size up to nanometers dimensions, therefore surface-

to-volume ratio of the particle increases which leads the alteration in physical and 

chemical properties of the ferrite. Therefore, nanoparticles of ferrites offer great 

advantages over bulk material and found to be useful in the field of medicine and 

biology such as magnetically targeted drug delivery, MRI, spintronics etc. 

The study of the Mn-Zn ferrites thin films is of great interest due to the fundamental 

differences in their magnetic and electronic properties from the bulk counterparts.  

These films have the potential to replace the bulk external magnets in current devices. 

Ferrite thin films have been extensively investigated for use as a data storage medium 

in magneto-optic or magneto-recording systems. Ferrite thin films show high electric 

resistivity than the bulk counterpart. The difference in the properties of films compare 

to bulk arises because of large surface-to-volume ratio, less thickness, and unique 

microstructure of the films. 

The FM-FE composite multiferroics offer a way to attain magnetic and ferroelectric 

ordering simultaneously. The simultaneous existence of ferroelectricity and magnetic 

ordering in multiferroic materials may lead to novel functionalities which are not 

present in either state alone. Therefore, the composites are essential for the 

development of magneto-electronic devices in different frequency regions. 

Moreover, the rarity of single-phase multiferroic systems leads to the necessity of 

preparing FM-FE composite materials. Therefore, the present thesis work covers 
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material properties in all three dimensions: (i) ferrite nanoparticles, (ii) ferrite thin 

film, and (iii) ferrite and BaTiO3 composites ceramics.  

A brief discussion about the materials which are used in the preparation of 

nanoparticles, thin films and composites is covered in the present thesis. The 

preparation method of ferrite nanoparticles, BaTiO3 nanoparticles, thin-film and 

composites is also explained in the thesis. It covers the structural, microstructural, 

and magnetic behavior of Mn-Zn ferrite nanoparticles and thin films. Electrical 

behavior of the composites is also studied in the present work. The summary of the 

work included in the thesis is as follows: 

1. The single-phase cubic spinel structure ZnxMn1-xFe2O4 (ZMF) (x=0 to 1 with 

a step size of 0.1) nanoparticles were prepared by co-precipitation method. 

Phase formation was confirmed by XRD analysis. Rietveld analysis confirms 

the single phase cubic spinel structure with Fd-3m space group without any 

detectable impurity phase. Structural study also confirms the formation of 

nanosize ferrite nanoparticles ranging from 5 to 70 nm. 

2. The crystallite size and lattice parameter of the ZMF nanoparticle increases 

with increasing Mn content. 

3. Microstructural and Raman studies complement the XRD results. EDAX 

analysis confirms the element present in the ZMF nanoparticles close to the 

starting composition. 

4. Ferrimagnetic ordering of the ZMF nanoparticles is confirmed via magnetic 

hysteresis loop. It is found that the substitution of Mn2+ ion at tetrahedral site 

in Zn-ferrite enhances the ferrimagnetic interactions of the samples. These 

results confirm that magnetic properties rely on the cation distribution among 

lattice sites, microstructure and crystallite size of the nanoparticles. Variation 

in M(T) plots and FMR spectra also supports the M-H results. 

5. In FMR spectra of ZMF nanoparticles, the resonance field decreases 

monotonically with an increment in the crystallite size of ZMF nanoparticles. 

This indicates an increment in ferrimagnetic interactions as the particle size 

increases. Further, a monotonic increase in linewidth and g-value with 

increasing Mn-doping also indicates that ferrimagnetic interaction is more for 

Mn-rich samples. 
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6. The Mn0.5Zn0.5Fe2O4 (MZF) films were fabricated by RF-magnetron 

sputtering on quartz substrates under different deposition conditions. The 

XRD pattern shows weak peaks which correspond to the cubic spinel structure 

of the target material. 

7. The FESEM surface micrographs show the small nano-cluster formation in 

all the films. The columnar growth is also observed in all the films from the 

cross-sectional FESEM images. 

8. The magnetization versus field (M-H) plots of the MZF films reveals the soft 

ferrimagnetic behavior of the films. Angular dependence of M-H plots also 

confirms the presence of anisotropy in thin films. 

9. The resonance field (Hr) of the FMR spectra shifts towards a higher magnetic 

field when angle between applied field and thin-film plane is changed from 0 

to 90º. This indicates the existence of uniaxial anisotropy in the MZF film. 

The FMR data complements the magnetization results. 

10. The composites “(x) Mn0.5Zn0.5Fe2O4 + (1-x) BaTiO3 (x=0.05, 0.10, 0.15, 

0.20)” were synthesized using the nanoparticles of Mn0.5Zn0.5Fe2O4 and 

BaTiO3 (BTO) via solid-state reaction process. The XRD and FESEM images 

confirm the coexistence of ferrite and BTO phases in the composites. All the 

peaks in the XRD pattern of the composites are assigned to ZMF and BTO 

phases with no other detectable third phase. 

11. The existence of ferrimagnetic and ferroelectric phase is also confirmed by 

EDAX. The small spherical particles correspond to BTO whereas the disc-

shaped bigger particles correspond to ZMF. 

12. BaTiO3 (BTO) has “perovskite structure” with lattice constants “a = 3.994 Å” 

and “c = 4.033 Å” (“XRD PDF pack No. 831880”). Whereas, 

Mn0.5Zn0.5Fe2O4 has “cubic spinel structure” with lattice constant “a = 8.453 

Å (XRD PDF pack No. 7423398”). Almost double value of lattice constant of 

ferrite than BTO ensures good interface matching between ferrite and 

ferroelectric phases. 

13. In particular, the optimization of ferrite percentage in composite is crucial 

because their resistivity is not good enough to use at high voltage. Since 
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higher ferrite content may lead to a significant decrease in the electrical 

properties, we have used only up to 20% of ferrite. 

14. The existence of “magnetic hysteresis loop” and “P-E hysteresis loop” is an 

indication of magnetic and electric ordering in the FM-FE composites. The 

magnetization is found to increase with the inclusion of ferrite as per the 

mixture rule. 

15. The simultaneous existence of ferroelectric phase dilutes the magnetic 

moment due to the reducing amount of ferrite phase. As expected, the 

observed magnetization value of composites is less than the ZMF samples 

because of the “dilution effect” of ferrimagnetic phase with the existence of 

non-magnetic BTO phase. Since the ferrite (ZMF) grains are in the matrix of 

ferroelectric material (BTO), therefore ferrite grains will be separated by BTO 

grains. 

16. The variation of thermomagnetic (M(T)) and dielectric properties indicate the 

coexistence of ferrimagnetic and ferroelectric phase. The FM-FE composites 

show a decrease in dielectric constant value and an increase in dielectric loss 

with increasing ferrite-content.  It is clear from the results that magnetic, 

electric and dielectric properties of composites strongly depend on the 

microstructure of the sample and composition. 

6.2 Further Scope of the present work 

As per the conclusion drawn from the thesis, the present field has a scope for further 

investigations on various aspects of nanoparticles, thin films and FM-FE composites. 

Based on the above results, the following important work can be done in the future: 

1. A complete study of ferrite nanoparticles, including the effect of sintering, 

can be done. The dielectric, resistivity and ESR studies as a function of 

temperature will be useful. 

2. Optimizing different synthesis conditions for getting highly dense FM-FE 

composites for achieving good multiferroic properties. 

3. A detailed study of FM-FE composite using Raman Spectroscopy, TEM 

analysis and temperature-dependent dielectric studies. 
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4. Fabrication of FM-FE composites thin films (multilayers) by using RF 

magnetron sputtering or pulse laser deposition (PLD). And detailed study of 

FM-FE composite films. 
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