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Motivation of Thesis 

The composite materials have got vital role in modern age of materials development for 

potential applications e.g. microwave absorption, Electromagnetic interference and 

photocatalytic degradation. These applications are fascinating ones and motivate me to 

work on such materials. The best candidate in this regard is Y-type ferrite whose 

properties are comparable with soft ferrites. There is a need to prepare with new polymer-

ferrite nano-composites for these applications. In this thesis Y-type hexaferrite 

polyaniline (PANI) composites will be prepared and investigation thoroughly.   
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ABSTRACT 

Spinel ferrites and some of their composites are commonly used in electrical industry 

where complicated tiny parts are required, in microwave for shielding as core materials 

and photocatalytic purposes. It is known that Y-type hexaferrites depict physical 

properties like those of soft ferrites so they can suitably replace spinels for high 

frequency microwave device applications. Keeping in mind this fact, this thesis was 

proposed, which involves the synthesis and characterization of composite materials based 

on Y-type hexaferrites and polyaniline (PANI). To enhance properties such as an increase 

in resistivity, the reduction of dielectric losses, and improvement in saturation 

magnetization, transition metals (X = Al, In and Ga) were also incorporated into 

hexaferrites matrix. For this purpose, Y-type hexagonal ferrites CaBaCo2X0.5Fe11.5O22 

were prepared by sol gel technique sintered at 1000-1100°C for 5 hours. In-situ 

polymerization method was used to synthesize ferrite-PANI composites with general 

formula (1-x)Y-ferrite+(x)PANI. These composites were characterized by XRD, SEM, 

optical, magnetic and electrical measurements. XRD patterns reveal broad peak for 

polyaniline indicating amorphous nature of PANI, and single-phase structure of 

CaBaCo2X0.5Fe11.5O22 Y-type ferrites. Results demonstrate a significant rise in resistivity 

of nanocomposites with increasing ferrite filler (decreases PANI) ~ 10
4
 to 10

6
 Ω-cm due 

to more resistive nature of ferrite particles. Real and imaginary parts of complex 

permittivity of these PANI-ferrite composites follow Maxwell-Wagner model. Dielectric 

constant, dielectric loss and tangent loss are noted to decrease substantially with rise of 

ferrite content in the nanocomposites. The decrease of dielectric constant with increasing 

concentration of ferrite filler is predominantly caused by exchange of electrons between 

Fe
+2

 and Fe
+3

 ions enhancing polarization. Jonscher law-based AC conductivity of 

PANI-ferrite composites experiences a rise with increasing frequency. Optical band gap 

calculated using Tauc relation improves with rising amount of ferrite except for Ga
+3

 

doped nanocomposite. Field dependent magnetic properties studied at room temperature 

using vibrating sample magnetometer illustrate that with increasing ferrite filler, 

coercivity decreases while both saturation magnetization and remanence increase. Such 

decrease of coercivity and increase in saturation magnetization may be associated with 

Brown’s relation. High electrical resistivity, low dielectric losses, low coercivity and 



x 

 

enhanced saturation magnetization of these nanocomposites (particularly 

0.75[CaBaCo2X0.5Fe11.5O22]+0.25PANI) make them suitable candidates for microwave 

absorption, as core materials and for photocatalytic purposes.  
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Chapter 1         INTRODUCTION 
Ferrites are ceramic materials that contain iron (III) oxide as their major component.  

Ferrites are ferromagnetic materials with insulating nature and are mainly derived from 

magnetite (Fe3O4) and hematite (Fe2O3). Ferrites are hard and brittle ceramics like many 

other ceramic materials. There are various types of ferrites, amongst which Y-type ferrites 

have low losses and high resisitivity and saturation magnetization. These physical properties 

of Y-type ferrites are found close to soft ferrites but better than spinel ferrites. The complex 

parts of the various microwave devices may be molded if these ferrite particles are 

embedded into the polymer matrix called nano-composites to enhance the mechanical and 

physical properties of Y-type ferrites with good environmental stability and mechanical 

flexibility.  

1.1 Introduction to Ferrites 

Ferrites play an important role in our daily life e.g. in electronic products, communication 

equipment, and data-processing devices. At high frequencies ferrites exhibit low losses and 

high resistivity. In satellite communication, radio, television and microwave devices, ferrites 

have brought revolutionary changes especially in term of squeezing size and speed. In 

comparison to any other magnetic materials, ferrites have low preparation cost and better 

efficiency. At room temperature the resistivity varies from 106 to 1011 indicating that the 

ferrites are superior to any ceramic oxide and metals.  The properties of the ferrites depend 

on the particle shape and size, crystallinty, synthesis route and cation distribution [1]. The 

magnetic properties depend on shape of the MH loops and area under the curve. The 

magnetic interactions play a vital role in saturation magnetization and remanance.  

1.1.1 Soft Ferrites 

Ferromagnetic materials have chemical formula XFe2O4, where X is a divalent metal ion. 

Soft ferrites have low coercivity about 1 kOe. Soft ferrites can be easily magnetized and 

demagnetized; and thus have the ability to store magnetic energy. Ferrites are the stable and 

less expensive materials and have wide range technological applications e.g. radio wave 

circuits and high quality filters. Spinel ferrite structure is close packed in which two 

sublattices exhistes that tetrahedral and octahedral. Each tetrahedral site is surrounded by 
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four oxygen atoms and each octahedral site is surrounded by six oxygen atoms linked with 

two kinds of sub lattice one site is tetrahedral with oxygen ion and other with coordinate 

octahedral as indicated by Fig. (1.1). The unit cell is large having eight formula units with 

32 octahedral and 64 tetrahedral sites, usually 8/64 A sites and 16/32 B sites are filled [2]. 

 

Fig.(1.1). The spinel unite cell [1]. 

1.1.2 Hard Ferrites 

Hard ferrites are used as permanent magnets which show high coercivity and high 

retantivity. These are comprised of iron oxide as primary component and Ba, Sr, or Calcium 

as base. These materials are magnetizing to saturation and required strong field. it is seen 

that hard magnetic materials have high value of coercive force Hc > 1, magnetic energy 

(BH)max, residual induction Br in demagnetization process. Due to large value of Hc and Br 

these materials remain permanent magnets after magnetization process. The large value of 

Hc is due to restraction of movement of domain walls. The various types of hard magnetic 

ferrites are listed below in Table (1.1). 
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1) M – Type BaO.6Fe2O3 

 2) W- Type BaO.2MeO.8Fe2O3 

3) Y – Type 2BaO.2MeO.6Fe2O3 

4)     Z – Type 3BaO.2MeO.12Fe2O3 

5)      X – Type 2BaO.2MeO.14Fe2O3 

6)      U  - Type 4BaO.2MeO.16Fe2O3 

Table (1.1) various types of hard magnetic ferrites. 

 

 

Fig.(1.2) Phase diagram showing M, W, Y and Z types of hexagonal ferrites [2-3]. 

The group of ferrites with hexagonal structures is called hexagonal ferrites. Four 

types of M, Y, W and Z of hexagonal ferrites are listed as shown in Fig.(1.2). Where Me is a 

transition cation as in spinels. The magnetic crystalline structures of the different types of 

hexagonal magnetic ferrites are extraordinarily complex; as shown for the M-type BaFe12O19 

in Fig.(1.3). The fundamental four blocks S (spinel), R (hexagonal), R* and S* of unit cell 

composed of 10 oxygen layers. Both S and R are rotated 180° with respect to S* and R* 

respectively around with c axis, the atomic arrangement is comparable with S and R blocks. 

The block S* and S both contains two O2- layers; whereas R* and R block composed of 

three O2- layers; one site of the middle oxygen layer is substituted. 
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Fig. (1.3) (a) The (110) cross-section views of M-type [(Ba,Sr)Fe12O19]  hexaferrite unit cell 
(b) Y-type [(Ba,Sr)2Met2Fe12O22] and Z-type [(Ba,Sr)3Met2Fe24O41] hexaferrites unit cell, 
(c)  Y type unit cell with c-axis vertical [3].  

The Y-type of hexaferrite structure belonged to R3m of space group [3]. The structure 

consists of three formula units. It is clear to recall that each Y block consists of four-layered 

antiferromagnetic T block and two layered spinel S block. The Y- type hexaferrite unit 

consistes of six sublattices: 6c1v, 6cIV tetrahedral 3av1, 18hVI, 6cvI, 3bv1 octahedral sites of 36 

Fe3+ ions in the unit cell. Among these 6cvI, 6c1v and 6cIV have spin downward direction 

whereas three 3av1, 18hVI and 3bv1 have spin upward direction. These six sites are shown in 

Table (1.2). The variation of magnetic properties can be elucidated on the basis of metal ions 

distribution in different sites lying in the both blocks.  
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Table (1.2) Coordination, number of ions per unit formula and spin orientation for the 

various metallic sub lattices of Y-structure [3]. 

1.1.3 Promising Applications of Hexa Ferrites 

In this era, hexagonal ferrites are extensively used due to its large significance in electrical 

industry. They have high values of coercive force, saturation magnetization, anisotropy 

field, chemical stability and corrosion resistance. Hard ferrites have considerable 

applications in microwave devices, magnetic recording media and permanent magnets [4]. 

One should have prime control on material shape, size, homogeneity and magnetic 

characteristics for above industrial applications. The synthetic method describes the main 

properties of ferrites. Hexagonal ferrites cover more than 50% need of permanent magnet in 

markets; this is also due to their chemical stability and less cost. In steaeth technology and 

electromagnetic compatibility hexaferrites play vital role in absorbing material. Hard 

magnetic materials are suitable for absorbing of electromagnetic wave.  

1.1.4 Advantages of Hexa Ferrites over Spinel Ferrites 

Nowadays, there is big advancement in information technology and communication field 

Materials like NiZn Cu are spinel soft ferrites used in MLCI but these materials are not 

used in high frequency range because of restriction of cut-off frequency [5]. The Y-type 

hexagonal ferrite is the best for this purpose because it has high cut-off frequency about 

several GHz compasses to spinel ferrite [6]. Y-type ferrite shows magnetic properties in 

high frequency range as compare to soft magnetic materials in high frequency range for 

chip components [7-10]. In Y-type hexagonal ferrite, the dielectric permittivity is 

important for multi layer chip [11-12]. In multi-layer structure there is limitation in cut-

off frequency due to unavoidable wringing which resonate with inductance. Frequency 

behavior of inductive component can be improved by lowering the permittivity. 

Sublattice Coordination Block Number of ions Spin 

6c1v tetrahedral S 2 Down 

3av1 octahedral S 1 UP 

18hVI octahedral S-T 6 UP 

6cvI octahedral T 2 down 

6cIV tetrahedral T 2 down 

3bv1 octahedral T 1 UP 
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1.2 Polymers  

Repeated units of one or more chemicals combine throughout the chain and form 

macromolecules, called polymers. It’s a combination of two Greek words “poly” and “mer” 

means “many units” [13-14]. Polymers have an essential component which is “monomer”, 

which repeat throughout the chain of polymers e.g. ethylene is monomer in polyethylene. 

Protein and starch are naturally occurring polymers. A human body is also a composition of 

many polymers, e.g. DNA and keratin (hair, nails). In the present century, the polymers are 

being used in different industries because of their diversified applications [15-16]. 

1.2.1 Historical evaluation of polymers 

In the previous century, naturally occurring polymers have drawn attention of researchers. 

Polymers are termed as “colloids” for differentiating them from crystalline materials. The 

production of synthetic polymers signifies its importance. In 1860, polyethylene was 

synthesized. The study of its structure confirmed that it has high molecular weight. The 

polymerization of Styrene and Isoprene was done in 1839 and 1879 respectively to make 

polystyrene and polyisoprene [17-19]. The process of vulcanization of rubber was done by 

Goodyear and Macintosh in 1839.  In 1868, Hyatt discovered cellulose derivatives. The 

applications of celluloid were found in producing synthetic and explosive materials.  

Viscose Rayon Fiber was discovered by a group of English scientists named Steam, Cross, 

Bevan and Beadle.  In 1907, Baekeland found purely synthetic plastic which belongs to 

Phenol formaldehyde resins family. In 1924, cellulose acetate fibers were found. 

Sequentially in 1926 and 1927, Alkyd resins and polyvinyl chloride were found. In 1920, 

Staudinger gave hypothesis on macromolecule which was the first breakthrough in polymer 

science. The long chain formulae of rubber, poly oxy methylene and polystyrene were also 

put forwarded by Staudinger. The synthesis and characterization of Polyamide (polyster 

condensation polymers) was done by Carothers and his analysis also verified the macro 

molecular stance [20-21]. 

There are also some important discoveries like Neoprene (1931), polyvinyl acetate (1936), 

polystyrene, Buna S, Buna N (1937), nylon-66 (1938), melamine-formaldehyde resins 

(1939), butyl rubber (1940) [22-26]. Chain-growth reaction polymerization mechanism was 

elaborated by Flory during the 2nd world war [27-31]. The search of new plastic is an 
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ongoing process and the applications of already synthesized plastic are also in progress. 

[32-35]. 

1.2.2 Classification of polymers 

Polymers are of high molecular weight compounds. Polymers have different thermal, 

physical and mechanical properties [36-39]. They have different chemical structures. 

Polymers are classified into two classes: 

1) Natural Polymers 

2) Synthetic Polymers 

Naturally occurring polymers are called natural polymers. Synthesized polymers are 

called synthetic polymers. 

1.2.2.1 Natural Polymers 

Naturally occurring polymers are called natural polymers which are obtained from nature 

(pants and animals). Natural Rubber, nucleic acid, protein, cellulose, starch and 

polysaccharides fall in category of natural polymers. Many glucose molecules connect 

together to make one starch molecule. Actually cellulose and starch are polymers of 

glucose. Glucose formed as a result of photosynthesis is used to made cellulose. Protein is a 

polymer of amino acids. Protein consists of several hundred of amino acids connected 

together. Rubber a natural polymer is a result of polymerization of hydrocarbons isoprene 

(2-methyl 1,3- butaidiane) [40-42] .  

1.2.2.2 Synthetic polymers 

Polymers synthesized in laboratory or industries are artificial polymers. They are made up 

of monomers units. Polyethylene, polystyrene, polyvinyl chloride (PVC), Bakelite, nylon 

and Dacron are its examples [43-49]. 

1.2.2.3 Conducting polymers 

Polymers are traditionally regarded as electrical insulators, so that the implementation of 

electricity is considered as an undesirable property. However, a new class of electro-active 

polymers as intrinsically conductive polymers or a conjugated polymer is known has 

emerged in the last two decades. These novel materials with interesting and unexpected 

properties of the entire scientific community, including polymer and synthetic organic 
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chemists, materials scientists, chemists, as well as theoretical and experimental physicists 

attracted. The transmission of electricity in conducting polymers is by the appearance of 

delocalized molecular orbital. 

1.2.2.4 Historical background of conducting polymers 

In the 19th century, it was supposed that all the carbon based polymers are insulators but 

after the discovery of conducting polymers, this misconception is discarded. The discoveries 

of polyacetylene (PA) (electrically conducting polymer) become the cause of extension of 

classes of polymers, reported in 1977. In 2000, the scientist who discovered poly acetylene 

got noble prize. After this, the synthesis of many conducting polymers was done artificially 

and their properties were studied. Polypyrrole (PPy), polythiophene (PTh), polyaniline 

(PANI) are the most common conducting polymers and they have many applications in 

electronics industry like super capacitors, electro ceramic devices etc.  [50].  

1.2.2.5 Types of conducting polymers 

Conducting polymers are of three types: 

1) Ionically  Conducting Polymers 

2) Inherently Conducting Polymers 

3) Conducting Polymer Composites 

1.2.2.5.1 Ionically conducting polymer 

Complexes of polymer and metal salts are comes into the category ofionically conducting 

polymers [51] such as Nafion. 

1.2.2.5.2 Intrinsically / inherently conducting polymer (ICP) 

Synthetic metals are known as intrinsically conducting polymers. These have unique 

electrical, electronic, and optical properties of metals. Its metallic nature is observed during 

many processes. The property of the conjugated polymers is due to the existence of 

electrons, the π over a long part of the chain. The structure of the conductive polymer is 

planar. It is important that, it should not be the power by which the possibilities of 

delocalization of the electrons change π [52-53]. Under the existing conductive polymers, 
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polyaniline (PANI) has drawn a lot of attention in recent years because of its superior 

characteristics compared to others.  

1.3 Polyaniline (PANI) 

In 1862, Polyaniline was firstly reported [54-55]. After 100 years, PANI was testified in 

1970. Polyaniline can be easily synthesized [56]. It has uniform conduction mechanism and 

has high stability in the water and air. PANI is intrinsically conducting polymer, easy to 

synthesize and cheap in price. Along with merits, it has some demerits like little 

electrochemical strain, insolubility in the majority solvents and infusibility [57]. These 

demerits made it unsuitable for melting processes. With the use of new solvents such as 

dimethyl urea and N-methyl-2-pyrrolidone (NMP), the solubility of PANI has increased. 

When PANI is heated above critical temperature, it undergoes disintegration. So, in order 

to overcome such disadvantage, PANI is synthesized in solution form. PANI has low 

strain (1-2%), actuation stress (2-4 MPa) and conductivity in the range of 103 S/cm [58-

59]. 

1.3.1 Classification of polyaniline 

PANI is classified into three forms both salt and base versions of leucoemeraldine, 

emeraldine and pernigraniline. Leucoemeraldine is completely oxidized, emeraldine is half-

oxidized and half-reduced and pernigraniline is fully reduced. 

The conductivity in PANI increases by doping process due to motion of ions. Protonic acid 

doping process is carried out in PANI in which protons accumulate on polymer. The total 

charge balance (positive and negative) is carried out in doping bath (aqueous acidic 

solution). Delocalization of radical cations occurs in protonation process, known as Polaron.  

A charge carrier with a surrounding field of polarization is termed as polaron. Formation of 

bipolaron enhances doping levels. The band gap between conduction and valance bands is 

decreased by the formation of bipolaron [60]. An escalation in conductivity improves the 

doping levels at the expenditure of fiber tenacity. In order to accomplish a suitable balance 

between conductivity and tenacity, the exposure of PANI to auspicious level of doping must 

be done.   
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Fig.(1.4)General Structure of polyaniline [14]. 

1.4 Applications of polyaniline  

Polyaniline's wide applications are shown in Fig. (1.6) given below: 

 

Fig.(1.6) Applications of polyaniline. 

1.5 Conducting polymer nanocomposites 

In the field of nanotechnology, polymer nanocomposites are materials of new class the 

properties of inorganic particles combines with the flexibility of an organic polymer matrix. 

The Polymer with involvement of the nanoscopic materials such as is called polymer 

nanocomposites [60]. Polymers are lightweight and flexible materials moreover it can be 

produced inexpensively. Inorganic nanocompsites have specific electronic, catalytic 

converter, optical and magnetic properties. This can be clearly distinguished from their bulk 

states, are different. 

The inorganic nanoparticle in a polymer matrix allows both properties of inorganic 

nanoparticles and the polymer can be combined and novel functionalities into the polymer 

nanocomposites can be generated. In particular, the production of optically transparent nano-

composites on the incorporation of inorganic nanoparticle in a polymer matrix is of immense 

industrial interest because their promising applications in the areas of light-emitting diodes, 

transistors, optoelectronic packages, solar cells, and coatings.  
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The conductive polymer nanocomposites, unbreakable polymer matrices with nanoscale 

fillers have improved optical, electrical and dielectric properties [60-63]. The conductive 

polymer/inorganic nano composite conducting polymer nanocomposites inorganic can be 

prepared by in-situ/exsitu polymerisation process. In the present epoch conductive polymer 

nanocomposites (CPNCs) and its applications important surge in research [64] has seen. 

A series of metal and metal oxide particles were encapsulated in the form of conductive 

polymer nanocomposites (NCs). The nano composites exhibit combination of properties 

such as conductivity, electrochemical, catalytic and optical properties. The NCs are used in 

applications such as electromagnetic devices, light-emitting diodes, shielding against 

electromagnetic interfering fields, secondary batteries, electric static discharge systems, 

chemical and biochemical sensors [65]. Polyaniline (PANI) has been extensively by various 

research groups studied, especially for the use of their fascinating physico-chemical 

properties, namely high conductivity, moisture/gas sensing, Redox, ion exchange, excellent 

environmental stability and ease of preparation of general chemicals [66]. Recently, in the 

form of polyaniline nanostructures has more attention than an exceptional material for super 

capacitor irrespective of its low stability [67]. Materials with Syncretic advantage between 

PANI and inorganic nanoparticles, various mixtures of PANI with inorganic naonoparticles 

like Cu [68], tellurium [69], lithium [70]  and Tin oxide TiO2 [71]. The inclusion of metallic 

nanoparticles could be the electrical, optical and dielectric properties of the PANI 

composites improve effectively. These properties are extremely sensitive to small changes in 

the metal content and in the shape and size of the nanoparticles. It has been reported that the 

nanoparticles as a conductive intersections between the PANI chains, leading to an increase 

of the electrical conductivity of the composites [72]. The electrical conductivity of such 

composites could also depend on how the molecular structure of the conductive polymer 

matrix crystallinity. 

In addition PANI nanocomposites filled transition metal oxides have been tried, the more 

appropriate material for super capacitor as untouched PANI. PANI NCs only by mixture of 

polymers and other materials in the form of metal oxides, sulphides, etc. [73-74]. However, 

nano composites of PANI are still in the development phase. Some transition metal oxides, 

such as ruthenium oxide (RuO2), magnese oxide (MnO2), iridium oxide (IrO2), tin oxide 
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(SnO2), tungsten oxide (WO3), vanadium pentaoxide (V2O5),iron oxide (Fe2O3), nickel 

oxide(NiO), titanium oxide (TiO2), copper oxide (CuO), Silver vanadium sulphide (SVS), 

Silver vanadium oxide (SVO), exhibit tremendous properties as pseudocapacitive electrode 

materials [75-76. Nanoparticles of transition metal polyaniline nanocomposites have also 

been reported. Tungsten sulpide (WS2), silver sulpide (Ag2S) and vanadium sulpide (VS2), 

Molybdenum sulpide (MoS2), etc. have been successfully recognized as a new concept for 

supercapacitorsS [77-83]. 

Recently, graphene oxide and reduced graphene oxide (RGO) also as an exceptional 

material for super capacitors have been reported. Some of the conductive polymer 

nanocomposites are used for energy devices. 

1.6 Ferrites and Composites 

Ferrites are better than any other magnetic material ever discovered and cannot replace by 

any other magnetic material as ferrite are cheap, stable and have wide range of technological 

applications [84-85]. Ferrites have unique properties that make them suitable for their use in 

certain application then other magnet.  There is an increasing in demands regarding 

efficiency, security with highly-loaded components for example in automotive application 

where polymer-based composite are used similarly in aerospace field. In composites there 

are minimum two constituents or phases. The rare mechanical properties of composites lead 

to versatile research and give rise advanced technology. The main advantage of nano-

composites is ability to repair materials for prominent uses [86]. 

1.7 Applications of Ferrite/Polymer Composite Materials 

Nowadays, there is a need of multifunctional composites with additional advantage of 

flexiabilty for tooling complex electronic parts. The polymer-based composits has got more 

attraction because their tunable properties and easy process ability. For example the main 

advantages of polymer bonded magnet (PMBs) are low weight, low cost, ability of 

machining & forming and large production rates [87]. These compositses are also used for 

shielding microwaves   produced by radio and TV broadcasting, microwave ovens, mobile 

phones, communication and radar system. The fighter aircraft is coated with coating of 

microwave absorbering material due to which the aircraft is not detected by the RADAR 
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[88-89], this is known as stealth technology. The absorbing properties mainly depend on 

frequency, high complex permittivity, high complex permeability and skin depth etc. The 

variation in these properties may occur by adjusting ferrite filler (volume fraction) in the 

composites [90-91]. 

1.8 Microwave absorption and electromagnetic interference (EMI) 

Shielding 

Nowadays, a new type of pollution called electromagnetic interference (EMI) has been 

introduced due to wide production of electronic products and their use in commercial, health 

care, industrical and defence sectors [92]. Such pollution is generated by electromagnetic 

induction through electrical circuitry. To avoid this pollution electromagnetic (EM) wave 

absorber with wider absorbing band width are needed. If the characteristics of an absorber 

match with the impedance of free space the absorber can completely absorb EM wave 

energy and dissipate it as heat through magnetic and dielectric losses [93, 94]. Ferrites, 

conducting polymers, carbon nanotubes etc. are commonly used as EM absorbers [95,96]. A 

good absorbing material should have low thickness, low density, wide bandwidth and 

flexibility. Spinel and hexaferrites are considered as granular microwave absorber due to 

having high resisitivity and high saturation magnetization but these ferrites have high 

density and poor envirmental stability. So they are not used widely. Improvement in their 

electromagnetic properties can be made by adding diverse metal ions and varying the doping 

concentration. Doping of rear earth ions can cause 4f-3d coupling leading to magneto 

crystalline anisotropy has the ability to change electromagnetic properties [97]. But because 

of anistropic dipolar interaction, nanosize ferrite particles can aggregate. To avoid such 

aggregation polymer can be added to ferrite nanoparticals. This can improve compatiability 

of ferrites with organic compounds and reduce susceptibility to leaching. 

Because of good electrical, magnetic characteristics and good shielding effect from different 

electromagnetic radiations, polymer-ferrite composite can be used. For this purposes 

conducting polymers such as polyperrole (PPY) and polyaniline (PANI) are being used to 

form compsites because both of these polymers possess good environmental stability, high 

conduvtivity and good redox reaction ability [98]. They belong to new class of conductors, 

EMI shielding and microwave absorbing materials with more benefits than pure ferrites. 
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Chapter 2         THEORETICAL BACKGROUND  

2.1 Basic Dielectric Properties  

An enhanced understanding of materials is required which are used in large number of 

industries to modify their design cycles, improve process control and quality betterment. 

Each substance has its own discrete set of electrical characteristics. Exact measurements of 

these characteristics can give a necessary knowledge to scientists and engineers to use these 

materials at their required application for useful designs or to control manufacturing process 

for better quality devices [1].  

A dielectric measurement can give typical design parameter information for many 

electronics applications. For example information of dielectric characteristics is useful for 

impedance a substance, frequency of a dielectric resonator and the loss of a cable insulator. 

This knowledge is helpful to make better absorbing and packing designs of ferrites.  

Moreover dielectric properties now days are useful in the field of food, aerospace, 

automotive and medical industries [2-4].  

2.1.1 Dielectric constant  

Dielectric constant material is used in the capacitor to store electrical energy between the plates 

of capacitor. The storage capacity of capacitor can be enhanced by neutralizing the charges at 

electrodes in the dielectric material which reduce the external field [6-8]. More charge can be 

deposited in a capacitor when a dielectric material is placed between the plates (Fig.2.1). 

 
Fig. (2.1) Schematic diagram for measuring dielectric constant of a dielectric material [8]. 
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The dielectric constant can be expressed as: 

                            ε′ �  
��

��	
                       (2.1) 

where d is the distance between the plates of capacitor A is area of plates of capacitor in front 

of each other.  

2.1.2 Dielectric loss  

The permittivity of a dielectric substance has both real and imaginary parts. The 

Dielectric loss is expressed in mathematical equation as ε". The Dielectric loss gives the 

energy loss from an AC signal. 

The dielectric constant is the real part of permittivity ε' .The dielectric constant gives the 

relationship between speed of signals transmission and the dielectric materials 

capacitance. The imaginary part of dielectric permittivity shows how much field is lost in 

the form of heat during the polarization of a material by applied field. The imaginary part 

of the dielectric constant shows field dissipated in the form of heat during polarization of 

a material in the presence of an external ac field which is known as dielectric loss [9-11]. 

The specific arrangement of dipoles in an external field results in a frequency change of 

dielectric constant and loss over a spectrum of frequencies. The trend of real and 

imaginary part of permittivity depending on frequencies is given in Fig. (2.2). 

 

Fig.(2.2) Frequency dependence of dielectric permittivity for an ideal dielectric material [12]. 

In crystalline solids at high frequencies, there are two types of losses observed due to 
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intrinsic and extrinsic losses. The dielectric dispersion in solids is mostly affected by the 

factors which are electrical charge, valence state of ions, ionic masses, and valence state of 

ions, lattice defects and elastic behavior of bond. Due to low frequency phonons intrinsic 

dielectric loss occurs due to interaction among microwave field and phonon interaction. The 

phonon Maxwell-Wagner modes lattice will justify the range of high frequency intrinsic 

material losses in crystalline solids. The interaction between the microwave fields and 

charged defects is responsible for the extrinsic losses [12-15].  

2.1.3 Dielectric Properties of Solids 

The conductivity of dielectrics is very poor so dielectrics are insulators. Dielectrics have not 

free charge carriers foe conduction. There are bound charges (positive and negative) in 

dielectrics which are affected by applied external electric field. Dielectric properties of 

material is very important to understand because of the propagation of electromagnetic 

waves through the material media and fabrication of very important devices like capacitors, 

super capacitors, microphones, soft and hard ferrite. 

2.1.3.1 Polarization and susceptibility 

If an external electric field Eₒ is applied to the dielectric than the bound positive and 

negative charges in dielectric are displaced from the equilibrium positions and a large 

number of dipoles are formed in dielectric. The process of formation of dipoles in dielectric 

is called “polarization” and the dielectric is said to be polarized[16-19]. 

Polarization (P) is the dipole moment per unit volume of the dielectric material. Due to 

polarization the magnitude of external field (Eₒ) is reduced. So the magnitude of resultant 

field is less than that of applied field.  Eₒ> E, where E resultant field and Eₒ applied field of 

the polarization. 

Resultant applied field can be written as 

                          E � Eₒ +  E                                (2.2) 

��� Polarization field and it opposes the applied external field. 

The polarization is proportional to the macroscopic field E. 

P ∝ E 

P =  ε�χ�  E 

ε� = Permittivity of free space  = 8.85 × 10)*+ C+ Nm+.                 (2.3) 
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/0, the electric susceptibility describes the ability of dielectric material to become polarized 

in the presence of an electric field. 

2.1.3.2 Local Field 

 When a dielectric is placed between the electric field then dipoles are produced. Due to 

these dipoles an internal field is also produced. This is called local field. The local field is 

responsible for polarization in dielectric solids. For cubic symmetry the local field is given 

by Lorentz relation: 

                           E23452 =  E° + E7 + 8�ₒ 
                           As E =  E° + E7 

                           E23452 =  E + 8�ₒ                    (2.4) 

2.1.4 Dielectric Constant and Polarizability 

2.1.4.1 Clausis- Mossotti Relation 

For an isotropic the electric displacement (D) is defined as 

                            D = εₒε:E = εₒE + P                               (2.5) 

Where ;< is the dielectric constant of dielectric material and is also called “relative 

permittivity”. For isotropic medium (a medium in which permittivity of medium is uniform 

in all directions), the dielectric constant is a scalar quantity and dimensionless.  

Dielectric constant (;<) can be defined as 

                             ε: = �ₒ=�ₒ>                                     (2.6) 

     As P = εₒχ�E 

Putting the value of P in eq (2.6) 

ε: = �ₒ>=�ₒ?@>�ₒ>   = �ₒ>(*=?@)�ₒ>  

ε: = 1 + χ�                               (2.7) 

With the similarity to susceptibility, the dielectric constant is also describing the measure of 

the polarization of material. If the dielectric constant has large value then greater will be the 

polarization per unit resultant field in dielectric. 

Similar to polarization, a term called polarizability (α) of an atom is defined as the dipole 

moment per unit local electric field. 



26 

  

C = α E23452 
α = PE23452 = dipole momentlocal field  

Polarizability is an atomic property while dielectric constant (ε:) is a macroscopic property 

and depends on the arrangement of atoms in the crystal. 

If in a crystal, there are N numbers of atoms per unit volume and all the atoms have same 

polarizability, then polarization is  

P = Np = NαE23452 
The general equation for polarization can be written as 

p = H NII
αIE23452 

For summation is over all the atoms 

                                                  P =  Nα(E + 8�ₒ)                  (2.8) 

This on rearranging the term gives 

χ� = P3εₒ = Nαlε°
1 − Nα3ε°

 

By eq (2.8) we get 

ε: = 1 + Nαlε°
1 − Nα3ε°

 

ε: = 1 + 2Nα3ε°1 − Nα3ε°
 

Or  

                                               
�M)* �M=* = +NO8�°                     (2.9) 

This is called Clausius-Mossotti relation. This equation describes the relation between 

dielectric constant and atomic polarizability in terms of symmetry. 

The general equation can be written as:  

                                                    
�M)*�M=* = *8�°  ∑ NII αI             (2.10) 
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2.1.4.2 Sources of Polarizability 

In dielectrics there are three types of polarizabilities: 

(i) Electronic polarizability 

(ii) Ionic polarizability 

(iii) Dioplar or orientational polarizability 

In dielectric, the contribution of the specific polarizability depends on the nature of 

dielectric and the frequency of the applied electric field. 

Electronic polarizability: when the electrons are displaced in an atom relative to the nucleus 

then electronic polarizability is raised. It is temperature independent. At high frequency, the 

ionic and dipolar contributions are small due to inertia of the ions and molecules. In optical 

frequency range Clausius-Mossotti equation can be written as:  

                                    
QR)*QR =* = *8�°  ∑ NII αI                (2.11) 

Here ε: has been replaced by n+, n is refractive index is obtained as the velocity of EM-

waves in matter. 

2.1.4.3 Classical theory of Electronic polarizability Maxwell-Wagner effect 

The electron shows resonant absorption when the applied source has frequency in 

microwave region. The frequency is given by 

ω� = Tβ m.  

Here β is constant force, m is mass of electron. 

−eE23452 =  βx = mω�+ x 

The static electronic polarizability (α�) can be calculated as  

                               α� = 7>W�X = )�Y>W�X = �R
Z[\R                             (2.12) 

To obtain frequency dependence of electronic polarizability by analysis is simple harmonic 

oscillator. If ‘ω’is the frequency of local field, then the field at any time‘t’ is E23452 sin ωt. 
The equation of motion for simple harmonic oscillator is 

m d+xdt+ + mw� + x = −eE234 sin ωt 
Substituting    = x� sin ωt , we obtain m(−ω+ + ω�+)x� = −eE234 

The amplitude of dipole is given as  
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                                                       p� = −ex� =  �R>W�XZ([\R)[R) 

α� = p�E234 = e+lmω�+ − ω+ 

This equation is for frequency dependence of electronic polarizability. 

The general equation in terms of quantum theory is  

                                        α� = �R
Z ∑ ^_`[_R̀ )[Ra                    (2.13) 

fIa is the oscillator strength of electric dipole transition between atomic state i and j. 

2.1.4.4 Ionic Polarizability 

If a charge ion is displaced relative to other ions in solid, then ionic polarizability is raised. It 

is temperature. Let the forces at equilibrium are simple harmonic then the displacement 

vector in the presence of an electric field E as:  

β △ x ≅ eE 

β being force constant. The ionic polarizability can be determined as 

 

                                                 αI = 7> =  �△Y> ≅ �R
d                   (2.14) 

 

2.1.4.5 Dipolar polarizability 

 A molecule which has permanent dipole moment (p = ql) is known as a dipole or polar 

molecule like H2O. The substances that have dipoles are called dipolar substances. The 

dipolar substances have dipolar. The dipoles are randomly oriented in the absence of electric 

field and the net polarization is zero. When the external field is applied then dipoles are 

oriented along the field and now there is dipolar polarizability. The thermal agitations of 

molecules resist the effect of the electric field and an equilibrium state is achieved. So 

different dipoles make all possible angles varying from zero to π radians in the direction of 

field [20-23]. These molecules with dipole moment p make an angle θ with the field 

direction and have potential energy as 

                                 u = −P. E = P. E cos θ                   (2.15) 

According to statistical mechanics some dipoles have orientations between θ and θ+dθ  
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exp h ukTk dΩ 

Or   
                                          exp h.> 43m nop k 2π sin θP. E cos θ dθ          (2.16) 

A dipole with an angle θ in the field direction has component of dipole momentpcos θ, 

which is parallel to the field. 

The number of dipoles have total polarization is 

                                   2πp h.> 43m nop k cos θ sin θ dθ              (2.17) 

The average contribution to polarization is  

p = PN = Total polarization due to all dipolesTotal no. of dipoles  

= p s hP. E cos θkT k cos θ sin θ dθtu
s hP. E cos θkT k sin θdθtu

 

Putting  x = 7>vw, y = cos θ and dy = − sin θdθ 

So p =  s x�yz�x{|}|s �yz{|}| �x  

pP = eY + e)Y
eY − e)Y − 1x 

cot hx − 1x ≡ L(x) 

Where L(x) is called Langevin function. 

For field is not very large and for temperature not very low 

x ≪ 1  and    p. E ≪ KT 

            L(x) ≅ Y8 = 7.>8op                   (2.18) 

and 

                                P = Np = N7R>8op                         (2.19) 

The dipolar polarizability per molecule is ∝�= 7> = 7R
8op 

The dipolar polarizability depends on the dipole moment of molecules and temperature. 

At room temperature ∝� ~10)8�Fm+, which is comparable to electronic polarizability. 
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2.1.4.6 Frequency dependence of total polarizability 

The sum of electronic ionic and dipolar polarizabilities of dielectric is equal to the total 

polarizability of dielectric  

                              ∝=∝�+∝I+∝�                          (2.20) 

The total polarizability of dielectric decreases with increase in frequency. At high frequency 

the polarizability of dielectric decreases this is Maxwell-Wagner effect. 

In Maxwell-Wagner model large frequency dependent contributions to the dielectric 

response, especially at low frequencies, may come from build-ups of charge. This Maxwell-

Wagner polarization occurs either at inner dielectric boundary layers on a mesoscopic scale, 

or at the external electrode-sample interface on a macroscopic scale.  

Koops gave a phenomenological theory of dispersion based on the Maxwell-Wagner 

interfacial polarization model for inhomogeneous dielectric structure. It was assumed that 

the solid consists of well conducting grains distinguished by poorly conducting layers. This 

model is explains a strong dispersion in dielectric constant at low frequencies. Thus, it is 

experienced that the dielectric constant of polycrystalline ferrite is referred to the average 

grain size of the specimens of the same compositions. This dielectric dispersion at higher 

frequencies is due to the existence of oxygen rich low conducting surface layers on the 

grains of the ferrites. 

2.2 Conduction mechanism in ferrites  

In ferrites resistivity is many times greater than in the metals. By changing the chemical 

formula of ferrites the resistivity can change 10
-2

 Ω-cm to 10
11

 Ω-cm [24-27]. The low 

resistivity of ferrites is mainly due to presence of Fe
3+

 and Fe
2+

 ions on B-sites at the same 

times [28]. These two ions exchange themselves in the valence shells. The electron in Fe
2+

 

ions require very small amount of energy shift to Fe
3+

 ions. So this shifting of electron or 

hopping from one iron ion to the other is done with the help of electric field.  

Temperature dependent resistivity of ferrites can be expressed by following Arrhenius 

equation [20, 29]: 
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                                         ρ�4 = ρ° exp ( >5o�p  )               (2.21) 

Where Ea is the activation energy for hopping of electrons from one lattice site to another, ρ is 

resistivity and ρo  is pre-exponential constant.  

As ferrites have low loss at high frequency that is why its demand increasing rapidly. Due to 

increasing demand of ferrites vast study on the conductivity and control of resistance is 

going on. Ferrites are termed as ferromagnetic semiconductor but here conduction of heat 

take place in different vary from semiconductor substances. In ferrites temperature variation 

does not affect the carrier concentration.     

Motion of charge carrier depends upon temperature. In ferrites metal ions are at same 

distance due to presence of oxygen ions in surrounding. So band type conduction does not 

take place due to insulating behavior of ferrite.   

In hexa ferrites mixing of impurities can be divided into two types by conduction which 

depend upon oxidation or reduction and valance electron. Other mechanisms like grain 

boundary and distortion of structure also change the resistivity in ferrites. Mising of the 

bottom of the valent cations enhances the resisitivity, wheras mixing of top valent cations 

reduces the resistivity in ferrites. In case of reduction of cations the increase relationship 

is observed. It is observed that Ni ferrite is example of defict and Mg-ferrite type is an 

example of excess. This valence dependent behavior change is observed at high impurity 

concentration because at low concentration of impurity change in resistance is negligibly 

small. However it was observed some exceptional cases where addition of impurity in 

case of excess type increases to a maximum value and then further increase in impurity 

leads to decrease in resistance. Thisdoping concentration cannot form a homogeneous 

solid solution. These impurities may form at grain boundaries and a layer of high 

resistance substance [30]. 

In ferrites few mechanisms were suggested for conductivity which are given below:  

1- Hopping model of Electrons. 

2- Polaron model. 
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2.2.1 Hopping model  

Jonker proposed that the materials in which carrier mobility is very small, then there are 

strong chances of shifting in metal ions from one site to other sites specially for iron ions 

[`0]. During lattice vibration ions come close together to transfer charge. According to 

hopping model a charge carrier can go from one site to other site by hopping or jumping. 

The charge carrier for hopping of electrons and holes are given as; 

                                                       μ* =  �2|^| �Y7�{�|����
op                                        (2.22) 

                                                 
μ+ =  �2R^R �Y7�{�R����

op                           (2.23) 

Where µ1 and µ2 represent mobility of electrons and holes for length, f1 and f2 are represent 

frequencies at lattice site in the jumping process, E1 and E2 are mobility for electrons and holes. 

l1 and l2 are  jumping of activation energies of lattice deformation.  

The relation for total conductivity for substances owing two types of conductivities can be 

given as:  

                                              σ = n*eμ* + n+eμ+                        (2.24)     

The change in temperature has no effect the charge carriers in the sample. It only changes 

the charge carrier motion. 

  

2.2.2 Small polaron model 

When an electron is trapped in a self-induced potential well and polarizes the molecule then 

polaron defect is created. The entire defect (carrier plus distortion) then migrates by an 

activated hopping mechanism. This quasi-particle consistin of the electron and induced 

polarization field is called a polaron. The combination of the electron and its induced 

polarization field can be considered as quasi-particle which is called a polaron [11]. Usually 

polaron are formed in these substances which have incomplete d or f shells. This tries to 

form very narrow bands due to small electron overlap [31]. The sizes of lattice distortion due 
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to polarization determine the size of polaron. In ionic crystals electron phonon coupling is 

due to large range electrostatic Coulomb force among electron and optical lattice modes, 

that’s why size of deformed portion is very large as compared to a lattice constant. So the 

polarons in ionic crystals are known as "large polarons. In molecules crystals, the distorted 

part exists inside lattice constant, because here electron-phonon coupling occurs due to short 

range strong coulomb forces between them the electron and optical lattice modes.  In ionic 

crystals polarons are called "small polarons". Landau [20] explained first the self-trapping. 

The existence of self-trapping electrons in the crystal lattice is still not justified. This theory of 

polaron for perturbation may not be useful for explaining actual interaction between electron 

and perturbed crystal surroundings where crystal lattice deformation in shape and expansion 

depend on electron velocity.   

 

2.3 Optical properties 

2.3.1 UV-Visible Spectroscopy 

In this type of spectroscopy light of different ranges such as ultraviolet, visible and near 

infrared of electromagnetic radiation are used. 

UV radiation: 300 to 400 nm  

Vis radiation: 400 to 765 nm  

NIR radiation: 765 to 3200 nm 

2.3.2 Basic Principle 

Spectrophotometer instrument can be analyzed the different states of matter like solids, 

gases and liquids. The spectrophotometer uses the radiations of different energies like far 

and near infrared radiations of the electromagnetic spectrum. 

The basic principle of the spectrophotometer is that a beam of light is passed through sample 

and after passing through the matter a certain wavelength of light enters the detector. By this 

wavelength of light gives valuable information such as the chemical structure and the 

intensity that is related to the number of molecules or quantity and concentration [32]. The 

information of analytical analysis like “transmittance” (the ratio of the light energy falling 



34 

  

on sample to that of the transmitted through it) “absorbance” (measure of the amount of light 

absorbed by a sample as a beam of light passes through it) or reflectance (reflectance is the 

ratio of the amount of light leaving a target to the amount of light striking the target) of 

energy in the wavelength range 160 to 3500 milli microns or nanometer [33]. 

The quantum of light is called photons. Light consists of very small tiny particle of light is 

called quantization. The energy of light by using following Planck’s law  

                                          E = hf   or   E = �4�  

                          So           E ∝ *�                       (2.25) 

The photon with energy E can transfer the electron from lower state to upper excited state. 

For example, the electron get if energy in ground state then it will go to the first excited 

state. This process is the basement of absorption spectroscopy. 

When a light of certain wavelength (λ) and energy (E) is filled on the sample absorbs certain 

amount of energy from the incident radiations. The transmitted energy of light from the 

sample is measured by a photo detector. The photo detector gives us information about 

absorbed energy by sample. The amount of light absorbed or transmitted by matter as a 

function of wavelength is represented by graph which is called spectrum [34]. 

A UV-Visible Spectrophotometer measures the absorbance and transmittance from UV 

range to visible range. The human eye is not sensitive for UV-rays. 

The Lambert-Bear rule is a basic principle for quantitative analysis. According to Lambert-

Bear rule “the absorbance of a solution is proportional to the concentration of the absorbing 

species in the solution and path length”. 
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Fig. (2.3) Bouguer−Beer Rule [34]. 

When a light with intensity Iₒ is directed at a sample and the light of intensity I is transmitted 

then the transmittance (T) is according to the following relation: 

                                                    T �
�

�ₒ =10)o42                  (2.26) 

Here k= proportionality constant 

l= length of light path through the curette in cm 

c= concentration of sample 

The transmittance rate (T %) is given a 

  TA%B = I
Iₒ ∗ 100 % 

The absorbance (Abs) is 

                            abs = log h*
pk = log h �

�ₒk = Kkcl                 (2.27) 

From the above equations, the transmittance is not proportional to the sample concentration 

(C). But the absorbance is proportional to the sample concentration (Beer’s law) along with 

optical path (Bouygues’s law). 

If the optical is km and the concentration of the target component is one mole per length 

A* Z32�
2 B, then the proportionality constant is denoted by ‘ε’ and is called absorption 

coefficient. Under the specific conditions, the molar absorption coefficient in a characteristic 
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value of a material. The stray light, generated light, scattered light and reflected light all are 

not used for Bouygues-Beer rule when it is applied [35]. 

In the case of a crystalline semiconductor, the spectral absorption in the vicinity of the band 

edge usually obeys the Tauc relation [36]:  

                            �ℎν = A × (hν − Eg)�                                  

Since � = h ν = 1240 / λ indicates the energy of incident photon. Moreover, A, Eg, α, ν and λ 

represent the proportionality constant, band gap energy, absorption coefficient, frequency 

and wavelength of irradiated light, respectively. The index k used in the above equation 

reveals the nature of the transition in a semiconducting material. A necessary requirement of 

the above equation is that a plot between (α h ν)1/k vs. h ν should be linear and by 

extrapolating the linear portion of the plot to (α h ν)1/k = 0, an accurate value of Eg of a 

semiconductor can be calculated. Various optical transitions such as direct allowed or 

forbidden and indirect allowed or forbidden have been assigned different k values (i.e. 1/2, 

3/2, 2 and 3 depending on the nature of electronic transition [36-37]. 

2.4 Magnetic Materials 

2.4.1 Diamagnetic Materials 

An atom consists of electron which undergoes spinning motion about their on axis and the 

movement in their own orbit. Each kind of movement associates a magnetic (vector 

quantity). The vector sum of all electronic movement in an atom gives the net magnetic 

moment. Magnetic materials are characterized by an important parameter known as 

Magnetic susceptibility(χ):     

χ = MH 

Substances having zero intrinsic magnetic moment and exhibiting negative magnetism 

(leading to negative susceptibility) are known as Diamagnetic substances [38-39]. Their 

negative susceptibilities are independent of temperature. Diamagnetic substances consist of 

atoms with closed electronic structure of shell e.g, monatomic rare gases (He, Ne, Ar), Na+ 

and Cl- which have closed shell (electronic structures) are diamagnetic. Similarly Na+, Cl- 

ions and some elements like Silicon, diamond and Germanium. Superconductors are perfect 
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diamagnetic [40]. 

2.4.2 Paramagnetic Materials 

If the spin and orbital components do not cancel resulting in an intrinsic magnetic moment, 

then the substances containing such atoms are called as paramagnetic substances [27].  

Transition metals have magnetic moments because their spin and orbital components are 

largely quenched. Thus Curie-Weiss law applicable in the transition metal.  

χ =  C T −  θ.              (2.28)  
The paramagnetic materials are the positive susceptibilities [28]. Ferromagnetic and ferrimagnetic 

materials also show paramagnetic behavior temperature is greater than the Curie temperature 

[29]. 

 

2.4.3 Ferromagnetic Materials 

If all atomic spins are aligned parallel (positive exchange interaction) in a region containing 

large number of atoms (10
13

 to 10
14

) then such type of materials are called as ferromagnetic 

materials [28] for example Ni, Co, Fe, and some rare earths elements. Magnetic domains are 

the region which allows positive exchange interaction. In 1907, Weiss gave the idea of 

Domains .This molecular field was named as quantum mechanical exchange forces by 

Heisenberg in 1928 [41].  

In ferromagnetic materials susceptibility is a function of field strength. The hysteresis loop 

determines the relationship between magnetization and field strength. Spontaneous 

magnetization of weiss domain is produced by magnetic moment of electron spins.   

Ferromagnetism is particularly connected in the crystal lattice formation; hence it is not 

possible in gases or liquids [42]. 

2.4.4 Antiferromagnetic Materials 

The susceptibilities of these materials increase with the increase of temperature up to critical 

temperature, and afterwards they decrease. They have value of the order of 10-3.The 

antiferromagnetism disappears at the Neel temperature. Examples of antiferromagnetic 

compounds are iron oxide, manganese oxide, nickel oxide, manganese selenite and iron 
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chloride [43]. 

2.4.5 Ferrimagnetic Materials 

MO.Fe2O3 is the general formula for ferromagnetic materials, where M is a divalent metal 

ion (Fe, Ni, Mg). The structure of these oxides is mostly spinel type.  The inverse spinels 

are ferromagnetic [44]. In ferromagnetic materials negative exchange interaction is found in 

the two distinct types of lattice sites known as tetrahedral and octahedral sites. In these 

materials magnetic moment do not cancel completely and their difference results in net 

magnetic moment.  Such kind of phenomena is called as uncompensated 

antiferromagnetism or ferrimagnetism [45]. 

 

2.5 Origin of Magnetic Moments 

2.5.1 Electronic Structure 

Magnetic field is produced by moving charges. Ampere (1775-1836) suggested that there 

is a small molecular current in matter [19]. The molecular current is produced magnetism in 

matter which is due to circulating electrons in the atom was agreed finally in 1905 [46]. Four 

quantum numbers can be used to categorize the motion of revolving electrons. 

1- Principal quantum number n is helpful in finding out total energy of electrons in state. 

EQ = − h �R
�t�°k+ �tRZQR�R                   (2.29) 

Where εo the permittivity of free space, εo the permittivity of free space, e is the charge on 

electron, h is the Planck's constant, n is a positive integer and m is the mass. 

2-There exists a relationship between the orbital quantum number l and angular 

momentum Po of electrons. This can be expressed by following relation: 

                           P° =   l(l + 1)¡|R �+t                          (2.30) 

Quantum no, orbital quantum number n, l can have values:  0, 1, 2, 3,............., n− 1 

  3-On applying magnetic field, the electron angular moment is affected by magnetic 

quantum number ml is the following relation 
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                                        −l ≤ m2 ≤ +l                       (2.31) 

When electron exist in several state having the same energy they are said to be in 

degenerate states 

4- There is a relation between spin quantum number and the intrinsic angular momentum of 

electrons. 

                                       Pm =   s(s + 1)¡|R �+t            (2.32) 

                              
S  

2
1

±  having spin up and spin down 

So total angular momentum is represented by following relation: 

                             Pw3w52 =   £(j + 1)¡|R �+t                (2.33) 

where j = l + s. The M is magnetic dipole moment of moving particle, m is mass of 

moving particle, angular momentum A and charge Q is     

                       M = h ¥+Zk A                                       (2.34) 

  
The unit h �+Zk �+t called Bohr magneton, and used to quantize the atomic magnet 

moment        
μd = 9.274 × 10)+� Am+ 

μI =   l(l + 1)¡|Rμ©   (Orbital magnetic moment0 

μm =   s(s + 1)¡|Rμ©  (Spin magnetic moment) 

μa =   j(j + 1)¡|Rμ©  (Total angular magnetic moment) 

Hund’s rule can be applied to find out the occupancy of states in free atoms. 

Rule 1- It explain the maximum total spin number of electron to occupying different 

states in an orbital. The total spins number can be expressed as S =  ∑ s. 
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Rule 2- Maximum total orbital momentum can be achieved as  L =  ∑ l. 
Rule 3- When the orbital is less than half full, than total moment J can be calculated as 

J =  |L − S|, for more than half full orbital is calculated as J =  |L + S| for an orbital less 

than half-full, and  J =  |L + S|for an orbital more than half-full. For half-filled orbital, = 0 , J = S. 

The following equation can be used for determined magnetic moment of atoms with multi 

electrons: 

                                        μ�^^ = g J(J + 1)¡|Rμ©                         (2.35) 

Here Lande factor g, accounts for the difference in spin and orbital contribution to the total 

angular momentum. 

g = 8+  +  (=*))®(®=*)+¯(¯=*)        (2.36)  

2.5.2 Bonding 

When atoms are in the bonded state, the energy condition is more stable as compare to 

unbounded state. The modification of valence electrons should be such that the attractive 

forces are maximized and repulsive forces are minimized. 

2.5.2.1 Ionic Bonding 

In ionic bonding, ions are produced electron transfer from one atom to another atom, which 

develops large interatomic forces [47]. Strong coulomb forces bond the positively and 

negatively charged ions. This bond is strong and non-directional bond formed. Between 

highly electropositive (metallic) and highly electronegative (nonmetallic) elements is 

generally ionic bond. In ionization process, positive and negative ions are produced by 

transfer of electrons from atoms of electropositive elements to that of electronegative 

elements. Generally, complete filled orbitals (which resulted in zero magnetic moment) form 

ions in ionic bonding. In transition elements, during first ionization step, divalent cations in 

Sc, Co,Fe, V,Mn, Ti, Mn and Sc are formed by transfer of 4s2 electrons and monovalent 

cations are formed in Cr and Cu by transfer of 4s1 electrons. 3d magnetic moments are not 
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changed by this process. 3d electrons involved in further ionization and total spin moment 

also changed. If  3d orbitals are more than half full, then magnetic moment increases and  if  

magnetic moments are half full or less than it decreases. First transition series have different 

total magnetic moment than those of corresponding atoms, even in case of unchanged 3d 

orbitals. This is because anions produce crystal field changes the spin moments but 

decreased or eliminated the orbital magnetic moments. This is called orbital quenching. For 

certain symmetries independent of the Hund’s rule, orbitals with decreased or even zero spin 

moments are resulted due to crystal field. An example in octahedral site is trivalent rhodium 

Rh3+ (Z = 45) whose outermost occupied orbital is 4d6. In  weak crystal electric field, 

Hund’s rule lead to 4μB. All the states of spin 
2
1

 are occupied by first five electrons (one in 

each orbital dxy, dyz, dzx, dx2-y2, and dz2), and the state s =
2
1

−  in dxy occupied by sixth 

electron to give high spin configuration.  For a strong crystal field, the repulsion of the 

negative anion prevents the occupancy dx2-y2 and dz2 orbitals along the Z-axis.  

According to Pauli principle, there are antiparallel spins in the three occupied orbitals which 

lead to zero spin moment. It is called low spin configuration. In rare earth cations, these 

effects are virtually absent because crystal field shields the orbitals with magnetic moments 

(4°) by 5± and 5C orbitals. 

2.5.2.2 Covalent Bonding 

Due to sharing of electrons to form a bond with a localized direction, relatively large 

interatomic forces are created. Such strong bonding takes place between atoms which are 

close to each other in the periodic table, with small differences in electronegativity. 

Depending upon the geometry of the orbitals involved, covalent bond is a directional 

bonding. Magnetic moments of transition series atoms have little effect due to this bonding 

[48-51]. 

2.5.2.3 Metallic Bonding 

Strong nondirectional bonding between atoms is formed by the creation of relatively large 

interatomic forces due to sharing of electrons in a delocalized manner. When same type of 
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atoms are in close proximity this type of bonding takes place and as a result of interactions, 

at the equilibrium interatomic separation, the original atomic levels are split up into new 

level, with small energy difference between them.  

2.6 The Origin of Magnetic Interactions in Ferrites 

In ferrites, net magnetic moment results due to antiparallel but uncompensated magnetic 

moment. Consider simple system of single electron containing two atoms ‘a’ and ‘b’. 

Electron interaction rises as the distance between two atoms is very small. Wave function of 

electron is expressed as linear combination of the original atomic wave function [52]. The 

total energy is express as: 

                  E =  E5 + E² + Q ±  J�Y                              (2.37)  

E5 and E² are energies of the electrons, Q is electrostatic interaction and  J�Y is the 

exchange energy. Positive Jex  results are due to parallel spins and negative J�Y due to 

antiparallel spins. The two atoms of spins exchange energy can be expressed by following 

relation:EY = −2J�Y + µ¶ + µ·  where J�Y is the exchange integral that was given by 

Heisenberg. Due to result of the amount to measure, electronic charge distribution of two 

electrons overlaps one another which are under consideration [53] 

Interstitial sites of magnetic ions in ferrites are occupied by closed packed oxygen lattice.  

So there is low probability for direct overlap of electronic charge distribution. A new idea 

for exchange mechanism between ions of oxygen was given by Kramer’s in 1934. Neel 

formulated the Kramer’s new theory for ferrites. 

2.6.1 Indirect Exchange Interaction 

Anti-parallel alignment is supported by exchange energy J < 0 in magnetic oxides as well as 

in many ionic crystals. Anions separate the cations in such substance and they  are located 

too far apart, so direct exchange interaction is not possible oxygen O2- ion have closed shell 

configuration like inert gas and in ground state no spin coupling is offered by them. So 

neighboring ions is disturbing this state. By the principle of the superposition states, one 

electron in oxygen ions is exchanged with the unpaired electron of the metal ions i.e A-site.  
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Oxygen ion will have opposite spin to that of metal ion by Pauli Exclusion Principle. The 

unpaired spin of another metal ion pair the other spin of oxygen ion [54]. Double exchange 

mechanism was presented by in 1951 Zener presented. Electron is exchanged through 

oxygen ions by cations of same element having different valence e.g, Fe2+ O2- Fe3+ can be 

changed to Fe3+ O2- Fe2+. 

2.6.2 Super-exchange interaction 

The following reasons explain why direct interaction is not possible in ferrites:  

1- There is large distance between cations of the magnetic.  

2- The non magnetic cation present on the line that joining magnetic anions as in oxygen.  

Mechanism of super exchange was explained by Van Vleck,  Kramers  and Anderson. 

The oxygen ions (2C¸) least interact with magnetic cation. There is possibility that there by 

will interact with metallic ion in the excited state. There follows possible explanation of the 

excitation mechanism [21]. Take the case of oxygen and ferric ions interacting with another. 

The ground state can be expressed as: 

     Fe8=(3d¹)                                               O+)(2p¸) 

             ↓                                                  ↑↓  

             ↓                                                  ↑↓  

             ↓                                                  ↑↓  

             ↓  

             ↓  

    Fe+=(3d¸)                                               O+)(2p¹) 

       ↑↓                                                  ↓ 

         ↓                                                ↑↓ 

         ↓                                               ↑↓ 

         ↓ 
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Above figure shows alignment of 5 spins in d shell where ions Fe 3+ have 5 electrons in 3d 

shell, six oxygen ions electrons form three pairs of electron which follows by Hund’s rule. 

One p-electron leaves the oxygen site and becomes temporarily part of iron ion to ferrous. 

These can be represented as follows:  

Oxygen ions with one paired spin in its excited state become paramagnetic. Exchange forces 

are produced when p orbital of oxygen ion overlap with the ferric ion orbital. So in the 

oxygen ion, the other spin is available to form a pair with unpaired spin of other metal ion 

that is present opposite to the original metal ion. Only that spin can conformed a pair with 

second spin of oxygen. This is present opposite to the original metal ions.  

As super exchange interaction decreases is assumed to be decreases with the increase of 

distance of metal and non magnetic ions. So 2p orbital with dumb bell shape exchange force 

of angle greater than 180°, moreover their interatomic distances are shortest. A-B interaction 

is best combination as compare to A-A and B-B interaction due to interatomic distance 

between these interactions [55]. 

2.6.3 Double-exchange interaction 

Double exchange interaction mechanism was proposed by Zener in 1951, According to this 

interaction is possible between adjacent metal ions of parallels spin of neighboring oxygen 

ions [30]. The presence of ion is required the different valence state of the same metal ion. 

Zener suggests that the transfer of electron of ferric ion Fe+= in different valence states in 

oxygen ions similarly to »¼8= with parallel spin in vicinity. This process is explained below: 

   Fe+=(3d¸)     −2
O           Fe8=(3d¹)                  Fe+=(3d¹)                   −2

O       Fe8=(3d¸) 

     ↓↑               ↑↓                ↓                                  ↓                                   ↑↓               ↓↑ 

     ↓                 ↑↓                ↓                                  ↓                                   ↑↓                ↓ 

    ↓                   ↑↓                ↓                                 ↓                                    ↑↓               ↓ 

    ↓                                       ↓                                 ↓                                                       ↓ 

    ↓                                       ↓                                 ↓                                                       ↓ 

      before the exchange                                                  after the exchange 
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Above conduction mechanism is similar to that suggested by Verway and De Boer to 

explain different material of electrical conductivity, which discusses the positive interaction 

process.  

2.6.4 Molecular Field Theory 

Molecular field theory is very simple theory to explain the ordered of magnetic moments in 

material. The molecular field was proposed by P. Weiss in 1907 [56-57] that depends upon 

magnetization as a result to from fictive field: 

                                           H½ =  λM     

Where ¿ is molecular field coefficient, À the magnetization and w
H  is the molecular field. 

The total field of magnetic moments is expressed as 

                                            Hp =  H½ + H                       (2.38) 

where H is external field,  Curie law becomes: 

                                   χ = �p = ÁÂ�                                        (2.39) 

Rearranging 2.38 and 2.39 magnetization becomes 

                                   M = �Âp)��                                       (2.40) 

Susceptibility of the function of external field can be written as: 

                                  χ = �p)pX                                      (2.41) 

Above relation 2.41 which is indicating Curie-Weiss law. This shows the linear relation of  
*?  

for T > T�. At T = T4, χ becomes infinity  as χ = ÁÂ. It can be expressed as spontaneous 

magnetization. 

The magnetic interaction energy the spin, thermal energy can be expressed ÄÅÆÇ at Curie 

transition ÈÉÊ. 
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            μ©H½ ≈ kT4             H½ =  opXÌ�                                            (2.42) 

As μ© = 1.165 × 10)+�Jm/A , k = 1.38 × 10)+8 J k⁄  and T4 = 1000K leads to H½ ≈ 1.2 ×
10� 	Z  But actual field obtained by spin on its neighbors is≈ 8 × 10� Ð Ñ. . The weiss 

molecular field is simply represented by exchange interaction.the net magnetization at 

temperature T (at T < T4) can be expressed as: 

                                M =  M34w(T) − Mw�w(T)                         (2.43) 

Where Mw�w(T) and M34w(T) are the magnetization of tetrahedral and octahedral sublattices. 

For T < T4, the Curie-Weiss can be produces: 

                                *? =  p� + *?Ó −  ²p)n                                  (2.44) 

where χu, θ and b are the molecular field of coefficients. At high temperature, the term 
ÔÕ)Ö 

becomes negligible so: 

                                   *× =  ÕØ + *?Ó                                     (2.45) 

2.6.5 Neel theory of Ferrimagnetism 

Neel suggested that the crystal lattice of two sub lattice is divided into tetrahedral (A) and 

octahedral (B) sites in structure [58]. Neel proposed that λ μ fraction of magnetic ions and 

appeared at tetrahedral (A) and octahedral (B) sites magnetic ions. So 

                                  λ + μ = 1                                   (2.46) 

Neel predicts that A − B an interaction is dominated over other forms. B-sites of magnetic 

moment are more or less than anti-parallel arrangement of A-sites interaction.  Iron (III)-ion 

expresses the magnetic moment of 5μ©.  The anti-parallel arrangement of magnetic moment 

ferrite molecule is expressed as 2(λ − μ)5μB. Neel theory predicts experimental 

observations. The magnetic field ion can be denoted as H =  H� +  HZ  where HZ is internal 

applied field and  HZ is internal molecular field. The molecular field in ferrites, we 

expresses by following relations: 
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H	 =  H		 + H	© 

H© =  H©© + H©	 

Where ÆÚ and ÆÅ are the molecular field on acting A and B sites of lattices. ÆÚÚ and ÆÅÅ 

are the molecular field due to neighboring A and B sites of ions.  ÆÚÅ  and ÆÅÚ are the 

molecular field due to neighboring A and B ions.  The molecular field theory can be 

represented as: 

H	 = γ		M	, H	© = γ	©M©, H©© = γ©©M©, H©	 = γ©	M	     (2.47) 

γ is the coefficient of molecular field of sublattice A and B magnetic interaction. As 

ÜÚÅ = ÜÅÚ, but ÜÚÚ ≠  ÜÅÅ because two sublattices are identical. 

According to Neel theory ÜÚÅ < 0 due to anti-parallel arrangement magnetic interaction A 

and B, gives rise to ferrimagnetisms. The total magnetic field of external field can be 

expressed as: 

H5 =  H3 + H	 =  H3 + γ		M	 + γ	©M© 

H² =  H3 + H© =  H3 + γ©©M© + γ	©M	 

2.7 Magnetic interactions 

There are two factors upon which exchange forces depend between two metal ions [59]:  

1- Distance between oxygen ions and cations.  

2- Angle among the oxygen ions and cations.  

The exchange force between cations is maximum at the shortest distance between the 

cations and oxygen ions and at an angle of 180°. For ideal spinel, angles A-O-B are 125° 

and 154° wheras angles B-O-B are 90° and 125° (distance B-O is large) and  angle A-O-A is 

80° [33]. AA and BB interactions are weak while the strongest interaction is A-O-B. The 

phenomena of ferrimagnetism were explained by Neel in 1948 on the basis of A-B 

interaction and the unpaired spins of these ions are oriented antiparallel. 

2.7.1 The Magnetization in Ferrite Domains 

In the field of metallurgy or ferromagnetic material, all the moments are aligned in a region. 

Each domain contains almost 1012 to 1015 atoms with mutually parallel resulting moments. 
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This is determined by the phenomenon of hysteresis to describe the concept of magnetic 

domains. Below Curie temperature, it is assumed that magnetic body consists of large 

number of small domains each magnetized to saturation, spontaneously [60].   

Domains are formed to minimize to the magneto-static energy and magnetic potential 

energy is the flux connecting lines between the north and south poles. Division of a crystal 

into two or more domains reduces the magnetic energy to a minimum or even zero for 

certain domain structure. The magnetic energy reduced to 1/n of its individual domain 

structure if the domain is divided into n domains.  

Magneto-static energy is produced by formation of the closure domains. According to 

Lifschitz and Landau different energies are total energy result in the domain structure of the 

magnetic material.  

2.7.2 Magnetostatic Energy  

Magnetostatic energy  is required special geometric configurations to arrange magnetic 

poles in a mathematical expression was presented by  Bozorth in 1951 for  magnetostatic 

energy per cubic centimeter for an infinite sheet that has been magnetized at right angles to 

the surface. 

                                               E7 = 2πMm+                            (2.48)  

An expression for the magnetosatic energy of flat strips was presented by Neel (1944) and 

Kittel (1946)  

                                                 E7 = 0.85dM+                       (2.49)  

In above expression as width of domain decreases, it brings a decrease in magnetostatic 

energy. Magnetostatic energy decreases when the domain is split into smaller width.  

2.7.3 Magnetocrystalline Anisotropy Energy 

The alignment of domain magnetization along one of the main crystal direction is known as 

easy magnetization direction. This easy direction may be either the edge of diagonal of cube. 

Magnetocrystalline anisotropy energy refers to the difference of energy between state where 
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magnetization is align along hard direction to a state. This is the amount of energy needed 

for the rotation of magnetization from easy direction to another direction. If anisotropy 

energy is the alignment of moments along easy direction magnetization can help minimize 

the energy of domain. There is tendency in the adjust domain to align help along the same 

axis but in opposite direction that is the two adjacement domain are separated by 180° wall 

domains [58]. 

The crystalline nature of the material results in anisotropy energy. The magnetization vector 

in a crystalline material is said to be anisotropic. The direction magnetization vector is taken 

into account to determine the total energy of the crystalline material. Along the easy 

direction, there lies the minimum energy. Such a phenomenon is termed as 

magnetocrystalline anisotropy.  A series expansion of the cosines of angles between crystal 

axes and magnetization can be used to represent the energy needed to dervated the 

magnetization vector from an easy direction [30]: 

Eo =  k*(α*+α++ + α++α8+ + α8+α8+ ) +  K+(α*+α++α8+ ) + … … … … … … … … … (2.50) 

The anisotropy constant depend upon by following Brown’s relation  

H4 = 2k μ°. Mm 

                                

It is clear that Hc is inversely proportional to Ms, where k is small the anisotropy 

constant. 

From loop saturation magnetization (Ms) was calculated by using law approach at room 

temperature. The data was fitted using a least squares procedure by following equation  

M =  Mm(1 − A H. − B H+. ) + χH 

Where χ is susceptibility, H is applied field, Ms is saturation by Brillion function 

equal to unity, A is in homogeneity parameter constant and B factor is proportional to square 

of anisotropy constant K. In experimental saturation magnetization (Ms) is smaller than 

theoretical value due to lack field apply in experimental case whereas in theoretical case 

infinite field is applied. 
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2.7.4 Magnetostrictive energy 

In magnetic materials there is small change in magnetization produces, the phenomenon is 

called magnetostriction.  Magnetostriction energy is produced to spin-orbit coupling. Its 

orbital orientation is produced by change in orbital orientation. The change in orbital 

orientation can be express by following relation: 

                                λm =  ß®®\                                (2.51) 

ΔL is a single crystal different field orientations, �
L is the initial length and  ¿à  is the value 

of poly crystal of the material. 

In spin-orbit coupling stress is affect the magnetization process. The influence of magnetic 

field stress is affected the orbital rotation [28]. Magnetostriction constant depends upon the 

stress and energy of magnetostriction. 

                                  E =  3 2. λσ                       (2.52) 

Where σ is applied stress and λ is the magnetostriction constant. 

2.7.5 Domain wall Energy 

A magnetic domain was proposed by Bloch in 1932 by separating the domain wall. Domain 

wall is the region in which direction of magnetization is gradually changing to rotation of 

neighboring domain. So exchange energy interaction is stored in transition layer and 

resulting to from spin interaction is: 

                             E� =  oÕá5                                  (2.53)  

Where ‘a’ is the distance of atoms and  c
kT  is thermal energy at Curie temperature. So 

energy decreased the width of wall. In anisotropy easy direction rotation energy is increased 

of domain wall rotation of magnetization. The domain wall energy anisotropy is written as 

by following expression: 
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�� = âã 

      So, domain width is increased with the increase in. So minimum energy of the wall per 

unit area can be expressed as:      

                                        E½ = 2 hoäpX5 k|R                              (2.54) 

here Ka is anisotropy constant.  

In magnetostriction above relation can be modified as: 

                                    E½ = 2 hop5 k|R  hk5 +  8�åæ+ k|R                      (2.55) 

The domain wall thickness of minimum energy is expressed by following: 

                       δ = (constant) × a h>ok|R                            (2.56)
                

2.8 Hysteresis Loop 

In magnetic applications, the most important thing is the amount of magnetization produced 

by an applied magnetic field. If saturation is produced by small field, then the material is 

magnetically soft. On application of an increasing magnetic field (H), the magnetization of 

soft magnetic material increasing from zero to saturation value and the M vs. H is called 

virgin or initial or induction curve from demagnetized state to saturation. Retentivity or 

residual magnetization is the value of magnetization for which H = 0. When applied field is 

reversed, magnetization decrease to zero. Upon further increase of reverse field, saturation 

reaches at negative field of coercivity Hc. If the reverse field is increased in positive 

direction, then field is reducing to zero, the magnetization curve will follow –Ms, -Mr, +Ms. 

the traced out loop is called as major hysteresis loop. This curve is formed is symmetric 

about origin. When the material is taken through hysteresis cycle, the measure of the energy 

is given by area contained in hysteresis loop and expressed as formula: 

                                       W =  ∮ HdM
     (2.57)
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Magnetic properties and related coercivity (Hc) with porosity was reported by Smith. In this 

case, with the increase of porosity, Hc increases. At high values of porosity, this linearity 

deviates. This deviation is due to the higher porosity sample that leads to greater coercive 

force.  

There are four main type hysteresis loops: Perminvar loops, Normal loops, Isoperm loops 

Rectangular loops. The normal shape of hysteresis loops is S-shape with the romance value 

that is 50-75% of saturation. This loop is possessed by polycrystalline isotropic materials 

that have romance value of 80-100% of saturation value. Value of romance found in the 

direction of easiest magnetization is very high. It is found if the ferrite material possesses 

excessive crystal anisotropy. By the application of suitable external stress, rectangular loops 

can be induced. 

Although no stress anisotropy or no orientation of the crystallites is found but still some 

ferrites exhibit rectangular hysteresis loop spontaneously Mg-Mn ferrites were fabricated by 

Albers which show rectangular loop Hysteresis loop [60]. Rectangular loop can be induced 

in another class of ferrite as it does not show this loop initially. For example, with the 

application of mechanical stress, remanence value rises in all ferrites. Unusual shapes for 

hysteresis loop are shown by some ferrites and these can be changed by some heat treatment 

or change in composition. At low applied field, the permeability remains constant for such 

material with low hysteresis losses.   

 Perminvar effect is shown by ferrites with iron rich composition. Ferrites of low iron 

constant such as Mn-Zn and Ni-Zn were found to show this effect at low temperature (-80 

°C) [23]. Isoperm loop was observed by Guillaud et. al. In Mn ferrite with the remanence 

value 10 % the saturation value [61-62]. Isoperm ferrite usually isotropic with high 

permeability initiablity, particular example is Mn-Zn ferrite. 
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Chapter 3              LITERATURE REVIEW 

3.1 Survey of Recent Literature 

Ferrites are technically significant substances due to their structure that can 

accommodate a diversity of cations at distinctive sites permitting a wide change in electrical 

and magnetic properties. For the purpose of high frequency and gas sensing applications, 

ferrites have been considered to be best substances [2-4,6]. To control the sintering 

temperature or by substitution of distinct types and quantities of metal ions, one can enhance 

their properties.  

Ferrites are hard and brittle ceramics like many other ceramic materials. There are various 

types of ferrites, amongst which Y-type ferrites have low losses and high resistivity and 

saturation magnetization. These physical properties of Y-type ferrites are found close to soft 

ferrites. The complicated parts of the various microwave devices may be molded if these 

ferrite particles are embedded into the polymer matrix called nano-composites to enhance 

the mechanical and physical properties of Y-type ferrites with good environmental stability 

and mechanical flexibility. Many researchers are focusing on the preparation of nano-

composites inorder to tailor the physical properties for potential applications. Following is 

the review of reported research papers of various authors on the said subject.  

Kadam et al. [1] studied Nickel-Copper-Zinc ferrites with different compositions of 

Chromium and sintered at 450℃ by utilizing sol-gel technique.  X-ray diffraction confirmed 

the single phase and cubic structure of the samples. With the increased content of chromium 

ions, the lattice constant and bulk density was observed to decrease in the range of 8.331-

8.253Å and 4.95-4.71gm/cm³ respectively and porosity was reported to increase in the range 

9.34-14.76%. Particle size decrease from 19-13nm determined by transmission electron 

microscopy. Magnetic properties were measured using vibrating sample magnetometer at 

the scanned field of 8kOe at room temperature. It was observed that with increasing content 

of chromium, saturation magnetization decreased from 62-48emu/g and coercivity increased 

from 65-180 Oe. The room temperature resistivity increased in the range of 3.62×106-
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4.21×106Ω-cm with increasing concentration of chromium ions. The dielectric constant 

decreased with the addition of chromium ions. 

El-Sayed [2] utilized ceramic technique to prepare chromium substituted nickel-zinc 

spinel ferrites having compositional variation from 0.00-0.25.  The X-ray diffraction 

revealed single phase and cubic structure of spinel ferrites. It was observed that number of 

vacancies/point defects increased with enhancing zinc concentration in the nickel-zinc spinel 

ferrites and decreased with enhancing chromium content. As zinc concentration increased 

the conductivity was decreased, yet more substitution of zinc executed increased 

conductivity. Chromium substitution in nickel-zinc spinel ferrites showed decreased 

electrical conductivity because chromium ions did not take part in conduction mechanism 

and hinders the number of Fe2+-Fe3+ conversions which resulted in a decreased value of 

conductivity. The greater activation energy led to lower conductivity and higher resistivity. 

Lakshman et al. [3] studied two serial of spinel ferrites based on Mg-Mn ferrites with 

different variations of Indium and Chromium ions respectively and prepared by utilizing 

conventional ceramic methodology. The value of saturation magnetization was seen to be 

increased slowly up to some values of concentration of indium ions (diamagnetic) and then 

decreased whereas chromium substitution in Mg-Mn ferrites showed that the saturation 

magnetization decreased slowly. It was observed that with the substitution of both indium 

and chromium, the Curie temperature decreased. The observed changings in Curie 

temperature and saturation magnetization values were based on exchange interactions. It 

was found that indium ions played a vital role in increasing the initial permeability as 

compared to the participation of chromium ions. The values of magnetic loss factor was 

found from 0.15-0.75 in the frequency range 10 kHz-10MHz. 

Vijaya Kumar et al. [4] reported chromium substituted nickel base spinel ferrites for 

different values of composition such as 0.1, 0.3, 0.5, 0.7, 0.9, 1.0  prepared by utilizing sol 

gel method.  The analysis of X-ray diffraction observed single phase and cubic structure. 

The average values of crystallite size was found between 8.5-10.5nm. It observed through 

MH loops that nickel-chromium spinel ferrites were soft magnets having thin area of loop 

and small value of coercivity. Due to this reason, such materials play a vital role in 

transformers to reduce the energy dissipation. At room temperature, the resistivity value for 
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different compositions was seen to be increased from 3.17×106-6.79×106 Ω-cm and 

changing of resistivity with temperature had shown the semiconductor nature of ferrites. The 

reason for increased DC resistivity and decreased drift mobility was attributed to hopping of 

electrons between Fe3+-Fe2+ with increasing concentration of chromium ions. The greater 

values of resistivity led to higher values of activation energy and lower values of 

conductivity. 

The structural, magnetic and optical properties of cobalt spinel ferrite (CoFe2O4) of 

nanoparticle ferrites synthesized by co precipitation method were investigated [5].The X-ray 

study revealed the phase conformation. It was observed that composite possessed high 

magnetic properties due to excellent value of saturation magnetization, remanent and 

coercivity. An optical property of composite sample cobalt ferrite (CoFe2O4) was obtained 

by using photocatalytic degradation of methylene blue reaction .The samples showed good 

photo degradation activity.  

Tang et al. [6] synthesized different of Ni0.5Zn0.5Fe2O4/BaFe12O19@polyaniline composites 

by low cost in situ polymerization technique with microwave-absorbing properties. It used 

various characterization techniques like FTIR, XRD, SEM and TEM to establish 

materialization of Ni0.5Zn0.5Fe2O4/BaFe12O19@polyaniline ferrite composites. Overall results 

indicated that these composites display better absorption characteristics over a broad band at 

range 4 GHz. The of Ni0.5Zn0.5Fe2O4/BaFe12O19@polyaniline ferrite composites exhibited 

improved absorption property compared to Ba ferrite at the frequency range of 2-20 GHz. It 

was found that by increasing the contents of PANI, composites showed a shift of the 

attenuation peak in microwave-absorbing properties. 

Holmium substituted spinel ferrite Co0.02Ho1.98Fe2O4 was analyzed by sol gel method and 

polyaniline composites were synthesized by in situ polymerization [7]. The synthesized 

samples were characterized by XRD, FTIR, SEM, Electrical, Magnetic and optical 

measurements. Single phase purity was obtained by X ray diffraction. FTIR data showed 

that nitrate ion disappeared at 1118 cm−1.DC resistivity increases with increase of 

Co0.02Ho1.98Fe2O4 with polyaniline composites. Results showed that coecivity increases and 

saturation magnetization decreases with increases of Polyaniline in composites. The results 

revealed that electrical and optical properties increase with increase of concentration of 

ferrites in composite; it may be attributed to polaron/bipolaron. 
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Arshad et al. [8] prepared nickel cadmium base sipnel ferrite with Ni0.3Cd0.7LaxFe2-xO4, 

(x=0, 0.01, 0.02, 0.03, 0.04, & 0.05). Structural UV-Vis, dielectric and dye removal 

properties of Ni0.3Cd0.7LaxFe2-xO4 ferrites were explored. The ac conductivity and dielectric 

constant were observed of Ni0.3Cd0.7LaxFe2-xO4. The ac conductivity and dielectric constant 

increases with increase of ferrite contact.  

H.El Foulani et al. [9] studied zinc-cobalt spinel ferrite Co0.5Zn0.5Fe2O4  (2.5, 5 and 50 wt%) 

with PANI composites. The increasing trend of electrical conductivity was observed of 

composites as rise in ferrite content maybe attributed to polar on/bipolaron formation. 

Optical absorption elucidated direct transition with Eg =1.0 for PANI/ Co0.5Zn0.5Fe2O4  

ferrite composites. 

Talaat M.Hammad et al. [10] studied copper spinel ferrite Cu1-xZnxFe2O4(x = 0.0, 0.2, 0.4, 

0.6, 0.8 and 1). The improved thermal stability was achieved of these composites. The 

conductivity was decreased as temperature decreased which clearly revealing semiconductor 

behavior. The microwave absorption characteristics enhanced at higher frequency with the 

increase of ferrite content.  Reflection loss reached −12.4 dB at 2.5 GHz for Cu spinel ferrite 

and −20.4 dB at 3.77 GHz for the composite containing 92 wt%. 

K. Elayakumar et al. [11] synthesized composites of Cerium (Ce3+) doped cobalt ferrite 

(CoFe2O4) via mechanical blending for microwave absorption study. The EMI shielding 

performance is observed quite well by Cerium (Ce3+) doped cobalt ferrite (CoFe2O4) 

composite. While composite owing 2.4 mm thickness was exposed high shielding efficiency 

(48.1 dB) attributable to absorption (SEA).The composition with Cerium (Ce3+) doped 

cobalt ferrite (CoFe2O4) was revealed with improved result of permittivity (εʹ) as compared 

with pure CoFe2O4. By increasing the frequencies the overall trend of conductivity of all 

samples was increased.  

S. Asiri et al [12] studied microwave absorption behaviour of nickel spinel ferrite NiFe2O4 

composites by varying different concentration of ferrite. The composite with 20 % of nickel 

ferrite was exposed 24.5 dB reflection loss at 12GHz with bandwidth of -20 dB over the 

prolonged within 11–13 GHz and has a thickness of 1.6 mm. 

A. Baykal et al. [13] reported that nanocompsoite of copper spinel ferrite CuCrxFe2−xO4 

(0.0 ≤ y ≤ 1.0) was prepared by chemical polarization. The composite samples were studied 

AC and DC conductivity with different concentration. It was observed that CuCrxFe2−xO4 
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dielectric property increases with decrease of frequency and dielectric constant become 

constant at high frequency which is due to interfacial polarization by hopping conduction 

mechanisms. 

Nickel spinel ferrite NiFe2O4 were prepared by sol gel technique [14].  Whereas polyaniline 

with ferrite nanocomposites were synthesized by in situ polymerization. The results revealed 

that electrical and optical properties increase with increase of concentration of ferrites in 

composite; it may be attributed to polaron/bipolaron. 

The photocatalytic activity, electrical and magnetic properties of ZnFe2O4/TiO2/polyaniline 

were reported by Juanbi Li et al. [15]. The conductivity was found to be increase whereas 

magnetic properties decrease with the increase of PANI contact. All these samples 

ZnFe2O4/TiO2/polyaniline showed the good photo degradation activities.  

The structural, magnetic and optical properties of ZnFe2O4/SrFe12O19 composite ferrites 

synthesized by co precipitation method were investigated [16].The X-ray study revealed the 

phase conformation. It was observed that composite possessed high magnetic properties due 

to excellent value of saturation magnetization, remanent and coercivity. Optical properties of 

composite sample ZnFe2O4/SrFe12O19 was obtained by using photocatalytic degradation of 

methylene blue reaction .The samples showed good photo degradation activity.  

The electrical and magnetically properties of γ-Fe2O3 maghemite with polyaniline 

composites were investigated [17]. The γ-Fe2O3/PANI composites were characterized by X 

ray diffraction, transmission electron Microscopy, UV-vis spectroscopy, electrical and 

magnetic measurements. Electrical conductivity decreases with increase of γ-Fe2O3 contact 

whereas magnetic susceptibility increases. The enhanced magnetic susceptibility these 

materials are useful in potential application of microwave absorption.    

R. Popielarz et al. [18] observed the dielectric properties of Barium Tin oxide with 

polyaniline (BaTiO3/polymer) nano composites. The samples were characterized from 

100Hz to 10 GHz and at temperature from -130 to +140 °C. It was observed that dielectric 

constant and dielectric loss decreases with increase of frequency and constant at high 

frequency which due to interfacial polarization and follows Maxwell-Wagner model. A 

dielectric property decreases with increase of temperature due to thermal stability of 

interaction. 
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PANI/TiO2 nanocompsoite reported by Ashis Dey et al. [19] prepared by chemical 

polarization. AC and DC conductivity of the samples were measured with different 

concentrations of TiO2. It was observed dielectric property decreases with increases of 

frequency and become constant at high frequency which is due to conducting grains where 

the dipoles’ hopping frequency do not matches with applied field frequency.  

Osman et al. [20] represented that polypyrrole in an ionic liquid with different concentration 

was synthesized for the structural, optical and electrical characteristics. As a result, the 

optical band gap Eg was increased. By using Moss relation; the relation between refractive 

index (n) and (Eg) was measured and then the relation between optical high-frequency 

dielectric constant (ɛ′) and n were calculated. AC conductivity of semiconductor organic 

based composites reveals that the conductivity increases with increasing the frequency. The 

absorption coefficient influences of the polypyrrole composites showed nearly-Debye type 

process.  

Gabal et al. [21] reported nano-composites composed on PANI and spinel ferrite i.e.  

polyaniline and Mn0.8Zn0.2Fe2O4  with various ferrite concentrations  (10 to 30 wt%), were 

synthesized in situ polymerization method and ferrite synthesized by sol-gel route.  The 

consequences of XRD and FTIR showed an interfacial interaction between PANI and ferrite 

crystallites. The ferrite particles are entrenched into PANI matrix as observed by TEM 

images. TGA curves presented the thermal stability of PANI-ferrite composites was 

improved. MH loops indicate an enhancement in the magnetic characteristics as the addition 

of ferrite contents. The conductivity properties confirmed the interaction between PANI and 

ferrite and exhibited a variation from metallic to semiconducting behavior by ferrite 

contents. 

Tang et al. [22] synthesized different Polyaniline/BaFe12O19 composites (PANI/BaM ferrite) 

by low cost in situ polymerization technique with microwave-absorbing properties. It used 

various characterization techniques like FTIR, XRD, SEM and TEM to establish 

materialization of PANI/BaM ferrite composites. Overall results indicated that these 

composites display better absorption characteristics over a broad band at range 4 GHz.The 

PANI/BaM ferrite composites exhibited improved absorption property compared to Ba 

ferrite at the frequency range of 2-20 GHz. It was found that by increasing the contents of 
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PANI, composites showed a shift of the attenuation peak in microwave-absorbing 

properties. 

Liu et al. [23] prepared well dispersed single-walled carbon nanotube CNT/polyurethane 

composites by physical blending technique and studied their electromagnetic interference 

(EMI) shielding effects. The EMI shielding effects of the composites showed a dominated 

reflecting mechanism, while by increasing the contents of single-walled carbon nanotube on 

an increased frequency, a contribution shifts from reflection to absorption mechanism. An 

EMI shielding effectiveness of 17 dB was attained at the single-walled carbon nanotube 

loading of 20 wt%. 

Min et al.[24] was investigated the effect of electro-beam (EB) irradiation on conducting 

polymers polyethylene (HDPE) high-density filled with carbon black in dosage of 30-150 

kGy. At room temperature, the resistivity and the intensity of positive coefficient of 

conducting polymers composites were reliant on carbon blacks contents which were 

aggregated in polymeric matrix. While the behavior of negative temperature coefficient of 

polymer composites were vanished from contents of 60 kGy. The irradiation of electro-beam 

(EB) caused to an enhancement in conducting polymers composites in electrical 

reproducibility because of the decreasing movement of carbon blacks particles with in the 

crystalline regions of on conducting polymers polyethylene (HDPE). 

Gairola et al. [25] synthesized composites of PANI with spinel ferrites 

(Mn0.2Ni0.4Zn0.4Fe2O4) via mechanical blending for microwave absorption study. The EMI 

shielding performance is observed quite well by PANI with spinel ferrite 

Mn0.2Ni0.4Zn0.4Fe2O4 composite. While composite owing 2.4 mm thickness was exposed 

high shielding efficiency (48.1 dB) attributable to absorption (SEA). 

Eren San et al. [26] prepared polythiophene (PT) conducting polymer with single-walled 

carbon nanotubes (SWNT) composites and measured electrical behavior. The composition 

with PT/SWNT was revealed with improved result of permittivity (ε)̸ as compared with pure 

polythiophene (PT). By increasing the frequencies the overall trend of conductivity of all 

samples was increased.  

Abbas et al. [27] studied microwave absorption behaviour of ferrite and polymer composites 

by varying different concentration of ferrite. The composite with 20 % of polymer was 
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exposed 24.5 dB reflection loss at 12GHz with bandwidth of -20 dB over the prolonged 

within 11–13 GHz and has a thickness of 1.6 mm. 

Rastislav et al. [28] reported NiZn based ferrite with polyvinylchloride (PVC) matrix 

(polymer) composites have been deliberated electromagnetic wave absorbing characteristics 

from 1MHz to 1 GHz. By increasing the ferrite contents in PVC matrix as a result complex 

permeability was enhanced which was studied above 50 MHz. Subsequently, it was 

established that the matching frequency achieved maximum value while matching thickness 

minimized about 46.5 volume of percentage. Snoek’s product observed maximum value 

Smax ~3:0 GHz. 

Razzitte et al. [29] stated that electrical behavior of polymers was improved by adding fillers 

such as ferrites. The particles size and shaped of the fillers were also influenced on 

properties. As acrylic-NiZn ferrites contents were increased permittivity with real part was 

increased by reason of the electronic interaction between ferrite and polymer composites at 

applied high frequency.  

Pina et al. [30] synthesized PANI/CoFe2O4 nanocomposites by oxidative polymerization 

consuming O2 and hydrogen peroxide as the oxidants and magnetic CoFe2O4 nanoparticles 

having well catalytic activity, when oleic acid-coated particles are used. A good 

polymerization yield was achievable with CoFe2O4 and Fe3O4 nanoparticles with oleic acid-

coated and H2O2 as oxidant. 

Khairy et al. [31] studied NiFe2O4 ferrites with PANI by different ferrite contents such as 

2.5, 5, 25 and 50 wt%. The improved thermal stability was achieved of these composites. 

The conductivity was decreased as temperature decreased which clearly revealing 

semiconductor behavior. The microwave absorption characteristics enhanced at higher 

frequency with the increase of ferrite in PANI content.  Reflection loss reached −12.4 dB at 

2.5 GHz for Ni ferrite and −20.4 dB at 3.77 GHz for the composite containing 92 wt% 

PANI. 

Kooti et al. [32] introduced Co spinel ferrite, PANI and silver nanoparticles have been 

synthesized by coating of ferrites with PANI and consequent Ag nanoparticles decorated 

onto the surface of the PANI shell. The antibacterial activity of PANI, CoFe2O4 and Ag 

nanocomposite were investigated with higher antibacterial results. These composites have 

been isolated from the reaction solution by magnetic decantation rapidly. 
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Khairy et al. [33] prepared Zn-Mn spinel ferrite coated with PANI such as (PANI/ZnMn 

ferrite = 30% and 50%) and studied structural, electrical, magnetic and gas sensing 

measurements. The composites showed that the results of thermal stability improved clearly 

due interactions of PANI and ferrite, which can be used as a sensors for acetone and 

chloroform vapors at concentrations less than <100 ppm. 

 Javed et al. [34] prepared Co base sipnel ferrite with PANI by varying amounts of ferrite 

(0.5 g and 1.0 g). Structural UV-Vis, dielectric and dye removal properties of 

PANI@ferrites were explored. The ac conductivity and dielectric constant were observed of 

PANI@CFs than PANI. The outcomes of PANI@ferrite (1:2) exposed that methyl orange 

dye can be quickly catalyzed via this composite. 

Jing et al. [35] synthesized polypyrrole and strontium M type hexaferrite (PPY)/SrM 

composites. In the electromagnetic study, ac conductivity and magnetic behavior of 

composites were declined as SrM contents decreased. A likely mechanism was suggested to 

understand the formation of the PPY/SrM composites. 

Khairy et al. [36] studied nickel based spinel ferrite (2.5, 5 and 50 wt%) with PANI 

composites. The increasing trend of electrical conductivity was observed of composites as 

rise in ferrite content maybe attributed to polar on/bipolaron formation. Optical absorption 

elucidated direct transition with Eg =1.0 for PANI/Ni-ferrite composites. 

Saima et al. [37] synthesized Zinc oxide (ZnO) and zirconia ZrO2 nanoparticles and studied 

the thermal, bactericidal and photocatalytic activity. The dye removal proficiency rises by 

decrease in pH and photocatalytic dosage contents increased. Moreover, these composites 

presented well antibacterial activity against two gram.  

Polymer manganese zinc ferrite Mn0.68Zn0.25Fe2.07O3/ polypyrrole was prepared with in situ 

polymerization of aniline technique by P Poddar et al. [38]. The UV–visible spectroscopy 

and FTIR showed the strong interaction with manganese zinc ferrite and polypyrrole 

nanoparticles. The polypyrrole and Mn0.68Zn0.25Fe2.07O3  nanocomposite particles revealed a 

good agreement of photocatalytic effect under irradiation of sunlight on Methylene Blue and 

Malachite dyes degradation. It has been suggested that the proposed method for the 

synthesis of Mn0.68Zn0.25Fe2.07O3 nano-composites with different polymers can be used for 

degradation of environmental pollution and textile industry. 
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The photocatalytic properties of Polyaniline/ NiZn ferrite were investigated [39]. The 

samples ferrite polymer was synthesized by chemisorption approach. Phase formation was 

confirmed by X-ray diffraction. Photocatalytic activities of the   Polyaniline/NiZn for the 

rhodamine B were analyzed by visible light range 430 nm to 760 nm. It was observed that 

these samples were attributed excellent degradation of rhodamine B. 

The magnetic and structural properties of Nickel Zinc spinel ferrite Ni0.75Zn0.25Fe2O4 

Ni0.75Zn0.25Fe2O4 with Polyaniline nano composites were prepared by in-situ polymerization 

method [40]. Phase formation was confirmed by X-ray diffraction. It was observed that 

Ni0.75Zn0.25Fe2O4 /PANI composite possessed excellent magnetic properties due to high 

value of coercivity so these composites materials are useful in recording core materials.  It 

was observed that composite possessed high magnetic properties due to excellent value of 

saturation magnetization, remanent and coercivity. 

Barium hexa ferrite BaFe12O19 was analyzed by sol gel method and polyaniline composites 

were synthesized by in situ polymerization [41]. The synthesized samples were 

characterized by XRD, FTIR, SEM, Electrical and Magnetic measurements. Single phase 

purity was obtained by X ray diffraction. FTIR data showed that nitrate ion disappeared at 

1118 cm−1.DC resistivity increases with increase of BaFe12O19 with polyaniline composites. 

Results showed that coercivity increases and saturation magnetization decreases with 

increases of Polyaniline in composites.  

Spinel ferrite Fe2O4 were prepared by sol gel technique [42].  Whereas polyaniline with 

ferrite nanocomposites were synthesized by in situ polymerization. The results revealed that 

electrical and optical properties increase with increase of concentration of ferrites in 

composite; it may be attributed to polaron/bipolaron. 

The photocatalytic activity, electrical and magnetic properties of Fe2O4/polyaniline were 

reported by Silvia E. Jacobo et al. [43].the conductivity was found to be increase whereas 

magnetic properties decrease with the increase of PANI contact. All these samples 

Fe2O4/polyaniline showed the good photo degradation activities.  

The structural, magnetic and optical properties of Li0.5Fe0.5O4 composite ferrites synthesized 

by co precipitation method were investigated [44].The X-ray study revealed the phase 

conformation. It was observed that composite possessed high magnetic properties due to 

excellent value of saturation magnetization, remanent and coercivity. Optical properties of 
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composite sample Li0.5Fe0.5O4 was obtained by using photocatalytic degradation of 

methylene blue reaction .The samples showed good photo degradation activity.  

The electrical and magnetically   properties of SrFe12O19 hexa ferrite with Polypyrrole (PPY) 

composites were investigated [45]. The SrFe12O19/ PPY composites were characterized by X 

ray diffraction, transmission electron Microscopy, UV-vis spectroscopy, electrical and 

magnetic measurements. Electrical conductivity decreases with increase of SrFe12O19 

contact whereas magnetic susceptibility increases. The enhanced magnetic susceptibility 

these materials are useful in potential application of microwave absorption.    

Yuping Wang et al. [46] observed the dielectric properties of spinel ferrite oxide with 

polypayrole (Zn0.6Cu0.4Cr0.5La0.04Fe1.46O4/polymer) nano composites. The samples were 

characterized from 100 Hz to 10 GHz and at temperature from -130 to +140 °C. It was 

observed that dielectric constant and dielectric loss decreases with increase of frequency and 

constant at high frequency which due to interfacial polarization and follows Maxwell-

Wagner model. A dielectric property decreases with increase of temperature due to thermal 

stability of interaction. 

Kuldeep Singh et al. [47] reported that nanocompsoite of PANI/ γ-Fe2O3 was prepared by 

chemical polarization. The composite samples were studied AC and DC conductivity with 

different concentration. It was observed that PANI/ γ-Fe2O3 dielectric property increases 

with decrease of frequency and dielectric constant become constant at high frequency which 

is due to interfacial polarization by hopping conduction mechanisms.  

Anil Ohlan et al. [48] represented that Barium ferrite with conducting polymer in an ionic 

liquid with different concentration was synthesized for the structural, optical and electrical 

characteristics. As a result, the optical band gap Eg was increased. By using Moss relation; 

the relation between refractive index (n) and (Eg) was measured and then the relation 

between optical high-frequency dielectric constant  and n were calculated. AC conductivity 

of semiconductor organic based composites reveals that the conductivity increases with 

increasing the frequency. The absorption coefficient influences of the conducting polymer 

composites showed nearly-Debye type process.  

Anil Ohlan et al. [49] reported nano-composites composed on PANI and Barium ferrite i.e.  

polyaniline and barium spinel ferrite  with various ferrite concentrations  (10 to 30 wt%), 

were synthesized in situ polymerization method and ferrite synthesized by sol-gel route.  
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The consequences of XRD and FTIR showed an interfacial interaction between PANI and 

ferrite crystallites. The ferrite particles are entrenched into PANI matrix as observed by 

TEM images. TGA curves presented the thermal stability of PANI-ferrite composites was 

improved. MH loops indicate an enhancement in the magnetic characteristics as the addition 

of ferrite contents. The conductivity properties confirmed the interaction between PANI and 

ferrite and exhibited a variation from metallic to semiconducting behavior by ferrite 

contents. 

Jing Jiang et al. [50] synthesized different Polyaniline/Li–Ni–La ferrite composites 

(PANI/Li-Ni-La ferrite) by low cost in situ polymerization technique with microwave-

absorbing properties. It used various characterization techniques like FTIR, XRD, SEM and 

TEM to establish materialization of PANI/Li-Ni-La ferrite composites. Overall results 

indicated that these composites display better absorption characteristics over a broad band at 

range 4 GHz. The PANI/Li-Ni-La ferrite composites exhibited improved absorption 

property compared to Ba ferrite at the frequency range of 2-20 GHz. It was found that by 

increasing the contents of PANI, composites showed a shift of the attenuation peak in 

microwave-absorbing properties. 

Lei Du et al. [51] prepared well dispersed single-walled Ba(CoTi)xFe12-2xO19 /polyaniline 

composites by physical blending technique and studied their electromagnetic interference 

(EMI) shielding effects. The EMI shielding effects of the composites showed a dominated 

reflecting mechanism, while by increasing the contents of single-walled carbon nanotube on 

an increased frequency, a contribution shifts from reflection to absorption mechanism. An 

EMI shielding effectiveness of 17 dB was attained at the single-walled carbon nanotube 

loading of 20 wt%. 

Chen KeYu et al. [52] was investigated the effect of electro-beam (EB) irradiation on 

conducting polymers polyethylene (HDPE) high-density filled with carbon black in dosage 

of 30-150 kGy. At room temperature, the resistivity and the intensity of positive coefficient 

of conducting polymers composites were reliant on carbon blacks contents which were 

aggregated in polymeric matrix. While the behavior of negative temperature coefficient of 

polymer composites were vanished from contents of 60 kGy. The irradiation of electro-beam 

(EB) caused to an enhancement in conducting polymers composites in electrical 
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reproducibility because of the decreasing movement of carbon blacks particles with in the 

crystalline regions of on conducting polymers polyethylene (HDPE). 

Rasha M. Khafagy [53] synthesized composites of PANI with spinel ferrites (MgFe2O4) via 

mechanical blending for microwave absorption study. The EMI shielding performance is 

observed quite well by PANI with spinel ferrite MgFe2O4 composite. While composite 

owing 2.4 mm thickness was exposed high shielding efficiency (48.1 dB) attributable to 

absorption (SEA). 

C.S. Zhang et al. [54] prepared polyaniline (PANI) conducting polymer with Co(1-

x)NixFe2O4 composites and measured electrical behavior. The composition with PANI/ Co(1-

x)NixFe2O4 was revealed with improved result of permittivity (ε)̸ as compared with pure 

polyaniline (PANI). By increasing the frequencies the overall trend of conductivity of all 

samples was increased.  

H. Sozeri et al. [55] studied microwave absorption behavior of ferrite and polymer 

composites by varying different concentration of ferrite. The composite with 20 % of 

polymer was exposed 24.5 dB reflection loss at 12GHz with bandwidth of -20 dB over the 

prolonged within 11–13 GHz and has a thickness of 1.6 mm. 

Y. Wang et al. [56] reported Barium based hexa and Ni based  spinel (BaFe12O19–Ni0. 8Zn0. 

2Fe2O4) ferrite with Polypyrole (PPY) matrix (polymer) composites have been deliberated 

electromagnetic wave absorbing characteristics from 1MHz to 1 GHz. By increasing the 

ferrite contents in Polypyrole matrix as a result complex permeability was enhanced which 

was studied above 50 MHz. Subsequently, it was established that the matching frequency 

achieved maximum value while matching thickness minimized about 46.5 volume of 

percentage. Snoek’s product observed maximum value Smax ~3:0 GHz. 

H. Sozeri et al. [57] stated that electrical behavior of polymer was improved by adding 

fillers such as ferrites. The particles size and shaped of the fillers were also influenced on 

properties. As acrylic Cobalt-manganese ferrite, Co0.5Mn0.5Fe2O4  ferrites contents were 

increased permittivity with real part was increased by reason of the electronic interaction 

between ferrite and polymer composites at applied high frequency.  

 Mohammad Qasim et al. [58] synthesized Ni0.5Zn0.5Fe2O4/Zn0.95Ni0.05O nanocomposites by 

oxidative polymerization consuming O2 and hydrogen peroxide as the oxidants and 

magnetic CoFe2O4 nanoparticles having well catalytic activity, when oleic acid-coated 
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particles are used. A good polymerization yield was achievable with Ni0.5Zn0.5Fe2O4 and 

Zn0.95Ni0.05O nanoparticles with oleic acid-coated and H2O2 as oxidant. 

M Khairy [59] studied Zn0.2Mn0.8 Fe2O4 ferrites with PANI by different ferrite contents such 

as 2.5, 5, 25 and 50 wt%. The improved thermal stability was achieved of these composites. 

The conductivity was decreased as temperature decreased which clearly revealing 

semiconductor behavior. The microwave absorption characteristics enhanced at higher 

frequency with the increase of ferrite in PANI content.  Reflection loss reached −12.4 dB at 

2.5 GHz for Ni ferrite and −20.4 dB at 3.77 GHz for the composite containing 92 wt% 

PANI. 

Junhai Shen et al. [60] introduced Co spinel ferrite, PANI and silver nanoparticles have been 

synthesized by coating of ferrites with PANI and consequent Ag nanoparticles decorated 

onto the surface of the PANI shell. The antibacterial activity of PANI, CoFe2O4 and Ag 

nanocomposite were investigated with higher antibacterial results. These composites have 

been isolated from the reaction solution by magnetic decantation rapidly. 

Yunjun Yang and Jingfei Luan [61] prepared barium base hexa ferrite with PANI by varying 

amounts of ferrite (0.5 g and 1.0 g). Structural UV-Vis, dielectric and dye removal 

properties of PANI@ferrites were explored. The ac conductivity and dielectric constant 

were observed of PANI@CFs than PANI. The outcomes of PANI@ferrite (1:2) exposed that 

methyl orange dye can be quickly catalyzed via this composite. 

H. Moradmard et al. [62] synthesized polyaniline and nickel spinel ferrite (PANI 

/Ni0.5Co0.3Cu0.2Fe2O4) composites. In the electromagnetic study, ac conductivity and 

magnetic behavior of composites were declined as Ni0.5Co0.3Cu0.2Fe2O4 contents decreased. 

A likely mechanism was suggested to understand the formation of the PANI/ 

Ni0.5Co0.3Cu0.2Fe2O4   composites. 

Aikaterini Sanida et al. [63] studied M type hexa ferrite (2.5, 5 and 50 wt%) with PANI 

composites. The increasing trend of electrical conductivity was observed of composites as 

rise in ferrite content maybe attributed to polar on/bipolaron formation. Optical absorption 

elucidated direct transition with Eg =1.0 for PANI/Ni-ferrite composites. 

M Maria et al. [64] synthesized nickel base spinel ferrite (NiGdxFe2−xO4: x = 0.00, 0.025, 

0.050, 0.075 and 0.1) nanoparticles were studied. The thermal, bactericidal and 

photocatalytic activity were investigated. The dye removal proficiency rises by decrease in 
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pH and photocatalytic dosage contents increased. Moreover, these composites presented 

well antibacterial activity against two gram.  

Polymer zinc oxide PANI/ Ni0.2Zn0.8Fe2O4 was prepared with in situ polymerization of 

aniline technique by Alyaa H. et al. [65]. The UV–visible spectroscopy and FTIR showed 

the strong interaction with zinc oxide and conducting polymer PANI nanoparticles. The 

PANI and nickel base spinel ferrite nanocomposite particles revealed a good agreement of 

photocatalytic effect under irradiation of sunlight on Methylene Blue and Malachite dyes 

degradation. It has been suggested that the proposed method for the synthesis of nickel base 

spinel ferrite nano-composites with different conducting polymers can be used for 

degradation of environmental pollution and textile industry. 

The photocatalytic properties of Polyaniline/ Co0.2Ni0.4Zn0.4Fe2O4 were investigated [66]. 

The samples ferrite polymer was synthesized by chemisorption approach. Phase formation 

was confirmed by X-ray diffraction. Photocatalytic activities of the Polyaniline/ 

Co0.2Ni0.4Zn0.4Fe2O4  for the rhodamine B were analyzed by visible light range 430 nm to 

760 nm. It was observed that these samples were attributed excellent degradation of 

rhodamine B. 

The magnetic and structural properties of Nickel spinel ferrite NiLaxFe2-xO4 (x = 0.01, 0.03, 

0.05, 0.07 and 0.09) with Polyvinyl alcohol (PVA) nano composites were prepared by 

hydrothermal technique [67]. Phase formation was confirmed by X-ray diffraction. It was 

observed that nickel spinel ferrite/PVA composite possessed excellent magnetic properties 

due to high value of coercivity so these composites materials are useful in recording core 

materials.  It was observed that composite possessed high magnetic properties due to 

excellent value of saturation magnetization, remanent and coercivity. 

Cobalt zinc spinel ferrites Co0.6Zn0.4Fe2O4 were analyzed by sol gel method and polyaniline 

composites were synthesized by in situ polymerization [68]. The synthesized samples were 

characterized by XRD, FTIR, SEM, Electrical and Magnetic measurements. Single phase 

purity was obtained by X ray diffraction. FTIR data showed that nitrate ion disappeared at 

1118 cm−1 DC resistivity increases with increase of Cobalt zinc spinel ferrites 

Co0.6Zn0.4Fe2O4 with polyaniline composites. Results showed that coecivity increases and 

saturation magnetization decreases with increases of Polyaniline in composites.  



74 

  

Zinc spinel ferrite ZnFe2O4 was prepared by sol gel technique [69]. Whereas polyaniline 

with spinel ferrite nanocomposites were synthesized by in situ polymerization. The results 

revealed that electrical and optical properties increase with increase of concentration of 

ferrites in composite; it may be attributed to polaron/bipolaron. 

The photocatalytic activity, electrical and magnetic properties of NiFe2O4 /polyaniline were 

reported by Nagarajan Kannapiran et al. [70].The conductivity was found to be increase 

whereas magnetic properties decrease with the increase of PANI contact. All these samples 

NiFe2O4 /polyaniline showed the good photo degradation activities.  

The structural, magnetic and optical properties of nickel spinel ferrite with polyaniline 

(NiFe2O4/PANI) composite synthesized by insitu polymerization technique were 

investigated [71].The X-ray study revealed the phase conformation. It was observed that 

composite possessed high magnetic properties due to excellent value of saturation 

magnetization, remanent and coercivity. Optical properties of composite sample 

NiFe2O4/PANI was obtained by using photocatalytic degradation of methylene blue reaction 

.The samples showed good photo degradation activity.  

The electrical and magnetically   properties of cobalt spinel ferrite with polyaniline 

composites were investigated [72]. The CoFe2O4/PANI composites were characterized by X 

ray diffraction, transmission electron Microscopy, UV-vis spectroscopy, electrical and 

magnetic measurements. Electrical conductivity decreases with increase of cobalt spinel 

ferrite contact whereas magnetic susceptibility increases. The enhanced magnetic 

susceptibility these materials are useful in potential application of microwave absorption.    

Marcela Stoia et al. [73] observed the dielectric properties of Manganese spinel ferrite with 

polyaniline (MnFe2O4 /polymer) nano composites. The samples were characterized from 

100Hz to 10 GHz and at temperature from -130 to +140 °C. It was observed that dielectric 

constant and dielectric loss decreases with increase of frequency and constant at high 

frequency which due to interfacial polarization and follows Maxwell-Wagner model. A 

dielectric property decreases with increase of temperature due to thermal stability of 

interaction. 

C. Sasikala et al. [74] represented that Transition Metal Titanium (Ti)-Doped LaFeO3 with 

different concentration was synthesized for the structural, optical and electrical 

characteristics. As a result, the optical band gap Eg was increased. By using Moss relation; 
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the relation between refractive index (n) and (Eg) was measured and then the relation 

between optical high-frequency dielectric constant (εʹ) and n were calculated. AC 

conductivity of semiconductor organic based composites reveals that the conductivity 

increases with increasing the frequency. The absorption coefficient influences of the LaFeo3 

composites showed nearly-Debye type process.  

Jitu Das et al. [75] reported nano-composites composed on Iron oxide and Zr-ferrite i.e.  

Fe2O3 and ZrO2 with various ferrite concentrations (10 to 30 wt%), were synthesized in situ 

polymerization method and ferrite synthesized by sol-gel route.  The consequences of XRD 

and FTIR showed an interfacial interaction between Iron oxide and ferrite crystallites. The 

ferrite particles are entrenched into Iron oxide matrix as observed by TEM images. TGA 

curves presented the thermal stability of Iron oxide-ferrite composites was improved. MH 

loops indicate an enhancement in the magnetic characteristics as the addition of ferrite 

contents. The conductivity properties confirmed the interaction between Iron oxide and 

ferrite and exhibited a variation from metallic to semiconducting behavior by ferrite 

contents. 

A Maceiras et al. [76] synthesized different Polyaniline/ CoFe2O4 composites by low cost in 

situ polymerization technique with microwave-absorbing properties. It used various 

characterization techniques like FTIR, XRD, SEM and TEM to establish materialization of 

PANI/ CoFe2O4  ferrite composites. Overall results indicated that these composites display 

better absorption characteristics over a broad band at range 4 GHz.The PANI/ CoFe2O4 

ferrite composites exhibited improved absorption property compared to Co ferrite at the 

frequency range of 2-20 GHz. It was found that by increasing the contents of PANI, 

composites showed a shift of the attenuation peak in microwave-absorbing properties. 

N. Lenin et al. [77] prepared NiLaxFe2-xO4 (x = 0.01, 0.03, 0.05, 0.07 and 0.09) composites 

by physical blending technique and studied their electromagnetic interference (EMI) 

shielding effects. The EMI shielding effects of the composites showed a dominated 

reflecting mechanism, while by increasing the contents of single-walled carbon nanotube on 

an increased frequency, a contribution shifts from reflection to absorption mechanism. An 

EMI shielding effectiveness of 17 dB was attained at the single-walled carbon nanotube 

loading of 20 wt%. 
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Florin Tudorache et al. [78] was investigated the effect of electro-beam (EB) irradiation on 

conducting polymers polyethylene (HDPE) high-density filled with carbon black in dosage 

of 30-150 kGy. At room temperature, the resistivity and the intensity of positive coefficient 

of conducting polymers composites were reliant on carbon blacks contents which were 

aggregated in polymeric matrix. While the behavior of negative temperature coefficient of 

polymer composites were vanished from contents of 60 kGy. The irradiation of electro-beam 

(EB) caused to an enhancement in conducting polymers composites in electrical 

reproducibility because of the decreasing movement of carbon blacks particles with in the 

crystalline regions of on conducting polymers polyethylene (HDPE). 

Nassim Nasser Ali et al [79] stated that electrical behavior of polymers was improved by 

adding fillers such as ferrites. The particles size and shaped of the fillers were also 

influenced on properties. As acrylic-NiZn ferrites contents were increased permittivity with 

real part was increased by reason of the electronic interaction between ferrite and polymer 

composites at applied high frequency.  

Maria A.G.Soler et al. [80] synthesized PANI with iron oxide nanocomposites by oxidative 

polymerization consuming O2 and hydrogen peroxide as the oxidants and magnetic iron 

oxide nanoparticles having well catalytic activity, when oleic acid-coated particles are used. 

A good polymerization yield was achievable with iron oxide nanoparticles with oleic acid-

coated and H2O2 as oxidant. 

Elemír Ušák et al. [81] introduced nickel zinc spinel ferrite, PANI and silver nanoparticles 

have been synthesized by coating of ferrites with PANI and consequent Ag nanoparticles 

decorated onto the surface of the PANI shell. The antibacterial activity of PANI, NiZnFe2O4 

and Ag nanocomposite were investigated with higher antibacterial results. These composites 

have been isolated from the reaction solution by magnetic decantation rapidly. 

Hongbo Gu 
et al. [82] prepared cobalt spinel ferrite CoFe2O4 coated with PANI such as 

(PANI/ Co ferrite = 30% and 50%) and studied structural, electrical, magnetic and gas 

sensing measurements. The composites showed that the results of thermal stability improved 

clearly due interactions of PANI and ferrite, which can be used as a sensors for acetone and 

chloroform vapors at concentrations less than <100 ppm. 

C.S. Lehmann Fernández et al. [83] synthesized polypyrrole and CoFe2O4 cobalt spinel 

ferrite (PPY)/ CoFe2O4 spinel composites. In the electromagnetic study, ac conductivity and 
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magnetic behavior of composites were declined as cobalt spinel contents decreased. A likely 

mechanism was suggested to understand the formation of the PPY/ CoFe2O4 composites. 

M. Maria et al. [84] synthesized Zinc oxide (ZnO) and zirconia ZrO2 nanoparticles and 

studied the thermal, bactericidal and photocatalytic activity. The dye removal proficiency 

rises by decrease in pH and photocatalytic dosage contents increased. Moreover, these 

composites presented well antibacterial activity against two gram.  

Al-doped BiFeO3 (Bi1−xAlxFeO3 x = 0.0, 0.05, 0.1 and 0.15) was prepared by using solution 

combustion method using urea as the fuel technique by A.T.Ravichandran 
et al. [85]. The 

UV–visible spectroscopy and FTIR showed the strong interaction with Aluminum oxide 

nanoparticles. The Aluminum oxide nanocomposite particles revealed a good agreement of 

photocatalytic effect under irradiation of sunlight on Methylene Blue and Malachite dyes 

degradation. It has been suggested that the proposed method for the synthesis of  BiFeO3 

nano-composites with different conducting Aluminum oxide can be used for degradation of 

environmental pollution and textile industry. 

The photocatalytic properties of polyaniline/Mn0.1Ni0.45Zn0.45Fe2O4 (PANI/MnNiZn ferrite) 

were investigated [86]. The samples ferrite polymer was synthesized by chemisorption 

approach. Phase formation was confirmed by X-ray diffraction. Photocatalytic activities of 

the   PANI/MnNiZn ferrite  for the rhodamine B were analyzed by visible light range 430 

nm to 760 nm. It was observed that these samples were attributed excellent degradation of 

rhodamine B. 

The magnetic and structural properties of Cobalt spinel ferrite CoFe2O4 with Polyaniline 

nano composites were prepared by hydrothermal technique [87]. Phase formation was 

confirmed by X-ray diffraction. It was observed that CoFe2O4/PANI composite possessed 

excellent magnetic properties due to high value of coercivity so these composites materials 

are useful in recording core materials.  It was observed that composite possessed high 

magnetic properties due to excellent value of saturation magnetization, remanent and 

coercivity. 

The structural, photocatalytic activity, electrical, optical and magnetic properties of Carbon 

nanotubes (CNTs) /polyaniline was reported by Juanbi Li et al. [88]. The X-ray study 

revealed the phase conformation. It was observed that composite possessed high magnetic 
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properties due to excellent value of saturation magnetization, remanence and coercivity. The 

conductivity was found to be increase whereas magnetic properties decrease with the 

increase of PANI contact. Optical properties of composite sample Carbon nanotubes (CNTs) 

/polyaniline was obtained by using photocatalytic degradation of methylene blue reaction. 

All these samples Carbon nanotubes (CNTs) /polyaniline showed the good photo 

degradation activities.  

Electrical and magnetic properties of Magnesium spinel ferrite MgFe2O4 and 

MgGd0.05Fe1.95O4 with grapheme composites were investigated [89]. The MgFe2O/ 

MgGd0.05Fe1.95O4/PANI composites were characterized by X ray diffraction, transmission 

electron Microscopy, UV-vis spectroscopy, electrical and magnetic measurements. 

Electrical conductivity decreases with increase of MgFe2O4 and MgGd0.05Fe1.95O4 contact 

whereas magnetic susceptibility increases. The enhanced magnetic susceptibility these 

materials are useful in potential application of microwave absorption. The samples were 

characterized from 100Hz to 10 GHz and at temperature from -130 to +140 °C. It was 

observed that dielectric constant and dielectric loss decreases with increase of frequency and 

constant at high frequency which due to interfacial polarization and follows Maxwell-

Wagner model. A dielectric property decreases with increase of temperature due to thermal 

stability of interaction. 

S. Gowreesan et al. [90] reported the Cobalt spinel ferrite (Co1−xCaxFe2O4 x = 0.00, 0.05, 

0.10 & 0.15) was prepared by chemical polarization. The composite samples were studied 

AC and DC conductivity with different concentration. It was observed that Cobalt spinel 

ferrite dielectric property increases with decrease of frequency and dielectric constant 

become constant at high frequency which is due to interfacial polarization by hopping 

conduction mechanisms.  

Tong Mu et al. [91] represented that polypyrrole in an ionic liquid with different 

concentration was synthesized for the structural, optical and electrical characteristics. As a 

result, the optical band gap Eg was increased. By using Moss relation; the relation between 

refractive index (n) and (Eg) was measured and then the relation between optical high-

frequency dielectric constant (ɛʹ) and n were calculated. AC conductivity of semiconductor 

organic based composites reveals that the conductivity increases with increasing the 
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frequency. The absorption coefficient influences of the polypyrrole composites showed 

nearly-Debye type process.  

N.Kaur et al. [92] reported nano-composites composed on graphene oxide  and spinel ferrite 

i.e.  graphene oxide (GO) and MgFe2O4 with various ferrite concentrations  (10 to 30 wt%), 

were synthesized in hammer method and ferrite synthesized by sol-gel route.  The 

consequences of XRD and FTIR showed an interfacial interaction between Go and ferrite 

crystallites. The ferrite particles are entrenched into graphene oxide (GO) matrix as observed 

by TEM images. TGA curves presented the thermal stability of graphene oxide (GO)-ferrite 

composites was improved. MH loops indicate an enhancement in the magnetic 

characteristics as the addition of ferrite contents. The conductivity properties confirmed the 

interaction between graphene oxide and ferrite and exhibited a variation from metallic to 

semiconducting behavior by ferrite contents. 

S. Souza Pinto et al. [93] synthesized the different rare earth ion substitutions Fe3O4 (RE = 

Dy, Nd, La) by low cost in co-precipitation technique with microwave-absorbing properties. 

It used various characterization techniques like FTIR, XRD, SEM and TEM to establish 

materialization of rare earth ion substitutions ferrite composites. Overall results indicated 

that these composites display better absorption characteristics over a broad band at range 4 

GHz. The rare earth ion substitutions ferrite composites exhibited improved absorption 

property compared to other spinel ferrite at the frequency range of 2-20 GHz. It was found 

that by increasing the contents of rare earth ion, composites showed a shift of the attenuation 

peak in microwave-absorbing properties. 

Bala krishnan et al. [94] prepared well dispersed single-walled carbon nanotube 

CNT/polyurethane composites by physical blending technique and studied their 

electromagnetic interference (EMI) shielding effects. The EMI shielding effects of the 

composites showed a dominated reflecting mechanism, while by increasing the contents of 

single-walled carbon nanotube on an increased frequency, a contribution shifts from 

reflection to absorption mechanism. An EMI shielding effectiveness of 17 dB was attained 

at the single-walled carbon nanotube loading of 20 wt%. 

Darja Lisjak et al. [95] was investigated the effect of electro-beam (EB) irradiation on 

conducting polymers polyethylene (HDPE) high-density filled with carbon black in dosage 

of 30-150 kGy. At room temperature, the resistivity and the intensity of positive coefficient 
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of conducting polymers composites were reliant on carbon blacks contents which were 

aggregated in polymeric matrix. While the behavior of negative temperature coefficient of 

polymer composites were vanished from contents of 60 kGy. The irradiation of electro-beam 

(EB) caused to an enhancement in conducting polymers composites in electrical 

reproducibility because of the decreasing movement of carbon blacks particles with in the 

crystalline regions of on conducting polymers polyethylene (HDPE). 

N.Kannapiran et al. [96] synthesized composites of Poly(o-phenylenediamine) with spinel 

ferrites (CoFe2O4) via mechanical blending for microwave absorption study. The EMI 

shielding performance is observed quite well by Poly(o-phenylenediamine) with spinel 

ferrite CoFe2O4 composite. While composite owing 2.4 mm thickness was exposed high 

shielding efficiency (48.1 dB) attributable to absorption (SEA). It observed that Poly(o-

phenylenediamine) conducting polymer with spinel CoFe2O4 ferrite measured electrical 

behavior. The composition with Poly(o-phenylenediamine)/ CoFe2O4 was revealed with 

improved result of permittivity (ε)̸ as compared with pure polythiophene (PT). By increasing 

the frequencies the overall trend of conductivity of all samples was increased.  

A.D. Korkmaz et al. [97] studied microwave absorption behaviour of nickel spinel ferrite 

NiFe2−xVxO4 (x ≤ 0.3) nanoparticles by varying different concentration of ferrite. The 

nanoparticles  with 20 % of Vanadium  was exposed 24.5 dB reflection loss at 12GHz with 

bandwidth of -20 dB over the prolonged within 11–13 GHz and has a thickness of 1.6 mm. 

By increasing the ferrite contents as a result complex permeability was enhanced which was 

studied above 50 MHz. Subsequently, it was established that the matching frequency 

achieved maximum value while matching thickness minimized about 46.5 volume of 

percentage. Snoek’s product observed maximum value Smax ~3:0 GHz. 

Razzitte et al. [98] stated that electrical behavior of polymers was improved by adding fillers 

such as ferrites. The particles size and shaped of the fillers were also influenced on 

properties. As acrylic-NiZn ferrites contents were increased permittivity with real part was 

increased by reason of the electronic interaction between ferrite and polymer composites at 

applied high frequency.  

S. Kotresh et al. [99] synthesized PANI–CdFe2O4 nanocomposites by oxidative 

polymerization consuming O2 and hydrogen peroxide as the oxidants and magnetic CdFe2O4 

nanoparticles having well catalytic activity, when oleic acid-coated particles are used. A 
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good polymerization yield was achievable with CdFe2O4 nanoparticles with oleic acid-

coated and H2O2 as oxidant. The improved thermal stability was achieved of these 

composites. The conductivity was decreased as temperature decreased which clearly 

revealing semiconductor behavior. The microwave absorption characteristics enhanced at 

higher frequency with the increase of ferrite in PANI content.  Reflection loss reached −12.4 

dB at 2.5 GHz for Ni ferrite and −20.4 dB at 3.77 GHz for the composite containing 92 wt% 

PANI. 

Kooti et al. [100] introduced carbon nanotubes, polyaniline and Fe3O4 nanoparticles have 

been synthesized by coating of ferrites with carbon nanotubes and consequent Fe3O4 

nanoparticles decorated onto the surface of the PANI shell. The structural, electrical, 

magnetic and gas sensing measurements were investigated. The composites showed that the 

results of thermal stability improved clearly due interactions of PANI and ferrite, which can 

be used as a sensors for acetone and chloroform vapors at concentrations less than <100 

ppm.These composites have been isolated from the reaction solution by magnetic 

decantation rapidly. 

Polymer barium oxide PANI/ BaFe0.5Nb0.5O3 was prepared with in situ polymerization of 

aniline technique by Roberto et al. [101]. The UV–visible spectroscopy and FTIR showed 

the strong interaction with zinc oxide and conducting polymer PANI nanoparticles. The 

PANI and BaFe0.5Nb0.5O3 nanocomposite particles revealed a good agreement of 

photocatalytic effect under irradiation of sunlight on Methylene Blue and Malachite dyes 

degradation. It has been suggested that the proposed method for the synthesis of 

BaFe0.5Nb0.5O3 nano-composites with different conducting polymers can be used for 

degradation of environmental pollution and textile industry. 

The photocatalytic properties of Polyaniline/Ni0.5Zn0.5Fe2O4 were investigated [102]. The 

samples ferrite polymer was synthesized by chemisorption approach. Phase formation was 

confirmed by X-ray diffraction. Photocatalytic activities of the Polyaniline/ Ni0.5Zn0.5Fe2O4 

for the rhodamine B were analyzed by visible light range 430 nm to 760 nm. It was observed 

that these samples were attributed excellent degradation of rhodamine B. 

The magnetic and structural properties of spinel ferrite polymer blend-Fe3O4 with 

Polyaniline nano composites were prepared by hydrothermal technique [103]. Phase 

formation was confirmed by X-ray diffraction. It was observed that polymer blend-
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Fe3O4/PANI composite possessed excellent magnetic properties due to high value of 

coercivity so these composites materials are useful in recording core materials.  It was 

observed that composite possessed high magnetic properties due to excellent value of 

saturation magnetization, remanent and coercivity. 

      Cobalt spinel ferrite CoFe2O4 were analyzed by sol gel method and polyaniline 

composites were synthesized by in situ polymerization [104]. The synthesized samples were 

characterized by XRD, FTIR, SEM, Electrical, Optical and Magnetic measurements. The 

results revealed that electrical and optical properties increase with increase of concentration 

of ferrites in composite; it may be attributed to polaron/bipolaron. Single phase purity was 

obtained by X ray diffraction. FTIR data showed that nitrate ion disappeared at 1118 

cm−1.DC resistivity increases with increase of CoFe2O4 with polyaniline composites. Results 

showed that coecivity increases and saturation magnetization decreases with increases of 

Polyaniline in composites.  

The photocatalytic activity, electrical and magnetic properties of Ga(2x+2)NFe2(49-

x)O3/Polypyrrole (x=0.5,0.75) were reported by Rajani Indrakanti 
et al. [105]. The 

conductivity was found to be increase whereas magnetic properties decrease with the 

increase of PPY contact. All these samples Ga(2x+2)NFe2(49-x)O3/Polypyrrole  showed the 

good photo degradation activities.  

The electrical and magnetically   properties of MoS2 with Poly (Vinylidene Fluoride) 

composites were investigated [106]. The MoS2/Poly(Vinylidene Fluoride) composites were 

characterized by X ray diffraction, transmission electron Microscopy, UV-vis spectroscopy, 

electrical and magnetic measurements. Electrical conductivity decreases with increase of 

MoS2 contact whereas magnetic susceptibility increases. The enhanced magnetic 

susceptibility these materials are useful in potential application of microwave absorption.    

T. Bashir et al. [107] observed the dielectric properties of iron oxide with Polypyrrole- 

(Fe2O3 /polymer) nano composites. The samples were characterized from 100Hz to 10 GHz 

and at temperature from -130 to +140 °C. It was observed that dielectric constant and 

dielectric loss decreases with increase of frequency and constant at high frequency which 

due to interfacial polarization and follows Maxwell-Wagner model. A dielectric property 

decreases with increase of temperature due to thermal stability of interaction. The composite 

samples were studied AC and DC conductivity with different concentration. It was observed 
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that Fe2O3 /polymer dielectric property increases with decrease of frequency and dielectric 

constant become constant at high frequency which is due to interfacial polarization by 

hopping conduction mechanisms.  

M. A. Ramazanov et al. [108] represented that polyvinylidene fluoride in an ionic liquid 

with different concentration was synthesized for the structural, optical and electrical 

characteristics. As a result, the optical band gap Eg was increased. By using Moss relation; 

the relation between refractive index (n) and (Eg) was measured and then the relation 

between optical high-frequency dielectric constant (εʹ) and n were calculated. AC 

conductivity of semiconductor organic based composites reveals that the conductivity 

increases with increasing the frequency. The absorption coefficient influences of the 

polypyrrole composites showed nearly-Debye type process.  

Reza Peymanfar et al. [109] reported nano-composites composed on PANI and spinel ferrite 

i.e.  polyaniline and  CuFe2O4  with various ferrite concentrations  (10 to 30 wt%), were 

synthesized in situ polymerization method and ferrite synthesized by sol-gel route.  The 

consequences of XRD and FTIR showed an interfacial interaction between PANI and ferrite 

crystallites. The ferrite particles are entrenched into PANI matrix as observed by TEM 

images. TGA curves presented the thermal stability of PANI-ferrite composites was 

improved. MH loops indicate an enhancement in the magnetic characteristics as the addition 

of ferrite contents. The conductivity properties confirmed the interaction between PANI and 

ferrite and exhibited a variation from metallic to semiconducting behavior by ferrite 

contents. 

Ajmal et al. [110] Nio.5Zno.5Fe2O4 spinel ferrite was prepared by sol gel method. In situ 

polymerization method was used to synthesize polyaniline-Nio.5Zno.5Fe2O4  nano-composites 

having general formula (1-x)ferrite+(x)PANI where x = 0,0.3,0.5,1 (CP,CP1,CP2 and 

PANI). The effect of structural, optical and dielectric properties of the PANI Nio.5Zno.5Fe2O4 

nano-composites were investigated. XRD analysis confirmed that the Nio.5Zno.5Fe2O4 

particles were successfully dispersed in the PANI matrix with single phase structure. The 

crystallite size of nanocompositesincreased with increasing spinel ferrite contents in the 

PANI matrix due to amorphous structure of PANI. Optical band gaps was calculated by 

using Tauc relation which found that optical band gradually decreases with the increasing 

amount of Nio.5Zno.5Fe2O4 in PANI. The dielectric constants (ε′,ε′′), dielectric loss (tanδ) and 
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AC conductivity (σ54) were explained as a function of frequency (1 kHz to 1 MHz) which is 

described by Maxwell-Wagner Model. The spinel ferrite-PANI composite are valuable as 

microwave absorbers because of their low cost, light weight and flexibility. 

Liangchao Li et al. [111] synthesized the nanosized Zn0.6Cu0.4Cr0.5Fe1.46Sm0.04O4 

(ZCCFS0.04O) ferrite doped with Sm by a rheological phase reaction method. These 

nanoparticles were further used as templates for the fabrication of polyaniline-linked 

ZCCFS0.04O and polypyrrole-linked ZCCFS0.04O nanocomposites via in situ polymerization 

method. The structures, morphology and electromagnetic property of ferrite powders and 

nanocomposites were characterized by X-ray powder diffractometer (XRD), transmission 

electron microscope (TEM), four-point probe resistivity instrument (SDY-4) and vibrating 

sample magnetometer (VSM).The electronic and magnetic properties of the nanocomposites 

are tailored by controlling the ferrite content. The pure polyaniline (PANI) and polypyrrole 

(PPy) films with thickness of 2mm show a maximum reflection loss of −20.93 dB and 

−19.68 dB at 16GHz and an available bandwidth (frequency difference between points 

where the absorption is less than −8 dB) of 5.9 GHz and 6.2 GHz, respectively. When 

relative content of the ZCCFS0.04O in PANI/ZCCFS0.04O and PPy/ZCCFS0.04O composites 

with respect to aniline (pyrrole)monomeris approximately 20 wt%, themaximumreflection 

loss of−22.46 and −20.90 dB appear at approximately 14.07 and 14.05 GHz, and available 

bandwidth is broadened to 11.15 and 11.30 GHz, respectively. The results show that both of 

PANI/ZCCFS0.04O and PPy/ZCCFS0.04O composites can be used as advancing microwave 

absorption and shielding materials due to their favorable microwave absorption properties. 
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3.2 Motivation/ Aims and objectives of the Present Work 

The demand for the high frequency applications and miniaturization of the electronic 

devices has increased enormously. For this purpose low loss soft ferrites with high 

saturation magnetization and high resisitivity with low permittivity are required. The soft 

ferrite with such properties can be added as filler in a polymer material to reinforce the 

polmer for making complex parts with added advantage of flexibility. Such nano-composites 

may be useful at microwave frequencies with a little compromise with the properties. Under 

this notion in the present dissertation Y-type hexagonal ferrites will be investigated inorder 

to minimize the compromise on the perperties, since the properties of the Y-type hexagonal 

ferrites are close to soft ferrites with a little enhanced coercivity.  These facts motivate me to 

work on Y-type hexagonal/PANI composites with the doping of suitable transition metal 

cations.  

The literature reviewed in this thesis mostly related to composite materials based upon 

spinel ferrites which involve cubic structure. The composites made with spinel ferrites have 

relatively simple structure. However, composite materials made with ferrites having 

hexagonal structure have so for rarely been studied because of relatively complex structure. 

Only few researchers have investigated M-type hexaferrite based composite materials [51, 

56] for their electrical, magnetic or shielding properties. The compositions of nano-

composites selected for present work have not been studied to the best of my knowledge and 

literature. The Y-type hexaferrites having composition, i.e. CaBaCo2XFe12O22 is selected 

under the same notion mentioned above with X as Al, Ga and In dopant. The respective 

electronic configurations of these elements are (Al=Atomic no 13) 1s22s22p63s23p1 

(Ga=Atomic no 31), 1s22s22p63s23p64s23d104p1 and (In=Atomic no 49) 1s22s22p63s23p6 

4s23d104p65s24d105p1. It is predicted that the 3d electrons of these elements when replace the 

Fe atoms at octaherral sites will enhance the magnetic interactions between Fe+3 and Al 
+3, or Ga+3 or In+3 ions. Whereas properties of these additives will also contribute for the 

enhancement of the composite properties: Ca lowers the sintering temperature, Co is an 

anisoptropic element with the ability to boost the magnetic properties, Ba is the base element 

for hexagonal ferrites with the property to elevate the saturation magnetization. On the other 

hand Al/Ga/In may enhance magnetic interactions with site preference to octahedral sites.   
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 The aims and objectives of this dissertation are:  

1. To prepare the ferrite materials with the addition of transition metal elements e.g. Al, 

In or Ga so that they have low eddy current losses (high resistivity), higher saturation 

magnetization and low dielectric losses.  

2. To prepare Ferrite/Polymer nano-composites for mechanical flexibility and to make 

complex parts for high frequency applications e.g. sheliding and absorbing.   

3. To fabricate Ferrite/Polymer nano-composites with bandgap energy in the range 

from 3.0 to 4.0 eV so that these composites may be utilized for photocatalytic 

applications. 

4. The enhancement of coercivity and dielectric constant of these nano-composites for 

microwave absorbing and shielding applications. 

3.3 Compositions Selected for Present Studies 

For achieving the aims and objectives CaBaCo2-based Y-type hexaferrites doped with Al, In 

and Ga will be prepared. The following compositions of the ferrites with polymer, PANI are 

selected for the preparation of ferrite reinforced nano-composites.   

(1)  (1 - x) CaBaCo2Al 0.5Fe 11.5O22 + (x) PANI where x = 0.0, 0.25, 0.5, 0.75, 1.  

(2)      (1 - x) CaBaCo2In 0.5Fe 11.5 O22 + (x) PANI where x = 0.0, 0.3, 0.5, 0.8, 1. 

(3)      (1 -x) CaBaCo2Ga 0.5Fe 11.5 O22 + (x) PANI where x = 0.0, 0.25, 0.5, 0.75, 1. 

The Ca is added to achieve lower sintering temperature, which is the characteristic of 

calcium. 
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Chapter 4     Experimental Setup and Methods     

   of Analysis 

Following is the details about the experimental setup, sample preparation and 

characterization techniques and various methods applied for the data analysis. For the 

present work, the following three series of Aluminum, Indium and Galium substituted Y-

type hexafrrites (CaBaCo2Fe12O22) were prepared by sol gel method:  

(1)  (1 -x) CaBaCo2Al 0.5Fe 11.5O22 + (x) PANI where x = 0.0, 0.25, 0.5, 0.75, 1.  

(2)       (1 -x) CaBaCo2In 0.5Fe 11.5 O22 + (x) PANI where x = 0.0, 0.3, 0.5, 0.8, 1.  

(3)        (1 -x) CaBaCo2Ga 0.5Fe 11.5O22  + (x) PANI where x = 0.0, 0.25, 0.5, 0.75, 1. 

4.1 Preparation of Al-substituted CaBaCo2Fe12O22 Y-type Hexaferrite  

4.1.1 Chemicals 

Analytical grade reagents Fe(NO3)2•9H2O, Ba(NO3)2.3H2O, Co(NO3)2•6H2O, Ca(No3)2 , Al 

(NO3)2.3H2O, Citric acid C3H4OH(COOH)3, NH3 solution and methanol were used as the 

starting materials. The NH3 solution and methanol were used as precipitating solution and 

washing agent respectively. The Polyaniline monomer was taken by insitu polymerization. 

4.1.2 Synthesis of CaBaCo2Al0.5Fe11.5O22 Y-type hexaferrite 

The sol gel auto combustion method was used to synthesize CaBaCo2Al0.5Fe11.5O22 hexa-

ferrite. The stoichiometric amount solutions of iron nitrate Fe (NO3)2 (0.1M), calcium nitrate 

Ca (NO3)2 (0.0166M), cobalt nitrate Co (NO3)2 (0.0166 M), aluminum nitrate Al (NO3)2 

(0.0166), barium nitrate Ba (NO3)2 (0.0166 M) and citric acid (0.1998 M) were dissolved in 

deionize water. The above molar solutions were mixed in a 1000 ml beaker. The ammonia 

solution (2 M) was added with continuous stirring to maintain pH 7. The solution was 

heated at 80°C with continuous stirring to converted viscous gel. After the formation of gel 

the gel was heated at 360°C to converted gel into ash. In order to obtain homogeneous 
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material, the ash was ground with the help of mortar & pestle and then sintered at 1000°C 

for 5 hours. The powder was pelletized under the force of 30KN force. 

4.1.3 Synthesis of Ferrite-PANI composites by In-situ polymerization of 

PANI 

The detailed of synthesis PANI (Polyaniline) was reported in our previous study [1]. To 

synthesize composites, stoichiometric amount of aniline monomer and ferrite filler were 

mixed in required amount of HCl. The ammonium peroxydisulfate [(NH4)2S2O8] (APS) 

solution was slowly added in the aniline solution and the stirring continued for about an 

hour. It became thick and greenish in colour. A calculated amount of sintered powder (filler) 

was added in the required amount of aniline with continues stirring for 1h. Finally greenish 

solution was kept at room temperature for the 24 h. After repeated filtration process the 

filtered sample was dried in an oven at 60°C for 24 h. Mortar and pestle was used to grind 

the dried power. A force of 30 kN was used to make pellets of composite materials using 

hydraulic pressing machine.   

4.2 Preparation of Indium (In) substituted CaBaCo2Fe12O22 Y-type 

hexaferrite  

4.2.1 Chemicals 

Following chemicals were used for the preparation of In doped samples; 

Ca(No3)2 (Riedel-de Haen, 99%), Fe(NO3)2•9H2O (Riedel-de Haen, 97%), Ba(NO3)2.3H2O 

(Riedel-de Haen, 99%), Co(NO3)2•6H2O (Riedel-de Haen, 99%), In (NO3)2.3H2O (Riedel-de 

Haen, 99%), Citric acid C3H4OH(COOH)3 (Riedel-de Haen, 99%) , NH3 (Fisher Scientific, 

35%) and methanol (Riedel-de Haen, 99%) were used as received materials. 

4.2.2. Synthesis of Ferrite 

The Y-type sample CaBaCo2In0.5Fe11.5O22 was synthesized by Sol-gel auto combustion 

method. The required amounts of stoichiometric salts were dissolved in de-ionized water. 

All the solutions were mixed in a beaker with continuous stirring for 30 minutes at room 
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temperature. Then required amount of citric acid 0.1998 g was added in the solution. To 

maintain pH-7 ammonia solution was mixed in the solution with continuous stirring at 80 °C 

until it is converted into gel. The gel was dried in an oven at 150°C for 24 h to convert into 

powder. The powder was sintered at 1100°C for 5h in programmable box furnace (Heyaius, 

D-6450 Hanau, Germany). 

4.2.3 Synthesis of composite 

The required amount of aniline (0.2M) was dissolved in 50ml de-ionized water with 

continuous stirring for 30 min in ice bath. HCL (0.1M) was added by drop wise to maintain 

pH 2. The APS (0.1M) was mixed slowly in aniline solution with a continuous stirring for 

an hour. Finally solution was kept for 24h at room temperature. After repeat filtration 

process paste of PANI was dried in oven at 60°C for 24 hours. To synthesize the composites 

insitu polymerization of aniline was carried out with required amount of filler added 

simultaneously. The composites with chemical formula (1-x) CaBaCo2In0.5Fe11.5O22 + (x) 

Polyaniline (x=0.0, 0.3, 0.5, 0.8, 1.0) were obtained.  

4.3 Preparation of Ga-substituted CaBaCo2Fe12O22 Y-type hexaferrite  

4.3.1 Chemicals 

Ca(No3)2 (Riedel-de Haen, 99%), Fe(NO3)2•9H2O (Riedel-de Haen, 97%), Ba(NO3)2.3H2O 

(Riedel-de Haen, 99%), Co(NO3)2•6H2O (Riedel-de Haen, 99%), In (NO3)2.3H2O (Riedel-de 

Haen, 99%), Citric acid C3H4OH(COOH)3 (Riedel-de Haen, 99%) , NH3 (Fisher Scientific, 

35%) and methanol (Riedel-de Haen, 99%) were used as received materials. 

4.3.2 Synthesis of CaBaCo2Gao.5Fe11.5O22 ferrite (filler) 

The analytical grade chemicals and reagents used were without any further purification 

during the synthesis of ferrite filler. Y-type hexa ferrite CaBaCo2Gao.5Fe11.5O22 was 

synthesized by sol gel technique. The parent materials Calcium nitrate Ca(NO3)2, Barium 

nitrate Ba(NO3)2, Galium nitrate Ga(NO3)3, Cobalt nitrate Co(NO3)2 and Ferric nitrate 

Fe(NO3)3 were dissolved with deionized water and the same amount with molar ratio of 

citric acid (1:1) nitrate molar solution was added. The suspension of all chemicals was 
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constantly stirred for 1 h at 90 °C temperature. To stabilize the nitrate-citrate molecules the 

pH of the solution was maintained at 7 from the vicious wet sol-gel. At high temperature 

(300°C), the sol-gel immediately was subjected to combustion under aerobic conditions. The 

sol-gel mixture was transformed into brown puffy porous material after the combustion 

process. The ferrite was powder obtained after the calcination process of the brown puffy 

porous material at high temperature 1000 °C for 5 h, which were kept in glass vials at room 

temperature. 

4.3.3 Synthesis of ferrite filler-polyaniline (PANI) nano composites 

Nanocomposites of different polyaniline with ferrite were prepared via in-situ 

polymerization of PANI. The required amount of aniline (0.2M) was dissolved in 50ml de-

ionized water with continuous stirring for 30 min in ice bath, HCl (0.1M) was mixed to 

maintain pH = 2. APS (0.1M) was mixed slowly in aniline solution with continuous stirring 

for an hour. The solution was then kept for 24h at room temperature for further 

polymerization. After repeat filtration process composite material obtained in the form of 

paste was dried in oven at 60°C for 24 hours. To synthesize the composites in with general 

formula (1-x) CaBaCo2Ga0.5Fe11.5O22 + (x) Polyaniliine (x = 0.25, 0.50, 0.75) in-situ 

polymerization of PANI was carried out with simultaneous addition of ferrite filler in the 

required amount. The required solution kept for one day at room temperature. After filtration 

the paste was dried in oven at 60°C for 24h. 

4.4 Experimental Characterization Techniques 

The characterization techniques used for the synthesized samples are given below: 

(1) X-ray Diffraction 

(2) Scanning Electron Microscopy  

(3) UV-visible spectroscopy  

(4)  Resistivity measurements 

(5) Dielectric measurements 
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(6) Vibrating Sample Magnetometry 

4.4.1 X-ray Diffraction  

X-ray diffraction is the best technique to check the crystallinity and it gives information 

about structure of the material. The lattice parameters, cell volume, hkls of planes, d- 

spacing, can be obtained from XRD.  X-rays are produced when de-excitation of electrons in 

the metal target occurs.  The characteristic x-rays are produced due to inner shell transitions. 

X-rays are produced in an X-ray tube that comprises of an electron gun and metal target 

filled with inert gas e.g Cu, Co, Mo and W etc. [1].  

4.4.1.1 Working Principle 

Crystal is made of periodic and regular arrangement of atoms in three dimensions. Basically 

X-rays are electromagnetic waves. Single electrons radiate energy in the form of spherical 

waves. Crystal is bombardment with single beam of X-rays. Bragg's phenomenon occurs 

when spherical wave will behave constructively and this is possible when electrons show 

symmetrical d-spacing. The Bragg’s law is given by:  

                                               2ì sin íî�ï = ð¿           (4.1) 

This equation is related to constructive interference as indicated by Fig. (4.1). 

 

 

Fig. (4.1) Schematic of X-ray diffraction. 

(http://skuld.bmsc.washington.edu/~merritt/bc530/bragg/) 
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The X-ray diffractometer consists of three parts:  

 X-ray Generator  

 Recording and counting equipment 

 Goniometer  

 

Fig. (4.2) Geometrical representation of the constructive interference [3]. 

(https://www.unf.edu/~michael.lufaso/chem4627/ch2_solid_state.pdf) 

 

Fig (4.3) Schematic diagram of X-Ray Diffractrometer [2]. 

(https://pubs.usgs.gov/of/2001/of01-041/htmldocs/xrpd.htm) 
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 X-ray diffraction of crystalline materials is best methodology for powder. Samples are 

placed in sample holder and X-rays are incident on the sample from X-ray tube. The sample 

is rotated on a Goniometer. The diffracted X-rays are detected by a detector [2].  

Hexa ferrite phase purification was detected by using the X-ray diffractometer. For 

diffraction patterns using on X-ray diffractometer model JDX-3532 JEOL Japan was used 

equipped with Cu-kα radiations. A scan step of 0.02° was set up when the sample was 

scanned through 2θ in 20 to 70° range. The tube was operated 40 kV and 30 mA [3].  

Volume of unit cell of Hexagonal structure was calculated by using relation: 

                                                 V4�22 = 0.866a+c                     (4.2) 

Scherrer’s formula was used to calculate Crystallite size (D) given by [4]:  

                                                    D =  kλ β cos θ©⁄                            (4.3) 

Where â is the shape factor, its value is 0.89 for hexagonal structure, ¿ is wavelength of X-

rays, β is the width at half maximum (FWHM) of intensity and θB is the Bragg’s angle. 

4.5 Scanning Electron Microscopy 

Scanning electron microscopy is utilized to explore the remarkable characteristics of 

morphology of surface about size and shape of particles on the surface of the sample. In 

SEM electron ray is scanned on the surface of the sample. Due to interaction of primary 

electron with metal, many signals are produced when a concentrated ray of electrons strike 

the surface of the specimen. These signals are detected by the detector that gives the 

important facts about the sample’s surface and chemical composition. SEM has two main 

advantages over the optical microscope. The magnification can be increased from 1000x to 

2000x up to 30,000x to 60,000x and it is also improvised the resolution depth by a 

parameter of round about 300. 

In SEM electron ray is incident on a small place and as a consequence electron extracts out 

of the sample surface. These electrons are called as secondary electrons. Secondary 

electrons have low energy and small average mean free path. The back scatter electrons 

detector signal is made by scattering of primary electrons through the interaction between 
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ray of primary electrons and the atomic nucleus of the sample. With the enhanced atomic 

number, the intensity of backscatter electrons is enhanced and thus the signal comprises data 

about the chemical composition. 

JEOL JSM-840 SEM was utilized in this regard that is equipped with secondary and 

backscattered electron detectors. The accelerating voltage is about 3-35 kV having 

resolution value of 4 nm. 

4.5.1 Working Principle of SEM 

SEM consists of long evacuated column containing filament, anode, condenser and magnetic 

lenses.  For SEM two kinds of filaments can be used either LaB6 or tungsten filament.  

Magnetic lenses are used to production of magnetic field. Diameter of electron probably is less 

than 10 nm which is complex used. Electron beam scanned horizontally in X, Y plane across 

specimen. 

Electrons are produced due to elastic scattering as secondary electrons and elastic scattering as 

back scattered electrons. Secondary electrons are used for investigation of the surface properties 

of sample, an image is obtained by collecting secondary electrons from each point of specimen 

[7]. By analysis of composition of both kind of scattering it can be observed that back scattered 

electrons are more useful because due to fact that electrons penetrate in the sample very deep. 

By increasing atomic number intensity of back scattered electrons can be improved. The 

schematic of Scanning Electron Microscopy is shown by following diagram in Fig. (4.4). 
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Fig (4.4) Schematic diagram of Scanning Electron Microscopy (SEM) [8]. 

4.6 Optical Properties 

4.6.1 UV-Visible spectroscopy  

The schematic diagram of UV-Visible spectrophtometer is shown in Fig. (4.5). The detector 

consists of photodiode or a charged couple device (CCD). The light with single wavelength 

should be reached at detector, so monochromators are used with photodiodes. To measure 

the absorbance at UV spectrum then the other lamps should be turned OFF. For visible light 

absorbance, the UV and IR bulbs should be turned OFF [9-10]. 
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Fig. (4.5) Schematic diagram of UV−Vis Spectrophotometer [15]. 

(https://www2.chemistry.msu.edu/faculty/reusch/VirtTxtJml/Spectrpy/UV-Vis/uvspec.htm) 

The single frequency or single wavelength of light (monochromatic) is used for 

spectrophotometry. The light splits into two equal intensity beams before it reaches the 

sample by a half mirrored device. The beam is called the sample beam is passes through a 

small transparent container (cuvette) that has a solution of the compound being under 

examination in a transparent solvent. The other beam is called the reference is passes 

through an identical cuvette that has only the solvent. Both the cuvettes (containers) must be 

transparent to the radiation which will pass through them. For UV visible spectrophotometry 

quartz or fused silica (SiO2) cuvettes are used. 
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Fig. (4.6) Experimental set up of UV−Vis Spectrophotometer . 

(https://en.wikipedia.org/wiki/Ultraviolet%E2%80%93visible_spectroscopy) 

At the same position of cuvettes the light sensitive detectors are present which measures the 

intensity of light that is transmitted from the cuvettes and a meter records and displays the 

information values on an LCD screen. Here electronic detectors are also used that measure 

and compare the intensities of light beams [11-12]. There are two types of detectors that are 

used in spectrophotometry (a) Phototube and (b) Photomultiplier tube 

Phototube or photocell is a type of gas filled or vacuum tube that is very sensitive to light 

which enters in it. The photomultiplier tube is very sensitive vacuum tube. It is used for 

detection of UV, visible and near infrared ranges of the electromagnetic spectrum. When 

light is passed through the photomultiplier detector tube a current is produced. This detector 

multiplies the current that is produced by incident light as much as 108 times [13-14]. 

The sample and reference beams are measured at the same time. The intensity of the 

reference beam is Iₒ and the intensity of the sample beam is I. In a very short interval of time 

the spectrophotometer scans all the component wavelengths automatically with very 

accurately in manner described earlier. The UV-region is scanned from 200 nm to 400 nm 

and visible scanning range is from 400 nm to 750 nm. The concentration and molecular 
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structure or structural changes can be determined very accurately by this method [15]. The 

experimental setup of UV-visible spectrophotometer is depicted in Fig. (4.6). 

4.7 Electrical and Dielectric Properties  

By using two-probe method, DC electrical resistivity (ρ) was measured using formula 

below. A Keithly source meter model-2400 was used for resistivity measurements [16]: 

                                 ρ = R A d.                                      (4.4) 

Where R is the resistance, d is the thickness of pellet and A is the cross section area of the 

electrode in contact with the surface of pellet sample.  

Dielectric measurements were taken on impedance analyzer model E4991 ARF (Agilent). 

Dielectric constant was calculated using the relation [16-17]:  

                                   ;′ = C d Ðε°.                                                     (4.5)  

Where capacitance was measured by using impedance analyzer model E4991ARF. 

Dielectric loss was measured experimentally and loss tangent of all samples was calculated 

by the following equation [18]:  

                                   tanδ = εóó εó⁄                                          (4.6) 

The AC conductivity is calculated as follows [17-18]:  

                                    σ54 = 2π f ε° εóó                                      (4.7) 

Where σ54 is the AC conductivity, ε0 is the premtivity of free space and f is the frequency. 

4.8 Magnetic properties 

4.8.1 Vibrating Sample Magnetometer (VSM) 

VSM is one of the most reliable equipment that is devised to measure and characterize the 

magnetic properties of the sample as a function of applied field. The principle of this method is 

based on Faraday’s law of induction. The changing magnetic field will be produced an electric 

field. It is commonly calibrated with standard Nickel sample of known magnetic moment. The 
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specimen to be investigated is saddled within pick up coils in a uniform magnetic field and is 

made possible to undergo mechanical movement. The uniform magnetic field will magnetize 

the specimen. The magnetized specimen will produce magnetic field surrounding it. This 

magnetic field will become time dependent owing to the up and down motion of the specimen 

and can be tested by utilizing the pick up coils. The time changing magnetic field produce an 

electric field (current) in pick up coils. According to Faraday law of induction; this current will 

be increased as the magnetization of the specimen increases that is amplified by the lock in 

amplifier. Sample rod which is accumulated in an eletromechanical transducer has sample 

holder at its end on which sample is placed. An oscillator at 90Hz frequency runs a power 

amplifier which propels the transducer. Oscillation of the sample takes place vertical to 

magnetizing field i.e. along z-axis. Differential amplifier is fed with a signal in pick-up coil 

system caused by magnetic field. The oscillator supplies a reference signal to the inter lock of 

amplifier [19-20]. DC signal is obtained by resultant of magnetometer and lock in amplifier. 

Magnetic moment of the sample being examined and DC signal are proportional to each other. 

In order to obtain a saddle point electromechanical transducer is displaced in X, Y and Z 

orientations. By measuring the signal of pure Ni calibration of VSM is completed. At saddle 

point pure Ni of known magnetic moment is placed. Measurements of VSM show that 

magnetic moment is function of magnetic field. 

When M-H loop is drawing initial at zero applied field it give information about coercivity, 

remenance and magnetization [20]. Lakeshore VSM model 7400 was used to plot the MH-

loops of the samples as maximum applied field of one Tesla.  
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                Fig (4.7) Schematic diagram of Vibrating Sample Magnetometer [15]. 
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Chapter 5 

           RESULTS AND DISCUSSION 

CaBaCo2Al0.5Fe11.5O22/PANI Composites 

5.1 CaBaCo2Al0.5Fe11.5O22 

5.1.1 X-ray Diffraction 

The phase purity was checked using X-ray diffraction at the room temperature. Fig. (5.1) 

shows the XRD patterns of the samples of this series. A computer controlled JDX-3532 

JEOL (Japan) diffractometer, operating at 40KV and at 30 mA, was used to record X-ray 

diffraction patterns. The Cukα (λ = 1.5406Å) radiations were used with Ni filter. Each 

sample Scanned was done in 2θ range 20o to 70o. The comparison of all the peaks of X-ray 

diffraction patterns of CaBaCo2Al0.5Fe11.5O22Y-type ferrite were compared with JCPDS card 

No 00-019-019-0100. It was observed that CaBaCo2Al0.5Fe11.5O22 reveals single phase Y-

type structure Table (5.1) shows the 2θ, d-values and hkl of the samples.  

Table (5.1) CaBaCo2Al0.5Fe11.5o22 2θ value, d value and hkl 

Sr.No. 2θ (I/Io)x100 hkl dhkl (Å) 
1 30.51 100 (1 1 0) 2.91±0.09 
2 32.09 66 (1 0 13) 2.80±0.08 
3 33.72 40 (0 1 14) 2.68±0.08 
4 35.76 71 (1 1 9) 2.49±0.07 
5 37.09 33 (0 0 18) 2.40±0.07 
6 56.39 25 (1 2 14) 1.61±0.04 
7 63.17 30 (2 1 19) 1.45±0.04 

 

X-ray diffraction patterns also showed that both the phases of CaBaCo2Al0.5Fe11.5O22 and 

PANI co-existed in the composite samples. The appearance of peaks of 

CaBaCo2Al0.5Fe11.5O22 in all the compositions of PANI confirms the presence of ferrite 

particles in the polymer matrix. Owing to the amorphous behavior of polyaniline, a decrease 
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in the peak intensity of the composites is observed [1-6]. Moreover no shift in peaks is 

observed which indicates that no exfoliation in ferrite/polymer nanocomposites occurred.  

 

Fig (5.1) X-ray diffraction patterns of CaBaCo2Al0.5Fe11.5O22 (F), FP1, FP2, FP3 and PANI. 

The Scherrer’s Formula [7] was used for the calculation of the crystallite size for each 

sample from the X-ray diffraction patterns as given below:  

                                         D = kλ β cos θ©⁄                           (5.1) 

Where k is the shape constant with the value 0.89 for the hexagonal system, whereas λ is the 

wavelength of Cukα radiations (λ=1.5406 Å). β gives broadening of the diffraction lines, the 

measurement of which has been taken at the half width of maximum intensity,  θB stands for 

Bragg’s angle of diffraction. The crystallite size of pure ferrite was determined to be equal 

to 22.21 nm. It is larger as compared with the size of ferrite-PANI composites. The grain 

size increases with the decrease in the density of grain boundary [8]. Hence the grain 

boundary mobility can be considered as the possible reason for the increase in the grain size. 
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The volume of the unit cell and Lattice constant ‘a’ & ‘c’ were calculated using equations 

(5.2) & (5.3) for ferrite & composites [9]. 

             Sin+θ = λ+/3a+(h+ + hk + k+) + (λ+/4c+)õ+                 (5.2) 
                                     V = 0.8666a+c                                                                        (5.3)         

Volume of unit cell and calculated values of lattice parameters are tabulated in Table (5.2).  

Table (5.2): Lattice constants and cell volume of unit cell of the synthesized samples F 
(CaBaCo2Al0.5Fe11.5O22), FP1, FP2 and FP3.  

Parameters F(Ferrite) FP1 FP2 FP3 
a(Å) 5.89±0.17 5.92±0.18 5.93±0.18 5.95±0.17 
c(Å) 43.54±1.30 43.39±1.30 43.49±1.30 43.46±1.30 
Cell Volume (Å3) 1308.00±0.22 1316.89±0.21 1324.39±0.21 1332.42±0.22 
Grystalite size  (nm) 22.21 24.41 26.21 27.31 
 

5.1.2. Scanning Electron Microscopy (SEM) 

Fig. (5.2) indicates scanning electron microscopy (SEM) for (a) Ferrite 

CaBaCo2Al0.5Fe11.5O22 (F) (b) FP1 (c) FP2 (d) FP3 and (e) PANI (PP). It can be observed 

that the Y-type hexagonal ferrite expressions homogenous structure with agglomeration of 

grains. In composites the ferrite particles can be seen tucked into the polyaniline matrix. The 

phase contrast shown by the SEM profile of ferrite-polyaniline composites is conspicuous, 

whereas the darker phase corresponds to polyaniline and bright phase is ferrite [10-11].  
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(a) Pure Ferrite (F) 

 
(b) FP1 
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(c) FP2 

 

(d) FP3 
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(e) PANI (PP) 

Fig. (5.2) SEM profiles of Pure Ferrite (F), FP1, FP2, FP3 and PANI (PP). 

5.1.3 Dielectric properties 

5.1.3.1 Dielectric constant 

The following formula was used to calculate the dielectric constant (ɛ') from measured value 

of the capacitance (C) [10-12]: 

                                ;ó = öì/Ð;ₒ                          (5.4) 

The variation of dielectric constant (;ó) vs. frequency (20Hz-1MHz) is exposed in Fig (5.3). 

The value of dielectric constant (;ó) is found to be higher at the low frequencies. There are 

different factors that are responsible for the higher values of dielectric constant (;ó) 

including grain boundary defects, Fe2+ ions, oxygen vacancies and the interfacial dislocation 

pile up leading to interfacial polarization [13-14]. On increasing the frequency a decrease in 

the dielectric constant was observed and it became nearly constant at higher frequencies. 



121 

  

This is due to the fact that the dipoles are unable to follow the ac field and they are lagged 

behind [10]. Hence, there is a decrease in the polarization with the increase in frequency. 

Finally, it becomes constant and gives rise to the relaxation phenomenon. According to 

Maxwell-Wagner [11], the space charge polarization is because of the inhomogeneous 

structural behavior of dielectric material. According to Maxwell-Wagner model the well 

conducting grains are separated by the insulating and thin grain boundaries [12]. The grain 

boundaries are effective in the region of low frequency, hence at low frequency, the high 

value of dielectric constant is obtained. On the other hand, at high frequencies, the dielectric 

constant exhibits low values due to mismatch in the hopping frequency and the applied 

frequency. Where the polarization occurs at the interface due to hopping of electron on the 

equivalent lattices sites i.e.; Fe+3↔Fe+2 and Al+3↔Al+2 respectively. 

Fig. (5.3) shows the variation of dielectric constant vs. ferrite content in the PANI matrix. 

The dielectric constant of the composites was observed to be decreasing with the increase in 

the content of ferrite filler (decreases PANI) at fixed frequency as revealed in Table (5.3). 
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Fig. (5.3) Variation of dielectric constant (;ó) vs. applied field frequency for F, FP1, FP2, 

FP3 and PANI (PP). 

Table (5.3) The Room temperature resistivity, activation energy and dielectric properties (at 
1MHz) of   synthesized samples F(CaBaCo2Al0.5Fe11.5O22), FP1, FP2, FP3, and PANI 

Parameters Ferrite FP1 FP2 FP3 PANI 

Resistivity (Ω- cm) at  

room temperature 
(3.81±0.11)10

9
 (3.19±0.09)10

7
 (1.42±0.04)10

5
 (3.17±0.09)10

4
 (3.30±0.99)10

1
 

Activation energy (eV) 0.65±0.01 0.51±0.01 0.46±0.01 0.26±0.00 0.10±0.01 

Dielectric constant 9.1×10
1
 1.1×102

 2.9×102
 7.5×102

 1.2×103
 

Dielectric loss 4.2×10
1
 2.6×10

1
 3.9×101

 4.8×10
2
 1.1×10

3
 

Tangent loss 0.21 0.42 0.74 0.96 1.07 

AC conductivity(S/m) 2.4×10
-6

 1.45×10
-5

 2.1×10
-5

 4.3×10
-5

 8.0×10
-5

 

 

5.1.3.2 Dielectric Loss (;′ó)  
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The variation of dielectric loss(;′ó) vs. frequency is shown in the Fig (5.4). The dielectric 

loss (;′ó) is directly dependent on the tangent loss (tan δ). The dielectric loss (ε״) decreases 

with an increase in the frequency and it indicates the amount of energy dissipated in 

dielectric with the applied electric field. Owing to the insulating grain boundaries, the 

resistivity is large at the lower frequencies; hence there is a need of more energy for the 

exchange of electrons between Fe3+ and Fe2+ ions. Therefore, high value was recorded for 

dielectric loss (;′ó). The conducting grains offer less resistance therefore low values of 

dielectric loss (;′ó) is observed in high frequency range.  

 

Fig. (5.4) Variation of dielectric loss factor (;′ó) vs. applied field frequency of F, FP1, FP2, 

FP3 and PANI (PP). 
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5.1.3.3 Tangent loss (tan δ) 

The loss tangent is determined by using the formula [13]: 

   tanδ = εóó εó⁄        (5.5) 

Fig. (5.5) Variation of dielectric tangent loss (tan δ) vs. applied field frequency for F, FP1, 

FP2, FP3 and PANI (PP). 

The variation of dielectric tangent loss (tanδ) vs. high frequency range (20 Hz to 1M Hz) is 

illustration in Fig. (5.5). On the other hand, high value of tangent loss is observed in the low 

frequency region. The tangent loss decreases with the increase in the field frequency, and it 

becomes almost independent at higher frequencies. The dielectric dispersion in ferrites is 

based on Maxwell-Wagner model [14-15] and Koop’s phenomenological theory [16]. Two 

phenomena initiate the dielectric loss in ferrites: (1) hopping of electrons and (2) charged 

defect dipoles. The dielectric loss is responsible for the hopping of electrons in the low 
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frequency range. In the high frequency region, the dielectric loss is due to the reaction of 

defect dipoles to the applied field. With the increase in frequency, the relaxation of dipoles 

decreases in the presence of an electric field. It eventually reduces the dielectric loss in the 

high frequency region [17]. The impurities and imperfections in the structure of crystal 

lattice may be responsible for this dielectric loss [18]. 

5.1.3.4 AC Electrical Conductivity (σσσσac) 

The following formula was used to calculate the AC conductivity of all the samples              

[15];                       

                                            σ54 = 2πfε°εóó                         (5.6) 

Fig. (5.6) shows the variation in AC electrical conductivity (σac) as a function of frequency. 

It is observed that in the higher frequency range 20 Hz to 1M Hz the hopping of electrons 

between the ions of Fe3+ and Fe2+ at the octahedral sites is responsible for the AC 

conductivity (σac) of the ferrite materials. With the increase in the frequency of the applied 

field, the frequency of electrons hopping between the Fe3+ and Fe2+ ions increased, there by 

polarization increases and hence the AC conductivity also increased. As explained by the 

Maxwell-Wagner model, there are conducting grains in the ferrite materials and these grains 

are separated by thin layers of considerably resistive grain boundaries [19]. The grain 

boundary effect decreases the AC conductivity at low frequency. However, the conducting 

behavior of grains is responsible for the dispersion behavior at high frequencies [20].         
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Fig. (5.6) Variation of ln (σac) vs. ln (ω) of F, FP1, FP2, FP3 and PANI (PP). 

The power law explains the mutual relationship between the AC conductivity and frequency 

[21-22]:  

                                  σw3wAωB =  σ�� + AωQ                                    (5.7) 

Where σDC stands for DC-conductivity; n is the fractional exponent, a dimensionless factor; 

and A is the pre-exponential factor with units of electrical conductivity. The electrical 

conductivity becomes equal to DC conductivity and independent of frequency as n reaches 

zero. When n is equal to or less than 1, the conductivity becomes dependent on frequency 

[23]. Therefore, the AC conductivity can be considered as the sum of DC conductivity and 

AC conductivity across the insulator matrix. 
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5.1.4 Electrical Resistivity Measurements 

5.1.4.1 Room Temperature Resistivity 

The following relation was used to calculate the DC electrical resistivity [24]: 

                                            ρ = R A d.                           (5.8) 

Where “A” stands for electrode area in contact with the sample; “d” thickness of sample; 

and “R” resistance of the sample obtained from I-V graph. Table (5.3) shows the 

relationship between the resistivity of polyaniline, CaBaCo2Al0.5Fe11.5O22 Y-type ferrite and 

ferrite-PANI composites FP1, FP2 and FP3 at room temperature. The resistivity of PANI 

(ρ= 3.3×101 ohm-cm) is considerably low at room temperature. But in case of PANI-ferrite 

composites,  with decreasing PANI contents from 75%, 50% and 25%, there is an increase 

in the resistivity of composites from 3.17×104 to 3.19×107 (ohm-cm). The resistivity of pure 

ferrite measures 3.81×109 ohm-cm. Therefore, as compared with that of pure ferrite, the 

resistivity of ferrite-PANI composites increases with an increase in the content of ferrite. 

The electrical resistivity can be explained due to the influence of the cationic stoichiometry 

and their site preference in the specific sites. The distribution of metals ions in S and T 

blocks among the two distinct sites (tetrahedral and octahedral) is very vital to describe the 

resistivity of Y-type hexaferrites.  Room temperature resistivity of pure ferrite is high due to 

the presence of  Al+3 content, as Al3+ ions prefer to occupy octahedral sites followed by the 

migration of some Fe3+ ions to tetrahedral sites and altering them into Fe2+ ions. As a result 

Fe3+ ions concentration is lowered at octahedral sites. This would limit the hopping 

probability between Fe3+ and Fe2+ ions there by enhancing the resistivity. The particle 

blockage of conduction path by ferrite nanoparticles, embedded in the PANI matrix, may be 

responsible for an increase in the resistivity of composites [21].  
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Fig. (5. 7) Arrhenius plots for Pure Ferrite, FP1, FP2, FP3, PANI (PP). 

5.1.4.2 Temperature Dependent Resistivity 

Temperature dependent resistivity of these samples was measured in the temperature range 

of 303-483K. Fig. (5.7) show that the DC resistivity decreases linearly with temperature for 

all the samples. This can be attributed to the increase in drift mobility of thermally activated 

charge carriers [22]. The observed decrease in DC resistivity with temperature is normal 

behavior for ferrite which resembles with semiconducting behavior that follows the 

Arrhenius relation [21]: 

                                ρ =  ρ3 exp A
E5 k© T
. B                        (5.9) 

Where Ea stands for activation energy, ÷ø  is a temperature-dependent term, k© is the 

Boltzmann constant. The conduction mechanism is due to both i.e. mobility of electrons and 

holes. The mobility of holes increases with temperature as it involves the thermal activation 

process and as result the resistivity starts to decrease. The decrease in resistivity with 

increased temperature for the synthesized materials is in agreement with already reported 

results [23-24].  
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5.1.4.3 Activation Energy 

The activation energies were calculated from the slopes of Arrhenius equation (5.9). Taking 

into account the composition, the behavior of the electrical resistivity and the activation 

energy has been observed to be similar, the values are tabulated in Table 5.3. The samples 

having higher values of activation energies have higher resistivity and vice versa [25]. From 

higher values of activation energy for high ferrite content, it can be inferred that ferrite 

nano-particles embedded in polyaniline matrix give rise to blockage in the conduction 

mechanism.  

5.1.5 Optical Properties Characterization  

For an insight into the optical properties e.g. the optical band gap and any similar type of 

spectral transition (i.e. interband or intraband etc.), optical characterizations of different 

types of ferrite filler with polyaniline (PANI) nanocomposites have been performed using 

UV–visible absorption spectroscopy [26]. In addition, it is notable that optical band gap, 

surface roughness and impurity centers depend on the absorbance characteristics of 

nanomaterials [27]. That is why; the UV–Visible spectra were recorded in the spectral range 

of 200–1200 nm by dissolving the ferrite (CaBaCo2Al0.5Fe11.5O22) nanocomposite powder in 

N-methy.l-2-pyrrolidone (NMP) as a solvent. The obtained absorbance spectra of all the 

samples are illustrated.in Fig. (5.8). It can be seen that optical absorbance is very weak in 

the visible and near infrared region but show strong absorption in the ultraviolet region. The 

ferrite and its nanocomposites demonstrate an apparent and strong absorption peak at ∼272 

nm in UV–Vis–NIR spectral range. It was also noted that there is an increase in the optical 

absorbance by the addition of PANI in the nanocomposites of these ferrites, which could be 

linked to the presence of PANI in these samples as PANI reveals the strongest absorbance as 

obvious from Fig. (5.8). In addition, PANI and FP3 nanocomposite reveal weak absorption 

in the wavelength range of 420-450 nm. The literature shows that the polymer-ferrite 

nanocomposites show two distinguished peaks related to polyaniline (PANI) which are 

usually emerged in the optical range of 326-338 nm and 595–645 nm in UV–Vis spectrum 

and these bands were assigned to π−π* and polaron–π∗ transitions correspondingly [28]. 
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Moreover, literature also depicts that PANI spectrum reveals absorbance peaks at 380, 420 

and 810 nm which were attributed to π–π∗, polaron–π∗ and π–polaron transitions, 

respectively. Such bands were expected to arise from electronic transitions in PANI 

emeraldine salts [29]. Existence of polaronic transition peak inveterate the doped emeraldine 

state of polyaniline (PANI) in nanocomposite samples.  

 

                  Fig (5. 8) Absorbance spectra for F, FP1, FP2, FP3 and PANI (PP). 

The FP3 nanocomposite indicates the two minor peaks caused by the occurrence of PANI on 

the surfaces of nanocomposites of ferrite filler (decreases PANI). Such absorption peaks 

might be associated with π–π* and polaron–π* transitions, respectively as described above. 

For polyaniline ferrite fillers, there is a strong peak appeared at ∼272 nm, which may be due 

to the presence of nanocomposite ferrite in the polymer ferrites [30]. This absorbance band 

can also be correlated with the absorption edge of the ferrite fillers. 

It is known that the spectral absorption of a crystalline semiconductor in the vicinity of the 

band edge generally follows the expression given below [31-32]:  

 

                                 �ℎν = A & Ahν K EgB�                                (5.10) 
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Since hν = 1240 / λ [33] gives the energy of incident photon. Also A, Eg, α, ν and λ represent 

the proportionality constant, band gap energy, absorption coefficient, frequency and 

wavelength of irradiated light, respectively. The index k used in the above equation reveals 

the nature of the transition in a semiconducting material. A necessary requirement of the 

above equation is that a plot between (α h ν)1/k vs. h ν should be linear and by extrapolating 

the linear portion of the plot to (α h ν)1/k = 0, an accurate value of Eg of a semiconductor can 

be calculated [28]. Various optical transitions such as direct allowed or forbidden and 

indirect allowed or forbidden have been assigned different k values (i.e. 1/2, 3/2, 2 and 3 

depending on the nature of electronic transition). It is known that for the direct allowed 

optical transitions the index k possesses a value of ½ leading to 1/k = 2. That is why, to 

determine the value of band gap energy, plots between (α h ν)2 vs. h ν have been drawn for 

all the nanocomposites of ferrite fillers as demonstrated in Fig. (5.9). When linear portions 

of these plots were extrapolated to (αhν)2=0, the energy band gap values Eg of the 

nanocomposites of ferrites were determined as illustrated in Fig. (5.9). Values of the optical 

band gap Eg for ferrite F (CaBaCo2Al0.5Fe11.5O22), FP1, FP2, FP3 and PANI were obtained 

to be 3.78, 3.25, 3.18, 3.10and 2.78 eV respectively. It is noticed that the optical bandgap 

tends to decrease with decreasing the amount of ferrite filler, which may be associated with 

an increasing quantity of the polyaniline [29]. Since PANI possesses the lower band gap 

value of 2.84 eV as compared to that of ferrites. The polyaniline/CoFe2O4 (PANI@CF) 

nanocomposites were found to possess Eg values of 4.01, 2.84, 2.74 and 3.11 eV for CF–

NPs, PANI, PANI@CF 1:1 and PANI@CF 1:2, respectively [29]. So, it is notable that the 

calculated values of Eg of the nanocomposites of ferrites are found to be in good 

agreementwith the already reported Eg values of the similar nanocomposites of ferrites-

PANI [28,34]. 
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Fig. (5.9) Tauc plots depicted optical band gap for Ferrite (CaBaCo2Al0.5Fe11.5O22), FP1, 

FP2, FP3, PANI.  

5.1.6 Magnetic properties 

 5.1.6.1 Hysteresis loop  

The room temperature hysteresis loops of the pure ferrite and ferrite / PANI composites 

were taken on VSM as shown in Fig. (5.10). The magnetic parameter such as saturation 

magnetization (Ms), remanance (Mr) and coercivity (Hc) were obtained from the loops and 

are listed in Table (5.4). It is clear from Fig. (5.10) that saturation magnetization (Ms), 

remanance (Mr) increases and coercivity (Hc) decreases with increase of ferrite filler 

(decreases PANI) that is good agreement with reported results [35]. The magnetization 

increases with increase of ferrite filler (decreases PANI), which is attributed to strengthening 

of A-B interaction. The Al+3 ions occupy two sites tetrahedral sites and octahedral sites but 

due to small radius of Al+3 as compare to Fe+3, Al+3 ion reside at octahedral sites. At 

octahedral sites Fe-Fe interaction is strong as compare to Al-Fe so sauration magnetization 

and remanance increases. The magnetic properties of composites depend on the volume 

fraction of the magnetic ferrite particles. It can be explained by equation Ms = ɸ ms, where 
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Ms is related to the volume fraction of the particles (ɸ) and ms saturation moment of the 

single particles [35-36]. This manifest that saturation magnetization (Ms) and remanenc (Mr) 

of the composites is lower than pure ferrite due to the presence of non-magnetic polymer 

material coated magnetic nano particles [16]. PANI is non magnetic so it play a vital role in 

isolating magnetic particles. As PANI content increases the demagnetic effect produced as 

result saturation magnetization decreases and coercivity increases which indicated in Table 

(5. 4).  

 

             Fig (5.10) M-H loops for Ferrite (CaBaCo2Al0.5Fe11.5O22), FP1, FP2 and FP3. 
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Table (5.4) The Ms, Mr and Hc value for F(CaBaCo2Al0.5Fe11.5O22), FP1, FP2 and FP3 

Parameter Ferrite FP1 FP2 FP3 

Ms (Am2/kg) 
(experimental) 

56.32 25.45 14.23 4.8 

 Ms (Am2/kg) 
(estimated) 

66.52±0.15 37.64±0.12 27.32±0.13 8.34±0.13 

 Mr (Am2/kg) 21.23 12.54 5.33 4.39 

 Hc (103/4π A/m) 620 1230 1650 1864 

 

On the other hand, the addition of polymer in ferrite considerably reduces the coercivity 

which may be due to increase in the ferrite contant which is randomly distributed in PANI 

matrix. The coercivity of the PANI/ferrite composites is related to Ms through Brown’s 

relation; 

                                        H4 =  2k μ°. Mm                                 (5.11) 

It is clear that Hc is inversely proportional to Ms, where k is the anisotropy constant which 

remains the same for all the samples. 

5.1.6.2. Saturation magnetization (Ms)  

The fitted curves of saturation magnetization (Ms) for currently intended samples.are shown 

in Fig (5.11). A big difference between the theoretical and experimental values.of saturation 

magnetization (Ms) is for all intents and purposes.due to the deficient field applied 

in.experimental setup but in the.theoretical setup inestimable field is applied to attain 

extreme values of saturation magnetization (Ms) [37-38]. From Fig. (5.11) with a careful 

checkup which reveals the applied field is insufficient in the experimental case. By 

clarifying the extra magnetization might be alleged with increasing of the external field that 

will fundamentally offer the close agreement between experimental and theoretical values. 

The obtained values of saturation magnetization (Ms) are shown in the Table (5.4). 
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Fig (5.11) Fitted Ms curves for Ferrite (CaBaCo2Al0.5Fe11.5O22), FP1, FP2, FP3 calculated by 

law of approach to saturation. 
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CaBaCo2In0.5Fe11.5O22/PANI Composites 

5.2 CaBaCo2In0.5Fe11.5O22 

5.2.1. X-ray diffraction  

The XRD patterns for CaBaCo2In0.5Fe11.5O22 Y-type ferrite, PANI and nano-composites 

with nomenclature CF1, CF2 and CF3 are shown in Fig. (5.12). X-ray diffraction patterns 

were taken on diffractometer model JDX-3532 JEOL, Japan  operated at 40 KV and at 30 

mA equipped with CuKα (λ = 1.5406Å). Each sample was scanned in 2θ range of 20o-70o 

and all the peaks of sample were compared with JCPDs card No 00-019-019-0100. It was 

observed that CaBaCo2In0.5Fe11.5O22 ferrite have well defined single phase Y-type structure 

[1-2]. The X-ray diffraction reveals that CaBaCo2In0.5Fe11.5O22 and poylaniline co-existed in 

composite samples. A broad peak between 2θ = 20o to 30o was observed in PANI as shown 

in Fig. (5.12) which predicts that the PANI is amorphous [3]. The intensity of the peaks in 

the composite samples diminishes with the addition of ferrite filler (decreases PANI) content 

[4]. 

 

Fig. (5.12) X-ray diffraction patterns of F (CaBaCo2In0.5Fe11.5O22), CF1, CF2, CF3, PANI. 

The crystallite size of each sample was calculated by using Scherer formula [4] given as: 
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                                         D = kλ β cos θ©⁄                           (5.12) 

Where k is shape constant its value is equal to 0.89 for hexagonal, λ is wavelength of Cukα 

(λ=1.5406 Å), β is broadening of diffraction line which was taken at half width of maximum 

intensity and θB Bragg’s angle of diffraction. Crystallite size of Y-type ferrite was calculated 

to be 21.01 nm by using Scherrer formula. The d values and hkl’s are listed in Table (5.5). 

 

Table (5.5) 2θ values, d values and hkl for CaBaCo2In0.5Fe11.5O22 ferrite. 

Sr.No. 2θ (I/Io)x100 hkl dhkl (Å) 
1 30.52 33         (1 1 0) 2.82±0.08 
2 32.09 38 (1 0  13) 2.79±0.08 
3 33.48 39 (0 1 14) 2.68±0.08 
4 35.65 100        (1 1 9) 2.42±0.07 
5 37.89                 29  (0 0 18) 2.36±0.07 
6 41.27  21 (0 2  10) 2.15±0.07 
7 41.87  23 (2 0  11) 2.11±0.06 
8 55.02  26       (2 0  20) 1.67±0.05 
9 56.29  25        (1 2 14) 1.60±0.04 

10 63.14  22       (2 1  19) 1.43±0.04 
 

The values for lattice parameters and volumes of unit cell were calculated by using the 

following relations [5-6]; 

           Sin+θ = λ+/3a+(h+ + hk + k+) + (λ+/4c+)õ+                 (5.13) 
                                     V = 0.8666a+c                                                                        (5.14)         

Lattice parameters and volume of unit cell of all the samples are listed in Table (5.6). 
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Table (5.6) lattice parameters (a and c), cell volume (V) of F (CaBaCo2In0.5Fe11.5O22), CF1, 

CF2 and CF3.  

Parameters Ferrite CF1 CF2 CF3 

a(Å) 5.86±0.17 5.89±0.18 5.91±0.18 5.93±0.18 

c(Å) 43.43±1.30 43.47±1.30 43.32±1.30 43.23±1.30 

Cell Volume (Å3) 1316.47±0.22 1310.33±0.21 1305.98±0.21 1291.52±0.22 

crystallite size (nm) 21.01 22.02 22.32 23.21 

 

5.2.2 Scanning Electron Microscopy (SEM) 

Fig. (5.13) shows the scanning electron microscopy (SEM) for (a) pure Ferrite 

CaBaCo2In0.5Fe11.5O22 (F) (b) CF1 (c) CF2 and (d) CFP3 (e) PANI. The phase purity of the 

Y-type hexagonal ferrite observes with hexagonal patterns. The porous of surface 

morphology changes with the increase of the ferrite filler (decreases PANI) with irregular 

shape of polyaniline changes. The ferrite particles may be stowed in the polyaniline matrix. 

The phase contrast shown by the SEM profile of ferrite-polyaniline composites is 

perceptible, while the bright phase is ferrite and darker phase corresponds to polyaniline.  

 



143 

  

 

(a) SEM micrograph of Ferrite (F) 

 

(b) SEM micrograph of CF1 



144 

  

 

(c) SEM micrograph of CF2 

 

 

                                                 (d) SEM micrograph of CF3 
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(e) SEM micrograph of PANI 

Fig (5.13) SEM profiles of F (CaBaCo2In0.5Fe11.5O22), CF1, CF2, CF3, PANI. 

5.2.3 DC Resistivity 

5.2.3.1 Room temperature resistivity 

 The room temperature resistivity of all samples (F, CF1, CF2, CF3 and PANI) is listed in 

Table (5.7).  Room temperature resistivity value is highest  for In doped ferrite as  In3+ ions 

prefer to occupy octahedral sites followed by the migration of some Fe3+ ions to tetrahedral 

sites and altering them into Fe2+ ions in S and T blocks.  Resistivity increases due to ferrite 

filler (decreases PANI) in nano composites which is more insulating as compared to PANI. 

Hence less probability of electron hopping due to random distribution of filler ferrite 

particles in PANI matrix causes resistivity to enhance in these nano composites. The 

resistivity increases from 2.21 x 102 to 2.69 x 107 Ω-cm in nano composites [7-8]. 
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Fig. (5.14) Arrhenius plots for F (CaBaCo2In0.5Fe11.5O22), CF1, CF2, CF3, PANI. 

 

5.2.3.2 Temperature dependent resistivity 

Temperature dependent resistivity was measured in the temperature range 293-423K. It is 

clear from Fig. (5.14) that resistivity decreases linearly with temperature which indicates 

semiconductor behavior of the samples. It may be attributed to thermal activation of charge 

carriers. Activation energy was calculated using Arrhenius equation: ρ�� � ρ° exp A 
>5

o�p 
 ), 

where ρo is constant, Ea activation energy, k© Boltzmann constant and T is absolute 

temperature [9]. The activation energy of all samples is listed in Table (5.7). Activation 

energy shows similar behavior to that of DC resistivity. This indicates that the samples with 

high resistivity have high activation energies and vice versa.   
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5.2.4 Dielectric properties 

5.2.4.1 Dielectric constant (εó) 
Dielectric constant was calculated by using formula  εó = öì Ð;°.  where C is the capacitance 

and d is the thickness and A area of cross section. The capacitance was measured on an 

Agilent impedance analyzer model E4991ARF. Fig. (5.15) shows the variation of dielectric 

constant vs. frequency in the range 1MHz to 1.5 GHz. In Fig. (5.15) it can be observed that 

in all samples the dielectric constant is high for the PANI as compare to Y-type hexaferrite 

due to conducting nature of PANI. At low frequency dielectric constant is high and 

decreases with increase of frequency. At low frequency high dielectric constant is due to 

interfacial polarization, grain defect, and interfacial dislocation and oxygen defects. High 

value of dielectric constant with PANI matrix which is attributed due to highly conducting 

of polyaniline listed in Table (5.7). 

The peaks observed at lowest frequencies are attributed to relaxation peaks of the dipoles. 

These relaxation peaks was found to be shifted towards low to higher frequency values on 

increasing hopping frequency of the localized electric charge carriers. These relaxation 

peaks take place when the jumping frequency of electron transfer between Fe2+ and Fe3+ 

ions and hole exchange between Co2+ and In3+ ions becomes equal to that of the applied AC 

electric field [12]. The value of dielectric properties depends upon various factors such as 

stoichiometry, number and types of charge carriers, which in turn depends on synthesis 

route, composition and annealing temperature of the samples [13]. 

At specific value with increases of frequency space charge carriers cannot follow alternating 

field so polarization decreases with increasing frequency. At high frequency the low value 

dielectric constant is obtained due to matching frequency of hopping frequency [10].  

According to Maxwell-Wagner model, the dielectric constant is high at low frequency due 

to grain boundaries. On the other hand, the dielectric constant gradually decreases with 

increase of frequency due to mismatching in hopping frequency. In Table (5.7) dielectric 

constant increases with PANI filler in ferrite nano composites due to the fact that polyaniline 

is highly conducting. The composites are useful in microwave devices. 
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Fig (5.15) Variation of dielectric constant (εó) vs. applied field frequency for ferrite F     

(CaBaCo2In0.5Fe11.5O22), CF1, CF2, CF3, PANI. 

 

Table (5.7) Resistivity, activation energy and dielectric properties (at 1.5 GHz) of F 

(CaBaCo2In0.5Fe11.5O22), CF1, CF2, CF3, PANI. 

Parameters Ferrite CF1 CF2 CF3 PANI 

Resistivity (Ω- cm) 

at  room temperature 

(2.95±0.09)x10
9
 (2.69±0.08)10

7
 (2.48±0.07)10

5
 (2.21±0.06)10

4
 (2.30±0.06)10

1
 

Activation energy (eV) 0.62±0.02 0.49±0.01 0.41±0.01 0.21±0.01 0.10±0.01 

Dielectric constant 14.99 23.34 31.43 42.55 46.65 

Dielectric loss 7.36 11.57 17.66 23.31 26.49 

Tangent loss 0.54 0.62 0.65 0.67 0.69 

AC conductivity(S/m) 2.29 3.22 4.66 5.10 6.69 
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5.2.4.2 Dielectric loss (εóó) 

The variation of dielectric loss (εóó) vs. frequency is shown in Fig (5.16). Dielectric loss (εóó) 

indicates the dissipation of energy with applied field, which decreases with increasing 

frequency [12-13]. The value of dielectric loss depends upon several factors such as 

stoichiometry, which in turn depends on synthesis route, composition and annealing 

temperature of the samples. So relaxation peaks obtained at low frequency [13]. As at low 

frequency dielectric loss (εóó) is high due to grain boundaries defect so high energy loss 

obtained and more energy needed for exchange of electron between Fe2+ and Fe3+ions.  At 

high frequency low dielectric loss (εóó) is low due to mismatch between the frequency of 

applied and hopping frequency.  

 

Fig. (5.16) Variation of dielectric loss factor (εóó) vs. applied field frequency of F 

(CaBaCo2In0.5Fe11.5O22), CF1, CF2, CF3, PANI. 

 

5.2.4.3 Tangent loss (tanδ) 

Fig. (5.17) shows the variation of dielectric tangent loss (tanδ) vs. frequency at 1 

MHz to 1.5 GHz. At low frequency region, the value of tangent loss is high and some 

relaxation peaks observed due to interfical polarization and tangent loss is low at high 
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frequency [13]. Tangent loss depends upon two phenomena: hopping mechanism and charge 

defect. At low frequency hopping of electrons is attributed to the tangent loss and charge 

defect dipole mechanism at high frequency. The relaxation of dipole decreases with the 

increase of frequency.  Tangent loss is constant at high frequency due to exchange between 

Fe3+ and Fe2+, which becomes equal to applied field [14-15].   

 

Fig. (5.17) Variation of dielectric tangent loss (tanδ) vs. applied field frequency of F          

(CaBaCo2In0.5Fe11.5O22), CF1, CF2, CF3,PANI. 

 

5.2.4.4 AC Electrical Conductivity (σAC) 

Fig. (5.18) shows the electrical conductivity of variation with frequency at 1 MHz-1.5 GHz. 

AC conductivity depends upon the hopping electron at equivalent octahedral lattice sites. 

The AC conductivity increases with increases frequency due to charge carrier of hopping 

electron and relaxation peaks is observe which explains by Rezlescu model [12]. At high 

frequencies dispersion behavior indicates the conducting nature of grain but at low 

frequency AC conductivity behavior decreases due to grain boundary effect [15-17]. 

The frequency depend of AC conductivity can be explained by the power law [14]. 

                             σw3wAωB =  σ�� + AωQ                                      (5.15) 
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Where σDC is DC conductivity A is exponential factor of electrical conductivity and n is 

dimensionless factor. When n=0 then electrical conductivity is due to DC conductivity and if 

0≤n≤1 then AC conductivity is frequency dependent. The value of n explains the conduction 

mechanism of hopping of electron in our investigated samples which is indicated in Fig. 

(5.18).  

 

 

Fig. (5.18) Variation of ac electrical conductivity ln (σac) vs. ln(ω) for ferrite F 

(CaBaCo2In0.5Fe11.5O22), CF1, CF2, CF3, PANI.  

 

5.2.5. Magnetic Properties 

5.2.5.1 Hysteresis loop 

The hysteresis loops of pure ferrite and ferrite PANI composites were recorded by 

using VSM as revealed in Fig. (5.19). The remanence, saturation and coercivity (Hc) 

were obtained from magnetic hysteresis loops and are listed in Table (5.8). It can be 

seen that the saturation magnetization of ferrite PANI composites is lower as 

compared to CaBaCo2In0.5Fe11.5O22 ferrite. It is noted that by increasing 

CaBaCo2In0.5Fe11.5O22 ferrite content (wt%) in PANI, the saturation magnetization 
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(Ms) increases as obvious from Table (5.8), whereas the coercivity decreases with 

increasing ferrite filler (or with decrease in PANI content). The increase in saturation 

magnetization (Ms) of the composites with a rise of ferrite filler in PANI matrix can be 

associated with the volume fraction of magnetic CaBaCo2In0.5Fe11.5O22 particles and 

also depends on the demagnetizing field produced by non-magnetic polyaniline 

particles. This can be expressed as [17]: 

                                                     Mm =  φmm                           (5.16) 

Where φ represents volume fraction of particles and ms represents saturation moment 

of a single particle. On the average, there is slight reduction in coercivity with 

increasing content of ferrite in composites. By increasing ferrite particles the distance 

between them decreases and hence a magneto static interaction between the particles 

increases, and as a result coercivity decreases slightly [19].  

 

Table (5.8) Saturation magnetization (Ms), remanence (Mr) and coercivity (Hc) of F 

(CaBaCo2In0.5Fe11.5O22), CF1, CF2 and CF3. 

Parameter Ferrite CF1 CF2 CF3 

Ms (Am2/kg) 
(experimental) 

60.52 30.18 21.04 7.63 

Ms (Am2/kg) 
(estimated) 

70.17±0.16 44.34±0.11 29.21±0.14 11.24±0.12 

Mr (Am2/kg) 21.23 12.18 8.77 3.54 

    Hc (103/4π A/m) 630 1390 1640 1896 
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Fig. (5.19) M-H loops for F (CaBaCo2In0.5Fe11.5O22), CF1, CF2 and CF3. 

 

              The coercivity (Hc) increases with increase of conducting PANI whereas saturation 

magnetization (Ms) and remamance (Mr) depict a decrease caused by increase of the grain 

boundaries due to which domain wall pinning takes place. During the polymerization 

process PANI is obtained at surface of ferrite. So there is a decrease in defects such as 

cracks and pores which essentially reduces the internal stresses in the composite samples 

[16-18]. 
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5.2.5.2 Law of approach to saturation 

From loop saturation magnetization (Ms) was calculated by using law approach at room 

temperature as displayed in Fig. (5.20). The data was fitted using a least squares procedure 

by following equation [19-20]:     

                               M =  Mm h1 − A H. − B H+. k + χH                  (5.17) 

 

Where χ is susceptibility, H is applied field, Ms is saturation by Brillion function equal to 

unity, A is in homogeneity parameter constant and B factor is proportional to square of 

anisotropy constant k. In experimental saturation magnetization (Ms) is smaller than 

theoretical value due to lack field apply in experimental case whereas in theoretical case 

infinite field is applied. So extra magnetization is obtained increase external field in 

theoretical case which is actually close agreement between theoretical and experimental 

calculation list in Table (5.8). The squareness ratio of all samples was calculated by Ms and 

Mr. The squareness ratio increases with PANI filler in composite to investigate the single 

domain isolated for ferromagnetic particle. In our sample clear indicated that due to large 

value of coercivity these materials are useful in recoding media [17-21]. 
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Fig. (5.20) Fitted curve for Ms of F (CaBaCo2In0.5Fe11.5O22), CF3, CF2, CF1 calculated by 

law of approach to saturation. 

 

5.2.6 Optical Properties Characterization  

To have an insight into the optical characteristics particularly the optical band gap and any 

other type of transition (i.e. interband or intraband etc.), optical properties of different types 

of ferrite filler with polyaniline (PANI) nanocomposites have been studied using UV–visible 

absorption spectroscopy [22]. In addition, it is notable that optical band gap, surface 

roughness and impurity centers depend on the absorbance characteristics of nanomaterials 
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[23]. That is why, the UV–Visible spectra were recorded in the spectral range of 250–1100 

nm by dissolving the ferrite nanocomposite powder in N-methy.l-2-pyrrolidone (NMP) as a 

solvent. The obtained absorbance spectra of all the samples are illustrated.in Fig (5.21). It 

can be seen that optical absorbance is very weak in the visible and near infrared region but 

depicts strong absorption in the ultraviolet region. The ferrite and its nanocomposites 

demonstrate an apparent and strong absorption peak at ∼262 nm in UV–Vis spectrum. It is 

also notable that there is a rise in the optical absorbance due to addition of PANI in the 

nanocomposites of ferrites. This could be caused by the presence of PANI in these samples 

since PANI shows the highest absorbance as revealed by Fig (5.21). In addition, PANI and 

CF3 nanocomposite reveal weak bands in the wavelength regions of 420-450 nm. It is found 

in the literature that the polymer-ferrite nanocomposites show two distinguished peaks 

related to polyaniline (PANI) which are usually emerged in the optical range of 326-338 nm 

and 900-1025 nm in UV–Vis and near infrared (NIR) spectra and these bands are accredited 

to π−π* and. π–polaron transitions correspondingly [24]. Moreover, literature also depicts 

that PANI spectrum reveals absorbance peaks at 380, 420 and 810 nm which were attributed 

to π–π∗, polaron–π∗ and π–polaron transitions, respectively. Such bands were expected to 

arise from electronic transitions in PANI emeraldine salts [25]. Existence of polaronic 

transition peak inveterate the doped emeraldine state of polyaniline (PANI) in 

nanocomposite samples. The CF3 nanocomposite indicates the two minor peaks caused by 

the occurrence of PANI on the surfaces of nanocomposites of ferrite filler. Such absorption 

peaks might be associated with π–π* and polaron–π* transitions, respectively as described 

above. For polyaniline ferrite fillers, there is a strong peak appeared at ∼282 nm, which may 

be due to the presence of nanocomposite ferrite in the polymer ferrites [26]. This absorbance 

band can also be correlated with the absorption edge of the ferrite fillers.  
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Fig (5.21) Absorbance spectra of F (CaBaCo2In0.5Fe11.5O22), CF1, CF2, CF3,PANI. 

 

Fig (5.22) Tauc plots depicted optical band gap of F (CaBaCo2In0.5Fe11.5O22), CF1, CF2, 

CF3, PANI. 
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In the case of a crystalline semiconductor, the spectral absorption in the vicinity of the band 

edge usually obeys the following Equation [27-28]:  

                                         �ℎν = A × (hν − Eg)�                                 
     

Since � = h ν = 1240 / λ [29] indicates the energy of incident photon. Moreover, A, Eg, α, ν 

and λ represent the proportionality constant, band gap energy, absorption coefficient, 

frequency and wavelength of irradiated light, respectively. The index k used in the above 

equation reveals the nature of the transition in a semiconducting material. A necessary 

requirement of the above equation is that a plot between (α h ν)1/k vs. h ν should be linear 

and by extrapolating the linear portion of the plot to (α h ν)1/k = 0, an accurate value of Eg 

of a semiconductor can be calculated [25]. Various optical transitions such as direct allowed 

or forbidden and indirect allowed or forbidden have been assigned different k values (i.e. 

1/2, 3/2, 2 and 3 depending on the nature of electronic transition [25]. It is known that for 

the direct allowed optical transitions the index k possesses a value of ½ leading to 1/k = 2. 

That is why, to determine the value of band gap energy, plots between (α h ν)2 vs. h ν have 

been drawn for all the nanocomposites of ferrite fillers as demonstrated in Fig. (5.22). When 

linear portions of these plots were extrapolated to (α h ν)2 = 0, the energy band gap values 

Eg of the nanocomposites of ferrites were determined as illustrated in Fig. (5.22). The values 

of the optical band gap Eg for ferrite F (CaBaCo2In0.5Fe11.5O22), CF1, CF2, CF3 and PANI 

were obtained to be 3.72, 3.69, 3.65, 3.31 and 2.71 eV respectively. It is noticed that the 

optical bandgap tends to decrease with decreasing the amount of ferrite filler, which may be 

associated with an increasing quantity of the polyaniline. Since PANI possesses the lower 

band gap value of 2.71 eV as compared to that of ferrites. The polyaniline/CoFe2O4 

(PANI@CF) nanocomposites were found to possess Eg values of 4.01, 2.84, 2.74 and 3.11 

eV for CF–NPs, PANI, PANI@CF 1:1 and PANI@CF 1:2, respectively [26]. So, it is 

notable that the calculated values of Eg of the nanocomposites of ferrites are found to be in 

good agreement with the already reported Eg values of the similar nanocomposites of 

ferrites-PANI [29-30]. 
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CaBaCo2Ga0.5Fe11.5O22/PANI Composites 

5.3 CaBaCo2Ga0.5Fe11.5O22 

5.3.1 X-ray Diffraction 

The XRD patterns of CaBaCo2Gao.5Fe11.5O22 hexaferrite powder and polyaniline are 

demonstrated in Fig (5.23). The XRD pattern of polyaniline shows broad peak over the 

range 20–70° which is the characteristic of amorphous materials. Many researchers reported 

the similar XRD pattern of poylaniline (PANI) [1-2]. The d-values reflections were 

compared with JCPDS No.00-019-019-0100 card and list in Table (5.9).  

Table (5.9) CaBaCo2Ga0.5Fe11.5o22 2θ value, d value and hkl  

Sr.No. 2θ (I/Io)x100 hkl dhkl (Å) 
1 30.41 67       (1 1 0) 2.89±0.09 
2 32.19 47 (1 0 13) 2.81±0.08 
3 33.52 33 (0 1 14) 2.71±0.08 
4 35.64 100       (1 1 9) 2.45±0.07 
5 37.03 34 (0 0 18) 2.41±0.07 
6 41.14 46 (0 2 10) 2.16±0.06 
7 43.43 32 (1 0 19) 2.11±0.06 
8 54.52 28        (3 0 3) 1.62±0.04 
9 56.21 24 (1 2 14) 1.60±0.04 

10 62.81 34 (2 1  19) 1.42±0.04 
 

The Braggs reflections observed for CaBaCo2Gao.5Fe11.5O22 belong to Y-type hexagonal 

structure. The crystallite size of CaBaCo2Gao.5Fe11.5O22 ferrite was calculated by Scherrer’s 

formula and equal to 20.68 nm. It is observed that the amorphous and the crystalline phases 

coexist in PF1, PF2 and PF3 nanocomposites.  

The intensity in XRD patterns of PF1, PF2 and PF3 seems to be diminished due to 

amorphous nature of PANI. There is observed no significant shift in the peaks indicating 

that no exfoliation has taken place. The ferrite filler is distributed randomly in the PANI 

matrix and no chemical reaction occurs between the two. The volumes of unit cell and 

lattice parameters were calculated by following relations 5.18 & 5.19 for ferrite and its 

composites [2]: 
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Fig. (5.23) X-ray diffraction patterns of Ferrite (CaBaCo2Ga0.5Fe11.5O22), PF1, PF2, PF3, 

PANI.  

               Sin+θ = λ+/3a+Ah+ � hk � k+B � Aλ+/4c+Bõ+                 (5.18) 
                                     V = 0.8666a+c                                                                         (5.19)         

The volumes of unit cell and lattice parameters are listed in Table (5.10). 

Table (5.10) Lattice parameters (a and c), cell volume (V) of Ferrite 
(CaBaCo2Ga0.5Fe11.5O22), PF1, PF2 and PF3.  

Parameters Ferrite PF1 PF2 PF3 
a(Å) 5.83±0.17 5.84±0.17 5.87±0.18 5.92±0.18 
c(Å) 43.59±1.30 43.45±1.30 43.40±1.30 43.32±1.30 
Cell Volume  (Å3) 1283.93±0.22 1284.20±0.21 1295.93±0.21 1315.68±0.21 
crystallite (nm) 20.68 20.91 21.28 24.41 
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5.3.2 Scanning Electron Microscopy (SEM) 

The scanning electron microscopy (SEM) for (a) Ferrite CaBaCo2Ga0.5Fe11.5O22(F) (b) PF3 

(c) PF2 and (d) PF1 and (e) PANI are illustracted in Fig. (5.24).  It can be observed that the 

Y-type hexagonal ferrite indicates homogenous structure. The surface morphology of 

polyaniline changes with the increase in the ferrite filler (decreases PANI). The ferrite 

particles can be seen tucked into the polyaniline matrix. The phase contrast shown by the 

SEM profile of ferrite-polyaniline composites is conspicuous, whereas the darker phase 

corresponds to polyaniline and bright phase is ferrite [8-9]. The hexagons observed in the 

profile of ferrite reveals that the hexagonal (SEM) phase has been developed. 

 

 

 

(a) Ferrite 
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                       (b) PF1 

 

(c)PF2 
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(d)PF3 

 

(e) PANI 

Fig. (5. 24) SEM profiles of  Ferrite (CaBaCo2Ga0.5Fe11.5O22), PF1, PF2, PF3 and PANI. 
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5.3.3 Electrical properties 

5.3.3.1 DC resistivity  

At room temperature, the DC electrical resistivity of ferrite, PANI composites is shown in 

Table (5.11). DC resistivity of the composites increases by increasing ferrite filler (decreases 

PANI) into Polyaniline (PANI). The addition of relatively large resistive ferrite filler into 

the conducting polymer reveals large resistivity. Room temperature resistivity of polyaniline 

(PANI) and pure ferrite is 2.14x101 (Ω-cm) and 2.78x1010 (Ω-cm) respectively. Room 

temperature resistivity increases with the Ga+3 concentration, as Ga3+ ions prefer to occupy 

octahedral sites followed by the migration of some Fe3+ ions to tetrahedral sites and altering 

them into Fe2+ ions. Therefore resisitivity is high for the pure ferrite sample. The present 

composite samples having a high resistivity make these materials suitable for recording 

media and electromagnetic shielding [2-3]. The temperature dependent DC resistivity was 

measured in the temperature range 292–493K as depicted in Fig. (5.25). Arrhenius plots 

show the semiconducting behavior of all the samples. The values of activation energy and 

room temperature resistivity of all samples are listed in Table (5.12). The activation energies 

of Ferrite, PF1 and PF2 were determined from Fig.(5.25). Two different regions are 

observed in temperature dependent resistivity plots. It can be concluded that thermal energy 

in first region (ferro region) is not sufficient to disturb the aligned spins of electrons. 

Whereas, in the second region little bit thermal energy is activated due to alignment of atom 

in random distribution of hopping electron. But in second region (para region) the thermal 

energy is too sufficient to disturb all the aligned spins of electrons. Fig. (5.25) indicates the 

concentration dependence of transition temperature for the investigated samples. It is clear 

from the figure that the values of transition temperature (which produces Curie temperature 

(Tc)) decreases successively with increasing (Ga–Fe) contents. It is understood fact that 

Fe3+–O–Fe3+ super exchange interactions and the Fe3+–Fe3+ direct exchange interactions are 

the fundamental interactions in ferrimagnetic material [4]. 

 The room temperature resistivity reveals a similar trend to that of activation energies. The 

variation of log ρ versus 1000/T identifies that the electrical resistivity is due to thermally 

activated charge carrier [4].  
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Fig (5.25) Arrhenius plots for Ferrite (CaBaCo2Ga0.5Fe11.5O22), PF1, PF2, PF3, PANI. 

Table (5.11)  Activation energy of FM (Ferromagnetic region) and PM (Paramagnetic 
region) Ferrite (CaBaCo2Ga0.5Fe11.5O22), PF1 and PF2. 

        Ferrite 

Activation Energy (eV) 

PF1 

Activation Energy (eV) 

PF2 

Activation Energy (eV) 

FM Region 1 PM Region 2 FM Region 1 PM Region 2 FM Region 1 PM Region 2 

0.39±0.02 0.61±0.01 0.35±0.02 0.59±0.03 0.32±0.01 0.51±0.02 

 

5.3.3.2 Dielectric properties 

5.3.3.2.1 Dielectric constant (εó) 

The graph between dielectric constant (εó) vs. frequency is obvious from Fig (5.26). The 

dielectric constant has higher value at low frequency. The factors that are responsible for 
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higher value of dielectric constant are Fe+2 ions, grain boundary and interfacial polarization 

[12]. 

The dielectric constant decreases with increase in frequency and become constant at higher 

frequency. At very high frequency, the resonance peaks observed are due to the matching of 

dipoles frequency with the applied field frequency [6]. Hence by increasing the frequency a 

decrease in polarization phenomenon occurs, therefore charge carriers lagged behind AC 

applied field giving rise to relaxation phenomenon [7]. 

 

Fig. (5.26) Variation of dielectric constant (εó) vs. applied field frequency of Ferrite 

(CaBaCo2Ga0.5Fe11.5O22), PF1, PF2, PF3, PANI.  
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Table (5.12) Resistivity, activation energy and dielectric properties (at 1.5 GHz) of Ferrite 
(CaBaCo2Ga0.5Fe11.5O22), PF1, PF2, PF3, PANI 

Parameters Ferrite PF1 PF2 PF3 PANI 
Resistivity (Ω- cm) at  
room temperature 

(2.78±0.08)1010 (2.89±0.08)108 (2.57±0.07)105 (6.44±0.19)104 (3.30±0.09)101 

Activation energy (eV) 0.71±0.02 0.54±0.01 0.44±0.01 0.36±0.01 0.10±0.01 
Dielectric constant 10.21 17.96 26.22 36.80 41.50 
Dielectric loss 6.49 10.69 16.34 22.15 26.34 
Tangent loss 0.56 0.57 0.58 0.61 0.69 
AC conductivity(S/m) 2.26 3.20 4.59 5.02 6.61 

 

According to Maxwell-Wagner model ferrites consist of two layers [8]; conducting grains 

are separated by non-conducting grain boundaries [9]. The grain boundaries are dominated 

at low frequency and hopping of charge carrier between Fe+3↔Fe+2 and Ga+3↔Ga+2 creates 

interfacial polarization; hence there is high value of dielectric constant at low frequency. 

Similarly at higher frequency the conducting grains play their part and there is mismatch 

between applied frequency and hopping frequency, therefore the dielectric constant remains 

constant. The dielectric constant of PANI, ferrite and composites at higher frequencies is 

shown in Table (5.11). 

5.3.3.3.2 Dielectric Loss (εóó) 
Fig. (5.27) indicates the graph between dielectric loss and frequency. The dielectric loss is a 

measure of the energy dissipation in dielectric material. The dielectric loss behaves similarly 

as that of dielectric constant vs. frequency; this shows that energy is dissociated due to 

defect imperfections in crystal structure and grains boundary. Hence more energy is required 

to transfer an electron between Fe+2 and Fe+3 ions, hence high value is obtained for dielectric 

loss. Similarly, low value of dielectric loss is obtained at high frequencies due to less 

resistance of conducting grains [10]. In composite samples the high values of dielectric 

constant is obtained due to the presence of high resistive ferrite particle in PANI matrix as 

listed in Table (5.12). 
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Fig. (5.27) Variation of dielectric loss factor (εóó) vs. applied field frequency of Ferrite 

(CaBaCo2Ga0.5Fe11.5O22), PF1, PF2, PF3, PANI. 

5.3.3.3.3 Tangent loss (tan δ) 

The dependence of tangent loss vs. frequency is illustrated in Fig. (5.28). It is observed that 

at low frequencies tangent loss is high and decreases with increase of frequency, and it 

becomes almost constant at higher frequency region. It is due to the presence of dipole 

defect, interfacial polarization and imperfections in the crystal structure which in accordance 

with Koops theory [10] and Maxwell-Wagner model [11]. Two main phenomena are 

observed in ferrite filler (decreases PANI) for dielectric loss (1) charged defect dipole (2) 

and hopping electron. The dielectric loss decreases at high frequency is due to reaction of 

charged dipole to applied field. Relaxation dipole decreases with increase in frequency, 

finally it reduces to dielectric loss in high frequency region [12]. The tangent loss of 

nanocomposites increases with increases of polyaniline as listed in Table (5.12). 
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Fig. (5.28) Variation of dielectric tangent loss (tan δ) vs. applied field frequency of Ferrite 

(CaBaCo2Ga0.5Fe11.5O22), PF1, PF2, PF3, PANI. 

5.3.3.3.4 AC conductivity 

Fig. (5.29) shows the dependence of ac electrical conductivity on frequency. It is seen that at 

high frequency, hopping of electron occurs between Fe+2 and Fe+3 ions at octahedral site 

which is responsible for AC conductivity in ferrites. With increase of applied frequency, 

hopping of electron increases so AC conductivity also increases. According to Maxwell-

Wagnar model, there exist resistive grain boundaries between conducting grains. This 

resistive grain boundary decrease AC conductivity at low frequency. But at high frequency 

conducting behavior of grains gives rise to dispersion behavior in ferrites [13]. 

The AC conductivity follows the power law [14-15]. 

                             σw3wAωB =  σ�� + AωQ                                      (5.20) 
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Where n is the fractional exponent a dimensionless factor; σDC stands for DC-conductivity 

and A is the pre-exponential factor. When DC conductivity becomes equal to the electrical 

conductivity then it is independent of frequency as n reaches zero.  

 

Fig. (5.29) Variation of AC electrical conductivity (σAC) vs. applied field frequency of 

Ferrite (CaBaCo2Ga0.5Fe11.5O22), PF1, PF2, PF3, PANI. 

5.3.4 Optical Properties 

To have an insight into the optical characteristics particularly the optical band gap and any 

other type of transition (i.e. interband or intraband etc.), optical properties of different types 

of ferrite filler with polyaniline (PANI) nanocomposites have been studied using UV–visible 

absorption spectroscopy [18]. In addition, it is notable that optical band gap, surface 

roughness and impurity centers depend on the absorbance characteristics of nanomaterials 

[19]. That is why, the UV–Visible spectra were recorded in the spectral range of 250–1100 

nm by dissolving the ferrite nanocomposite powder in N-methy.l-2-pyrrolidone (NMP) as a 
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solvent. The obtained absorbance spectra of all the samples are illustrated in Fig. (5.30). It 

can be seen that optical absorbance is very weak in the visible and near infrared region but 

depicts strong absorption in the ultraviolet region. The ferrite and its nanocomposites 

demonstrate an apparent and strong absorption peak at ∼262 nm in UV–Vis spectrum. It is 

also notable that there is a rise in the optical absorbance due to addition of PANI in the 

nanocomposites of ferrites. This could be caused by the presence of PANI in these samples 

since PANI shows the highest absorbance as revealed by Fig. (5.30). In addition, PANI and 

PF3 nanocomposite reveal weak bands in the wavelength regions of 425-461 nm. It is found 

in the literature that the polymer-ferrite nanocomposites illustracted two distinguished peaks 

related to polyaniline (PANI) which are usually emerged in the optical range of 324-336 nm 

and 890-1012 nm in UV–Vis and near infrared (NIR) spectra and these bands are accredited 

to π−π* and. π–polaron transitions correspondingly [20]. Moreover, literature also depicts 

that PANI spectrum reveals absorbance peaks at 380, 420 and 810 nm which were attributed 

to π–π∗, polaron–π∗ and π–polaron transitions, respectively. Such bands were expected to 

arise from electronic transitions in PANI emeraldine salts [21]. Existence of polaronic 

transition peak inveterate the doped emeraldine state of polyaniline (PANI) in 

nanocomposite samples. The PF3 nanocomposite indicates the two minor peaks caused by 

the occurrence of PANI on the surfaces of nanocomposites of ferrite filler. Such absorption 

peaks might be associated with π–π* and polaron–π* transitions, respectively as described 

above. For polyaniline ferrite fillers, there is a strong peak appeared at ∼282 nm, which may 

be due to the presence of nanocomposite ferrite in the polymer ferrites [22]. This absorbance 

band can also be correlated with the absorption edge of the ferrite fillers.  
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Fig. (5.30) Absorbance spectra of Ferrite (CaBaCo2Ga0.5Fe11.5O22), PF1, PF2, PF3, PANI. 

 

Fig. (5.31) Tauc plots depicted optical band gap of of Ferrite (CaBaCo2Ga0.5Fe11.5O22), PF1, 

PF2, PF3, PANI 
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In the case of a crystalline semiconductor, the spectral absorption in the vicinity of the band 

edge usually obeys the following Equation [21-22]:  

                                 �ℎν = A × (hν − Eg)�                                (5.21) 

 

Since � = h ν = 1240 / λ [23] indicates the energy of incident photon. Moreover, A, Eg, α, ν 

and λ represent the proportionality constant, band gap energy, absorption coefficient, 

frequency and wavelength of irradiated light, respectively. The index k used in the above 

equation reveals the nature of the transition in a semiconducting material. A necessary 

requirement of the above equation is that a plot between (α h ν)1/k vs. h ν should be linear 

and by extrapolating the linear portion of the plot to (α h ν)1/k = 0, an accurate value of Eg of 

a semiconductor can be calculated [19]. Various optical transitions such as direct allowed or 

forbidden and indirect allowed or forbidden have been assigned different k values (i.e. 1/2, 

3/2, 2 and 3 depending on the nature of electronic transition. It is known that for the direct 

allowed optical transitions the index k possesses a value of ½ leading to 1/k = 2. That is 

why, to determine the value of band gap energy, plots between (α h ν)2 vs. h ν have been 

drawn for all the nanocomposites of ferrite fillers as demonstrated in Fig. (5.31). When 

linear portions of these plots were extrapolated to (α h ν)2 = 0, the energy band gap values Eg 

of the nanocomposites of ferrites were determined as illustrated in Fig. (5.31). The values of 

the optical band gap Eg for ferrite F (CaBaCo2In0.5Fe11.5O22), PF1, PF2, PF3 and PANI were 

obtained to be 3.41, 3.32, 3.26, 3.21 and 2.71 eV respectively. It is noticed that the optical 

bandgap tends to decrease with decreasing the amount of ferrite filler, which may be 

associated with an increasing quantity of the polyaniline [14]. Since PANI possesses the 

lower band gap value of 2.71 eV as compared to that of ferrites. The polyaniline/CoFe2O4 

(PANI@CF) nanocomposites were found to possess Eg values of 4.01, 2.84, 2.74 and 3.11 

eV for CF–NPs, PANI, PANI@CF 1:1 and PANI@CF 1:2, respectively [14]. So, it is 

notable that the calculated values of Eg of the nanocomposites of ferrites are found to be in 

good agreement with the already reported Eg values of the similar nanocomposites of 

ferrites-PANI [23-24]. 
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5.3.5 Magnetic Properties 

5.3.5.1 Hysteresis loop  

The room temperature hysteresis loops of the pure ferrite and ferrite / PANI composites 

were taken on VSM as shown in Fig (5.32). The magnetic parameters such as saturation 

magnetization (Ms), remanance (Mr) and coercivity (Hc) were obtained from the loops and 

are listed in Table (5.12). It is clear from Fig (5.32) that saturation magnetization (Ms) and 

remanance (Mr) increase and coercivity (Hc) decreases with increase of ferrite filler that is in 

good agreement with reported results [20-24]. The magnetization increases with increase of 

ferrite filler (decreases PANI) which is attributed to strengthening of A-B interactions. The 

Ga+3 ions occupy two sites, i.e tetrahedral sites and octahedral sites, but due to small radius 

of Ga+3 as compared to Fe+3, Ga+3 ion resides at octahedral sites. At octahedral sites Fe-Fe 

interaction is strong as compared to Ga-Fe so sauration magnetization and remanance 

increase. The magnetic properties of composites depend on the volume fraction of the 

magnetic ferrite particles. It can be explained by equationMm =  φmm, where Ms is related to 

the volume fraction of the particles (ɸ) and ms is saturation moment of the single particle 

[25-26]. This manifest that saturation magnetization (Ms) and remanenc (Mr) of these 

composites are lower than that at pure ferrite due to the presence of non-magnetic polymer 

coated magnetic nano-particles as indicted by Table (5.13).  

Table (5.13) Saturation magnetization (Ms), remanence (Mr) and coercivity (Hc) Ferrite 
(CaBaCo2Ga0.5Fe11.5O22), PF1, PF2 and PF3. 

Parameter Ferrite PF1 PF2 PF3 
Ms (Am2/kg) 

(experimental) 
58.62 26.20 13.90 5.48 

Ms (Am2/kg) 
(estimated) 

67.50±0.15 35.64±0.12 21.32±0.13 10.34±.13 

Mr (Am2/kg) 23.33 13.84 5.73 4.47 
Hc(103/4π A/m) 720 1470 1720 1954 

 

On the other hand, the addition of ferrite in polymer considerably reduces the coercivity 

which may be due to increase in the ferrite content which is randomly distributed in PANI 

matrix. The coercivity of PANI/ferrite composites is related to Ms through Brown’s relation 

[27-28]; 
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                                      H4 = A2k μ°. BMm                                  (5.22) 

It is clear that Hc is inversely proportional to Ms, where k is small the anisotropy constant 

which is assumed to remain same for all the samples. 

 

Fig. (5.32) M-H loops for of Ferrite (CaBaCo2Ga0.5Fe11.5O22), PF1, PF2, PF3. 

5.3.5.2. Saturation Magnetization (Ms)  

A law of approach is applied to saturated magnetization (Ms) using equation (5.16). The 

fitted curve of saturation magnetization (Ms) for currently studied samples are shown in Fig. 

(5.33). A little difference between the theoretical and the experimental values.of 

saturation.magnetization (Ms) is observed which is due to the deficient field applied in 

experimental setup but in the theoretical setup. Inmeasurable field is applied to attain 

maximum values of saturation magnetization (Ms) [29-30]. From Fig. (5.33) with a careful 

checkup reveals that the applied field is insufficient in the experimental case. By clarifying 
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the extra magnetization might be declared with increasing of the external field that will 

fundamentally close agreement between experimental and theoretical values. The theoretical 

values of saturation magnetization (Ms) are shown in the Table (5.13). 
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Fig. (5.33) Fitted curve for Ms of Ferrite (CaBaCo2Ga0.5Fe11.5O22), PF1, PF2, PF3 calculated 

by law of approach to saturation. 
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5.4 Conclusions 

Nanocomposites based on Y-type hexagonal ferrite CaBaCo2X0.5Fe11.5O22 and conducting 

polymer polyaniline were synthesized for present investigations for their possible 

applications in shielding and as magnetic core materials. The element X was selected from 

transition metals such as Al, In and Ga to improve various required properties. These 

nanocomposites were characterized by XRD and SEM for structural analysis, and physically 

by performing optical, magnetic and electrical measurements. From these characterizations 

following conclusions may be drawn:  

• The X-ray diffraction investigations for all nanocomposites reveal single phase 

formation for hexaferrites depicting sharp diffraction peaks whereas polyaniline 

exhibits amorphous nature linked to broad hump.  

• At room temperature, there is a significant improvement in electrical resistivity of 

nanocomposites with the increase of ferrite filler (with decrease in PANI) content. 

DC resistivity rises from 3.17 × 104 to 3.19 × 107 Ω-cm, from 2.21 × 104 to 2.69 × 

107 Ω-cm and from 2.44 x 103 to 2.89 x 109 ohm-cm for Al+3, In+3 and Ga+3 doped 

nanocomposites.  It is noted that Ga+3 doped nanocomposites depict the highest rise 

in resistivity making them suitable for high frequency applications.  

• Dielectric constant, dielectric loss and loss tangent as expected indicate much 

decrement with rising ferrite contents in nanocomposites caused by polarization 

associated wit-Wagner effect. Moreover, the Ga+3 doped nanocomposites reveal the 

lowest dielectric loss particularly 0.75[CaBaCo2Ga0.5Fe11.5O22] +0.25 PANI, making 

them suitable candidates for microwave absorption/shielding purposes. 

• The optical properties of ferrite filler with polyaniline (PANI) nanocomposites have 

been studied by UV–visible absorption spectroscopy in range 200–1200 nm. The 

optical band gap as determined through Tauc relation is found to improve when more 

and more ferrite filler was added to polyaniline in nanocomposites.  

• The field dependent magnetic properties of the prepared nanocomposites were 

examined at room temperature using vibrating sample magnetometer. It is 

noteworthy that with increasing amounts of ferrite filler (decreasing PANI content), 

the coercivity decreases whereas both the saturation magnetization and the 
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remanence increase. The best results were obtained in the Ga+3 doped 

nanocomposites indicating their potential to act as magnetic core materials in various 

industrial applications. Particularly, 0.75[CaBaCo2Al0.5Fe11.5O22]+0.25PANI 

nanocomposite demonstrated the lowest coercivity of 1230 (103/4π A/m) whereas 

saturation magnetization and remanence are noted to be 25.45 Am2/kg and 21.23 

Am2/kg, respectively.  

 
5.5 Overall Discussion About Thesis and Goals Achieved 

Three Y-type hexagonal ferrite filler polymer nanocomposites were synthesized and 

characterized in this PhD work namely:  

i) (1-x)CaBaCo2Al0.5Fe11.5O22 + (x)PANI (x= 0.25,0.5,0.75) 

ii) (1-x)CaBaCo2In0.5Fe11.5O22  + (x)PANI (x= 0.30, 0.50, 0.8 ) 

iii) (1-x)CaBaCo2Ga0.5Fe11.5O22 + (x)PANI (x=0.25,0.50,0.75) 

A comparison of various characteristics of all of these three series has been made in the 

form of a Table (5.14) given on the next page. Looking into this Table of comparison, 

following points can be noted about different properties of Y-type ferrite + PANI 

composites:  

a) Effect of Al, Ga, In on Ca based Y-type hexaferrites seemed to be significance 

particularly the resistivity of Ga doped hexaferrite nanocomposites was enhanced up 

to about 6 orders of magnitude i.e. from 2.44 x 103 to 2.89 x 109 Ω-cm and 

accordingly magnetic saturation magnetization also increases which is consistent 

with the usual behaviour with low values of coercivity. 

b) It is noteworthy that the sintering temperatures used for all of the three series were 

relatively lower as compared to already reported values for spinel and/or 

hexaferrites. 

c) Based on the properties listed in the Table 5.14 given below, FP3 is the best sample 

amongst the Al-doped Y-ferrite PANI composites. Similarly, CF3 appears to be the 

best sample amongst the In-doped Y-ferrite PANI composites. While, PF3 is the best 

sample amongst Ga-doped Y-ferrite PANI composites. 

d) Based on the overall properties listed in the Table 5.14, Al doped FP3 looks to be 

much better for photocatylytic activity whearas In doped CF3 nanocomposite is best 
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for microwave absorbing  properties among all the doped Y-ferrite PANI 

composites. 

On the basis of our experimental results discussed in the thesis and listed in the Table (5.14), 

it can be concluded that these nanocomposites are suitable for high frequency applications 

particularly in microwave devices/photocatalytic activity. 

Our results are consistent with the reported results shown in the Table (5.15), it may be 

concluded that our investigated samples clearly show that these samples can be utilized for 

microwave absorption as well as in photocatalytic properties. Moreover, FP3 is found to be 

the best sample for photocatalytic activity due to its lowest band gap. Furthermore, Ga and 

In doped samples appear to have good potential for microwave absorption due to their high 

conductivity. Overall CF3 is the relatively better sample among them for microwave 

absorption applications. 
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Future Plans  

In this study, some aspects have been evolved that need further investigations.  

Future work in the following areas would be interesting:  

Electrical properties are performed using LCR meter having frequency range from 20 Hz to 

1.5 GHz. For high frequency applications of ferrites, it is important to get accurate 

information of the resonance frequency and to find Snoek's limit, which can be used for 

technical applications in the frequency range above 1.5 GHz to several GHz.  

The nanocomposites can be tested/examined to access their feasibility for microwave 

absorption, EMI shielding etc. 

The temperature dependent susceptibility can be measured for further investigations of 

magnetic interactions and possible applications as core materials. 
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                                                                        Table 5.14 Comparison of all three Series  

 

 

 

Table of Comparison of all three Series 
(1-x) CaBaCo2Al0.5Fe11.5O22 + (x) PANI 
(x= 0.25,0.5,0.75) 

(1-x) CaBaCo2In0.5Fe11.5O22 + (x) PANI 

(x= 0.30, 0.50, 0.8 ) 

(1-x) CaBaCo2Ga0.5Fe11.5O22 + (x) PANI 
(x=0.25,0.50,0.75) 

Ferrite FP1 FP2 FP3 Ferrite CF1 CF2 CF3 Ferrite PF1 PF2 PF3 
Resistivity (Ω- cm) at room temperature Resistivity (Ω- cm) at room temperature Resistivity (Ω- cm) at room temperature 
3.8x109 3.19x107 1.42x105 3.17x104 2.95x109 2.69x107 2.48x105 2.21x104 2.78x1010 2.89x108 2.57x105 6.44x104 

Activation energy (eV) Activation energy (eV) Activation energy (eV) 
0.65 0.51 0.46 0.26 0.62 0.49 0.41 0.21 0.71 0.54 0.44 0.32 

Dielectric constant Dielectric constant Dielectric constant 
91 110 290 7500 14.99 23.34 31.43 42.55 10.21 17.96 26.22 36.80 

Dielectric loss Dielectric loss Dielectric loss 
42 260 390 480 7.36 11.57 17.66 23.31 6.49 10.69 16.34 22.15 

Tangent loss Tangent loss Tangent loss 
0.21 0.42 0.74 0.96 0.54 0.62 0.65 0.67 0.56 0.57 0.58 0.61 

Optical Band gap (eV) Optical Band gap (eV) Optical Band gap (eV) 
3.81 3.48 3.32 3.21 3.85 3.77 3.67 3.27 3.44 3.43 3.42 3.41 

Coercivity (103/4π A/m) Coercivity (103/4π A/m) Coercivity (103/4π A/m) 
620 1230 1650 1864 630 1390 1640 1896 720 1470 1720 1954 

Magnetization ( Am2/kg) Magnetization ( Am2/kg) Magnetization ( Am2/kg) 
56.32 25.45 14.23 4.8 60.52 30.18 21.04 7.63 58.62 26.20 13.90 5.48 

Remanence ( Am2/kg) Remanence ( Am2/kg) Remanence ( Am2/kg) 
21.23 12.54 5.33 4.39 21.23 12.18 8.77 3.54 23.33 13.84 5.73 4.47 
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                                                                  Table 5.15 Compartive study with literature data 

 

Reference 

Papers 

Composition  selected AC 

Conductivity 

(S/m) 

Optical 

band 

gap  

(eV) 

Magnetization 

(Am
2
/kg) 

Microwave 

absorption/ 
Photocatalytic 
activity 
reported 

                           Present work 

Al doped 

 sample 

In doped 

sample 

Ga doped 

sample 
J.A. Khan et al/ 

Spectrochimica 

Acta Part A: 

Molecular and 

Biomolecular 

Spectroscopy 

109 (2013) 

313–321 

 

CoFe2O4/PANI 

 

C1=PANI@CF 1:1  

 C2=PANI@CF 1:2.  

 

 

 

C1=2.6×10
-4 

C2=2.4x10
-4

 

 

 

 

 

C1=3.11 

C2=2.84 

 

 

 

 

 

------ ---------- 

 

 

 

removal of  

AZO-dyes in 

waste water 

Optical 

Band gap 

 

FP1=3.25(eV) 

FP2=3.18 

FP3=3.10 

 

 

 

CF1=3.69 (eV) 

CF2=3.65 

CF3=3.31 

 

 

 

PF1=3.32 (eV) 

PF2=3.26 

PF3=3.21 

Y. Wang et al. / 

Applied 

Surface 

Science 259 

(2012) 486–

493 

PANI(xwt%)BaFe12O19/ 

Ni0.8Zn0.2Fe2O4 ferrite 

C1=50% PANI 

C2=65% PANI 

C3= 75% PANI 

C4= 80% PANI 

C5=100% PANI 

 

 

C1=2.5 

C2=3.6 

C3=5.8 

C4=9.5 

C5=18.2 

 

 

 

---------- 

 

 

C1=60 

C2=20 

C3=14 

C4=12 

C5=7.8 

 

 

 

Microwave 

absorption 

(2-10 GHz)   

AC conductivity 

(×10
-5

 S/m)  

    FP1= 1.4 

     FP2=2.0 

      FP3=4.3 

 

(S/m) 

CF1=3.22  

CF2=4.66 

CF3=5.10 

 

(S/m) 

PF1=3.20 

PF2=4.59 

PF3=5.02 

C.A. Stergiou, 

G. Litsardakis / 

Journal of 

Magnetism 

and Magnetic 

Materials 405 

(2016) 54–61 

BaSrCo2-xNix Fe12O22 

Ni=0.5,1.0,1.5.2.0 
C1=0.5 
C2=1.0 
C3=1.5 
C4=2.0 

 

 

C1=4.2 

C2=8.5 

C3=10.3 

C4=15.6 

 

 

--------- 

 

 

-------------- 

 

 

Microwave 

absorption 

 

Magnetization 

(Am
2
/kg) 

FP1=25.46 

FP2=14.24 

FP3=4.80 

 

(Am
2
/kg) 

CF1=30.2 

CF2=21.0 

CF3=7.63 

 

(Am
2
/kg) 

PF1=26.20 

PF2=13.90 

PF3=5.48 
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