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Abstract 

Electromagnetic pollution is posing a threat to human health and the operation 

of electronic/electrical devices. It refers to the unwanted electromagnetic waves/signals 

radiated from electronic devices/equipment. Microwave absorbers/absorbing materials 

have been developed to mitigate the problems associated with this kind of pollution. 

The radiated signals from the surroundings interact with the electronic devices and 

cause a malfunction in their operation termed electromagnetic interference (EMI). This 

radiation is not only affecting electronic equipment rather has a very adverse effect on 

human health too. Hence microwave absorbers are necessary to suppress or reduce the 

effect of these unwanted signals. They are the materials designed to attenuate the EMI 

either by absorbing microwave energy or converting it to heat. In this regard, 

researchers have reported that ferrites have emerged as a potential applicant for the use 

as absorbing materials. Several reports are available in the literature that signify the 

feasibility of ferrites in the field of microwave absorbers. Hence the present research is 

based on M-type hexaferrites. Since the pure M-type hexaferrites lag to match the 

required characteristics of an efficient absorber, dopants are included to enhance their 

absorption capabilities. So in the present work, doping of different metal ions is 

performed in the pure ferrites and their composites. Thus, synthesis using sol-gel 

technique and investigation of Zn2+ and Co2+ substituted SrCoxZnxFe12-2xO19, Ni2+ and 

Co2+ substituted SrCoxNixFe12-2xO19, Zr4+ and Co2+ substituted SrCoxZrxFe12-2xO19 M-

type hexaferrites and their composites using polyaniline (PANI) with a composition 

[SrCoxZnxFe12-2xO19 (80%) + PANI (20%)], [SrCoxNixFe12-2xO19 (80%) + PANI (20%)] 

and [SrCoxZrxFe12-2xO19 (80%) + PANI (20%)] has been carried out. 

The structural, morphological, dielectric/electric, magnetic, and microwave 

absorption characteristics of these prepared series were performed. The structural 

characterization is done using X-ray diffraction (XRD) analysis utilizing powder-x 

software. The morphological analysis was conducted using a scanning electron 

microscope. To investigate dielectric/electric properties LCR meter was utilized while 

a Vibrating Sample Magnetometer (VSM) was used for magnetic analysis. The 

electromagnetic parameters were obtained utilizing a Vector Network Analyzer (VNA). 
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M-type hexaferrites SrCoxZnxFe12-2xO19 have been synthesized using the sol-gel 

method. The structural, dielectric, and electrical characteristics of Zn2+ and Co2+ 

substituted strontium ferrites have been carried out. The dielectric and electric 

characteristics of prepared ferrites have been explored in the range of 100-2x106 Hz. 

Formation of the hexaferrite-phase has been confirmed using the X-ray diffraction 

analysis. Co2+ and Zn2+  substitution causes a reduction in crystallite size from 39.50 to 

26.42 nm being the smallest in the case of x=1.0. Scanning electron microscopy (SEM) 

indicates the formation of honeycomb-like grain structures in composition x=1.0. The 

dielectric graphs show that the dielectric constant and tanδ vary in a non-monotonous 

way due to the inclusion of Co-Zn content. A non-Debye type relaxation is observed in 

the electric modulus of the developed compositions. There is a decrease in relaxation 

time with the increase in doping of Co-Zn. The impedance spectroscopy suggests the 

impact of grains and grain boundaries on the electrical characteristics. An impedance 

analysis has been performed by modeling the electrical behavior of the samples using 

electrical circuit modeling. The simulated results and measured results are in 

concurrence with each other.  Composition x=1.0 owes a maximum RL= -41.72 dB for 

a 1.9 mm thickness. For the same sample, a broad BW of 2.02 GHz is obtained at the 

same thickness. 

M-type hexaferrites SrCoxNixFe12-2xO19 were prepared using the sol-gel 

technique. The phase was characterized by XRD, grain morphology was investigated 

from scanned electron micrographs, and dielectric/electric/impedance 

characteristics were analyzed from 100 Hz to 2 MHz. XRD revealed the formation of 

hexaferrites without any secondary phase. The grain size and distribution were 

significantly affected by Co-Ni dopants and there was an observation of cluster of 

grains, grain agglomerates, and improved inter-grain connectivity. The substitution of 

Co-Ni caused a reduction in crystallite size from 41.47 to 23.14 nm and the dielectric 

constant/loss varied non-monotonically. Electric modulus shows the non-Debye type 

behavior and the charge transport mechanism exhibited conductivity relaxation to be 

more dominant than dielectric relaxation. The correlation of simulated grain/grain 

boundary parameters with morphology, dielectric parameter, and electric modulus has 

been presented. The highest RL= -37.46 dB was achieved for a 8.0 mm thickness in 
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composition x=0.8 while the broad bandwidth of 1.35 GHz was obtained in 

composition x=1.0. 

M-type hexaferrites SrCoxZrxFe12-2xO19 had been prepared using the sol-gel 

method. Zr4+ and Co2+ substitution effects on structural, dielectric, and electrical 

properties had been performed. The frequency range opted for the analysis of the 

prepared ferrites was 100 Hz to 2 MHz. XRD validated the development of a hexagonal 

structure and at the same time obtained patterns indicated no presence of a secondary 

phase. The inclusion of Co2+ and Zr4+ caused a decrement in the crystallite size from 

41.47 to 29.77 nm. To investigate the morphology of prepared ferrites scanning electron 

microscopy (SEM) had been conducted, which indicated the development of needle-

shaped platelet structures. Non-monotonically varied dielectric constant and loss were 

obtained by the inclusion of Co-Zr. The electric modulus showed the non-Debye-type 

behavior for all prepared compositions. The increase in doping of Co-Zr caused a 

reduction in relaxation time. The impedance spectroscopy illustrated the contribution 

of grains as well as grain boundaries on the electrical properties. The simulated 

electrical parameters are in good agreement with the measured ones. The composition 

x=1.0 has the maximum RL of -37.69 dB among all the compositions at a small  2.9 

mm thickness. The highest bandwidth of 1.09 GHz was reported in composition x=0.0. 

SrCoxZnxFe12-2xO19/PANI composites were prepared by adding polyaniline to 

the ferrite samples. The mixing ratio of these two materials is 80:20 which means 80 % 

of ferrite and 20 % of PANI. The morphology of the composites was investigated using 

SEM. It shows the formation of grain cluster in composition x=0.6 while the fused grain 

can be viewed in micrographs of composition x=1.0. The dielectric constant decreases 

with enhancing Co-Zn content in PANI composites. Electric modulus follows the non-

Debye type nature with an increase in the relaxation time with the increment in Co-Zn 

doping content. The impedance spectroscopy indicates the presence of dielectric 

relaxation. The charge transport is affected by grain as well as grain boundaries. The 

highest RL= -18.53 dB at 8.4 mm thickness, however, 1.51 GHz bandwidth was 

obtained for the thickness of 9.2 mm for composition x=0.0. 

SrCoxNixFe12-2xO19/PANI composites were prepared by mixing polyaniline in 

the ferrite samples with a mixing ratio of 80:20. Scanning electron microscopy was 
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utilized to analyze the microstructural/morphological characteristics of ferrite 

composites. SEM images reveal that the inclusion of Co-Ni has affected the grain 

distribution and agglomeration of grains could be viewed. A considerable increase in 

grain sizes was noticed in composition x=1.0. The dielectric constant and loss varied 

inconsistently with an increase in the doping of Co2+ and Ni2+ in the PANI composites. 

Electric modulus follows a non-Debye type relaxation. Co-Ni doping in the composites 

caused a reduction in the relaxation time with the increment in doping content. The 

impedance spectroscopy suggested the impression of both grains and grain boundaries 

in conduction. Composition x=1.0 shows the RL=-41.39 dB at a 5.4 mm thickness. The 

broad bandwidth of 1.93 GHz was found for the band of 10.47-12.40 GHz in the same 

composition. 

SrCoxZrxFe12-2xO19/PANI composites were prepared using polyaniline with the 

ferrite samples. Both these were mixed in a ratio of 80:20 with 80 % of ferrite and 20 

% of PANI. The morphology of the prepared composites was investigated using a 

scanning electron microscope. The inclusion of Co2+-Zr4+ caused a growth in the grain 

size. The formation of fused grains in composition x=0.2 while platelet-type grains 

were formed in composition x=0.6. The dielectric constant and tangent varied in a non-

monotonical way due to the increase in the Co-Zr doping. The non-Debye type 

relaxation was noticed in the electric modulus with a reduction in the relaxation time as 

the Co-Zr doping increases. The relaxation peaks in the curves of impedance with 

frequencies suggested the presence of dielectric relaxation. The highest RL of -45.98 

dB with 4.8 mm is in x=0.6. A bandwidth of 1.68 GHz was received at the thickness of 

4.1 and 4.4 mm in x=0.6. 
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CHAPTER 1  

INTRODUCTION 

Electromagnetic (EM) Pollution is a very serious concern nowadays. EM pollution 

refers to the effect of electromagnetic waves by which we are surrounded.  Due to the 

advancement in wireless technology everywhere we all are surrounded by 

electromagnetic waves. Everywhere there are a large number of electromagnetic wave 

radiation sources. When we are at home we come under the influence of radiation 

produced by electronic devices such as laptops, mobile phones, cordless phones, Wi-Fi 

devices, microwave ovens, etc. while outside we are exposed to radiation produced by 

mobile towers, Wi-Fi routers, radio stations, satellites, radioactive devices like CT 

scanner, MRI, etc. Prolonged exposure to this radiation causes harm to human health 

[1].  Not only do humans suffer due to this radiation, but electronic devices also have 

an adverse effect on their performance. The impact of EM waves on electronic devices 

is termed electromagnetic interference (EMI). EMI is the disturbance produced due to 

the other nearby circuits or components in the circuit itself, which degrade the 

performance of the circuit. Nowadays size of printed circuit boards is so small that the 

tracks on them are very thin. When the width of these is approximated to λ/4 of the 

radiation frequency they start working like antenna and radiate electromagnetic energy. 

This energy radiation has an impact on the nearby components in the circuit or the other 

nearby devices [2].  

As today’s world is digital, all our data is stored digitally and all the financial 

transactions are done digitally which has a risk of unauthorized access to data. Data 

may be damaged or stolen through electromagnetic interference in devices. The hackers 

can transmit electromagnetic waves which can cause interference with electronic 

devices and stop or change the operation of that device. A person’s confidential 

information like account number, password, user ID, or personal information can be 

tracked and misused. These issues can be handled with the help of a microwave 

absorber. The materials that can reduce the effect of unwanted radiation either by 

absorbing or attenuating the signal are called microwave absorbers. When the signal 
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passes through these materials either it is completely absorbed or there is an attenuation 

in the signal which makes it weak thus reducing the radiative effect of the signal. 

Absorbers can be used externally or internally to maintain the required performance of 

the circuit or to protect it from outside radiation [3]. Microwave absorbers are also 

available to protect human beings from exposure to electromagnetic radiation. The 

researchers are continuously working to develop microwave absorbers according to 

different applications. Significant efforts were made to reduce the EMI effect on the 

devices as well as on the bodies of human beings. Microwave absorbers are available 

in different types as per the application [4]. They are available in the form of fabric, 

paint, foam as well as sheets. In this regard, researchers have reported that ferrites have 

emerged as a potential applicant for absorbing materials. Several reports are available 

in the literature that signify the feasibility of ferrites in the field of microwave absorbers 

[5].  

1.1  Introduction to Ferrites 

Ferrites are an important functional material because of their vast range of applications 

[6-8] and are used in various fields from microwaves to radio frequency. Ferrites are 

ceramic materials developed using oxides of iron with other elements like 

barium, strontium, manganese, nickel, and zinc. They are characterized based on their 

properties like permittivity, permeability, dielectric loss, magnetic loss, saturation 

magnetization and coercivity, etc. Ferrites possess the permanent type of magnetism 

termed ferrimagnetism. The term ferrimagnetism was coined by Neel to explain the 

magnetism in ferrite. It refers to the magnetism in which material possesses both the 

properties of ferromagnetism and anti-ferromagnetism. In ferrites, magnetic moments 

of some atoms aligned theirself in parallel directions while some were in antiparallel 

directions thus securing both ferromagnetism and anti-ferromagnetism. Thus the gross 

magnetic field is higher than anti ferromagnetic material but lower than the 

ferromagnetic materials. The synthesis method, chemical composition, grain size, and 

porosity largely affect the structural and electrical properties of the ferrites [9]. 
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1.1.1 History of Ferrites 

The history of ferrites started with the discovery of a stone that had the properties to 

attract iron. This mineral is named magnetite (Fe3O4) on behalf of the place Magnesia 

where its abundant accumulation was found. The initial application of ferrite by ancient 

people was to detect magnetic north. The name ‘Ferrite’ has been taken from the Latin 

language which means iron. In 1930 Dr. Taleshi Takie published a paper indicating that 

this material had high permeability and was well suited in high frequency applications. 

RADAR’s invention motivated researchers to work on radar-absorbing material. In 

1936 first quarter-wavelength resonant-type absorber was prepared in Nederland. After 

that during World War II Germany prepared radar-absorbing material. America 

developed an absorbing material called “HARP” Halpern Anti Radiation Paint. At the 

same time, a synthesis of the Salisbury Screen was done. In the postwar period (1945-

1950) emphasis was on the development of broadband absorbers. 

In 1956, a new class of ferrite material called garnet ferrite was developed by Neel and 

co-workers. Koops developed a formula to give phenomenological theory to explain 

conduction behavior in dielectric materials. The development of hexagonal ferrite in 

1956 was a milestone in the field of ferrite. These are magnetic oxides with the formula 

MeFe12O19 with Me representing Barium, Strontium, or Lead. Around 1960 Phillips 

developed strontium hexaferrites (SrO.6Fe2O3). Since then barium and strontium 

ferrites are dominating the market due to their ease of synthesis and low cost. The 

optimization techniques in the 1980’s promoted ferrites in the field of absorbers. The 

use of polymers with ferrites around 1990 led to the development of composite 

absorbers. Since then the ferrites have found a wide range of applications such as in 

satellite communication, microwave absorbers, storage media, cores of transformers, 

etc. They are gaining the attention of researchers and new explorations are coming out 

day by day.  

1.1.2 Classification of Ferrite 

Ferrites are categorized based on two parameters: the first is magnetic properties and 

the second is crystal structure.  Based on magnetic properties, there are two kinds: soft 

ferrite and hard ferrite. The prime difference between them is the coercivity of these 
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ferrites. Soft ferrite possesses a lower value of coercivity while hard ferrites possess a 

large value of coercivity. Besides, soft ferrites are ferrimagnetic which means they 

don’t hold their magnetism after being magnetized while hard ferrites have permanent 

magnetism means they hold their magnetism after magnetization. They have small and 

narrow hysteresis curves and have low eddy current losses while hard ferrites have 

broad and wide hysteresis curves and high retentivity and eddy current losses. 

Based on crystal structure they are divided into four types: spinel, garnet, hexagonal, 

and ortho ferrites, among which the first two have cubic structure; the hexagonal ferrites 

have a hexagonal structure, while ortho ferrites have perovskite structure. Spinel ferrites 

are naturally occurring ferrites and so the name is derived from the mineral spinel 

(MgAl2O4). The spinel ferrites have the general formula of MeFe2O4 similar to the 

mineral spinel, here ‘Me’ represents the divalent atom like Ca, Zn, Co, etc. The cubic 

structure of spinel ferrites has two kinds of interstitial site one is tetrahedral (A) while 

the second is octahedral (B) site. Similar to mineral spinel Me2+ in spinel ferrites 

occupies A sites while Fe3+ fills B sites.  

Garnet ferrites owe the structure of silicate mineral garnet. The formula of garnet ferrite 

is Me3Fe5O12 where all the metal ions are trivalent. Mostly Me is yttrium or any other 

rare earth element. Ortho ferrites are the ferrites having the formula RFeO3 where R is 

the rare earth element. These ferrites have an orthorhombic structure rather than the 

cubic as in the case of spinel. Hexagonal ferrites are also termed hexaferrites and are 

one of the most widely used ferrites. Due to their unique characteristics like high curie 

temperature, good microwave absorption, high electric resistivity, and low-cost 

hexagonal ferrites are gaining attention [9]. 

1.2  Hexagonal ferrites 

Hexagonal or hexaferrites have hexagonal structures and are ferromagnetic in nature. 

The hexagonal ferrites have three sites which are octahedral, trigonal bi-pyramidal, and 

tetrahedral. These interstitial sites are occupied by metallic divalent and trivalent 

cations. There are six kinds: M, W, X, Y, Z, and U-type ferrites. M-type hexagonal 

ferrites are one of the most widely used types of hexagonal ferrites. 



5 
 

1.3  M-type hexaferrites 

M-type hexaferrites have a magnetoplumbite structure named after a mineral of the 

same name. The M-type hexaferrites have a formula of MFe12O19 where M is either Ba, 

Sr, or Pb. Most of the M-type ferrites are ferromagnetic however some are anti-

ferromagnetic. The most used compounds are BaFe12O19, SrFe12O19, and PbFe12O19. 

The most use of M-type ferrite is in microwave absorber applications. 

1.4  Technological application of ferrites in various fields 

The ferrites have a vast range of applications from microwave to radio frequency. 

Different technological applications of ferrites are discussed as follows. 

1.4.1 Inductors 

Ferrites are used as inductors in various electronic/electrical circuits like filters, 

amplifiers, switching circuits and ferrite beads, etc. The magnetic properties of ferrites 

make them suitable for the use of inductors. The most common use of ferrite as an 

inductor is the ferrite beads used in various electronic devices. 

1.4.2 Microwave devices 

The use of ferrite in the fabrication of a microwave device is one of the important 

applications. Microwave devices like circulators, isolators, phase shifters, etc. are 

examples of microwave devices made of ferrite material. 

1.4.3 Sensor 

Ferrites are also used in the area of sensors. The ferrite nanoparticles show high 

sensitivity and hence are of prime importance in the area of sensors. The use of nickel 

ferrite for chlorine, zinc ferrite for ethanol, and magnesium ferrite for liquid petroleum 

gas is well evident. 

1.4.4 Microwave absorbing material 

The use of ferrites as microwave-absorbing material is the most widely used application 

of ferrites. The ferrites have the capability to absorb the microwave radiation. 

Electronic pollution caused by EM radiation is a very major threat not only to electronic 
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devices but also to human beings. The effect of these radiations is suppressed or reduced 

by the microwave-absorbing material. The ferrites due to their ferromagnetic behavior 

are promising candidates in the development of microwave absorbers. 

1.4.5 Wastewater treatment 

Ferrites are also used in the treatment of water and wastewater due to their adsorption 

capabilities. The hazardous element mixed with water can be removed with the use of 

ferrites. For example, mercury in water can be removed by precipitating it into a 

magnetic resultant using ferrite.  

1.5  Microwave absorption mechanism 

The materials that absorb microwave radiation are termed microwave-absorbing 

materials (MAMs). These are materials designed to reduce the EMI either by absorbing 

energy or converting it to heat. MAMs were first commercialized during World War II 

to enhance radar performances [10]. Since then extensive research has been done in the 

field of absorbing materials, which has produced a variety of absorbing materials in 

different shapes and sizes. Since electromagnetic waves have electric and magnetic 

fields, the performance of a microwave absorber depends on its dielectric and magnetic 

loss capabilities. The materials based on magnetic loss are magnetic metals, magnetic 

metal oxides, and ferrites, while on the other hand, conductive polymers and carbon-

based materials depend on dielectric loss [11]. A good absorber has characteristic 

features viz-a-viz lightweight, low density, excellent chemical stability, and thin 

thickness as shown in Fig.1.1 [12]. The absorption phenomenon is based on the 

Quarter-wavelength [13] and impedance-matching mechanism [14]. 
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Fig. 1.1 Characteristics of a good absorber. 

1.5.1 Quarter Wavelength Mechanism 

The mechanism indicates that if the width of ferrite material is one-fourth of the 

wavelength of an incident signal, it will either attenuate the signal or absorb it as shown 

in Fig. 1.2. 

 

Fig. 1.2 Schematic representation of quarter-wavelength mechanism. 

The absorption characteristics of a material are understood by a parameter called 

reflection loss. Reflection loss tells how much the material is effective as an absorber. 
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The higher the reflection loss better the absorption characteristics in a material. This is 

denoted by RL with dB as a unit, and determined with the help of the material’s input 

impedance Zin and the impedance of free space Z0.    

1.5.2 Impedance Matching Mechanism 

The phenomenon states that the reflection loss in any material will become infinite as 

the impedance of the material matches the impedance of air which is calculated as 377 

Ω. Hence by matching the Zin of the material with Z0 the reflection loss can be increased 

and with the increase in RL, the absorption characteristics of the ferrite can be 

increased. Filler materials are used to manipulate the characteristics of the material to 

achieve desired outcomes. The use of filler material helps to match the input impedance 

of the material to that of the characteristic impedance and increases the machineability 

to give desired shape. The schematic diagram of the impedance matching mechanism 

is demonstrated in Fig. 1.3. 

 

Fig. 1.3 Schematic representation of Impedance matching mechanism. 

1.6  Polyaniline (PANI) 

A polymer is a material having large molecules called macromolecules pertaining large 

number of repeating units. A polymer may be conductive or non-conductive. 

Polyaniline (PANI) is a conductive polymer that allows conductivity to an electric field. 

It is one of the most widely used polymers due to its unique physiochemical properties. 

PANI has good thermal stability, low synthesis cost, good corrosion resistance, and 
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enhanced conductivity. PANI is used in the field of microwave absorption due to its 

inherent property as it can improve microwave absorption through conduction loss. 

PANI shows Eddy current loss which is beneficial in the design of an absorber. Besides 

this, PANI has a high dielectric constant which supports polarization. The use of PANI 

with different metallic and ferromagnetic materials has increased in recent years as 

these materials have sufficient mechanical and EMI shielding properties but suffer from 

being heavy and corrosive. The conductive nature of PANI can enhance absorption 

qualities by enhancing dielectric loss. PANI has three forms namely leucoemeraldine, 

pernigraniline, and emeraldine among which emeraldine is the most conductive. Hence 

in microwave absorption application emeraldine form among the three is mostly used. 

In the present research work, microwave-absorbing materials have been developed 

using ferrite. Ferrites are suitable in the field of microwave absorbers due to their 

unprecedented characteristics such as high Curie temperature, good microwave 

absorption, high electric resistivity, and low cost. The structural and electrical 

characteristics of the ferrites rely on the synthesis method, composition, grain size, and 

porosity. Thus by varying such parameters, their characteristics can be tuned as per the 

requirement. Hence the utilization of ferrite for the preparation of radio frequency 

absorber is a good choice. There are many methods to prepare the ferrite which are the 

sol-gel technique, hydrothermal synthesis, ceramic, and co-precipitation method. 

Among these, a sol-gel method is cost-effective method of ferrite development. Besides 

this, the sol-gel method has reproducibility in that the samples can be prepared many 

times with the same characteristics. Hence sol-gel method has been chosen to develop 

the ferrite samples. 

1.7  Chapter Outline 

Chapter 1: Introduction about the investigated work along with the role and need of 

microwave absorbing material is discussed. A discussion about the structure, types, and 

use of ferrite as an absorber is also explained. The microwave absorbing mechanism is 

discussed based on the impedance matching mechanism and quarter wavelength 

mechanism. 
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Chapter 2: This chapter presents the literature review carried out in the field of 

microwave absorbers to understand the various strategies followed by the researchers 

to synthesize and analyze the various electrical and magnetic properties of different 

microwave absorbing materials. 

Chapter 3: The chapter elucidates the experimental procedure used in the preparation 

of ferrite compositions. It also explains the experimental procedure involved in the 

measurement of different electric/dielectric parameters of the prepared compositions. 

The procedure used to determine microwave absorption characteristics of the prepared 

ferrites and their composites is also explained in detail. 

Chapter 4: This chapter presents the results and discussions regarding the investigated 

research work.  The obtained results of ferrites and composites doped with Zn, Ni, and 

Zr are discussed and analyzed in detail. The structural analysis using XRD and 

morphological investigation using SEM has been explained. The electric/dielectric 

characteristics like dielectric constant, loss, electric modulus, ac conductivity, and 

impedance of the developed compositions have been explained in detail. This chapter 

also discusses the microwave absorption analysis of the prepared compositions based 

on Quarter wavelength and impedance matching mechanisms. 

Chapter 5: This chapter presents the summary and conclusion of the investigated 

research work. The outcomes of the research performed are discussed in this chapter. 

This chapter also discussed the future aspects of the investigation performed.  
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Review of Literature 

The literature review is an important part of any research. An extensive literature survey 

is performed to achieve the desired objectives of the research work. This section 

presents a review of the literature. 

Jing et al. (2024) developed praseodymium (Pr) and dysprosium (Dy) doped strontium 

ferrites by deploying the sol-gel method. The structure, magnetic, and absorption 

characteristics were investigated with different calcination temperatures and doping 

levels. XRD indicated that the ferrites had both an M-type phase and heterophase 

caused due to the doping of Pr and Dy. Micrographs indicated that the grain size had 

reduced with the higher doping level. It was observed that saturation magnetization 

reduced, however, coercivity increased with the increase in Pr-Dy doping amount. They 

reported RL= -52.51 dB with an effective absorption bandwidth of 4.81 GHz [15]. 

Jin et al. (2024) utilized the sol-gel method to develop the chromium-doped M-type 

hexaferrites with the chemical composition of BaCexFe12-2xO19. The investigation of 

microstructural, morphological, and absorption characteristics has been carried out. It 

was observed that the doping level of Ce did not affect the crystal structure, however, 

the electromagnetic and absorption properties had been improved with the doping.  The 

composition x=0.2 gave the highest absorption performance with a -58 dB reflection 

loss. The bandwidth obtained is 9.44 GHz at a thickness of 2.3 mm [16]. 

Wei et al. (2024) prepared M-type hexaferrites with the Nd-Nb and Nd-Ta substitution. 

The authors employed the solid-state reaction method for the preparation of the 

samples. Investigation from different aspects such as structural, magnetic, and 

absorption had been performed. The increased doping level of Nd-Nb and Nd-Ta ions 

caused an increase in saturation magnetization from 63.76- 65.39 emu/g and coercivity 

first increased and then decreased for high doping level. The Nd-Nb substitution 

improved RL from -11.39 dB to -47.08 dB and Nd-Ta enhanced RL to -34.81 dB [17]. 

Panwar et al. (2024) used Bi and Co for the substitution of Ca and Fe ions in an M-

type ferrite. The sol-gel technique was utilized to fabricate the compositions. The 
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studied structural, dielectric, and magnetic behavior of the prepared composition. The 

crystallite size of the developed composition ranges between 42-49 nm. The doping of 

Co-Bi caused an increase in the saturation magnetization and coercivity. The Ms ranges 

between 15.51-38.27 emu/gm while Hc ranges from 207.93-1359.69 Oe [18].  

Yang et al. (2024) synthesized Ce-doped M-type strontium ferrite by deploying the 

sol-gel technique. The effect of doping on different structures and magnetic properties 

was investigated. They reported that the addition of dopant had reduced the size of grain 

and saturation magnetization from 76.16- 62.60 emu/gm. It was observed that the 

coercivity has increased from 4361 to 4638 Oe with the increment in doping level [19]. 

Chen et al. (2024) prepared an M-type strontium ferrite with Holmium (Ho) as a 

dopant. The technique used to develop the composition was the sol-gel method. The 

analysis was done to determine the effect of Ho inclusion on the characteristics of the 

hexaferrite. The addition of Ho content caused a decrease in saturation magnetization 

from 76.73-73.28 emu/gm. The coercivity was also reduced with a high doping 

concentration of Ho from 5.26-4.78 kOe [20]. 

Kayalvizhi et al. (2024) prepared ferrite composites using strontium ferrite with 

reduced graphene oxide (rGo). They developed strontium ferrite (SrFe12O19) first and 

then used rGo to prepare ferrite composite SrFe12O19/rGo. The hydrothermal method 

was adopted for the fabrication of required compositions. The microwave absorption 

analysis was performed for a frequency band of 2-18 GHz. The structural analysis 

confirmed the reduction in the particle size from 55.60- 41.55 nm with the inclusion of 

rGo. Furthermore, the inclusion of non-magnetic rGo also reduced the magnetic 

parameters of the ferrite. The saturation magnetization decreased from 53.3 to 35.89 

emu/gm. The coercivity showed an increasing trend (from 2679-3606 Oe) with the 

addition of rGo. The respective values of reflection loss for ferrite and rGO composites 

were -28.49 dB and -23.78 dB respectively [21]. 

Yang et al. (2024) investigated band gap, magnetic, and absorption characteristics of 

Zn2+ and Sn4+ doped barium hexaferrites. The auto-combustion method was employed 

to synthesize the hexaferrite. They reported that the band gap increased (1.80-1.97 eV) 

with the increment in the Zn-Sn doping content. The doping also reduces the magnetic 

saturation, coercivity, and anisotropy field. The ferrite showed an absorption bandwidth 

of 6 GHz with an absorption band of 11.4-17.4 GHz. The authors also prepared ferrite 
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composites using carbon nano-tube (CNT). To develop composite material 

hydrothermal method was adopted. It is reported that the composites with CNT have 

improved microwave absorption with a bandwidth of 7.1 GHz for approximately the 

same thickness [22]. 

Wei et al. (2024) prepared epoxy resin-based CNT/barium ferrite composites. The 

absorption performance was investigated on a frequency band of 2-18 GHz. The wt % 

to prepare composites were 20, 30, 40, and 50 %. The highest absorption performance 

was obtained with 40 wt% with an RL of -57.30 dB and bandwidth of 5.68 GHz. The 

RL ranges between -26.56 to -50.32 dB for the rest of the samples [23].  

Shu et al. (2024) fabricated the three-dimensional (3D) composite with nitrogen-doped 

reduced graphene (NRGO), magnesium ferrite (MgFe2O4), and polyaniline (PANI). A 

comparative analysis among pure NRGO, NRGO/MgFe2O4, and 3D composite had 

been carried out. It was reported that the developed 3D composite showed better 

microwave performance in comparison to the other two. The prepared 3D composite 

showed the highest performance with RL=-42.9 dB at 3.57 mm with a bandwidth of 7 

GHz [24]. 

Mudasar et al. (2024) prepared M-type hexaferrite-based composites using Ti3C2Tx-

MXene. The used Co-Zn doped barium-strontium ferrite was prepared using the solid-

state reaction method. The developed composite showed good absorption capabilities 

with an RL of -49 dB 15.2 GHz. The obtained highest absorption bandwidth below -10 

dB was 8.3 GHz while below -15 dB it was 6.4 GHz [25]. 

Bala et al. (2024) developed nickel ferrite-based composites with carbon derived from 

cotton. The mechanical alloy method was used to develop the composites. The 

absorption performance was evaluated for a frequency band of 8.2-12.4 GHz. It was 

noted that the saturation magnetization had decreased from 51.59-0.75 emu/gm due to 

the inclusion of a non-magnetic compound. The maximum absorption of -26.46 dB at 

10.01 GHz was obtained [26]. 

Yunasfi et al. (2024) used the co-precipitation method for the fabrication of La3+ doped 

nickel ferrite. The investigation on structural, magnetic, and absorption was performed. 

The particle size of the prepared composition ranges from 100 to 800 nm. It was 

observed that with the addition of La3+, the saturation magnetization reduces from 35.89 

to 21.54 emu/g due to the non-magnetic nature of La3+, however, the coercivity 
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increased from 249 to 416 Oe. The absorption analysis was performed for a frequency 

band from 8 to 12 GHz. The maximum reflection loss of -15.41 dB at 10.60 GHz was 

obtained [27]. 

Kaur et al. (2024) synthesized Ni-Zr substituted Zinc-cobalt ferrites for the application 

as a microwave absorber for Ka-band. They utilized the sol-gel technique for the 

development of ferrite compositions and investigated structural, optical, magnetic, and 

microwave absorption characteristics. The saturation magnetization values are found to 

be decreased with the inclusion of Ni-Zr. The composition x=0.1 provided the RL of -

50.34 dB at 29.2 GHz with a thickness of 1.3 mm [28]. 

Siddique et al. (2024) prepared Co-Cd ferrites and investigated the influence of Zn 

inclusion on the structural, electrical, and absorbance performance of the prepared 

compositions. The chemical composition used is Cd0.5-xZnxCo0.5Fe2O4. The authors 

used the sol-gel technique for the development of ferrites and reported crystalline sizes 

ranging from 43-50 nm. The substitution of Zn2+ causes a decrement in coercivity from 

246.47 to 192.10 Oe while an increment in saturation magnetization 58.92-106.41 

emu/g is observed. Authors obtained the highest RL of -26.85 dB for composition x=0.3 

at 3.9 GHz [29]. 

Akhtar et al. (2024) reported Zr-In substituted Ni-Zn nano ferrites having a chemical 

formula of Ni0.7Zn0.3(ZrIn)xFe2-2xO4 (x=0.0-0.2). The structural, dielectric, and 

magnetic characteristics were analyzed by FESEM, XRD, and VSM. The composition 

x=0.2 provided the highest RL values of -61.5 dB with a frequency of 2.43 GHz, while 

an RL=-57.3 dB with frequency of 1.93 GHz was obtained in composition x=0.15 [30].  

Tian et al. (2023) examined the role of Mn substitution on structural, magnetic, and 

absorption characteristics of hexagonal ferrites. The dielectric constant of the prepared 

ferrites was found to be decreased with the increase in doping while the permeability 

was found to be increased. Reflection loss of -64.39 dB at a 1.85 nm thickness was 

reported. The authors observed an increase in effective bandwidth from 5.5 to 9.1 GHz 

due to the increase in Mn doping concentration [31]. 

Verma et al. (2023) prepared M-type hexaferrites using the solid-state reaction method 

and investigated structural and magnetic parameters with the doping of Zn-Zr. The 

authors observed a decrement in crystallite size (149-69 nm) with the increment in 
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doping of Zn-Zr. The highest saturation magnetization of 72.77 emu/g for composition 

x=0.1 was achieved. The coercivity decreased from 4118 Oe to 319 Oe [32]. 

Sahu et al. (2023) performed the synthesis of Sr2+ doped Ni-Co ferrites with a ball 

milling process. The chemical composition used in the study was Ni0.5Co0.5-xSrxFe2O4 

(x=0.0-0.1, step size 0.025). The authors investigated the magnetic and absorption 

characteristics of the developed ferrite and reported the influence of Sr doping on the 

characteristics of the prepared compositions. They observed a decrease in saturation 

magnetization by the use of Sr. The highest 𝑀௦ of 60 emu/g was achieved in 

composition x=0.05. They achieved a high RL of -35.59 dB at 17.74 GHz with the 

thickness of 3 mm [33]. 

Gulbadan et al. (2023) synthesized Yb-Co doped barium-strontium hexaferrites using 

the sol-gel method. The authors observed a decay in dielectric constants while an 

increment in loss tangent with the increase in Yb-Co doping. A band gap of 1.961 to 

1.875 eV was obtained by the UV-Vis spectroscopy. The authors reported the 

enhancement of ac conductivity with the inclusion of Yb-Co content [34]. 

Gui et al. (2023) prepared W-type hexaferrites using the sol-gel technique with a 

chemical composition of Ba1-xLaxCo2Fe16-yAlyO27. The authors measured absorption 

parameters in the frequency range of 2-18 GHz. They noted a high RL peak of -50.13 

dB at 11.9 GHz for the thickness of 7 mm. They also obtained a -20 dB absorption 

bandwidth from 11.6-12.2 GHz [35]. 

Zhang et al. (2022) investigated structural, optical, and magnetic characteristics of M-

type ferrites with the chemical formula of Sr0.7La0.3Zn0.3Fe11.7-xAlxO19. The dielectric 

constant had decreased while the loss tangent had increased with the doping. Saturation 

magnetization Ms was found to be decreasing, while coercivity Hc was increased with 

the increase in doping level. There was a large increment of 2246.6 Oe in Hc as it varied 

from 2330.2 Oe to 4576.8 Oe [36]. 

Akthar et al. (2022) prepared rare earth element doped graphene-based NiFe2O4 

nanocomposites and investigated structural, optical, and magnetic properties. The 

authors used a rare earth element: Yb, Gd, and Sm for the preparation process and 

selected the sol-gel method for synthesizing the ferrites. The authors reported an optical 

band gap in the range of 1.65 to 2.66 eV. They observed an increment in saturation 

magnetization from 11.552 to 46.243 emu/g [37]. 
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Agarwal et al. (2022) synthesized nickel zinc ferrites with Mg and Zr as dopants. The 

synthesized ferrites have the chemical composition of Ni0.6Zn0.4(MgZr)xFe2-2xO4.  It 

was noted that complex permittivity and permeability were increased with an increase 

in doping which enhances the absorption ability of ferrite. The best RL value of -33.4 

dB was achieved for the composition x=0.15 [38]. 

Hassan et al. (2022) developed cerium-substituted hexagonal ferrites using the sol-gel 

route and analyzed the electrical and magnetic performance. Authors reported an 

increment in the dielectric loss by the increment in doping of Ce content, while the 

dielectric constant was reduced by the dopants. The ac conductivity illustrates an 

increasing trend and dc resistivity decreased by an increment in doping [39]. 

Singh et al. (2022) investigated M-type ferrites Ba0.5Sr0.5CoxYxFe12-2xO19 with doping 

of Co and Y. Substitution of Co and Y causes an increment in the absorption. The 

highest RL=-28.72 dB was achieved for x=0.2 at 11.64 GHz with 1.5 mm thickness. 

They explained the bandwidth-thickness ratio concept and reported that x=0.8 

possesses a 3.6 bandwidth-thickness ratio at 10.55 GHz [40]. 

Dilshad et al. (2022) investigated the structural, optical, and dielectric characteristics 

of M-type Sr ferrite with Al3+ doping. They explained the change in dielectric 

parameters using space charge polarization. Variation in conductivity was explained 

with the help of Maxwell-Wagner model [41].  

Basha et al. (2022) synthesized M-type strontium hexaferrite with doping of La via 

hydrothermal technique and investigated structural, electrical, and magnetic properties. 

Dielectric modulus was used to investigate the space charge mechanism, while Cole-

Cole plots were discussed to explain the electric conduction mechanism [42]. 

Yousaf et al. (2022) reported Nd-Cr substituted Bismuth ferrites opted by the sol-gel. 

The chemical composition used in the investigation was BiNdxCxF1-2xO3 (x=0, 0.05, 

0.1, 0.15). The reflection loss of -37.7dB with a thickness of 3 mm was achieved with 

doping of Nd and Cr [43].  

Zahid et al. (2022) synthesized Cr3+ doped strontium hexaferrites with composition 

Sr1-xCrxFe12O19 applying the sol-gel technique. An increase in Lattice parameters and a 

fall in grain size were reported with the inclusion of dopants. The authors concluded 

that this change was due to the large ionic size of Cr+.  The dielectric constant and ac 
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conductivity increased with the doping of Cr. The coercivity values obtained are in the 

range of 6.64-6.72 KOe [44]. 

Purnama et al. (2022) used the co-precipitation method for developing strontium-

doped cobalt ferrites. The analysis was done with different annealing temperatures. The 

XRD analysis indicated that the crystallite size of the prepared ferrites increased by 

enhancing the annealing temperature. They reported that saturation magnetization falls 

with higher temperatures. The highest 𝐻 of 2.76 kOe was reported at a 1000 °C 

temperature [45]. 

Habib et al. (2021) prepared a microwave absorber using waste toner. The ferrite used 

was MnNiZn ferrite in the preparation of the composite ferrite absorber. The analysis 

was done on the basis of structural, magnetic, and absorption characteristics of the 

ferrite composite. The investigation was performed for a wide frequency from 2 GHz 

to 8 GHz. The obtained results were compared with ferrite composite using paraffin. It 

is evident from the RL curves of paraffin and waste toner that the performance of ferrite 

with waste toner is better as compared to paraffin. The authors claimed an RL=-22.5 

dB with a BW of 3.5 GHz at a 5mm thickness [46]. 

Lim et al. (2021) fabricated M-type cobalt strontium ferrites using La and Ti as 

dopants. The chemical composition used was Sr0.906 La0.094Fe11-2xCoxTixO19. Epoxy was 

used with a weight percent of 10wt%. The doping of Co-Ti caused a decrement in 

saturation magnetization and coercivity. It was reported that the increase in doping 

composition enhanced the absorption performance of the composite. The characteristics 

of composition 0.8 were the worst among all the compositions. In all the compositions 

x=1.4 had the highest reflection loss of -40 dB [47].  

Singh et al. (2021) developed an M-type barium strontium ferrite using the doping of 

Co2+ and Sn4+. The composition used was Ba0.5Sr0.5CoxSnxFe12-2xO19. X-ray diffraction 

and vector network analyzer were used for the structural and absorption 

characterization. The doping of Co and Sn had a significant role in the performance 

parameters of the ferrite. The outcomes indicate that the doping of Co and Sn increases 

the electromagnetic parameters of the samples. There was a large increment of 35.89 

dB in the reflection loss, as the RL value without doping was found to be -15.2 dB while 

with doping it becomes -51.09 dB for composition x=0.6 [48]. 
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Kumar et al. (2021) fabricated Zinc-Cobalt ferrite with polyaniline. The composite 

prepared was Co1-xZnxFe2O4 with x varying from 0.1 to 0.4. The prepared ferrites were 

developed using the sol-gel method. The polyaniline was added with the ferrites via in 

situ polymerization. The authors studied the EMI shielding performance of the 

composite. The study was done from 8-12 GHz. The composition x=0.3 provided the 

highest shielding effectiveness (SE) of 106 dB. The authors reported an increase in the 

shielding effectiveness with an increment in the thickness [49]. 

Singh et al. (2021) developed Ba-Sr hexagonal ferrites and structural characteristics, 

absorption peaks, and electromagnetic parameters were studied. Doping of Co and Cr 

was performed and the effect of doping on parameters was investigated. The result 

showed a significant effect of quarter wavelength and impedance matching criterion on 

the reflection loss. A large reflection loss of -52.09 dB was reported for 8.78 GHz with 

5.6 mm thickness for composition 0.8. The composition 0.6 provided a broad BW of 

3.28 GHz. The analysis shows that the composite prepared is well-suitable for absorber 

applications [50]. 

Chakradhary et al. (2021) prepared cobalt-doped nickel ferrite with carbon nanofiber. 

First cobalt nickel ferrite had been developed and investigated. Initially, the prepared 

ferrite provided very low absorption characteristics. A low bandwidth of 1.45 GHz was 

achieved with the large thickness of 10.3 mm. When carbon nanofiber was added, this 

addition enhanced the absorption properties. An increment in bandwidth was obtained, 

which became 3.23 GHz with a reduced 1.6 mm thickness. Thus it can be reported that 

carbon nanofiber enhances the absorption characteristics [51]. 

Zhang et al. (2021) prepared Cobalt ferrite composites with Carbon nanofibers. The 

composites are prepared with 5wt%, 10wt%, and 15wt%. The authors termed the 

composites CFO-5, CFO-10, and CFO-15. Then C/CFO composite samples were 

prepared and named C/CFO-5, C/CFO-10, and C/CFO-15. The C/CFO composite with 

10wt% i.e. C/CFO-10 produced a large RL peak of -137 dB with a BW of 11.44 GHz 

at 2.6 mm thickness. In comparison composite pure Carbon nanofibers and Cobalt 

ferrite composite provide reflection loss of -48.6 and -28.6 dB respectively [52].  

Agarwal et al. (2021) presented a study on the doping of cobalt and zirconium in 

nickel-zinc ferrite. The synthesis of ferrites was performed using the sol-gel method. 

The chemical composition used was Ni0.6Zn0.4(CoZr)xFe2-2xO4 with x from 0.05 to 0.25. 
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From the graph of reflection loss versus frequency, it is evident that a large RL of -

44.92 dB was achieved at 9.29 GHz for composition x=0.20 while a reflection peak 

was obtained at 8.70 GHz with an RL of -40.43 dB for x = 0.25. Thus substitution of 

Co and Zr increased the absorption characteristics of Ni Zn ferrite [53]. 

Chang et al. (2020) prepared the W-type hexagonal ferrites with doping of co and Zr. 

The composition of ferrite prepared was BaCo2Fe16-x(Co0.5Zr0.5)xO27. The synthesis of 

ferrite was performed using sol-gel method and the analysis was done for a frequency 

range of 1 to 18 GHz. The undoped hexaferrite possesses -21.03 dB reflection loss for 

a frequency of 13.15 GHz. The performance of the ferrite in terms of absorption 

properties was improved with the doping of Co and Zr. The reflection loss was 

improved from -21.03 dB to -37.84 dB for the composition x=0.4. The peak of 

reflection loss was obtained at a frequency of 16.3 GHz when the corresponding 

thickness was 5.0 mm [54].  

Tao Ma et al. (2020) synthesized reduced graphene oxide/MnZn ferrite. The authors 

studied the effect of graphene on the performance of ferrites. They pointed out that the 

dielectric/magnetic properties of the ferrite composite were enhanced and a Rl=-60.9 

dB was received for an applied frequency of 12.4 GHz with 2.75 mm. A 5.6 GHz 

bandwidth was achieved if the thickness was 2.38 mm [55]. 

Zhang et al. (2020) synthesized Zr-NiCo doped barium ferrites using the sol-gel 

process. The study was performed for a frequency range of 2 to 8 GHz. Composition 

x=0.6 in all the compositions was best in terms of reflection loss as a large reflection 

loss of -53.9 dB was achieved for a frequency of 11.0 GHz. It can be noted that they 

also obtained a broad BW of 6.9 GHz [56]. 

Jiao et al. (2020) studied Ni-Zn ferrite with polyaniline as a matrix material. The 

composition of the ferrite composite was Ni0.5Zn0.5Nd0.04Fe1.96O4. They performed an 

investigation on the electromagnetic parameters of ferrite. The results show that the 

substitution of PANI enhances the absorption characteristics of the ferrite. The 

permittivity improved with the mixing of PANI in the ferrite sample. It was reported 

that the absorbing characteristics of the prepared sample can be tuned by the amount of 

aniline added to the samples. The -37.4 dB reflection loss was gained for 8.4 GHz for 

4.0 mm [57]. 



20 
 

Tang et al. (2020) presented a composite of Zinc ferrite with MWCNTs. It can be noted 

from the graph between reflection loss and frequency that for pure ZnSO4, the RL peak 

was above -10 dB from 01 to 3 GHz. This shows that pure ZnSO4 was not suitable for 

absorption application. When the ferrite nanoparticles were covered by a thin carbon 

layer, there was an improvement in reflection loss. ZnFe2O4@C had a reflection loss of 

-20.6 dB at 2.19 GHz for a thickness of 5 mm. The addition of the nanotube caused an 

enhancement in RL values and reflection loss ability had increased to -40.65 dB at 0.81 

GHz if the thickness is 2.5 mm [58]. 

Shu et al. (2020) developed NRGO/nickel zinc ferrite composite. The authors 

investigated the filler loading effect on the composite’s absorption properties. The filler 

loading studies were done with 30, 35, 40, 50 and 60 wt%.  Among all of these, loading 

of 40 wt% provided the highest reflection loss of -63.2 dB at 2.9 mm. A 5.4 GHz 

effective absorption bandwidth was obtained for the same filler loading with a small 

thickness of 2.0 mm. The result showed that reduced graphene had improved the 

performance of the ferrite, as pure ferrites have lower absorption characteristics as 

compared to doped composite [59]. 

Khadour et al. (2020) prepared a flexible microwave absorber using MnNiZn ferrite. 

The filler matrix used was polyurethane. The study was performed to cover both the S 

and C bands. The loading of 70, 75, and 80 wt% of MnNiZn ferrite was performed in 

the fabrication of polyurethane nanocomposites. The filler loading of 80 wt% had come 

out as the best among the three, as at this loading percentage RL of -29.7 dB was 

achieved with 5 mm thickness. The authors reported that the absorption characteristics 

of nanocomposites were improved with the use of polyurethane in comparison to 

Paraffin Wax [60]. 

Bhongale et al. (2020) synthesized Mg-Cd Spinel ferrites with substitution of Nd. The 

chemical composition used was MgxCd1 - xNd0.03Fe1.97O4. The analysis was done from 

8.2 to 12.4 GHz. All the compositions except x=0 and 0.8 had an RL peak in the range 

of the X band. The composition x=0.2 had the highest reflection loss of -18.38 dB at 

12.32 GHz, however, x=1 had an RL of -18.33 dB with a bandwidth of 2.12 GHz. The 

thickness used for the ferrite sample was 4.2 mm [61]. 

Moradnia et al. (2020) fabricated and performed a comparative study of BaFe12O19, 

Ba4MnZnFe36O60, and NiFe12O4 ferrites. A comparative graph of RL versus frequency 
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was presented for the three ferrites. From the graph, it can be noted that the NiFe2O4 

ferrite had the highest reflection loss of -35 dB, while BaFe12O19 and Ba4MnZnFe36O60 

had -15 dB and -22 dB respectively. It can be concluded that NiFe2O4 had better 

absorption properties as compared to the other two [62]. 

Yu He et al. (2020) prepared a Co2Y ferrite and investigated the performance 

parameters. The process used in the development of ferrite was the sol-gel method. The 

analysis was first done on simple Y ferrite. The results revealed that in pure Y ferrite, 

the absorption characteristics were very poor. The RL peaks below -10 dB were 

obtained at large thickness as a RL of -24.82 dB was obtained at 8.0 mm. Since the 

thickness below 6.0 mm provides very low reflection loss hence authors mixed Ni with 

Y ferrite and studied the effect on the performance of the ferrite. The results imply that 

the addition of Ni had improved the characteristics of ferrite since higher reflection 

peaks were present at low thickness. The analysis was done for a thickness of 2.0 mm 

with Ni wt % of 20, 40, 50 and 60%. There was an increase in the RL values as 

compared to pure ferrite. Among the different wt%, Ni with 40 wt% has an RL peak of 

-18.76 at a frequency of 6.24 GHz [63].     

Rani et al. (2020) synthesized Ba-Sr hexagonal ferrite and performed an analysis on 

the effect of Co and Ga doping. The chemical composition used in the investigation 

was Ba0.5Sr0.5CoxGaxFe12-2xO19 where x had values from 0 to 1 with a step of 0.2 each. 

The analysis was done using impedance matching criteria as well as the λ/4 mechanism. 

They reported a reflection loss value of -33.36 dB when x=0.4 with a thickness of 2.0 

mm for a frequency of 9.62 GHz [64]. 

Arora et al. (2019) presented a study on La and Na barium hexagonal ferrites to be 

used in Ka-band. The two chemical compositions used were Ba1-2xLaxNaxFe10CoTiO19 

and Ba1-2xLaxNaxFe10Co0.5TiMn0.5O19. The authors claimed that the substitution of Mn 

caused higher electromagnetic properties. The first composite had a -31.68 dB 

reflection loss value for composition x=0.2 while the second composite had a -55.33 

dB reflection loss. Thus it can be stated that the use of Mn enhanced the absorption of 

ferrite [65].  

Luo et al. (2019) designed a hybrid material with reduced graphene, barium ferrite, and 

PANI. The ferrite composition was BaTb0.2Eu0.2Fe11.6O19. The authors presented an 

investigation of the effect of graphene on the absorption properties of the composite. 
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They achieved a good -60.9 dB loss with a small thickness of 1.95 mm. The frequency 

of the RL peak was found to be 16.4 GHz. The result indicates that the composite is 

very suitable as an absorption material due to its wide bandwidth of 4.2 GHz [66]. 

Wang et al. (2019) synthesized a BaFe12O19@ PANI composite for microwave 

absorption applications. The amount of aniline under investigation is 200, 400, and 600 

ul. The analysis of barium ferrite, pure PANI particles, and barium ferrite/PANI 

composite was performed. The reflection loss obtained with BaFe12O19 was -14.15 dB 

while the pure PANI particles provide -35.8 dB. The BaF12O19@400PANI provided a 

-48.6 dB RL which shows that the PANI enhanced the characteristics of the composite 

[67]. 

Shu et al. (2018) prepared RGO/ZnFe2O4 nanocomposites. The electromagnetic 

parameters were determined with the help of a VNA. The frequency range used in the 

determination of the parameter was 2 to 18 GHz. The samples were prepared with a 

weight percentage of 25, 50, and 75 % with a paraffin matrix. The results showed that 

the increase in the filler content increases the absorption characteristics. The 75 wt% 

provided the highest RL with a value of -41.1 dB at 2.5 mm [68].     

Li et al. (2018) investigated Co-doped barium ferrite with a composition of 

Ba(CoZr)xFe12-2xO19. In all the composition x=0.4 had performed best in terms of higher 

loss and large bandwidth. A reflection loss of -28.7 dB with a thickness of 1.6 mm was 

obtained in this composition. -10 dB bandwidth of 5.36 GHz was obtained at a 1.7 mm 

thickness. All the compositions had reflection loss higher than the -10 dB mark. Thus 

the composite material may be stated as a prominant material for radio absorption [69].    

Song et al. (2018) synthesized M-type barium ferrite using the sol-gel technique and 

investigated the role of Co and Ti substitution on the performance of barium ferrite. 

The chemical formula for the composite was Ba(CoTi)xFe12-2xO19 with x = 0.2, 0.4 and 

0.6. The analysis was done for a wide frequency band of 2 to 18 GHz. All three 

compositions had reflection peaks below the -10 dB. The reflection loss achieved for 

composition 0.2, 0.4, and 0.6 were -14.79 dB, -36.37dB, and -29.51 dB respectively. 

Hence it can be said that composition x=0.4 was better as compared to others in terms 

of absorption characteristics. The corresponding thicknesses for these compositions 

were 4.7, 4.5, and 3.6 mm respectively [70]. 
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Joshi et al. (2017) worked on M-type Ba-Sr hexaferrites doped with Co and Gd. An 

investigation was done for the chemical formula of Ba0.5Sr0.5CoxGdxFe12-2xO19 at x=0, 

0.2, 0.4, 0.6, 0.8. The authors used the ceramic method for the fabrication of required 

ferrites. The composition at x=0.0 provides 96.23% absorption at a frequency of 11.22 

GHz with a thickness of 3.0 mm. The maximum absorption of 96.90% was achieved 

with composition x=0.8 for a thickness of 2.9 mm at an 8.3 GHz frequency. From the 

results, it is evident that variation in frequency, thickness, and doping causes tunable 

absorption [71].  

Singh et al. (2017) prepared an M-type hexaferrite using doping of Co and Al ions. 

The composition used in the analysis was Ba0.5Sr0.5CoxAlxFe12-2xO19. The analysis was 

carried out for a frequency range of 8.3 GHz to 12.4 GHz. Obtained results indicated 

that the absorption performance of ferrite had increased with the doping of Co and Al 

ions. The authors claimed a percentage absorption of 96.94 with a reflection loss of -

16.4 dB with 2.9 mm thickness at 11.22 GHz. Absorption bandwidths of 500, 670, and 

800 MHz were achieved for x=0.0, 0.2, and 0.8 respectively [72].  

Malana et al. (2016) prepared molybdenum-doped strontium calcium hexagonal 

ferrites. The coercivity of all the prepared compositions increased with an increment in 

Mo doping concentration. The coercivity of the samples increases from 681.81 Oe 

(x=0.0) to 808 Oe (x=0.4). The reason behind this is that the replacement of Fe3+ 

(magnetic) by Mo6+ (less magnetic) causes a reduction in iron ions which in turn 

increases the coercivity [73]. 

Z. Mosleh et al. (2016) synthesized Ce-substituted barium hexaferrite with the 

chemical composition of Ba1-xCexFe12O19. A non-uniform variation in saturation 

magnetization and coercivity was observed with the inclusion of Ce content. The 

maximum values for these two were 53 emu/g and 5088 Oe in the case of sample x=0.1. 

They reported the highest reflection loss of  -20.40 dB with 16.1 GHz for x=0.2 [74]. 

Aminreza Baniasadi et al. (2016) analyzed the microwave absorption properties of 

Ti–Zn doped strontium ferrites with a chemical composition of SrFe12-xTix/2Znx/2O19. 

Authors reported a decrement in coercivity from 5640 to 1486 Oe with the inclusion of 

Ti-Zn content. The maximum saturation magnetization of 63 emu/g was obtained in the 

case of composition x=0.5. The maximum reflection loss of -36.58 dB was achieved 

for composition x=2.5 [75]. 
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Zheng He et al. (2015) prepared a PANI/Ag/SrFe12O19 composite and analyzed the 

electrical, optical, and magnetic parameters of the developed composites. An inclusion 

of Ag caused a decrement in the saturation magnetization from 117.22 to 70.54 emu/g. 

The PANI/Ag/SrFe12O19 composite had the highest RL peak of -14.86 dB at 9.98 GHz 

[76]. 

2.2 Research Gap and Problem Formation 

The literature survey is carried out on microwave-absorbing materials using ferrite. The 

literature survey indicates that the absorber using ferrite is a very growing field of 

research. It has been noted from the study of literature that most of the work is done to 

obtain high reflection loss and wide bandwidth. However, for a good absorber, it is 

necessary that it should also be feasible in terms of size and should be cost-effective. 

For an absorber if it is providing higher reflection loss but its size is big then it cannot 

be used with the electronic circuits which are very small in size. Hence thickness of the 

material becomes a very important parameter in this situation. So to meet this 

requirement, the bandwidth-to-thickness ratio of an absorber becomes a very critical 

parameter for an absorber. In the literature survey, this concept looks missing. Thus 

research in this regard is extensively required to deal with this restrain.  

From the survey it can also be noted that most work has been done on spinel ferrites 

and microwave absorption studies have not been conducted much on M-type strontium 

ferrites. An investigation of the doping effect on the performance of the strontium-

cobalt ferrite composite is also required. Hence to deal with these restrains the 

following M-type ferrite series and their composites are prepared and investigated. 

Series I: SrCoxZnxFe12-2xO19 (x=0.0-1.0, step size 0.2) 

Series II: SrCoxNixFe12-2xO19 (x=0.0-1.0, step size 0.2) 

Series III: SrCoxZrxFe12-2xO19 (x=0.0-1.0, step size 0.2) 

2.3 Title of the Research Work 

“Fabrication, Investigation and Optimization of Electromagnetic Parameters of Ferrite 

Composite based RF Absorber” 
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2.4 Objectives of Proposed Work 

1. Fabrication of ferrite composites and study of their band gap characteristics.   

2. Measurement, evaluation and analysis of electromagnetic parameters of ferrite 

composite; complex permittivity and complex permeability 

3. Optimization of performance parameters; reflection loss, -10 dB bandwidth and 

bandwidth to thickness ratio. 
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CHAPTER 3 

RESEARCH METHODOLOGY 

3.1 Fabrication process of Hexaferrite 

The first objective of the research work is the fabrication of M-type hexagonal ferrite 

samples. There are many methods to prepare ferrite samples which are the sol-gel, 

hydrothermal synthesis, co-precipitation, and ceramic methods. Among these, a sol-gel 

method is the simple and cost-effective method of ferrite synthesis. Hence this method 

has been used to develop the ferrite samples. This method is best suited as it provides 

good purity and uniform structure. Three series have been prepared with a general 

chemical formula of SrCoxMxFe12-2xO19, where M is Zn, Ni, and Zr and x=0.0, 0.2, 0.4, 

0.6, 0.8, and 1.0. Thus the chemical compositions for these series can be written as 

SrCoxZnxFe12-2xO19, SrCoxNixFe12-2xO19, and SrCoxZrxFe12-2xO19. 

3.1.1 Preparation of Ferrite sample using sol-gel 

The sol-gel process contains multiple steps which are hydrolysis, polymerization, 

gelation, condensation, and drying. The fabrication process is divided into twelve steps 

which are shown in the form of a flow chart in Fig. 3.1 and are explained below. 

1. The first step is to weigh the stoichiometric amount of chemicals using a 

weighing machine.  

2. The second step is to prepare a nitrate solution. AR-grade nitrates of all the 

elements have been mixed in distilled water while stirring the solution on a 

magnetic stirrer. 

3. The next step is to prepare a citric acid solution. For it, citric acid powder is 

mixed with distilled water while stirring it on a magnetic stirrer.  

4. This solution is added to the nitrate solution. 

5. Now this solution is cooled to room temperature. 

6.  A solution of ammonia with water is prepared. This ammonia solution is added 

dropwise to the prepared solution. 

7. The PH level is checked during the mixing of ammonia solution. Ammonia is 

added till a PH of 7 is achieved. 
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8. When the PH level of the solution becomes 7 it is called Sol. 

9. This sol is heated at 800 C on a hot plate till it turns into Gel. 

10. An auto combustion starts which makes this gel into ash.  

11. This ash is converted into fine powder. 

12. This powder is heated for 8 h at 9000 C to get the final sample. 

 

Fig. 3.1 Flow chart of the fabrication process of ferrite samples 
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Fig. 3.2 Sample prepared using sol-gel method 

3.1.2 Preparation of ferrite composites 

With the process discussed in the previous section ferrite samples were prepared. As 

the ferrites are hard in nature they should be made soft by mixing filler materials to get 

the desired shape. The mixing of these filler materials also improves the electric and 

magnetic parameters of ferrite samples. To prepare ferrite composites polyaniline 

(PANI) was added to the ferrite samples. PANI is a conductive polymer that enhances 

the electromagnetic properties of the ferrites. First PANI was prepared using a chemical 

polymerization method in which ammonium persulfate as an oxidizing agent is used. 

Ammonium persulfate was used to polymerize the aniline by maintaining a temperature 

of 0 to 5 °C. After drying the solution required powder form of PANI was obtained. 

The PANI powder was mixed with the ferrite powder in a ratio of 20 % (PANI) to 80 

% (ferrite) to form the ferrite composites. 

3.2 Pellet formation and sintering 

The prepared samples as discussed in the previous section were used to prepare pellets. 

The pellets of these samples were prepared using a hydraulic press. The shape of the 
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pellets should be rectangular as the waveguide used for the measurement of EM 

parameters using Vector Network Analyzer (VNA) is rectangular. First, a die set was 

prepared in a rectangular shape for the formation of pellets. The synthesized powder 

was put in the rectangular die and placed under the hydraulic press. A uniaxial pressure 

of 2-3 tons/cm2 with a holding time of 2 minutes was applied by a hydraulic press to 

convert fine powder into pellet. 

The pellets formed using the above-said procedure are sintered to make them hard so 

that the measurement of parameters through VNA can be performed. The pellets were 

sintered at 900 ºC for 2 h. After that, they were cooled to room temperature to obtain 

hexagonal ferrite compositions. 

 

Fig. 3.3 Rectangular pellets prepared for VNA measurement 

3.3 Microstructural/Morphological Characterization 

3.3.1 X-ray diffraction analysis 

This analysis has been performed to determine the structural parameters and phase 

identification. Rigaku Miniflex-II diffractometer of 15 mA current and 30 kV voltage 

with a step size of 0.005 was used to acquire the XRD pattern. The analysis was 

performed with Cu Kα radiation (λ=1.5405 Å) for the angle of 20-80. The analysis 

has been carried out using Powder-X software to determine Miller indices. The patterns 

were indexed using the standardized patterns of Strontium ferrite-SrFe12O19 having 

space group P63/mmc (ICDD file no.84-1531). 
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The d-spacing (dhkl) and the cell volume (V) of the developed compositions have been 

calculated by lattice parameters (𝑎 = 𝑏, 𝑐) and miller indices (ℎ, 𝑘, 𝑙) using equations 

3.1 and 3.2 [77]. 

ଵ

 ௗೖ
మ =  

ସ

ଷ
ቀ

మ

మ +


మ +
మ

మቁ + 
మ

మ                                  (3.1) 

             𝑉 =  
√ଷ

ଶ
𝑎ଶ𝑐                                                      (3.2) 

The Debye-Scherer equation is used to determine the average crystallite size (Dxrd) as 

shown in equation 3.3. 

                       𝐷௫ௗ = 0.94 
ఒ

ఉ௦ఏ
                                        (3.3) 

Where Dxrd is an average crystallite size at Bragg angle 𝜃 with wavelength 𝜆 =

1.5406 Å and 𝛽 is FWHM of the major intensity peak. 

3.3.2 Scanning electron microscopy 

An SEM is used to investigate the microstructure/morphology of the prepared 

compositions. The grain size and grain distribution for the prepared compositions are 

analyzed using SEM images. The scanning electron microscopy was performed with 

an accelerating field of 5 to 10 kV handled at a 5 mm working distance. The microscope 

(FESEM, Jeol, JSM-7100, Japan) was used to obtain the microstructures of the prepared 

compositions. 

3.4 UV-Vis spectroscopy 

For optical characterization, UV-Vis spectroscopy has been performed using a 

spectrophotometer (Jasco V-770). The band gap characteristics are determined using 

UV-Vis spectroscopy. In this technique, the analysis is done on the basis of light 

absorbed or transmitted by the material. The sample is placed under UV rays and 

absorbance has been determined. This absorbance data is further used to acquire the 

band gap of the material. The formula used to calculate the band gap is given in equation 

3.4.  

(𝛼ℎ𝜈)ଶ =  𝐴ଶ (ℎ𝜈 − 𝐸)                               (3.4) 
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Here α is the absorbance coefficient, hν represents photon energy and Eg denotes band 

gap.  According to equation 3.4 at ℎ𝜐 = 0, Eg=hν. Hence a plot between (𝛼ℎ𝜐)ଶ and 

hν was plotted and an intercept was found on the hν axis. 

3.5 Measurement and analysis of electromagnetic parameters 

3.5.1 Electrical characterization 

Electrical characterization of the prepared composition has been done to determine 

various electrical parameters. Disk-shaped pellets were made of a diameter of around 5 

mm and a thickness between 1.5 and 3.1 mm. The silver paste was coated on the pellets 

to make contact points for the measurement of electrical parameters. Agilent LCR meter 

(Model-E4980A) was used to determine the capacitance and resistance values in a 20 

Hz to 2 MHz frequency band. The measured values were used to calculate the 

impedance (Zʹ= R and Zʺ= 1/ωC) of the prepared compositions. These impedance 

values were further used to determine different dielectric/electric parameters which are 

as follows. 

 

Fig. 3.4 LCR meter used for electrical characterization 

3.5.1.1 Dielectric constant 

Dielectric constant of ferrite is of complex nature with its real part () indicating the 

degree of polarization in the ferrite material and imaginary term () representing the 
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dielectric loss. The formula to calculate the real part of the dielectric constant is 

presented in equation (3.5). 

                      = 


ఌ
. 


మାమ

                                               (3.5) 

Where L, ω, A, and o are thickness, angular frequency, area, and free space permittivity 

respectively, while 𝑍 and 𝑍 represent the real and imaginary values of impedance 

respectively. 

The imaginary part of the dielectric constant () is calculated using the formula 

mentioned in equation (3.6). From the values of  and  the required loss tangent 

(𝑡𝑎𝑛) could be obtained as given in equation (3.7). 
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                    tan= 



                                                           (3.7) 

3.5.1.2 Electric Modulus 

The electric modulus (M) provides the electrical relaxation of ionic solids. This is used 

to investigate a frequency dependence of the conductivity of materials. The study of 

complex electric modulus formalism guides to understand electrical conduction as well 

as the space charge polarization influence. The electric modulus is given by M= M + j 

M where real and imaginary parts are calculated as  

                           𝑀ᇱ =


²ା²
                                          (3.8) 

                          𝑀ᇱᇱ =
ᇱ

²ା²
                                         (3.9) 

3.5.1.3 AC conductivity 

Hopping of the electrons between Fe2+ and Fe3+ for (Octahedral) B-sites has the leading 

role in the conduction process in ferrites. The increase in frequency causes a relative 

increment in the hopping frequency of charge carriers which enhances the conductivity. 

The ac conductivity (𝝈𝒂𝒄) is related to the dielectric relaxation which follows the 

empirical power law [78] 

                           𝜎(𝜔) = 𝐴𝜔                                     (3.10) 

A and n are constants that depend on the composition of the sample. 
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The term An denotes the dispersion in (𝝈𝒂𝒄). As per Funke [79], 𝑛 < 1 represents a 

translational motion with sudden hopping, whereas 𝑛 > 1 indicates localized hopping 

between neighbor sites. The values of n for prepared compositions were acquired by 

fitting plots. 

3.5.2 Magnetic Characterization 

For the magnetic characterization of the prepared compositions magnetic parameters 

are determined. These magnetic parameters which are coercivity (𝐻), saturation 

magnetization (𝑀௦) and remanence (𝑀) of the samples were determined utilizing 

VSM (vibrating sample magnetometer) measurement. Magnetization (M) v/s magnetic 

field (H) graphs of all the compositions are plotted to analyze the magnetic 

characteristics. Besides the 𝑀 𝑣/𝑠 𝐻 loops graphs of M v/s 1/H2 are plotted and linear 

fitting is performed to calculate the respective value of saturation magnetization (𝑀௦) 

and anisotropy field (𝐻). 

3.5.3 Microwave absorption characteristics 

The microwave absorption characterization of the prepared compositions has been 

performed by measuring different electromagnetic parameters. A Vector Network 

analyzer (VNA) is employed to determine these parameters. VNA is a device that 

measures different scattering parameters (S-parameters) of the signal passed through 

the sample under test. The measurement representation of parameters using VNA is 

shown in Fig. 3.5.  
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Fig. 3.5 Measurement of parameters using VNA 

The model used in the measurement was Agilent N5222A. The rectangular pellets of 

the prepared compositions are put in the rectangular waveguide attached to the VNA. 

The measurement of the parameter using a vector network analyzer is performed for 

the 8.2 to 12.4 GHz frequency band. 

3.5.3.1 Complex permittivity and complex permeability 

The parameters required to observe the absorption performance of the samples are 

complex permittivity ε and complex permeability µ. The VNA measures S-parameters 

which are utilized to determine respective complex permittivity and permeability by the 

Nicholson-Ross-Weir method. A complex permittivity is written as  

𝜀 =  𝜀′ − 𝑗𝜀′′                   (3.11) 

ε′ represents the dielectric constant and ε″ is the respective loss (attenuation) caused in 

the material. The loss tangent can be determined as tanδε = ε″/ε′. In the same way, the 

permeability is given as 

µ = µ′ − 𝑗µ″                   (3.12) 
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Here µ′ is permeability, however, µ″ is magnetic loss respectively. The magnetic loss 

tangent can be calculated by tan δµ = µ″/µ′.  These losses in an electric or magnetic 

field or both caused attenuation in the incident waves. 

3.5.3.2 Reflection Loss and BTR 

Reflection loss denotes the absorption characteristics of a material. Transmission line 

theory is deployed to determine the reflection loss (RL) for a material. The RL of the 

developed compositions was determined from the equation 3.13 given as [13] 

𝑹𝑳 = 𝟐𝟎𝒍𝒐𝒈 ቚ
(𝒁𝒊𝒏ି𝒁𝒐)

(𝒁𝒊𝒏ା𝒁𝒐)
ቚ                              (3.13) 

Since Z0 is the characteristic impedance of free space its value is predetermined which 

is 377Ω, however, the input impedance of material Zin can be acquired using the 

formula given as [13] 

𝒁𝒊𝒏 = 𝒁𝒐ට
𝝁𝒓

𝜺𝒓
𝒕𝒂𝒏𝒉 ቂ𝒋(

𝟐𝝅𝒇𝒕

𝒄
)ඥ(𝝁𝒓. 𝜺𝒓)ቃ         (3.14) 

Here µr and εr are complex permeability and complex permittivity of the material while 

c denotes speed of light and t represents thickness respectively. 

The -10 dB reflection loss denotes 90% absorption while -20 dB of RL denotes the 99% 

absorption. From the values of RL, determined as discussed above, the bandwidth to 

thickness ratios (BTR) of the developed compositions were determined. First, 

bandwidth was calculated from the frequency band having RL above -10 dB. Onward, 

the BTR was determined as the absorption bandwidth divided by the respective 

thickness of the sample. 

3.6 Optimization of electromagnetic parameters 

The observations received in the above steps will be optimized to provide better 

performance of the sample prepared. The absorption characteristics of the absorber will 

be optimized using the impedance matching phenomenon and λ/4 mechanism. 

3.6.1 Impedance matching mechanism 

From equation (3.13) it is clear that as the input impedance Zin becomes equal to the 

characteristic impedance Z0 the reflection loss will get infinite value. Thus, by matching 
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the input impedance of the material with Z0, reflection loss can be increased. The 

obtained sample parameters will be varied according to the criteria so that the 

performance of the sample can be enhanced. Further, from equation (3.14) it can be 

noted that Zin is a complex value that has both real as well as imaginary parts, hence to 

satisfy the impedance matching criteria the input impedance’s real part should be equal 

to Z0 (377 Ω) and imaginary term must be zero. Hence input impedance Zin along with 

real and imaginary parts for all the prepared compositions is investigated to analyze the 

occurrence of impedance matching mechanism in the prepared compositions. The 

graphs of |Zin| and RL with frequency are plotted for the prepared composition to 

investigate impedance matching. The graphs of Zreal, Zimag, and RL against frequency 

are also analyzed.   

3.6.2 Quarter wavelength mechanism 

Quarter wavelength (λ/4) mechanism is used to optimize the thickness of the sample. 

On the basis of the λ/4 mechanism the thickness is a function of wavelength and is 

given as [14]  

𝒕𝒎 =
𝒏  𝝀

𝟒 ඥ|𝝁𝒓.𝜺𝒓|
                         (3.15) 

Where tm is the thickness, λ is the wavelength and n is an odd integer. µr represents the 

permeability and εr is the permittivity of the material.  

 Various thicknesses and wavelengths are used to satisfy the λ/4 mechanism to achieve 

optimum results from the prepared compositions. The calculated thickness (tm
cal) of 

each composition for different values of n=1, 3, and 5 are determined using equation 

3.15. The graphs of reflection loss against frequency for various simulated thicknesses 

(tm
sim) are plotted to establish the relation between RL peaks and λ/4 mechanism. The 

investigation is done by comparing the tm
sim with tm

cal. The respective graph of tm
cal 

versus frequency is plotted in association with the RL versus frequency graph of various 

simulated thicknesses. The lines from the RL peaks are stretched to the calculated 

thickness versus frequency graph. These lines cut exactly or nearly at the same 

calculated thickness on the n λ/4 curve which shows the accomplishment of the quarter 

wavelength mechanism. 
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Chapter 4  

RESULTS AND DISCUSSION 

4.1 SrCoxZnxFe12-2xO19 series 

4.1.1 Microstructural/Morphological characteristics 

XRD graphs of the prepared hexagonal ferrites are shown in Fig. 4.1. The analysis has 

been carried out using Powder-X software to determine Miller indices. The patterns 

were indexed with a standard pattern of Strontium ferrite-SrFe12O19 with space group 

P63/mmc (JCPDS card no.84-1531). From the diffractograms, it can be seen that there 

is no secondary phase present and all the peaks of prepared compositions matched with 

the pure phase of strontium ferrite. Table 4.1 enlists different structural parameters of 

prepared compositions. It can be observed that the lower level causes a meager change 

in the crystallite size, however, it decreases substantially at the high doping level. The 

crystallite size ranges between 40.66 to 26.42 nm and the composition x=1.0 has the 

lowest crystallite size of 26.42 nm. 

 

Fig. 4.1 XRD pattern of SrCoxZnxFe12-2xO19. 
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Table 4.1. Structural parameters of SrCoxZnxFe12-2xO19. 

Co-Zn 

Content 

(x) 

a (Å) c (Å) 

c/a V(Å)
3
 D

xrd(nm) d-spacing 

(Å) 

0.0 5.8869 23.0500 3.9154 691.7707 39.50 2.77 

0.2 5.8869 23.0400 3.9137 691.4705 40.66 2.62 

0.4 5.8915 23.0500 3.9124 692.8522 38.77 2.62 

0.6 5.8778 23.0350 3.9189 689.1848 38.77 2.62 

0.8 5.8717 23.0150 3.9196 687.1580 32.16 2.53 

1.0 5.8874 23.0500 3.9151 691.8882 26.42 2.53 

For analyzing the morphology of the developed compositions scanning electron 

microscopy was done. These micrographs of compositions of SrCoxZnxFe12-2xO19 are 

displayed in Fig. 4.2. The large grains have been formed due to the fusion and 

agglomeration of grains in the composition x=0.0 and composition 0.2. The doping of 

Co-Zn has affected the grain distribution with the decrease in grain size, improved inter-

grain connectivity, and grain agglomerates as observed in Fig. 4.2 (b), (c), and (d). A 

honeycomb with a needle-shaped structure is formed with the increment in doping as 

demonstrated in Fig. 4.2 (f). 

The SEM shows that there are visible voids in the arrangement of grains that provide a 

hindrance to the flow of the charges that accumulated at the grain boundary. This causes 

polarization and modifies the electrical properties. The small size of grains will cause 

an increase in the number of grain boundaries. Hence more boundaries will provide 

high resistivity to the applied field. 
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Fig. 4.2 SEM micrographs of SrCoxZnxFe12-2xO19 

4.1.2 Electrical Characteristics 

4.1.2.1 Dielectric Constant 

Dielectric constant of ferrite is of complex nature with its real part () indicating the 

degree of polarization in the material and imaginary part () representing the dielectric 

loss. The formula to determine the real part is shown in equation (3.5). Dielectric loss 

 is calculated using equation (3.6), while the loss tangent (tan) can be determined 

by equation (3.7) as given in chapter 3. 

The variations in  and  versus frequency are displayed in Fig. 4.3.  increases non-

linearly with dopants and owes high values in the low-frequency area, while in the high-

frequency regime, it first decreases and then attains a constant value. This dispersion is 

due to the interfacial polarization and complies with the Maxwell-Wagner model with 

Koop’s phenomenon [36, 80]. For a low frequency, grain boundary is more prominent 

while grains are for high frequencies. The high resistance of grain boundaries causes 

charge careers to gather at the boundaries causing space charge polarization which 

contributes to the permittivity at low frequency. However, for high frequencies grains 

assist the conduction, and electron’s hopping in Fe2+ and Fe3+ can not accompany the 
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change in frequency, and lag behind the field. It reduces the gathering of charges at 

boundaries and leads to a decrement in the dielectric constant.  

It is noteworthy that composition x=0.2 carries with maximum  in the low-frequency 

region among doped compositions. The polarization is dependent on Fe3+/Fe2+ in 

ferrites and such charge carriers are higher in x=0.2 than the other  doped compositions, 

causing  scale to the maximum value. However,  for composition x=0.0 is lower 

than x=0.2 in spite highest Fe3+/Fe2+ in the former. This is related to grain morphology 

in Fig. 4.2: undoped x=0.0 constitutes small grains with large porosity, while x=0.2 

owes less porosity with relatively better inter-grain connectivity than x=0.0. Thus, the 

applied signal encounters more impediment in x=0.0 resulting in high porosity induced 

low polarization which lowers down .  
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Fig. 4.3. Plot of dielectric constant (a) real term (b) imaginary term for 

SrCoxZnxFe12-2xO19. 

The plots for loss tangent (tanδ) with frequency are demonstrated in Fig. 4.4 which 

shows a decrease in tanδ with the frequency increment. The decrement in the loss 

tangent is according to Koop’s phenomenological theory of dielectrics [80]. Since for 

low frequency, grain boundaries are active and impede electron hopping which causes 

a high value of loss tangent. At high frequencies grains are active and render the 

electron hopping, thus owing small values of loss. 

 The loss tangent varies in a non-monotonical way with Co-Zn doping and relaxation 

peaks are observed for all the compositions. This nature is associated with the Rezlescu 

model [81] according to which this peaking nature is obtained when the charge hopping 

frequencies match the frequency of the applied fields. Composition x=0.0 has the 

largest tanδ among all at the low-frequency region: The stored energy may be easily 

dissipated through the visible pores around the grains (Fig. 4.2) in comparison to doped 

compositions. The relaxation peaks become broad with dopants due to an increase in 

heterogeneity accompanied by an increase in the number of interfaces that require more 
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time for relaxation. It is noticed from the figure that the peak shifting towards the high-

frequency regime due to the doping of Co-Zn is noticed. 

 

Fig. 4.4. Loss tangent versus frequency graph of SrCoxZnxFe12-2xO19. 

4.1.2.2 Electric Modulus 

A sigmoidal step in Mʹ and a broad asymmetric peak in Mʺ are the basic features of M 

concerning frequency [82, 83]. The graphs of Mʹ and Mʺ with frequency are given in 

Fig. 4.5 (a) and (b) respectively. It is noted that a similar trend has been reported in 

earlier reports [84]. Mʹ has a low value in a low-frequency regime and increases up to 

a certain value with the frequency increment. After that it tends to saturate at high 

frequencies, being the highest for composition x=0.4. The insufficiency of restoring 

force that governs the charge carriers' mobility may be a reason behind these 

observations. These observations assist to the long-range mobility of charges. A 

sigmoidal increase with an increase in frequency corresponds to the charge carrier’s 

short-range mobility. 
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Fig. 4.5. (a), (b) Electric Modulus v/s frequency for SrCoxZnxFe12-2xO19. 

The Mʺ versus frequency curve provides information about the charge relaxation 

mechanisms. It can be seen from the graph that all the prepared compositions show 
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asymmetric peaks. The low-frequency area of the peak is related to the long-distance 

movement of ions while for the high-frequencies they can do localized motion only and 

are confined to their potential well. The conduction relaxation time can be estimated 

from the peak frequency. The height of Mʺ reduces with the increase in doping due to 

a decrease in Fe3+ ions which causes a reduction in the number of charge careers. The 

doping also causes a broad nature of relaxation peaks associated with an increase in the 

heterogeneity of interfaces and dipoles. There is a shift in peaks toward the high 

frequency value with the increase in doping of Co-Zn which indicates the localized 

motion of ions.  This shifting with doping of Co-Zn toward a high-frequency area 

indicates a reduction in relaxation time. 

 

Fig. 4.6. Cole-Cole plots of SrCoxZnxFe12-2xO19 

Fig. 4.6 shows the Cole-Cole plot (𝑀 𝑣/𝑠 𝑀) of SrCoxZnxFe12-2xO19 (x = 0.0, 0.2, 0.4, 

0.6, 0.8, and 1.0).  An asymmetric deformed semicircle can be seen for all the prepared 

compositions with the center deviating from the x-axis which implies a non-Debye 

nature. The semicircle in undoped composition x=0.0 lies almost equally along high as 

well as low-frequency regions, hence both grain and grain boundaries are responsible 
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for charge transport. The doping of Co-Zn (x=0.2, 0.6, 0.8, and 1.0) shifts the arc 

towards a low-frequency regime while for x=0.4 it is toward high-frequency. This trend 

indicates that grains contribute more in composition x=0.4 while grain boundaries are 

dominant in the rest of the compositions. 

4.1.2.3 Impedance Spectroscopy 

Fig. 4.7 (a) indicates the change in Z with frequency. Z continuously decreases with 

frequency for a short period and becomes constant thereafter. The reason behind this 

variation can be due to the Maxwell-Wagner model accompanied by the effectiveness 

of grain boundary and grain respectively at low-frequency and high-frequency areas. A 

decrement in a maximum value of Z with the increase in doping of Co-Zn as compared 

to the undoped (pure) composition. Micrographs depict improvement in inter-grain 

connectivity which reduces the resistance of individual grain boundaries. Further, for 

the high-frequencies, all plots coalesced with the lowest values. 

The plot of Z concerning frequency is given in Fig. 4.7 (b). It increases with an 

increase in doping of Co-Zn and reveals the rise in the reactance of a material. This type 

of behavior is because of the decrement in space charge polarization with the increase 

in Co-Zn content: reactance is related in opposite to the capacitance (X or Z=1/C) 

and polarization varies in proportion to capacitance. Further, at high-frequency 

coalescing of all the curves indicates the fall in space charge polarization with 

increasing frequency. 
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Fig. 4.7. (a), (b) Variation of Impedance of SrCoxZnxFe12-2xO19. 

Cole-Cole plots (𝑍 𝑣𝑒𝑟𝑠𝑢𝑠 𝑍 ) of prepared compositions are demonstrated in Fig. 4.8. 

The plots show a semi-circular arc for each composition. The plots for x=0.0, 0.2, and 
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0.4, lie in the mid-region of the frequency which signifies that both grains and grain 

boundaries are contributing. The composition x=0.6 shows the bending of the curve 

toward the high-frequency side showing the fusing of grains as depicted in micrograph 

Fig. 4.2 (d). The curves of compositions x=0.8, 1.0 are indicating the dominance of 

grains as they lie on the high side. 

 

Fig. 4.8. Cole-Cole plot of Impedance for ferrite SrCoxZnxFe12-2xO19. 

4.1.2.4 AC conductivity 

The plot of ac conductivity (σac) of prepared compositions is plotted in Fig. 4.9. It tends 

to increase after a particular frequency called hopping frequency. This hopping 

frequency indicates the transition from the flat plateau region of dc conductivity (σdc) 

to the dispersive region of ac conductivity (σac). All the compositions show frequency-

independent behavior below this. The inclusion of Zn2+ and Co2+ ions causes a decrease 

in conductivity in the low-frequency range but there is an increase in conductivity for 

doped compositions in comparison to the undoped composition in the high-frequency 

region. It can also be noted from the figure that the hopping frequency shifted to a low 

frequency with the increment in Co-Zn content. The reason for low values of dc 

conductivity is linked to the prevalence of interfacial polarization in dielectric constant 
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parameters as shown in Fig. 4.3 and diffusion of charge carriers is responsible for σdc 

[85]. 

For the high-frequency region with grain dominance, both x=0.0 and 0.4 have 

significantly low conductivity σac. It is due to the morphology: composition x=0.0 has 

large porosity around grains (Fig. 4.2), while the area of cross-section to the charge 

carriers of needle-shaped grains is very small in x=0.4, thereby reducing σac. Similarly, 

grain connectivity is good in x=1.0 which gives rise to the highest σac. The fitting of 

curves using Jonscher law has been done and the value of parameter n for prepared 

compositions (x=0.0 to x=1.0) was calculated. The respective values of n are 0.310, 

0.367, 0.409, 0.430, 0.494, and 0.604. Thus, less than 𝑛 < 1 values suggest, that the ac 

conductivity follows the hopping of charge carriers. 

 

Fig. 4.9. AC conductivity v/s frequency for ferrite SrCoxZnxFe12-2xO19. 

4.1.2.5 Software-based Impedance Simulation  

Electrochemical impedance spectroscopy (EIS) software [86] is used to explore complex 

impedance data using circuit modeling as shown in Fig. 4.10. It has two parallel RC 

networks connected in series. One RC combination signifies resistance and capacitance 
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of grains (Rg, Cg), while the other is for grain boundary (Rgb, Cgb). Due to the non-Debye-

type nature of compositions, a constant phase element (CPE) is employed. The 

capacitance of CPE was obtained using the relation [87]: 

                                         𝐶ா =  (𝐴𝑅ି(ିଵ))ଵ/                        (4.1) 

Here A and n are fitted parameters of CPE and R is the resistive value obtained from 

the equivalent circuit. 

Fig. 4.10 shows the simulation results with the equivalent circuit obtained using EIS 

software.  It can be seen that measured plots and simulated/fitted graphs agree with 

each other. The determined values of resistances and capacitances for grains/grain 

boundaries are enlisted in Table 4.2. 

 

Fig. 4.10. Fitting of impedance curves for SrCoxZnxFe12-2xO19. 
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Table 4.2. Parameters of prepared compositions derived using EIS software of 

SrCoxZnxFe12-2xO19. 

x Rg (M) Rgb(M) Cg (µF) Cgb (µF) 

0.0 622.10 30.08 31.60 7.02 

0.2 1180.00 26.89 2.33 119.17 

0.4 1000.00 41.00 1.62 34.48 

0.6 923.04 21.15 2.38 38.76 

0.8 1000.00 10.27 1.65 39.46 

1.0 1115.00 12.30 2.09 471.82 

Simulated Grain/Grain boundary parameters and Morphology   

Composition x=0.0 has two layers of large as well as small grains as depicted in the 

micrographs in Fig. 4.2; small grains on the top layer and large grains on the bottom 

layer. Besides this, large porosity is seen among small grains due to which there will be 

weak polarization. This results in a low value of grain boundary capacitance Cgb which 

is in agreement with the lowest simulated Cgb=7.02 µF (Table 4.2). The portion of 

micrographs also shows large grains in the form of fused/agglomerated/clustered 

grains, this promotes polarization in grains causing the highest simulated Cg=31.60 µF 

and lowest Rg=622.10 M. For composition x=0.4, numerous needle-shaped grains can 

be seen, and a large number of grain boundaries with large circumference/perimeter 

contribute to maximal simulated Rgb=41 M  among the compositions. 

Composition x=1.0 shows the honeycomb-like structure of grains as depicted in Fig. 

4.2 and evidently, inter-grain connectivity is relatively better in this composition. The 

closeness of grain boundaries gives rise to strong polarization causing enhancement of 

Cgb, matching with the highest simulated Cgb=471.82 µF in Table 4.2. All doped 

compositions have small grains and constitute pores between grains. The small size of 
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grains reduces the polarization (Cg) inside the grains and this causes a low value of Cg 

in doped compositions as listed in Table 4.2. 

Simulated Grain/Grain boundary parameter and Dielectric Parameter 

Compositions x=0.2 and 0.4 owe the highest and least value of   (Fig. 4.3) for low-

frequency regions respectively:  is inversely related to resistivity. As discussed before 

grain boundary is active at the low-frequencies, however, grains at high frequencies 

according to the Maxwell-Wagner model. Table 4.2 shows that x=0.4 has the maximum 

simulated value of Rgb=41 M among all compositions and owes lowest =17.35 at 

100 Hz. Composition x=0.2 has large Rgb=26.89 M in comparison to x=0.6 (21.15 

M), x=0.8 (10.27 M) and x=1.0 (12.30 M), thus x=0.2 should have low  in the 

low-frequency region. However, it has the maximum Fe3+/Fe2+ available for 

hopping/polarization than x=0.6, 0.8, and 1.0. Competition between the two factors 

causes x=0.2 to have large =35.97 at 100 Hz among doped compositions. While 

comparing composition x=0.2, considerable porosity can be observed in composition 

x=0.0, particularly around small grain boundaries (Fig. 4.2). It causes an impediment 

to the applied filed flow and polarization diminution in the latter despite the maximum 

Fe3+/Fe2+ available for hopping, hence x=0.0 has a lower  than x=0.2 at 100 Hz. 

Similarly, x=0.0 has the highest ″ and tan (Fig. 4.4) attributing to the same reason. 

Simulated Grain/Grain boundary parameters and Electric Modulus 

Composition x=0.0 (Fig. 4.6) demonstrated a prominent role of grain boundaries than 

grains with relaxation in the form of a semi-circle with its area lying more towards the 

low-frequency region. The doping caused composition x=0.4 to have the role of grains 

due to the movement of semicircle towards the high-frequency and further doping 

enhanced the contribution of grain boundaries with the shift of semi-circles towards the 

low-frequency area and reduced the diameter of semi-circles in x=0.2, 0.6, 0.8 and 1.0 

as well. This behavior can be well explained in conjunction with Table 4.2: conductivity 

relaxation is prominent in grain boundaries for composition x=0.0 with the lowest 

simulated Cgb=7.02 µF, causing more contribution of grain boundaries for conductivity 

relaxation.  The simulated lowest Cg=1.62 µF in x=0.4 is responsible for the profound 

role of needle-shaped grains for conductivity relaxation; needle shape significantly 

reduced polarization inside the grains with less cross-section area. The good grain 
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connectivity in x=1.0, with Rg=1115.0 M and Cg=2.09 µF, renders an effective role 

of grain boundaries with strong polarization. 

4.1.3 Band gap Characteristics 

Band gap characteristics of the prepared ferrite compositions are analyzed with the help 

of UV-Vis spectroscopy. UV-Vis spectroscopy is the method to analyze the band gap 

characteristics of the material. As discussed in Chapter 3 absorbance data is first 

determined using a UV-Vis spectrometer. Tauc plots are obtained from this measured 

data from which the band gap has been obtained. Fig 4.11 shows the Tauc plots drawn 

for the prepared composition. Equation 3.4 as given in the experimental section in 

Chapter 3 is used to calculate the required values of band gap. The interception on the 

x-axis is found from the linear area of the Tauc plot to obtain the band gap. The band 

gaps of the prepared compositions x=0.0 to 1.0 are 2.68, 2.82, 2.56, 2.86, 2.71, and 2.58 

eV respectively. The ferrites generally have a band gap in the range of 2 to 3 eV hence 

the obtained values are in the prescribed range. 

 

Fig 4.11 Tauc plots of SrCoxZnxFe12-2xO19. 
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4.1.4 Magnetic Characteristics 

Magnetization (M) v/s magnetic field (H) graphs of SrCoxZnxFe12-2xO19 hexaferrites are 

plotted to investigate the magnetic characteristics of the prepared hexaferrites. Fig 4.12 

(a) shows the hysteresis loops for the prepared compositions. The site occupancy of the 

ions is related to their electronegativity. The ion having high electronegativity mostly 

tries to hold an octahedral site rather than a tetrahedral [88]. The electronegativity of 

𝑍𝑛ଶା(1.65) ions are less than that of Coଶା(1.88), hence the former will try to acquire 

the tetrahedral site 4𝑓ଵ(↓) [89]. As per the ligand field theory, 𝑍𝑛ଶା have no preference 

due to all filled d locations (3d1⁰) while Coଶା with 3d⁷prefer octahedral sites 12k (↑

), 2𝑎(↑), 4𝑓₂(↓) [90]. Phor et al. [91] reported that 𝑍𝑛ଶାprefer tetrahedral 4𝑓ଵ sites 

while Singh et al. [90] reported that 𝐶𝑜ଶା prefer to occupy an octahedral. 

The law of saturation is employed to determine the saturation magnetization (𝑀௦)  and 

anisotropy field (𝐻) using a formula [92]. 

𝑀 = 𝑀௦  ቀ1 − 𝐴
𝐻ൗ − 𝐵

𝐻ଶൗ ቁ + 𝜒𝐻          (4.2) 

𝑀௦ represents saturation magnetization, A, χ, and B represent inhomogeneity 

parameter, susceptibility, and anisotropy respectively. 

In hexaferrites B is given as 𝐵 = 𝐻
ଶ/15 with (𝐻)  representing the anisotropy field. 

M-H loops displayed in Fig. 4.12 (a) show a steep rise in magnetization at the low 

applied field which declined at the high field. The undoped composition x=0.0 

possesses a large slope at high fields indicating an unsaturated state which reduces with 

the substitution of Zn2+ and Co2+. The reduction in the anisotropy field is the reason 

behind it. Since a linear relationship is observed at high values from 10 KOe to 15 KOe 

terms 𝐴/𝐻 and 𝜒 maybe removed and 𝐵 could be obtained from the relation 𝑀 =

 𝑀௦ (1 − 𝐵 𝐻ଶ⁄  ). With the help of 𝐵 anisotropy field (𝐻) is determined by applying 

a relation 𝐻
ଶ = 15 𝐵. Thus M v/s 1/H2 graph is plotted and linear fit is used to calculate 

the respective values as displayed in Fig. 4.12 (b). The magnetic parameters determined 

from M-H loops and M v/s 1/H2 plots are listed in Table 4.3. 

For hexagonal crystal structure, the magnetic moment relation with spin-up and down 

sites is as [93] 
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𝑀௦ =  𝑀(2a +  12k +  2b)(↑)– 𝑀 (4f₁ +  4f₂) (↓)            (4.3) 

Ma denotes magnetization due to spin-up sites, while Mb is for spin-down sites. Thus, 

it should be noted that the occupation of a weak/non-magnetic ion on spin-down sites 

(4f₁ ↓ + 4fଶ ↓) enhances saturation magnetization while more occupancy at spin-up 

sites (2a↑ + 12k↑ + 2b↑) reduces it. There is a non-monotonous variation in 𝑀௦ of the 

prepared compositions. It increases by 14% with the substitution of Zn2+ and Co2+ from 

x=0.0 (88.32 emu/g) to x=0.4 (101.9 emu/g). The reason behind this is the substitution 

of Fe3+ by Zn2+ and Co2+ at the spin-down sites. From the relationship among 𝑀௦, 𝑀, 

and 𝑀  as given in the equation we can say that the occupancy of diamagnetic Zn2+ 

and weak magnetic Co2+ at the spin-down sites (4f₁↓ + 4f₂↓) causes a decrease in the 

value of 𝑀 which in turn, increases the 𝑀௦. Thereafter, x=0.4 onwards 𝑀௦ starts 

decreasing and there is a 25% decrease in the value of 𝑀௦  from x=0.4 to x=1.0. This is 

due to the low magnetic moment of Co2+ (3µB) and diamagnetic Zn2+ (0 µB). The 

replacement of Fe3+ at spin-up sites creates an imbalance in electrical neutrality, hence 

to maintain it Fe3+ is converted into Fe2+ due to this the superexchange interactions 

weaken and cause a decrease in magnetization. Beside this, substitution at spin-up sites 

(2a↑ + 12k↑ + 2b↑) reduces the net value of 𝑀 in response to which 𝑀௦ decreases.
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Fig. 4.12 (a) M-H loops (a1 and a2) combined and enlarged view (b) 𝑴𝒔 v/s 1/H2 

plots of SrCoxZnxFe12-2xO19 

The low value of coercivity 𝐻 is the prime requirement in the design of a microwave 

absorber. Table 4.3 illustrates that the doping of Co-Zn causes a reduction in the value 

of 𝐻. The 𝐻 decreases from a high value of 6263 Oe (x=0.0) to a small value of 948 

Oe (x=1.0). The 85 % drop in 𝐻 is due to the fact that the substitution of non-magnetic 

Zn2+ and weak magnetic Co2+ dopants converted them into magnetically soft ferrites. 

There are two factors affecting the values of 𝐻 one is the intrinsic factor involving the 
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anisotropy field 𝐻 and second, is an extrinsic factor related to morphology. Table 4.3 

reveals that there is a decrease in the value of 𝐻 which has a direct relation with 𝐻. 

The consistent decrease in the anisotropy field 𝐻 causes a decrement in 𝐻. There is 

around a 33 % decrease in the value of 𝐻 from x=0.0 to x=1.0 which is due to the 

substitution of Fe3+ at 4fଶ and 2𝑏 sites, as these sites commit large anisotropy field and 

the replacement of Fe3+ at these sites causing the reduction in 𝐻. There is a 33% 

decrease in 𝐻 while 𝐻 decreases by 85 % so another reason for the large reduction in 

𝐻 is the large ionic radius of Zn2+ (0.74 Å) and 𝐶𝑜ଶା(0.745 Å) in comparison to Fe3+ 

(0.645 Å). Secondly from the SEM images, it is evident that there are pores in the 

composition x=0.0 which reduces with the inclusion of Co-Zn, and composition x=1.0 

possesses good grain connectivity thus reducing coercivity(𝐻). 

Table 4.3. Magnetic parameters determined for SrCoxZnxFe12-2xO19 

x 
𝐌𝐬 

(emu/g) 

𝐌𝐫  

(emu/g) 
Ha (kOe) Hc (Oe) 𝐌𝐫/𝐌𝐬 

0.0 89.32 47.11 17.20 6263 0.53 

0.2 89.94 46.36 16.09 4220 0.52 

0.4 101.9 49.57 15.82 4027 0.49 

0.6 90.29 39.70 15.22 3026 0.44 

0.8 83.99 34.54 13.97 1747 0.41 

1.0 76.59 30.04 11.44 948 0.39 

The M୰/Mୱ ratio explains the retention of magnetization after the removal of the 

applied field. This ratio varies between 0 and 1 and a value less than 0.5 represents 

randomly oriented multi-domain particles while values greater than 0.5 indicates a 

single domain. The composition x=0.0 and 0.2 have M୰/Mୱ ratio more than 0.5 shows 

multi-domain while this ratio for x=0.4 to 1.0 shows single domain. 
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4.1.5 Electromagnetic Characteristics 

4.1.5.1 Complex permeability and complex permittivity 

The graphs of (𝜀ʹ), (εʺ), (µʹ), and (µʺ) against frequency are depicted in Fig 4.13. Both 

the dielectric constant and loss vary non-uniformly with the doping of Co-Zn. There is 

a decrement in the value of the 𝜀ʹ while an increment in εʺ is observed as compared to 

the undoped composition. In compositions x=0.0, 0.2, 0.4, and 1.0 no significant change 

is observed in the dielectric constant with the frequency increment. The compositions 

x=0.6 and 0.8 depict a reduction in 𝜀ʹ with the increment in frequency being lowest in 

the case of x=0.6. The composition x=0.2 and x=0.6 have relaxation peaks in ε around 

11 GHz and 10 GHz respectively. 

The permeability of the compositions varies non-uniformly with the doping of Co-Zn. 

At the low frequencies, 8 GHz to 9 GHz doped composition has high values of µʹ as 

compared to undoped composition. The composition x=0.8 has a relaxation peak 

around 9.5 GHz, however, all the compositions except x=0.6 have a relaxation peak 

near about 11 GHz. There is an increment in the value of µʹ with the increment in 

frequency for all the compositions being highest in x=0.6. All the compositions except 

x=0.6 possess dual relaxation peaks one at low frequencies (8 to 9 GHz) and another at 

high (11 to 12 GHz). At low frequencies, the composition 0.4 has the maximal value of 

µꞌꞌ while x=1.0 obtains higher value among all in the high frequency range. 
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Fig 4.13 Complex permittivity and permeability versus frequency plot of 

SrCoxZnxFe12-2xO19 

In the microwave regime, there is a dependence of complex permittivity/permeability 

on grains, porosity, grain size distribution, electron spin, and dipole polarization [94]. 

Besides that, dielectric polarization occurs because of the electron hopping in Fe2+/Fe3+ 

[95].  The porosity depresses polarization and restrains the field flow. The exchange 

resonance among Fe3+/Fe2+ and ferromagnetic resonance govern the complex 

permeability [96, 97]. The decrement in the number of Fe3+ ions with doping of Co-Zn 

affects the polarization and resonance. There are pores in the micrographs of the 

prepared compositions that act as non-magnetic voids and affect magnetization related 

to complex permittivity/permeability. The size of grain and grain boundaries vary non-

linearly as can be seen in micrographs (Fig. 4.2) which modifies the 

permittivity/permeability.  

Grain having large size supports electron hopping, however, grain boundaries 

discourage the field flow. The accumulation of charge at grain boundaries causes 

polarization while large grains enhance electron spin that increases permeability. 

Meanwhile, there is a reduction in exchange resonance due to porosity and small grains 
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which is the cause of magnetic loss between Fe3+ and Fe2+. The peaking nature in 

complex permittivity/permeability in all compositions is related to the dielectric 

relaxation and ferromagnetic resonance. 

4.1.5.2 Microwave absorption in SrCoxZnxFe12-2xO19 

The absorption characteristics of a material are determined by the parameter called 

reflection loss. The higher the reflection loss the better is absorption. It is calculated 

from the material’s input impedance Zin and impedance of air Z0 using equations 3.13 

and 3.14.  The microwave absorption characteristics are explored on the basis of the 

λ/4, impedance matching, and dielectric/magnetic losses as explained in the following 

sections. 

4.1.5.3 Quarter Wavelength Mechanism 

The graphs of reflection loss (RL) with frequency for various simulated thicknesses 

have been used to explain the concept of absorption in the prepared compositions. Fig. 

4.14 (a, c, e), 4.15 (a, c, e), 4.16 (a, c, e), 4.17 (a, c, e), 4.18 (a, c, e, g) and 4.19 (a) 

depict RL plots of prepared SrCoxZnxFe12−2xO19 ferrites. These figures are used to 

determine different parameters such as matching frequencies, bandwidths, and 

frequency bands of RL below -10/-20 dB. The summarized values of these are given in 

Table 4.4. 
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Fig. 4.14 (a, c, e) RL versus frequency, (b, d, f) thickness versus frequency in x=0.0 

for SrCoxZnxFe12-2xO19. 
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Fig. 4.15 (a, c, e) RL versus frequency (b, d, f) thickness versus frequency in x=0.2 

for SrCoxZnxFe12-2xO19. 
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Fig. 4.16 (a, c, e) RL versus frequency (b, d, f) thickness versus frequency in x=0.4 

for SrCoxZnxFe12-2xO19. 
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Fig. 4.17 (a, c, e) RL versus frequency (b, d, f) thickness versus frequency in x=0.6 

for SrCoxZnxFe12-2xO19. 



66 
 

 

 



67 
 

 

 

Fig. 4.18 (a, c, e, g) RL versus frequency (b, d, f, h) thickness versus frequency in 

x=0.8 for SrCoxZnxFe12-2xO19. 
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Fig. 4.19 (a) RL versus frequency (b) thickness versus frequency in x=1.0 for 

SrCoxZnxFe12-2xO19. 

The highest RL=-41.72 dB is obtained in composition x=1.0 at an 11.81 GHz frequency 

with a small thickness of 1.9 mm. The RL ranges between -12.42 dB and -39.74 dB for 

10.30 and 10.89 GHz for 9.5 and 6.9 mm respectively. There is a non-monotonous 

variation in the RL peak with the increment in thickness. Fig. 4.14 (a, c, e) demonstrates 

the absorption characteristics of composition x=0.0. It displays that the thickness from 

5.5 to 6.0 mm has an RL≥ -10 dB for the frequency ranging from 10.80-11.14 GHz. The 

RL peak shifted toward low frequency with the increment in thickness. The frequency 

band of reflection loss ≥ -20 dB from 11.30-11.39 GHz is obtained at the thickness of 5.6 

mm. 

The maximum RL of -39.74 dB at 10.89 GHz in composition x=0.2 is obtained. The 

respective RL has been obtained at 6.9 mm. In this composition thickness from 2.2 to 

3.0 mm for a frequency band ranging from 8.37-8.70 GHz and thickness of 6.5 to 7.3 

mm for a band of 10.89 to 11.73 GHz show RL ≥ -10 dB Fig. 4.15 (a, c, e). The 

thicknesses 2.9, 3.5, 6.8, 6.9, 7.1, and 7.3 mm possess RL ≥ -20 dB.  

Composition x=0.4 possesses an RL= -33.82 at 3.0 mm at the frequency of 10.05 GHz. 

The thicknesses 2.3, 2.9, 3.0, 6.0, and 6.1 mm show RL ≥ -20 dB Fig. 4.16 (a, c, e). For 
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x=0.6 the maximum RL of -19.74 at 10.0 mm is obtained for a frequency of 10.05 GHz 

Fig. 4.17 (a, c, e). The composition x=0.8 has peaks corresponding to RL ≥ -10/-20 dB 

from 2.5 to 4.7 mm and 6.0 to 9.2 mm Fig. 4.18 (a, c, e, g). The composition x=1.0 

shows an RL ≥ -10 dB for the thickness of 1.6 mm to 2.7 mm. In x=1.0 a large frequency 

spectrum of RL ≥ -20 dB ranging from 10.89-11.98 GHz is observed (Fig. 4.19 (a)). 

A relation between RL peaks and the λ/4 mechanism has been explored by comparing 

the simulated thickness (tm
sim) and the calculated thickness (tm

cal). Fig. 4.14 (b, d, f), 

4.15 (b, d, f), 4.16 (b, d, f), 4.17 (b, d, f), 4.18 (b, d, f, h) and 4.19 (b) show the graphs 

of calculated thickness (nλ/4) against the frequency. For comparison between simulated 

and calculated thickness lines from RL peaks are brought to the thickness-frequency 

graphs. It is worth noting that the λ/4 mechanism is fulfilled in compositions x=0.2, 0.4, 

0.6, and 0.8 for n=1 and 3, while in x=0.0 it exists at n=3 and 5. The composition x=1.0 

is matched only for λ/4. The presence of this mechanism in composition x=0.0 

contributed -10 dB bandwidth ranging from 0.25 to 1.09 GHz for 5.6 to 8.8 mm as 

given in Table 4.4. Composition x=0.2 possesses RL ≥-10 dB for a frequency region of 

8.28 to 10.97 GHz. A broad bandwidth of 1.26 GHz associated with a -10 dB band is 

observed at thicknesses of 6.8, 6.9, 7.1, and 7.3 mm, while a -20 dB bandwidth of 170 

MHz is obtained for 6.8 and 6.9 mm. 

The composition x=0.4 possesses RL values for both -10/-20 dB at low thicknesses from 

2.3 to 6.7 mm. This composition has the highest BW of 1.52 GHz at 6.5 mm thickness. 

This broad bandwidth is obtained for the frequency band of 10.80-12.32 GHz. The -20 

dB bandwidth ranging from 80 MHz to 170 MHz is also obtained at thickness 2.9 and 

6.1 mm. A -10 dB bandwidth of 0.76 GHz from 9.88-10.64 GHz is reported in 

composition x=0.6. The broad bandwidths associated with -10 dB/-20 dB bands are 

observed in x=0.8. A 1.43 GHz absorption bandwidth at 7.2 mm for the -10 dB band and 

0.50 GHz at 7.6 mm associated with -20 dB respectively are observed for this 

composition. The composition x=1.0 possesses the highest RL of -41.72 dB along the 

highest bandwidth of 2.02 GHz at a very low 1.9 mm thickness. Further, the same 

composition also has the highest -20 dB absorption bandwidth i.e. 1.09 GHz with a band 

of 10.89-11.98 GHz. 
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Table 4.4. RL with matching thickness/frequency, BW, and PBW for 

SrCoxZnxFe12-2xO19. 

x Max. 

RL 

(dB) 

Matc

hing 

Thick

ness 

(mm) 

Match

ing 

Frequ

ency 

(GHz) 

-10 dB 

band (GHz) 

-10 dB 

BW 

(GHz) 

-20 dB 

band (GHz) 

-20 

dB 

BW 

(GHz) 

BTR PBW 

(%) 

0.0 -27.60 5.6 11.31 10.72-11.48 0.76 11.31-11.39 0.08 0.331 6.720 

-16.25 5.9 10.38 10.30-11.22 0.92 - - 0.405 8.863 

-17.58 6.0 10.30 10.22-11.14 0.92 - - 0.404 8.932 
-30.29 6.3 10.22 10.13-11.22 1.09 - - 0.457 10.665 
-36.03 8.8 11.64 11.48-11.73 0.25 - - 0.063 2.148 

0.2 -30.97 2.7 8.37 08.20-08.70 0.5 - - 0.779 5.974 

-24.31 2.9 8.28 08.20-08.70 0.5 8.28-08.37 0.09 0.725 6.039 

-26.57 3.5 9.54 9.38-9.80 0.42 9.54-9.63 0.09 0.392 4.403 

-26.65 6.8 10.97 10.72-11.98 1.26 10.89-11.06 0.17 0.433 11.486 

-39.74 6.9 10.89 10.64-11.90 1.26 10.80-10.97 0.17 0.4323 11.570 

-26.05 7.1 10.80 10.55-11.81 1.26 10.72-10.80 0.08 0.427 11.667 

-20.35 7.3 10.64 10.47-11.73 1.26 10.64-10.72 0.08 0.422 11.842 

0.4 -23.0 2.3 8.20 10.38-11.81 1.43 08.20-8.28 0.08 1.522 17.439 

-25.28 2.4 8.20 10.22-11.48 1.26 - - 1.342 15.366 

-26.23 2.9 10.05 9.63-10.38 0.75 9.96-10.13 0.17 0.776 7.463 

-33.82 3.0 10.05 9.63-10.30 0.67 9.96-10.05 0.09 0.676 6.667 

-33.50 6.0 12.40 11.56-12.40 0.84 12.32-12.40 0.08 0.293 6.774 

-25.06 6.1 12.32 11.22-12.40 1.18 12.23-12.40 0.08 0.417 9.578 

-16.11 6.4 12.06 10.89-12.40 1.51 - - 0.524 12.521 

-14.41 6.5 12.06 10.80-12.32 1.52 - - 0.527 12.604 

-13.11 6.7 10.97 10.72-12.15 1.43 - - 0.492 13.036 

0.6 -12.75 4.9 8.37 08.20-8.54 0.34 - - 0.297 4.062 

-16.12 5.2 8.20 08.20-8.45 0.25 - - 0.208 3.049 

-12.90 8.6 10.89 10.64-11.22 0.58 - - 0.170 5.326 

-13.67 9.0 10.72 10.47-11.06 0.59 - - 0.170 5.504 

-12.42 9.5 10.3 09.88-10.64 0.76 - - 0.228 7.379 

-17.09 9.9 10.05 09.71-10.38 0.67 - - 0.201 6.667 

-19.74 10 10.05 09.63-10.30 0.67 - - 0.203 6.667 

0.8 -18.13 2.8 9.54 9.28-10.38 1.09 - - 1.224 11.426 

-16.14 3.0 9.88 9.21-10.47 1.26 - - 1.307 12.753 

-19.27 3.1 9.88 9.12-10.47 1.34 - - 1.368 13.664 

-24.05 3.2 9.88 9.04-10.38 1.35 9.80-9.96 0.16 1.339 13.563 

-20.87 7.2 11.81 10.97-12.40 1.43 - - 0.438 12.108 

-37.75 7.5 11.64 10.89-12.15 1.26 11.48-11.73 0.25 0.381 10.825 

-30.46 7.6 11.56 10.80-12.06 1.26 11.14-11.64 0.50 0.382 10.900 
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-28.26 7.8 11.06 10.72-11.90 1.18 10.97-11.22 0.25 0.356 10.669 

-30.97 8 10.97 10.64-11.73 1.09 10.89-11.06 0.17 0.328 9.936 

-26.55 8.4 10.80 10.47-11.56 1.09 10.72-10.89 0.17 0.322 10.093 

1.0 -14.90 1.7 12.32 10.80-12.40 1.60 - - 2.108 12.987 

-20.91 1.8 11.98 10.55-12.40 1.85 11.90-12.06 0.16 2.357 15.442 

-41.72 1.9 11.81 10.38-12.40 2.02 10.89-11.98 1.09 2.478 17.104 

-26.67 2.0 10.8 10.30-12.23 1.93 10.72-10.97 0.25 2.298 17.870 

-25.83 2.1 10.64 10.22-12.06 1.84 10.55-10.81 0.25 2.133 17.293 

-22.40 2.2 10.47 10.05-11.81 1.76 10.38-10.55 0.17 2.022 16.810 

-19.78 2.3 10.38 9.96-11.06 1.1 - - 1.303 10.597 

-17.74 2.4 10.3 9.96-10.72 0.76 - - 0.890 7.379 

4.1.5.4 Impedance matching mechanism 

The absorber has an impedance different from that of the free space as their 

permittivity/permeability differs from each other. The difference between these two 

affects the absorption characteristics of the absorber. The mismatch in these two 

impedances causes reflection of the major part of the incident signal from the surface 

of the material and less portion of the signal enters the material. On the other hand, if 

they match major portion of the signal travels into the signal and is absorbed by the 

material. Hence it becomes necessary to analyze the impedance matching mechanism 

for the development of an effective absorber. 

Fig. 4.20 displays the plots of reflection loss and impedance i.e.│Zin│against frequency 

for all the compositions. Table 4.5 enlists the values of Zin corresponding to the 

maximum reflection loss of the various compositions. All the compositions (x=0.0 to 

1.0) follow the impedance matching mechanism with their highest RL peaks, however, 

deviation at a few frequencies in x=0.2, 0.6, and x=0.8 occurs. The composition x=0.0 

has an RL = −36.03 dB for 8.8 mm with a corresponding value of Zin=366.74  which 

is near to Zo=377 Ω. Similarly, the compositions x=0.4 and x=1.0 have RL=-33.82 dB 

at 10.05 GHz with Zin=388.20  and RL=-41.72 dB at 11.81 with Zin=379.55  

respectively, which are in agreement with the value of Zo=377 .  In composition x=0.2 

there is a problem with │Zin│ as there is a RL peak of -24.78 at 11.64 GHz with 

Zin=356.34  while there is no RL peak RL=-5.86 dB at 12.15 GHz with a Zin=366.17 

 which is more close to Zo=377 Ω than Zin=356.34 . A similar situation occurs in 

x=0.6 and x=0.8 at 10.47 GHz (Zin=410.11 , RL=-7.83 dB) and 12.15 GHz 
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(Zin=379.07 , RL=-10.28 dB) respectively in comparison to Zin=420.34  at 10.05 

GHz with RL=-19.37 dB in x=0.6 and Zin=386.80  at 11.64 with RL=-37.75 dB in 

x=0.8. 

This type of behavior is linked to the complex nature of │Zin│containing real and 

imaginary parts (Zreal & Zimg). Hence, Zreal and Zimg are determined and graphs of Zreal 

and Zimg are plotted as shown in Fig. 4.21. The values of Zreal and Zimg are obtained and 

enlisted in Table 4.5. Table 4.5 illustrates that the maximum RL value of -41.72 dB with 

11.81 GHz obtained in x=1.0 follows Zreal=377 Ω and/or Zimg=0 condition. Since, for it 

Z୰ୣୟ୪ = 379.50 Ω and Zimg=-5.68 Ω, which are approximately 377 Ω and 0. In the case 

of x=0.2 low RL=-5.86 dB at 12.15 GHz with Zin=366.17  is due to Zreal=215.57 Ω 

and Zimg=-295.99 Ω which are far away from Zreal=377 Ω and/or Zimg=0. The values of 

Zreal and Zimg associated with RLmax for compositions x=0.0, 0.2, 0.6, 0.8, and 1.0 are 

given in Table 4.5. 

Thus it can be noted that the discrepancies observed in x= 0.2, 0.6, and 0.8 are because 

Zreal and Zimg values in those cases deviate more from 377 Ω and/or zero and the 

combined effect of these two causes low values of RL. There is a non-monotonical 

variation in input impedance Zin with the Co-Zn doping. Thus both the λ/4 and 

impedance mechanism are followed in all compositions. 
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Fig. 4.20 Zin and RL curve against frequency for SrCoxZnxFe12-2xO19. 

 

Fig. 4.21 Zreal, Zimag, and RL v/s frequency graphs of SrCoxZnxFe12-2xO19. 
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Table 4.5.  Zin, Zreal, and Zimag values corresponding to maximum RL of 

SrCoxZnxFe12-2xO19. 

x RL 

(dB) 

Matching 

Thickness 

(mm) 

Matching 

Frequency 

(GHz) 

|Zin| 

(Ω) 

Zreal  

(Ω) 

Zimg  

(Ω) 

0.0 -36.03 8.8 11.64 366.74 344.70 5.65 

0.2 -39.74 6.9 10.89 370.92 370.89 4.70 

0.4 -33.82 3.0 10.05 388.20 388.04 -11.0 

0.6 -19.74 10 10.05 420.34 413.95 73.03 

0.8 -37.75 7.5 11.64 386.80 386.80 1.34 

1.0 -41.72 1.9 11.81 379.55 379.50 -5.68 

4.1.5.5 Role of Electromagnetic/Material Parameters 

The peaking nature in ε and µꞌꞌ also has their contribution in the absorption which 

should also be taken care of. The peaks perceived in ε and µꞌꞌ in the prepared 

compositions are contributing to absorption in the compositions: in composition x=0.2, 

RL=-39.74 dB at 10.89 GHz with the thickness of 6.9 mm correspond to ε peak at 

10.89 GHz; similarly in x=0.8 ε peak at 9.88 GHz is in accordance to RL=-24.05 dB 

at 3.2 mm, and RL=-18.13 at 2.8 to µꞌꞌ peak at 9.54 GHz. Thus dielectric and magnetic 

losses also participate in microwave absorption. 

4.1.5.6 Eddy Current Loss 

In ferrites, Eddy current loss contributes in the form of magnetic loss. The formula to 

determine eddy current loss is given as [98]:  

𝐶 = (𝜇″(𝜇ᇱ)ିଶ)/𝑓       (4.4) 

Where C0 is a constant and the rest of the parameters are the same as discussed earlier. 

It is worth noting that if C0 has a constant value with the increment in frequency, there 

is a contribution of the eddy current loss. C0 versus frequency plot of all the 

compositions is given in Fig. 4.22. It is evident that after 9.20 GHz plots of all the 
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compositions are constant which shows that eddy current loss is contributing to the 

absorption of ferrite compositions. 

 

Fig. 4.22 C0 versus frequency curve for SrCoxZnxFe12-2xO19. 

4.1.5.7 Bandwidth to Thickness Ratio 

Except for the RL-10 dB the broad bandwidth with less thickness is an important 

criterion in the design and characterization of an absorber. After achieving the desired 

RL-10 dB mark, one should aim at achieving low thickness, rather than increasing RL 

only. Due to this factor bandwidth-to-thickness-ratio (BTR) and percentage bandwidth 

(PBW) are determined as [99-101]: 

                𝐵𝑇𝑅 =
ௐ

௧
                 (4.5) 

             𝑃𝐵𝑊 =  
మିభ

బ
                 (4.6) 

Where BW is the bandwidth, f2, f1, and f0 denote the high, low, and center frequencies 

of a frequency band, while t denotes the thickness corresponding to the RL peak. 

From Table 4.4, it can be noted that doping has increased BTR. Composition x=1.0 

owes the highest BTR=2.478 at 11.81 GHz and RL=-41.72 dB. Besides it, x=1.0 also 

possesses a high BTR=2.357 at 11.98 GHz with RL=-20.91 dB and 2.298 at 10.80 GHz 
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with RL of -26.67 dB. After that, the composition x=0.4 has significant BTR=1.522 

and 1.342 at f=8.2 GHz for RL= -23.0 dB and -25.28 dB respectively. There is an 

increment in percentage bandwidth with the doping. The composition x=1.0 has the 

highest PBW=17.87 at 2.0 mm. PBW ranges from 7.38 to 17.87 % in sample x=1.0. 

The undoped composition x=0.0 shows PBW in the range of 2.15 to 10.67.  

4.2 SrCoxNixFe12-2xO19 series 

4.2.1 Microstructural/Morphological characteristics 

Fig. 4.23 depicts the X-ray diffraction pattern for SrCoxNixFe12-2xO19 hexagonal ferrites, 

prepared using the sol-gel method. It is evident from the diffractograms that no 

secondary phase (additional peak) is present in any composition and all the peaks are 

indexed with the standard peaks of strontium ferrite. The compositions x=0.0, 0.2, and 

0.4 have a major intensity peak with hkl (114), while compositions x=0.8, and 0.4 have 

a peak of 201 as a major intensity peak. The structural variables of prepared 

compositions are given in Table 4.6. It illustrates that the crystallite size decreased with 

the doping level of Co-Ni. The crystallite size ranges between 41.48 to 23.24 nm with 

the lowest one for the composition x=0.8. 

 

Fig. 4.23 XRD pattern of SrCoxNixFe12-2xO19. 
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Table 4.6. Structural parameters of SrCoxNixFe12-2xO19. 

Co-Ni 

Content 

a (Å) b (Å) c/a V (Å)3 Dxrd (nm) d-

spacing 

(Å) 
0.0 5.88569 23.07226 3.920 692.17 41.47 2.77 

0.2 5.88135 23.04695 3.919 690.39 37.89 2.62 

0.4 5.88485 23.05776 3.918 691.54 36.24 2.62 

0.6 5.88169 23.02567 3.915 689.83 41.48 2.76 

0.8 5.89049 23.01370 3.907 691.54 23.24 2.54 

1.0 5.87620 23.01867 3.917 688.34 25.59 2.53 

The micrographs of ferrite composition SrCoxNixFe12-2xO19 are presented in Fig. 4.24. 

The grain distribution has been affected by the doping of Co-Ni in terms of grain size, 

improved inter-grain connectivity, and grain agglomeration as depicted in Fig. 4.24. 

Composition x=0.0 has a greater number of small grains with high porosity and 

compositions x=0.4 and x=0.6 show the development of needle-shaped grains as given 

in Fig. 4.24 (c) and (d); x=0.4 has fused grains as depicted in Fig. 4.24 (c). The increase 

in doping causes the development of grain clusters as well as a decrement in grain size 

as shown in Fig. 4.24 (e) and (f) for the compositions x=0.8 and x=1.0 respectively. 



78 
 

 

Fig. 4.24. SEM micrographs of SrCoxNixFe12-2xO19. 

4.2.2. Electrical characteristics 

4.2.2.1 Dielectric Constant 

The dielectric constant () of ferrite is found to be a complex value with its real part () 

indicating the degree of polarization and imaginary part () representing the dielectric 

losses. The formula to determine the real part is shown in equation (3.5). Dielectric loss 

 is calculated using equation (3.6), while the loss tangent (tan) can be determined 

by equation (3.7) as given in chapter 3. Fig. 4.25 shows the change in  and  with the 

frequency for the developed ferrites.  possesses high values at the low frequencies 

while it first decreases and then acquires a constant value in the high-frequency regime. 

The dispersion is due to the interfacial polarization and complies with the Maxwell-

Wagner model with Koop’s phenomenon [80]. Since grain boundaries act most at low 

frequencies, their high resistance causes space charge polarization. This is the cause 

that the dielectric constant has higher values for low frequency. However, hopping 
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between Fe2+ and Fe3+ can’t match up with the applied field at high frequency, which 

leads to a decay in space charge polarization. Due to this first  decreases and 

thereafter, it becomes constant.  

 

 

Fig. 4.25 Plot of dielectric constant for SrCoxNixFe12-2xO19 (a) real  (b) imaginary. 

The value of  decreases inconsistently with the doping of Co2+ and Ni2+ caused by the 

decrement in the number of Fe3+  due to doping. The composition x=0.4 has =10.5 

being the lowest among all the compositions at 100 Hz. 
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Fig. 4.26. Loss tangent v/s frequency of prepared compositions for SrCoxNixFe12-

2xO19. 

Fig. 4.26 demonstrates the plots of loss tangent (tanδ) v/s frequency. A decrement in 

the value of tanδ with frequency increment can be noted, which follows Koop’s 

dielectric theory [80]. The doping of Co-Ni causes a decrease in the value of tanδ and 

the relaxation peaks can be seen for all the prepared compositions. According to the 

Rezlescu model, this peaking nature is obtained if the electron hopping frequency of 

Fe2+ and Fe3+ matches the applied field frequency [81]. The doping of Co2+ and Ni2+ 

causes the shifting of the peak towards the high-frequency regime. As energy 

requirement for electron exchange is more at low frequencies causing high loss tangent 

while it is less at high frequencies leading to low loss values. 

4.2.2.2 Electric modulus 

Fig. 4.27 (a) and (b) describe the graphs of Mʹ and Mʺ respectively. M has two basic 

features, the first sigmoidal step in Mʹ and the second broad asymmetric peak in Mʺ 

[82, 83]. It can be noted that a similar trend has been reported in earlier reports [102]. 

The value of Mʹ is low at low frequencies, however, it first increases, and after that 

saturated at high frequencies being the highest for x=0.4. The reason behind these 

observations may be the weakness of restoring force that governs charge carriers’s 
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mobility [102]. A sigmoidal increase is associated with the charge carrier’s short-range 

mobility; however, saturation assists the long-range mobility. The plot between Mʺ and 

frequency describes the charge transport mechanisms where asymmetric peaks can be 

seen for all the compositions. The low-frequency area of the peak denotes long-distance 

movement, while the high-frequency range denotes the localized motion. The peak 

frequency is used to determine the conduction relaxation time. The value of Mʺ varies 

non-monotonically with the enhanced doping content of Co-Ni. The height of the peak 

increases with the doping of Co-Ni, attributed to an increase in charge storage and 

dissipation. The doping narrows down the peak width and they shifted towards the high 

frequency with the doping of Co-Ni, which signifies a reduction in relaxation time: the 

product of hopping frequency and relaxation at a particular peak is equal to unity (ωτ=1) 

and hence τ=1/ω. 
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Fig. 4.27. (a), (b) Variation of Electric Modulus of SrCoxNixFe12-2xO19. 

 

Fig. 4.28 Cole-Cole plot of SrCoxNixFe12-2xO19. 
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A Cole-Cole plot (𝑀 𝑣/𝑠 𝑀 ) for SrCoxNixFe12-2xO19 is shown in Fig. 4.28. It depicts 

asymmetric deformed semicircles for all the compositions. The centers of semicircles 

lie below the x-axis, implying a non-Debye behavior. The composition x=0.4 has a 

semicircle in the high-frequency range indicating the dominance of grains which is in 

correlation with micrographs (Fig. 4.24c) with the presence of colossal fused grains. 

The compositions (0.0, 0.2, 0.6, and 0.8) have semicircles in the low-frequency area, 

indicating that the grain boundaries are more prevalent. Composition x=0.0 has a larger 

number of small grains with lots of grain boundaries can be noticed (Fig. 4.24a). 

Composition x=0.2 has considerably connected grains besides the grain clusters (Fig. 

4.24b), thus, relaxation is relatively more towards low frequencies, wherein grain 

boundaries are more active than grain clusters. Composition x=0.6 has a larger number 

of needle-shaped grains (Fig. 4.24d), causing an increase in grain boundaries, thus 

relaxation towards the low-frequency. The plot for x=1.0 is found to be in the middle 

of the frequency band, showing the effect of grains and grain boundaries. This 

composition has grain clusters causing the grain effect, as well as a large number of 

small grains contributing to the grain boundary effect (Fig. 4.24f). Composition x=0.8 

has shown abnormal behavior of showing relaxation in the low-frequency region 

despite grain clusters. The exact reason for this behavior cannot be determined and 

needs further investigation. 

4.2.2.3 Complex impedance spectra 

Fig. 4.29 depicts the plot of impedances versus frequency of the prepared ferrite 

compositions. 𝑍 and 𝑍 indicate the impedance’s real and imaginary terms for the 

prepared ferrites. Z gradually falls first with an increase in frequency and thereafter, it 

attains a constant value. This variation corresponds to the frequency-dependent 

resistance in grain boundary and grain which complies with the Maxwell-Wagner 

model. Z increases non-monotonically with an increment in the doping content of 

𝐶𝑜ଶା, 𝑁𝑖ଶା. The coalescing of plots occurs for the high-frequency regime, which 

indicates the reduction of resistance of grain boundaries at high-frequencies [103]. 



84 
 

 

 

Fig. 4.29. Variation of Impedance of SrCoxNixFe12-2xO19. 

The doping of Co-Ni causes an increment in Z in the low frequencies. This signifies 

the increment in the reactance, which is inversely proportional to capacitance 

(Z=1/C), and polarization varies in proportion to capacitance. Hence the decrement 
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in space charge polarization may be the reason behind this increment in Z with doping 

of Co-Ni. Further, the coalescing of all the curves at high frequency illustrates the 

reduction in space charge polarization with a frequency increment [103]. 

Cole-Cole plots of impedance Z versus Z  are shown in Fig. 4.30 which shows a semi-

circular arc for each composition. The semi-circular arcs are due to the weak dielectric 

relaxation [104]. Co-Ni doping shifts the arc towards the high-frequency region, which 

indicates that the role of grains is dominant as compared to grain boundaries. This is in 

agreement with the morphology (Fig. 24) as the formation of grain clusters can be seen 

in micrographs. As compositions 0.2 and 0.4 have their plots in the mid-frequency area, 

both the grains and grain boundary have a role in charge transport. However, the rest 

of the compositions have plots in the high-frequency area attributing to the dominance 

of grain in comparison to the grain boundaries. 

 

Fig. 4.30. Cole- Cole plot of Impedance for ferrite SrCoxNixFe12-2xO19. 

4.2.2.4 AC Conductivity 

Fig. 4.31 demonstrates a plot of ac conductivity (σac) with respect to frequency that 

shows a gradual increase in σac. This increment is caused by the enhancement in the 

hopping of electrons for Fe2+ and Fe3+. The conductivity increases after a frequency 
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called hopping frequency which indicates the transition from the flat plateau region of 

dc conductivity (σdc) to the dispersive region of ac conductivity (σac). Before this 

hopping frequency, nearly a frequency-independent behavior is shown by all the 

compositions. The addition of Ni2+ and Co2+ ions causes a decrease in conductivity as 

compared to the undoped composition. This decrement is due to the reduction in the 

hopping of electrons as doping reduces the Fe3+ ions. 

The reason for low values of DC conductivity is linked to the prevalence of interfacial 

polarization in dielectric constant parameters as shown in Figure 4.25 attributing to the 

diffusion of charge carriers [85], while minimum space charge polarization causes a 

growth in AC conductivity at high frequency. The composition x=0.0 has the highest 

values of σac which is due to the morphology: composition x=0.0 has good inter-grain 

connectivity (Fig. 4.24). The composition x=0.4 has the lowest values of ac 

conductivity, which is due to the less cross-sectional area of needle-shaped grains as 

depicted in micrograph fig. 4.24 (c). By fitting the plots, values of parameter n were 

calculated for the prepared compositions. The obtained values of n are 0.504, 0.394, 

0.614, 0.503, 0.567, and 0.587. All the values are found to be less than 1 which indicates 

that ac conductivity follows the hopping mechanism. 

 

Fig.4.31 AC conductivity v/s frequency for ferrite SrCoxNixFe12-2xO19. 
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4.2.2.5 Software-based Impedance Simulation  

EIS software is employed to analyze impedance data. An equivalent circuit comprising 

two parallel RC circuits is proposed as given in Figure 4.32. These RC circuits represent 

the resistances and capacitances of grain (Rg, Cg) and grain boundaries (Rgb, Cgb). The 

constant phase element (CPE) is employed against the capacitor in regard non-Debye-

type behavior of ferrite. 

The capacitance of CPE is obtained from the relation given in equation 4.1. 

 

Fig. 4.32 Fitting of impedance curves using EIS software for SrCoxNixFe12-2xO19. 

The simulated/fitted curves showed harmony with the measured ones. Simulated 

parameters are reported in Table 4.7.  
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Table 4.7. Simulated parameters derived from EIS for SrCoxNixFe12-2xO19. 

x 𝑹𝒈 (M) 𝑹𝒈𝒃 (M) 𝑪𝒈 (µF) 𝑪𝒈𝒃 (µF) 

0.0 
29.75 409.5 57.43 95.03 

0.2 
140.56 1000 18.03 0.11 

0.4 
91.84 9921.5 604.13 41.39 

0.6 
62.96 1425 35.25 0.18 

0.8 
46.51 1980 71.50 0.18 

1.0 
38.14 1060 19.91 0.11 

Correlation of simulated parameters with Morphology   

The composition x=0.0 has a large number of small grains among all the compositions, 

causing the maximum number of grain boundaries as depicted in micrograph Fig. 4.24 

(a). Many small pores can also be seen among the grains, which support the polarization 

at grain boundaries. It causes high grain boundary capacitance that is in agreement with 

the highest simulated Cgb=95.03 µF (Table 4.7). The poor connectivity of grain 

boundaries due to porosity renders the lowest grain boundary resistance of Rgb=409.5 

MΩ among all the compositions. The composition x=0.2 has grain clusters with 

reasonable connectivity of small grains (micrograph Fig. 4.24), causing the highest 

grain resistance Rg=140.56 MΩ. The composition x=0.4 has a uniform distribution of 

needle-shaped grains (with good connectivity) as well as fused grains (Fig. 4.24) that 

promote polarization inside the grains resulting in the highest simulated Cg=604.13 µF 

(Table 4.7). A large number of small needle-shaped grains contribute to more grain 

boundaries giving the highest simulated Rgb=9921.5 MΩ. The composition x=0.6 has 

higher Cg=35.25 µF as compared to the grain boundary capacitance Cgb=0.18 µF due 
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to the polarized needle-shaped grains. The large porosity between grains causes 

hindrance to polarization at grain boundaries. The micrographs of compositions x=0.8 

and x=1.0 show the formation of large grains/grain clusters due to 

fusion/agglomeration, which promotes polarization in grains causing higher Cg than Cgb 

matching with the simulated values as listed in Table 4.7. 

Correlation of simulated parameters with Dielectric Parameters 

Composition x=0.0 has the highest while x=0.4 owes the lowest value of dielectric 

constant for the low-frequency regime (Fig. 4.25). As per the Maxwell-Wagner model, 

a grain boundary is active in the low-frequency area, while the grain is in the high-

frequency area. Table 4.7 shows that x=0.4 has the highest simulated Rgb=9921.5 M, 

instead of owing lowest =10.5 at 100 Hz that validates inverse relation of  with 

resistivity. Composition x=0.0 has the smallest Rgb=409.5 M among all the 

compositions resulting highest value of =114.27. Likewise, x=0.0 has the highest ″ 

and tan (Fig. 4.26) attributing to the same reason. 

Correlation of simulated parameters with Electric Modulus 

The composition x=0.0 shows semicircles towards the low-frequencies (Fig. 4.28) 

attributing to the dominance of grain boundaries. The plots of x=0.2 are in mid of the 

frequency region with an inclination towards the low-frequency side. The composition 

x=0.4 has more role of grains due to the shifting of semicircle towards the high-

frequency (Fig. 4.28). The semi-circles of x=0.6 and 0.8 lie in the low-frequency area, 

showing dominance of grain boundaries. Composition x=1.0 shows a similar behavior 

as the composition x=0.2 with a slight shift of peak towards high frequency. This 

behavior can be described in conjunction with Table 4.7: The impact of grain 

boundaries for composition x=0.0 can be validated by the highest values of simulated 

Cgb=95.03 µF. The contribution of grain boundaries for charge transport mechanism in 

composition x=0.2 can be validated by the high value of grain boundary resistance 

Rgb=1000 MΩ as compared to grain resistance Rg=140.56 MΩ. Composition x=0.4 

owes the highest grain capacitance Cg=604.13 µF attributing to the role of grains. The 

shift of peak towards the grain side in composition x=1.0 as compared to x=0.2 can be 

validated by the increase in grain capacitance Cg from 18.02 µF (x=0.2) to 19.91 µF 

(x=1.0). 
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4.2.3. Band gap Characteristics 

Fig 4.33 shows the Tauc plots drawn for the prepared SrCoxNixFe12-2xO19 hexaferrites. 

Equation 3.4 as given in the experimental section in Chapter 3 is employed to find the 

required values of band gap. From the linear region of the Tauc plot an intercept on the 

x-axis is found to obtain the band gap. The band gaps of the prepared compositions 

x=0.0 to 1.0 are 2.68, 2.54, 2.92, 2.90, 2.89, and 3.01 eV respectively. The ferrites 

generally have a band gap in the range of 2 to 3 eV hence the obtained values are in the 

prescribed range. 

 

Fig. 4.33 Tauc plots of SrCoxNixFe12-2xO19. 

4.2.4. Magnetic Characteristics 

For the analysis of magnetic characteristics of SrCoxNixFe12-2xO19 hexaferrites 

magnetization (M) versus magnetic field (H) plots are drawn. The respective hysteresis 

loops are displayed in Fig. 4.34 (a). The site occupancy of the ions is related to their 

electronegativity. The ions having higher electronegativity mostly try to acquire 

octahedral rather than tetrahedral sites [88]. The electronegativity of 𝑁𝑖ଶା(1.91) is 
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higher than that of 𝐶𝑜ଶା(1.88) hence they will tend to occupy the octahedral sites 4f2( ↓

) [89]. As per the ligand field theory, 𝑁𝑖ଶାdue to 3d8 configuration and Co²⁺ with 

3d⁷preferably choose octahedral sites 12k (↑), 2𝑎(↑), 4𝑓₂(↓) [90]. Karim et al. [105] 

reported that 𝑁𝑖ଶାprefer octahedral 4f2sites while Singh et al. [90] reported that 𝐶𝑜ଶା 

prefer to occupy octahedral sites. 

Saturation magnetization (𝑀௦)  and anisotropy field (𝐻) are determined by the law of 

saturation [92] using equation 4.2. 

In hexaferrites, 𝐵 is related to 𝐻 as 𝐵 = 𝐻
ଶ/15 with 𝐻 representing the anisotropy 

field. Fig. 4.34 (a) shows a steep rise in magnetization at the low field that declined at 

the high fields. The undoped composition x=0.0 possesses a large slope at high fields 

indicating an unsaturated state which reduces with the substitution of Ni2+ and Co2+. 

The reason behind this is the reduction in anisotropy field. From the plots, it can be 

noted that there is a linear relationship for the values from 10 KOe to 15 KOe hence 

𝐴/𝐻 and 𝜒 maybe removed in equation 4.2. Thus the value of 𝐵 can be obtained from 

the relation M=Ms (1-B/H2).  With the help of 𝐵, the values of  𝐻 can be obtained by 

applying the relation 𝐻
ଶ = 15 𝐵. Hence to find out Ms, plots of M v/s 1/H2 for all the 

compositions have been plotted, and linear fitting is performed to acquire the respective 

values as shown in Fig. 4.34 (b). Table 4.8 enlists the values of different parameters 

obtained from M-H loops and M v/s 1/H2 plots.  

For hexaferrites, the magnetic moment related to spin-up and down sites is given as in 

equation 4.3 which is utilized to explain the effect of substitution of ions. From the 

relation given in equation 4.3, it can be noted that the substitution of weaker/non-

magnetic ions on spin-down sites Mb (4𝑓₁ ↓  + 4𝑓₂ ↓) enhances saturation 

magnetization while more occupancy at spin-up sites Ma (2𝑎 ↑  + 12𝑘 ↑  + 2𝑏 ↑) 

reduces it. There is a non-monotonous variation in 𝑀௦ for the prepared compositions. 

It increases 46 % with the substitution of Ni2+ and Co2+ from 57.18 to 105.77 emu/g for 

x=0.0 to 0.6. This is due to the replacement of Fe3+ by Ni2+ and Co2+ at spin-down sites. 

The relation among 𝑀௦, 𝑀, and 𝑀 indicates that the substitution of weak magnetic 

Ni2+ and Co2+ at the octahedral spin-down sites 4𝑓₂(↓) results in a decrease in the value 

of Mb which in turn enhances the 𝑀௦. The large increase in 𝑀௦ is attributed to the 
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morphology: formation of needle-shaped grains (micrographs Fig. 4.24 ) causes an 

increase in surface-to-volume ratio which enhances 𝑀௦. After x=0.6 𝑀௦ starts 

decreasing and there is a 37% decrease in  𝑀௦  from x=0.6 to x=1.0. The low magnetic 

moment of Co2+ (3µB) and Ni2+ (2 µB) is the reason behind it. The replacement of Fe3+ 

at octahedral spin-up sites 2a↑ and 12k↑ causes an imbalance in electrical neutrality and 

to maintain it Fe3+ is converted into Fe2+ which diminishes the strength of 

superexchange interactions due to which magnetic moment decreases. Also the 

substitution at spin-up sites (2𝑎 ↑  + 12𝑘 ↑  + 2𝑏 ↑) reduces the net value of 𝑀 in 

response to which 𝑀௦ decreases. 
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Fig. 4.34 (a) M-H loops (a1, a2) combined and enlarged view (b) Ms v/s 1/H2 plots 

of SrCoxNixFe12-2xO19. 

Table 4.8 Magnetic parameters determined from M-H loops of SrCoxNixFe12-

2xO19. 

x 
𝐌𝐬  

(𝐞𝐦𝐮/𝐠)  

𝐌𝐫  

(𝐞𝐦𝐮/𝐠) 
𝑯𝒂(kOe) 𝑯𝒄 (Oe) 

𝐌𝐫/𝐌𝐬 

0.0 57.18 29.84 17.47 5710 0.52 

0.2 72.01 37.71 16.20 3955 0.52 
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0.4 67.18 35.55 14.37 3169 0.53 

0.6 105.77 53.92 14.50 3007 0.51 

0.8 95.84 47.72 13.53 2448 0.50 

1.0 65.99 33.15 11.79 1974 0.50 

The lower values of coercivity (𝐻) is the prime requirement in the design of an 

efficient absorber. Table 4.8 reveals that the doping of Co-Ni has reduced the value of 

Hc. The highest Hc=5710 Oe is obtained in composition x=0.0 while the smallest value 

of Hc=1974 Oe is achieved in composition x=1.0. There is a 65 % decrease in the value 

of Hc, which is due to the substitution of weak-magnetic Ni2+ and Co2+ which converted 

the ferrites to magnetically soft ferrites. There are two factors affecting the values of Hc 

one is the intrinsic factor involving anisotropy field Ha and the second is extrinsic 

related to morphology. From Table 4.8 it is evident that there is a reduction in the value 

of Ha which has a direct relation with 𝐻. The consistent decrease in the values of 𝐻  

produces a decrement in 𝐻. 𝐻 decreases around 32 %  (x=0.0 to 1.0) which is due to 

the substitution of Fe3+ at octahedral sites 4f2, as this site contributes to a large 

anisotropy field.  Replacement of Fe3+ at this site causes a reduction in Ha. Hc decreases 

by 65 %, while a 33 % decrease in Ha, so another reason for a large reduction in Hc is 

the large ionic radius of 𝑁𝑖ଶା (0.69 Å) and 𝐶𝑜ଶା (0.745 Å) in comparison to Fe3+ (0.645 

Å). Secondly, the SEM images reveal that there are pores in the composition x=0.0 

which reduces with the inclusion of Co-Ni, and composition x=1.0 possesses large grain 

clusters causing good grain connectivity and reducing coercivity Hc as grain size and 

Hc have inverse relation. 

M୰/Mୱ ratio describes the retention of magnetization after the removal of the applied 

field. This ratio ranges from 0 to 1 and a value less than 0.5 represents randomly 

oriented multi-domain particles while values higher than 0.5 indicates a single domain. 

All the compositions have M୰/Mୱ ratio more than 0.5 representing single domain 

structure. 

4.2.5 Electromagnetic Characteristics 

4.2.5.1 Complex permeability and complex permittivity 
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Graphs for dielectric constant/loss (𝜀ʹ, 𝜀ʺ), and permeability/magnetic loss (µʹ, µʺ) 

against frequency are depicted in Fig 4.35. Both the dielectric constant and loss vary in 

a non-monotonous way with the inclusion of Co-Ni. A decrement in the value of the 𝜀ʹ 

while an increment in 𝜀ʺ is observed in doped compositions as compared to the undoped 

composition. There is a decrement in the value of 𝜀ʹ with the frequency increment in 

compositions x=0.2, 0.4, 0.6, and 1.0 while it increases for x=0.0. The composition 

x=0.2 has the least 𝜀ʹ with the increment in frequency among all doped compositions. 

Compositions x=0.2 and x=0.6 have a relaxation peak in ε around 11.5 GHz. The 

composition x=1.0 shows dual relaxation peaks one large peak at 9.5 GHz while a 

comparatively small peak around 11.5 GHz. Besides that, this composition has the 

highest dielectric loss among all the compositions. 

The permeability of the compositions varies non-linearly with the addition of Co-Ni. 

The doped composition has high values of µʹ as compared to the undoped composition. 

The compositions x=0.2 and 0.4 have relaxation peaks around 9.5 GHz, however the 

x=0.0 has a relaxation peak near about 10.5 GHz. There is an enhancement in the value 

of µʹ with the increment in frequency for all compositions being highest in x=1.0. The 

compositions x=0.2 and 0.4 possess dual relaxation peaks in µꞌꞌ one at low frequencies 

(9 to 10 GHz) and another at high (11.5-12.4 GHz). The composition x=0.0 possesses 

a relaxation peak near about 10.5 GHz. For low frequencies, composition x=0.0 has the 

maximal value of µꞌꞌ while x=0.4 obtains the maxima in the high frequency region. 
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Fig. 4.35 Complex permittivity and permeability versus frequency plots for 

SrCoxNixFe12-2xO19. 

The complex permittivity/permeability depends on grains, porosity, grain distribution, 

electron spin, and polarization at the microwave region [94]. Electron hopping in 

Fe2+/Fe3+ causes dielectric polarization [95]. The large porosity depresses polarization 

as well as restrains field flow. Exchange resonance among Fe3+/Fe2+ and ferromagnetic 

resonance govern the complex permeability [96, 97]. The doping of Co-Ni decreases 

the number of Fe3+ which affects polarization and resonance. Pores in the SEM images 

can be seen which are non-magnetic vacancies affecting magnetization related to 

permeability. There is an inconsistent variation for grain size as well as grain boundary 

as can be viewed in micrographs (Fig. 4.24) which modifies the 

permittivity/permeability.  

Large-size grain supports electron hopping, however, grain boundaries discourage the 

field flow. The permeability increases as the large grains enhance electron spin while 

the accumulation of charge at grain boundary promotes polarization. Further, the 

reduction in exchange resonance due to porosity and small grains is responsible for 

magnetic loss between Fe3+ and Fe2+. The peaking nature in complex 
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permittivity/permeability observed in the prepared compositions is attributed to the 

dielectric relaxation and ferromagnetic resonance respectively. 

4.2.5.2 Microwave absorption in SrCoxNixFe12-2xO19 

The absorption characteristics of any material are understood on the basis of reflection 

loss: the higher the reflection loss better the absorption. It is calculated utilizing 

equations 3.13 and 3.14 using the material’s impedance Zin and impedance of air Z0. 

The microwave absorption characteristics are explored on the basis of the λ/4 and 

impedance matching mechanism as well as dielectric/magnetic losses as explained in 

the following sections. 

4.2.5.3 Quarter Wavelength Mechanism 

Graphs of reflection loss (RL) against frequency at different simulated thicknesses have 

been used to explain the phenomenon of microwave absorption in the prepared 

compositions. Fig. 4.36 (a, c, e), 4.37 (a), 4.38 (a, c), 4.39 (a, c, e), 4.40 (a, c, e, g, i) 

and 4.41 (a, c, e, g) depict RL plots of SrCoxNixFe12−2xO19 ferrites. These are used to 

determine different parameters such as matching frequency, bandwidths, and frequency 

bands of RL below -10/-20 dB. The summarized values of the parameters are provided 

in Table 4.9. 

Highest RL=-37.46 dB is obtained in composition x=0.8 at the frequency of 10.05 GHz 

with 8.0 mm. The RL of other compositions ranges between -12.59 dB and -37.10 dB 

at 9.88 and 12.40 GHz at the thicknesses of 3.0 and 9.3 mm respectively. There is a 

non-monotonous variation in the RL peaks with the increment in thickness. Fig. 4.36 

(a, c, e) demonstrates the absorption characteristics of composition x=0.0. The 

thicknesses from 5.5 to 6.0 mm have a RL ≥ -10 dB for the frequency band of 10.80-

11.14 GHz. The RL peak shifted toward low frequencies with the increment in thickness. 

The frequency band of reflection loss ≥ -20 dB from 11.30-11.39 GHz is obtained for the 

thickness of 5.6 mm. 

The x=0.2 has an RL=-24.94 dB with 9.54 GHz for 10.0 mm thickness. In this 

composition thickness from 9.0 to 10.0 mm for a frequency band ranging from 9.46-

9.54 GHz show RL ≥ -10 dB Fig. 4.37 (a).  
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Fig. 4.36 (a, c, e) RL versus frequency (b, d, f) thickness versus frequency in x=0.0 

for SrCoxNixFe12-2xO19. 

 

Fig. 4.37 (a) RL versus frequency (b) thickness versus frequency in x=0.2 for 

SrCoxNixFe12-2xO19. 
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Composition x=0.4 possesses an RL=-34.49 dB at 3.5 mm for a frequency of 9.63 GHz. 

The 6.6 mm thickness shows RL≥-20dB for a frequency band of 11.90-11.98 GHz (Fig. 

4.38 (a, c)). In x=0.6 a maximum RL=-30.43 dB with a frequency of 9.04 GHz at 10.0 

mm is obtained (Fig. 4.39 (a, c, e)). The composition x=0.8 has peaks attributing 

reflection loss ≥-10/-20 dB from 5.4 to 10.0 mm (Fig. 4.40 (a, c, e, g, i)). This 

composition possesses the maximum RL=-37.46 dB among all the compositions. 

Composition x=1.0 shows RL peaks starting from a low thickness of 2.5 mm. An RL ≥ 

-20 dB is observed at thicknesses of 5.9, 6.1, 7.6, 9.3, 9.5, and 10.0 mm (Fig. 4.41 (a, 

c, e, g). 
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Fig. 4.38 (a, c) RL versus frequency (b, d) thickness versus frequency in x=0.4 for 

SrCoxNixFe12-2xO19. 
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Fig. 4.39 (a, c, e) RL versus frequency (b, d, f) thickness versus frequency in x=0.6 

for SrCoxNixFe12-2xO19. 
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Fig. 4.40 (a, c, e, g, i) RL versus frequency (b, d, f, h, j) thickness versus frequency 

in x=0.8 for SrCoxNixFe12-2xO19. 
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Fig. 4.41 (a, c, e, g) RL versus frequency (b, d, f, h) thickness versus frequency in 

x=1.0 for SrCoxNixFe12-2xO19. 

A comparison between simulated thickness (tm
sim) and calculated thickness (tm

cal) has 

been carried out to explore the relation between RL peaks and the λ/4 mechanism. 

Graphs of the calculated thickness (nλ/4) in the observed frequency range are given in 

Fig. 4.36 (b, d, f), 4.37 (b), 4.38 (b, d), 4.39 (b, d, f), 4.40 (b, d, f, h, j) and 4.41 (b, d, f, 

h). The comparison is performed by plotting lines from RL peaks to the thickness v/s 

frequency graphs. It is worth noting that the nλ/4 mechanism is fulfilled by composition 

x=0.2 for n=1 only, x= 0.4 and 0.6 for n=1 and 3, and in x=0.0 and 0.8 it exists at n=3 

and 5. The composition x=1.0 is matched for n=1, 3, and 5. The presence of this 

mechanism in composition x=0.0 contributed -10 dB bandwidth having a range from 

0.25 to 1.09 GHz at thicknesses from 5.6 to 8.8 mm as given in Table 4.9.  

The composition x=0.2 shows RL≥-10 dB for the frequency ranging from 9.38 to 9.80 

GHz. The bandwidth in this composition ranges between 0.16 and 0.42 GHz. The 

composition x=0.4 has RL values at low thicknesses from 2.6 to 7.0 mm. This 

composition has a bandwidth of 0.51 GHz at the thickness of 6.6 and 6.7 mm at a 

matching frequency of 11.90 and 11.98 GHz respectively. The -20 dB bandwidth of 80 
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MHz is also obtained at the thickness of 6.6 mm with the frequency band 11.90-11.98 

GHz.  

In composition x=0.6 bandwidth of 0.84 GHz at 9.6, 9.8, and 9.9 mm while a bandwidth 

of 0.75 GHz at 10.0 mm thickness associated with -10 dB are observed. Meanwhile, a -

20 dB bandwidth of 90 MHz at 9.9 and 10.0 mm with the frequency band 9.54-9.63 GHz 

is obtained. The x=0.8 has -10 dB broad bandwidths of 1.17 GHz and 1.01 GHz at 6.3 

and 7.6 mm. Besides it, -20 dB bandwidths of 0.25 GHz at 7.2 and 8.3 mm and 0.17 GHz 

at 8.0 mm are also obtained. The composition x=1.0 shows the highest 1.35 GHz BW on 

a 6.1 mm thickness with a frequency band of 10.97-12.32 GHz among all the 

compositions. The broad bandwidth of 1.26 GHz at 5.9, 8.3, and 10.0 mm while 

bandwidths of 1.17, 1.09, and 1.01 GHz at 7.6, 3.0, and 9.5 mm are also achieved in this 

composition. Further, the highest -20 dB bandwidth of 0.51 GHz with an 11.39-11.90 

GHz band is also observed in x=1.0. 

Table. 4.9 RL with matching thickness/frequency, BW, and PBW for 

SrCoxNixFe12-2xO19. 

x Max. 

RL 

(dB) 

Matc

hing 

Thic

kness 

(mm) 

Match

ing 

Frequ

ency 

(GHz) 

-10 dB 

band 

(GHz) 

-10 dB 

BW 

(GHz) 

-20 dB 

band (GHz) 

-20 dB 

BW 

(GHz) 

BTR PBW 

(%) 

0.0 -27.60 5.6 11.31 10.72-11.48 0.76 11.31-11.39 0.08 0.331 6.720 

-16.25 5.9 10.38 10.30-11.22 0.92 - - 0.405 8.863 

-17.58 6.0 10.30 10.22-11.14 0.92 - - 0.404 8.932 
-30.29 6.3 10.22 10.13-11.22 1.09 - - 0.457 10.665 
-36.03 8.8 11.64 11.48-11.73 0.25 - - 0.063 2.148 

0.2 -21.61 9.6 9.46 09.38-9.54 0.16 - - 0.056 1.691 

-23.49 9.7 9.46 09.38-9.71 0.33 - - 0.112 3.488 

-22.22 9.8 9.46 09.38-9.80 0.42 - - 0.140 4.440 

-22.35 9.9 9.54 09.38-9.80 0.42 - - 0.139 4.403 

-24.94 10.0 9.54 09.38-9.80 0.42 - - 0.137 4.403 

0.4 -15.78 2.9 9.46 09.38-9.63 0.25 - - 0.286 2.643 

-15.10 3.0 9.54 09.38-9.71 0.33 - - 0.362 3.459 

-20.54 3.3 9.63 09.46-9.80 0.34 - - 0.333 3.531 

-34.49 3.5 9.63 09.54-9.80 0.26 - - 0.238 2.700 

-22.04 6.4 11.90 11.64-12.06 0.42 - - 0.140 3.529 

-24.02 6.6 11.90 11.64-12.15 0.51 11.90-11.98 0.08 0.164 4.286 
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-21.00 6.7 11.98 11.64-12.15 0.51 - - 0.162 4.257 

0.6 -12.78 3.2 9.29 09.21-9.38 0.17 - - 0.185 1.830 

-18.82 9.6 9.12 09.04-9.88 0.84 - - 0.294 9.211 

-21.63 9.8 9.12 08.96-9.80 0.84 - - 0.293 9.211 

-23.03 9.9 9.63 08.96-9.80 0.84 09.54-9.63 0.09 0.290 8.723 

-30.43 10.0 9.04 08.96-9.71 0.75 09.54-9.63 0.09 0.259 8.296 

0.8 -17.14 6.3 11.64 11.06-12.23 1.17 - - 0.412 10.052 

-29.06 7.2 10.64 10.30-11.22 0.92 10.55-10.80 0.25 0.332 8.647 

-21.99 7.6 10.30 09.88-10.89 1.01 - - 0.371 9.806 

-37.46 8.0 10.05 09.63-10.38 0.75 09.96-10.13 0.17 0.281 7.463 

-28.06 8.3 9.80 09.46-10.22 0.76 09.71-9.96 0.25 0.284 7.755 

-18.93 9.7 9.12 08.87-9.38 0.51 - - 0.190 5.592 

1.0 -12.59 3.0 9.88 08.96-10.05 1.09 - - 1.211 11.032 

-21.43 5.9 11.81 11.14-12.40 1.26 11.64-11.90 0.26 0.464 10.669 

-32.09 6.1 11.56 10.97-12.32 1.35 11.39-11.90 0.51 0.491 11.678 

-30.71 7.6 10.30 09.38-10.55 1.17 10.22-10.30 0.08 0.467 11.359 

-16.22 8.3 10.13 09.04-10.30 1.26 - - 0.489 12.438 

-37.10 9.3 12.40 11.56-12.40 0.84 12.32-12.40 0.08 0.189 6.774 

-31.13 9.5 12.32 11.39-12.40 1.01 12.15-12.40 0.25 0.226 8.198 

-20.67 10.0 11.98 11.14-12.40 1.26 11.98-12.06 0.08 0.274 10.518 

4.2.5.4 Impedance matching mechanism 

The input impedance of the material is different from that of the open field as 

permittivity/permeability differs. The difference between these two affects the 

absorption characteristics of the material. The majority of the incident signal gets 

opposed from the surface because of the mismatch between these two and fewer parts 

enter the material. However, if they match major portion of the signal travels into the 

material and gets absorbed by the material. Hence it becomes important to analyze the 

impedance matching mechanism for the development of an effective absorber. 

The plots of reflection loss and impedance│Zin│v/s frequency of all the compositions 

are displayed in Fig. 4.42. The values of Zin for the maximum reflection loss of various 

compositions are given in Table 4.10. The highest RL peaks in all the compositions 

(x=0.0 to 1.0) follow the impedance matching mechanism, however, there are some 

discrepancies at a few frequencies in x=0.2, 0.4, and x=0.8.  

The composition x=0.0 has an RL of -36.03 dB with 11.64 GHz for 8.8 mm with a 

corresponding value of Zin=366.74  which is near 377 Ω. Composition x=0.6 

possesses dual RL peaks with RL=-30.43 dB at 9.04 GHz with Zin=386.61  and RL=-
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25.32 dB at 9.54 GHz with Zin=357.88 , which are in agreement with the value of 

Zo=377 .  For composition x=1.0 RL peak of RL=-37.10 at 12.40 GHz with 

Zin=368.36  is observed.  There is a discrimination with │Zin│ in composition x=0.2 

as there is a RL peak of -24.94 at 9.54 GHz with Zin=336.78  while there is no RL 

peak at 10.22 GHz with a Zin=356.38  which is more close to Zo=377 Ω than 

Zin=336.78 . A similar problem occurs in x=0.4 and x=0.8 at 10.55 GHz (Zin=366.10 

, RL=-1.07 dB) and 10.30 GHz (Zin=377.57 , RL=-13.34 dB) respectively in 

comparison to Zin=366.07  at 9.63 GHz with RL=-34.49 dB in x=0.4 and Zin=373.30 

 at 10.05 GHz with RL=-37.46 dB in x=0.8. 

This kind of behavior is related to the complex form of │Zin│having real and imaginary 

parts (Zreal & Zimg). That’s why, Zreal and Zimg are determined and graphs of Zreal and 

Zimg are plotted as shown in Fig. 4.43. Table 4.10 enlists the respective values of Zreal 

and Zimg related to the RL peaks. For the successful implementation of the impedance 

matching the impedances of the material should follow exactly/nearly the criteria of 

377 Ω and/or 0. The highest RL of -37.46 dB with 10.05 GHz obtained for x=0.8 follows 

this condition as Zreal=373.18 Ω and Zimg=9.30 Ω. In the case of x=0.2 low RL at 10.22 

GHz with Zin=356.38  is due to Zreal=24.39 Ω and Zimg=-355.44 Ω those are far away 

from 377 Ω and/or 0 condition. Similarly in x=0.8 less RL=-13.34 dB at Zin=377.57  

in comparison to RL=-37.46 dB at Zin=373.30  is due to the fact that in the first case 

Zreal=344.14 Ω and Zimg=-155.34 Ω while in second Zreal=373.18 Ω and Zimg=9.30 Ω. 

Thus it can be summarized that the discrepancies observed in x= 0.2, 0.4, and 0.8 are 

due to the deviation in Zreal and Zimg from 377 Ω and/or zero which causes low values 

of RL. The doping of Co-Ni has a non-monotonous variation in Zin, Zreal, and Zimg. 

Hence both the the λ/4 and impedance mechanisms are followed in all compositions 

having their role in the absorption characteristics of all compositions. 
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Fig. 4.42 Zin and RL curve against frequency for SrCoxNixFe12-2xO19. 

 

Fig. 4.43 Zreal, Zimag, and RL v/s frequency for SrCoxNixFe12-2xO19. 
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Table. 4.10 Zin, Zreal, Zimag values corresponding to RLmax for SrCoxNixFe12-2xO19. 

x RL 

(dB) 

Matching 

Thickness 

(mm) 

Matching 

Frequency 

(GHz) 

|Zin| 

(Ω) 

Zreal  

(Ω) 

Zimg  

(Ω) 

0.0 -36.03 8.8 11.64 366.74 366.70 5.66 

0.2 -24.94 10.0 9.54 336.78 336.76 3.81 

0.4 -34.49 3.5 9.63 366.07 365.97 -8.65 

0.6 -30.43 10.0 9.04 386.61 386.04 21.12 

0.8 -37.46 8.0 10.05 373.30 373.18 9.30 

1.0 -37.10 9.3 12.40 368.36 368.31 5.73 

4.2.5.5 Role of Electromagnetic/Material Parameters 

The relaxation peaks ε and µꞌꞌ also have their contribution in the absorption which 

should also be taken care of. The peaks observed in ε and µꞌꞌ in the prepared 

compositions are contributing to absorption in the compositions: in composition x=1.0, 

RL=-32.09 dB at the thickness of 6.1 mm correspond to ε peak at 11.56 GHz; the RL=-

15.10 dB validate µꞌꞌ peak at 9.54 GHz, similarly RL=-24.02 at 11.90 GHz attribute to 

the second peak of µꞌꞌ peak at 11.90 GHz for composition x=0.4. In x=0.2 µꞌꞌ peak at 

9.54 GHz is attributed to the RL peak -24.94 dB at 9.54. In x=1.0 the highest RL= 37.10 

dB at 12.40 GHz validate the maximum µꞌꞌ at 12.40 GHz. Hence it can be said that 

dielectric and magnetic losses are also contributing to microwave absorption in the 

prepared compositions. 

4.2.5.6 Eddy Current Loss 

In ferrites, the eddy current loss also affects the absorption characteristics of ferrites. 

The formula to determine the eddy current loss is given as in equation 4.4 [98].  

It should be noted that the constant value of C0 with the increment in frequency indicates 

its contribution to the magnetic loss. The plot of C0 against the frequency is plotted for 

all the compositions as given in Fig. 4.44. The plots indicate that doped compositions 

have constant values at the complete frequencies, while x=0.0 becomes constant after 
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8.87 GHz. This behavior indicates that eddy current loss is contributing to the 

absorption of ferrite compositions. 

 

Fig. 4.44 C0 versus frequency curve for SrCoxNixFe12-2xO19. 

4.2.5.7 Bandwidth to Thickness Ratio 

The broad bandwidths with fewer thicknesses are very important in the design and 

characterization of an absorber. After achieving the RL-10 dB, one should aim at 

getting the low thicknesses, rather than increasing RL values only. Due to this factor 

bandwidth to thickness ratio (BTR) and percentage bandwidth (PBW) becomes 

important to determine. These two parameters are evaluated from equation 4.5 and 4.6.  

The determined values for BTR and PBW for the prepared compositions are enlisted in 

Table 4.9. The table suggests that doping has increased BTR. The composition x=1.0 

possesses the highest BTR of 1.211 with RL=-12.59 dB at 9.88 GHz among all the 

compositions. Besides this, this composition also possesses a high BTR=0.491 with 

RL=-32.09 dB and 0.489 with RL=-16.22 dB. After that, the composition x=0.8 has 

significant BTR=0.412 at 11.64 GHz for RL= -17.14 dB. There is an increase in 
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percentage bandwidth with the doping. The composition x=1.0 owes the highest 

PBW=12.44 at 8.3 mm. PBW ranges from 6.77 to 12.44 % for x=1.0. The undoped 

composition shows PBW in the range of 2.15 to 10.67. 

4.3 SrCoxZrxFe12-2xO19 series 

4.3.1 Microstructural/Morphologic Characteristics 

The analysis of SrCoxZrxFe12-2xO19 hexaferrites, developed using the sol-gel method 

has been done utilizing Powder X software. The XRD diffractograms obtained are 

shown in Fig. 4.45 and the standard pattern of SrFe12O19 (JCPDS card no. 84-1531) is 

used to evaluate the phase purity of the prepared ferrites. No secondary peak is present, 

meanwhile, all were matched with the pure phase of strontium ferrite. The major 

intensity peak is 107 for all the compositions except x=0.8, where 114 has become a 

major intensity peak. There is a shift of the major intensity peak (107) toward the lower 

diffraction angle with the increment in doping concentration.  

There is an increment in the values of the lattice parameter (a, c) as the doping content 

increases. The reason for this increment is the ionic radius difference among Zr4+ (0.720 

Å), Co2+ (0.745 Å), and Fe3+ (0.645 Å).  From Table 4.11, it can be noted that there is 

a decrement in crystallite size with the increment in Co-Zr doping. The crystallite size 

ranges between 41.474 to 29.778 nm. The lowest crystallite size of 29.778 nm is 

obtained for composition x=1.0. 
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Fig. 4.45 XRD pattern of SrCoxZrxFe12-2xO19. 

Table 4.11. Structural parameters of SrCoxZrxFe12-2xO19. 

x a=b (Å) c (Å) c/a V(Å3) D
xrd 

 

d-

spacing 0.0 5.8844 23.0499 3.917 691.18 41.474 2.77 

0.2 5.8875 23.0865 3.921 693.01 37.697 2.77 

0.4 5.8910 23.1395 3.928 695.42 33.845 2.77 

0.6 5.8985 23.1500 3.925 697.51 34.550 2.78 

0.8 5.8930 23.1780 3.933 697.05 38.404 2.63 

1.0 5.9020 23.2400 3.938 701.06 29.778 2.78 

Fig. 4.46 displays the micrographs of different compositions of SrCoxZrxFe12-2xO19. The 

grain fusion and agglomeration can be seen throughout the compositions. Compositions 

x=0.0 and 0.2 show the development of fused grains, however, there is a considerable 

decay in grain size in the composition x=0.4 as compared to the earlier ones. The grain 

distribution has been affected by the doping of Co-Zr with a decay in grain size. The 

Co-Zr doping has improved the inter-grain connectivity and grain agglomerates with 
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the increase in doping. The development of large grain clusters can be seen in the 

micrographs of x=0.6. The micrograph of composition x=0.8 contains both the large as 

well as tinny size grains. Composition x=1.0 shows good grain connectivity with a large 

decrease in grain size. 

 

Fig. 4.46. SEM micrographs of ferrite SrCoxZrxFe12-2xO19. 

4.3.2 Electrical characteristics 

4.3.2.1 Dielectric Characterization 

Ferrites have permittivity in a complex number where its real part () indicates its 

charge storage capacity, while the imaginary part () shows the loss capabilities. The 

formula to determine the real part is shown in equation (3.5). Dielectric loss  is 

calculated using equation (3.6), while the loss tangent (tan) can be determined by 

equation (3.7) as given in chapter 3. 

Fig. 4.47 displays the plots of  and   versus the frequency of the prepared 

compositions. The doping of Co and Zr caused a non-linear increment in the dielectric 

constant. The graphs of  decreases gradually in the low-frequencies and attains 

constant values in high-frequencies. This decrease is caused by the interfacial 

polarization and complies with the Maxwell-Wagner model with the Koop 

phenomenon [80]. The dielectric materials are considered to have conductive grains 

separated by resistive grain boundaries. The grain boundaries have a prominent role at 

low frequencies, while at high frequencies grains are more dominant. The charge 
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careers gather at the boundaries due to the high resistivity of the grain boundary. This 

promotes space charge polarization that in turn enhances the dielectric constant for low 

frequency. However, the charges can’t follow the applied field at high frequency, which 

reduces the charge carrier's accumulation at the boundary and causes a downfall in the 

dielectric constant. 

The composition x=1.0 has the maximum =113.2 at 100 Hz among all the 

compositions. Since polarization in the ferrites depends on Fe3+/Fe2+ ions and these are 

minimum in x=1.0, the dielectric constant should be minimum in x=1.0. However, 

despite the highest number of Fe3+/Fe2+, the composition x=0.0 has less dielectric 

constant than x=1.0. The reason behind it is the grain morphology (Fig. 4.46): 

composition x=0.0 possesses large porosity, however, composition x=1.0 has the 

highest inter-grain connectivity among all compositions. Although the porosity is 

related to the sample preparation process if present, it influences the properties of the 

sample. Here composition x=1.0 has the highest dielectric constant despite fewer 

Fe3+/Fe2+ ions, while the dielectric constant should be highest in x=0.0 due to the 

highest Fe3+/Fe2+ ions. Hence we tried to explain that in view of SEM images, this may 

be due to the considerable inter-grain connectivity in x=1.0 and the high porosity in 

x=0.0. Since the signal faces more hindrance due to this high porosity and causing low 

polarization, which makes εʹ lesser in composition x=0.0.  
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Fig. 4.47 Dielectric constant (a) real (b) imaginary versus frequency for 

SrCoxZrxFe12-2xO19. 

Fig. 4.48 demonstrates the graph of loss tangent (tanδ) versus frequency for 

SrCoxZrxFe12-2xO19. There is a reduction in loss tangent with the increase in frequency. 

This decrement complies with Koop’s phenomenological theory of dielectrics [80]. A 
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non-monotonical variation in loss tangent is obtained with the inclusion of Co-Zr, as 

well as multiple relaxation peaks are also obtained. This peaking nature is associated 

with the Rezlescu model [81] according to which it is obtained when the charge hopping 

frequency for Fe2+ and Fe3+ matches with the applied field’s frequency. The highest 

tanδ is obtained in composition x=1.0: The small size of grains (Fig. 4.46) results in 

higher grain boundaries causing more polarization at grain boundaries. There is a 

broadening of relaxation peaks with the doping due to an increase in heterogeneity, 

which increases the number of interfaces that take more time for relaxation. 

 

Fig. 4.48 Dielectric loss tangent versus frequency curves for SrCoxZrxFe12-2xO19. 

It is worth noting that the peaks shifted to a high frequency with the inclusion of Co-

Zr. Higher values of loss tangent at low frequency are signified by the role of grain 

boundary which impedes the electron hopping at low frequency. In a high-frequency 

regime, grains are prominent and offer electron hopping thus causing low values of 

loss. 

4.3.2.2. Electric modulus 

The electrical relaxation of ionic solids is described by the parameter called electric 

modulus (M). It explains the frequency dependence behavior of the conductivity of the 
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material. It is a complex quantity represented as 𝑀 = 𝑀ᇱ + 𝑗𝑀′′, here 𝑀ᇱ =
ఌᇲ

ఌᇲమ
ାఌᇲᇲమ 

while 𝑀ᇱᇱ =
ఌᇲᇲ

ఌᇲమ
ାఌᇲᇲమ. Electric modulus not only elaborates the electric conduction rather 

also describes the space charge polarization effect. A sigmoidal step in Mʹ and a broad 

asymmetric peak in Mʺ with frequency are the basic features of M [83]. Fig. 4.49 (a) 

and (b) display the variation of Mʹ and Mʺ against frequency. It can be noted that a 

similar trend has been reported in earlier reports [106, 107]. At low frequency, Mʹ 

possesses a low value while it increases at high frequency before attaining a constant 

value. The reason behind this type of nature may be the inadequate restoring force that 

controls the mobility of charge carriers. A sigmoidal step in Mʹ is associated with the 

charge carrier’s short-range mobility, while saturation behavior assists the long-range 

mobility. 

The charge transport mechanism is described utilizing Mʺ versus frequency curve. Fig. 

4.49 (b) shows asymmetric peaks in all the compositions. The peak’s low-frequency 

side is linked to long-distance movement and the high-frequency side corresponds to 

short-range movement. The peak frequency can be used to determine the conduction 

relaxation time using the formula 𝜏 =  
ଵ

ଶగೌೣ
. Where τ represents the relaxation time, 

while fmax denotes the relaxation frequency of the peak value of Mʺ. The relaxation 

times determined for compositions x=0.0, 0.2, 0.4, 0.6, 0.8, and 1.0 are 1.58x10-5 s, 

2.51x10-6 s, 7.96x10-6 s, 6.32x10-7 s, 3.16x10-7 s and 2.51x10-7 s respectively. It can be 

observed that the height of Mʺ varies non-monotonically with the increment in doping 

level. This is because of a change in the number of  Fe3+ caused by doping, which in 

turn changes the number of charge careers. The inclusion of Co-Zr produces a shift in 

peaks toward the high-frequency regime referring localized motion of ions. The shifting 

in the direction of high frequency shows a reduction in relaxation time with the doping. 
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Fig. 4.49 (a), (b) Electric Modulus versus frequency curves for SrCoxZrxFe12-

2xO19. 
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Fig. 4.50 Cole-Cole plot of ferrite SrCoxZrxFe12-2xO19 

Cole-Cole plots (𝑀 𝑣/𝑠 𝑀) for SrCoxZnxFe12-2xO19 are depicted in Fig. 4.50. All the 

prepared compositions show asymmetric deformed semicircles implying a non-Debye 

relaxation. Since in x=0.0, semicircle exists almost equally in high and low frequencies 

grains and grain boundaries both have their role in charge transport. For x=0.2, 0.6, and 

1.0 the semicircle shifted to low frequencies, however, in x=0.4 and 0.8 it moved to 

high frequencies. It shows that grains are dominant for x=0.4 and 0.8, while grain 

boundaries are prominent in others. Compositions x=0.6 and 0.8 show two semicircles 

depicting two types of relaxations one at low frequencies and another at high 

frequencies.  

4.3.2.3. Complex impedance 

The electrical response of dielectric materials is investigated with the help of 

Impedance spectroscopy. The impedance is Z= Z + j Z, here Z implies to resistance 

and Z  to reactance. The variation of Z versus frequency is depicted in Fig. 4.51 (a). 

Z is high at low frequency and continuously decreases till a certain point and becomes 

constant thereafter. This behavior follows the Maxwell-Wagner model. A non-
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monotonical variation in the values of Z is observed with the doping of Co-Zr. 

However, all the curves get coalesced in the high-frequency area. 

The curves for Z versus f are displayed in Fig. 4.51 (b). The doping of Co-Zr causes a 

non-monotonical variation in the value of Z at low-frequency regions. However, at 

high frequency, all the curves coalesced which specify the decrement in space charge 

polarization with increasing frequency. 

 

 

Fig. 4.51 (a), (b) Variation of Impedance of SrCoxZrxFe12-2xO19 
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Fig. 4.52 shows the Cole-Cole plots (𝑍 𝑣𝑒𝑟𝑠𝑢𝑠 𝑍) for the prepared compositions. All 

the compositions have a semi-circular arc as can be seen in Fig. 4.52. Both grains and 

grain boundaries have their effect in compositions x=0.0, 0.2, 0.4, and 0.6 as the curves 

of these compositions lie in the middle region. However, in composition x=0.6 the 

curve is shifted upward due to the morphology (Fig. 4.46): Large grain clusters with 

platelet structure enhance grain size as well as the number of grain boundaries as 

compared to x=0.0, 0.2, and 0.4. The dominance of grains can be noted in compositions 

x=0.8 and 1.0 due to the presence of curves completely in the high-frequency area. 

The semicircles are not completing themselves in Fig. 4.52, instead, only semicircular 

arcs are present as the range of analysis was 100 Hz to 2 MHz. The size and shape of 

the curve depend on various factors such as morphology and electric/dielectric 

properties. The complete semicircles are not formed as they have some degree of 

decentralization and depression angle instead of being centered at the x-axis. Based on 

the scenario seen in the figure, it can be concluded that they will complete themselves 

at a low-frequency range. 

 

Fig. 4.52 Cole-Cole plot of Impedance for ferrite SrCoxZrxFe12-2xO19 

The compositions x=0.0, 0.2, and 0.4 show two semicircles one at high frequency and 

another on the low-frequency side attributing two types of relaxation, while x=1.0 has 

a single semicircle which is completely in the high-frequency area as depicted in the 
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insite diagram of Fig. 4.52. Single semicircle in composition x=1.0 is due to the small 

size of grains and good grain connectivity in composition x=1.0 (Fig. 4.46). Fig. 4.52 

indicates that the dielectric relaxation is weak as the plots for impedance have 

semicircular arcs instead of complete semicircles as in the case of electric modulus. 

Hence, from Cole-Cole plots of impedance (Fig. 4.52) and Electric modulus (Fig. 4.50), 

it can be concluded that loss relaxation peaks obtained in Fig. 4.48 were basically due 

to conductivity relaxation.  

4.3.2.4. AC Conductivity 

In ferrites, the conduction process has a considerable effect of electron hopping between 

Fe2+ and Fe3+. It is worth noting that there is an increment in the hoping frequency of 

charge carriers due to the increment in frequency, which increases the conductivity. 

The polaron hopping model as described in [108] is used to describe this frequency-

dependent conduction process. This model suggests an increase in conductivity for 

short-range polaron hopping, while a decrease is because of long-range polaron 

hopping. 

Fig. 4.53 elucidates the curve of ac conductivity (σac) against the applied frequency for 

all the prepared compositions which shows that conductivity gradually increases with 

frequency increment. The conductivity curves start an increase above a particular 

frequency called hopping frequency. It shows the transition of conductivity from the 

flat plateau region of DC conductivity (σdc) to a dispersive region of AC conductivity 

(σac). Before this frequency point, all the compositions have nearly a frequency-

independent nature. The inclusion of Zr4+ and Co2+ causes an increase in conductivity 

in doped compositions as compared to the undoped composition. The reason for low 

values of DC conductivity is linked to the prevalence of interfacial polarization in 

dielectric constant parameters as shown in Fig. 4.47. 

The values of σac are low at high frequencies in compositions x=0.0 and 0.4 which can 

be validated by the morphology: in x=0.0 a large porosity (Fig. 4.46) can be seen, while 

in x=0.4 grain size is small (Fig. 4.46), thereby reducing σac. However, good grain 

connectivity in x=1.0 (Fig. 4.46) causes the highest σac. 
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The values of parameter n were determined by curve fitting for all the prepared 

compositions. The respective values are 0.398, 0.652, 0.674, 0.711, 0.799, and 0.789. 

Since all the values are less than 1, it indicates that AC conductivity follows the hopping 

of charge carriers. 

 

Fig. 4.53 AC conductivity v/s frequency for ferrite SrCoxZrxFe12-2xO19. 

4.3.2.5. Software-based Impedance Simulation 

The impedances of the prepared ferrites have been analyzed using circuit modeling by 

the Electrochemical impedance spectroscopy (EIS) software [86]. The circuit model 

comprises of series connected by two parallel RC circuits. The first one signifies to 

resistance and capacitance of grains (Rg, Cg), while the second represents the respective 

values of grain boundary (Rgb, Cgb). A constant phase element (CPE) is utilized in place 

of capacitors due to the non-Debye-type nature of compositions. The capacitance of CPE 

can be obtained by the expression given in equation 4.1. The parameters are determined 

from the EIS and put in the equation to obtain the required value of CPE. 
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The simulated results are shown in Fig. 4.54 which indicates that the measured plots 

and simulated/fitted plots are in harmony. Table 4.12 enlists the simulated values for 

the different parameters obtained from EIS.  

 

Fig. 4.54 Curve fitting of impedance using EIS software for SrCoxZrxFe12-2xO19. 

Table 4.12. Simulated values of grain/grain boundary resistances and 

capacitances for SrCoxZrxFe12-2xO19. 

x Rg (M) Rgb (M) Cg (µF) Cgb (µF) 

0.0 622.05 30.09 31.6 7.02 

0.2 694.12 72.56 42.2 423.06 

0.4 702.79 20.79 35.52 10.80 
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0.6 262.09 993.75 3.82 13.51 

0.8 4569.70 4.42 0.56 50.04 

1.0 229.24 39.01 218.42 14621.17 

Correlation between Grain/Grain boundaries simulated parameters and 

Morphology   

The composition x=0.0 possesses large as well as tinny size grains as seen in the 

micrograph of Fig. 4.46. At the same time, large porosity can be seen which makes the 

polarization to be weak in turn causes the capacitance of grain boundaries to be low. 

From Table 4.12 it can be noted that in x=0.0 the simulated grain boundary capacitance 

Cgb=7.02 µF is the lowest among all the compositions. Composition x=0.6 has grains 

with an irregular/nonuniform surface causing a large number of grain boundaries 

contributing a maximum simulated grain boundary resistance Rgb=993.75 M among 

all the compositions. Composition x=0.8 has well-connected large grains with flat 

surfaces contributing to the highest simulated grain resistance Rg=4569.7 M. 

The grains of composition x=1.0 are connected in a beehive-like structure (Fig. 4.54) 

due to which this composition has relatively better inter-grain connectivity. The size of 

grains is very small due to which closeness of grain boundaries causes a strong 

polarization at the grain boundary resulting in the highest simulated Cgb=14621.17 µF 

in Table 4.12. 

Correlation between Grain/Grain boundaries simulated parameters and 

Dielectric Parameters 

The composition x=0.8 has the lowest while x=1.0 owes the highest value of dielectric 

constant (Fig. 4.47) at the low-frequency region. As per the Maxwell-Wagner model 

grain boundaries are prominent in low frequencies, while grains take charge in the high-

frequency region. Table 4.12 illustrates that the composition x=0.8 has the minimum 

grain boundary resistance Rgb= 4.42 M referring to the lowest resistance due to the 

lowest dielectric constant (=11.56 at 100 Hz). Composition 1.0 possesses the highest 

dielectric constant (=113.20 at 100 Hz) at low frequency attributing to the highest 

simulated grain boundary capacitance Cgb=14621.17 µF referring to a high polarization 

due to grain boundaries.  
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Correlation between Grain/Grain boundaries simulated parameters and Electric 

Modulus 

The composition x=0.0 showed the effect of grains as well as grain boundaries since 

the semi-circle lies in the middle of the frequency region (Fig. 4.50). In the case of x= 

0.4 and 0.8, the shifting toward high frequency suggests the dominance of grains, while 

semi-circles of x=0.2, 0.6, and 1.0 are more towards the low frequencies depicting 

dominance of grain boundaries. This kind of conduct can be well explained in 

conjunction with Table 4.12: In compositions x=0.8 and 0.4 grains possess high 

conductivity relaxation validating the higher simulated grain resistance Rg=4569.7 M 

and Rg=702.79 M in x=0.8 and 0.4 respectively. The high simulated Cgb=423.06 µF 

in x=0.2 and highest Rgb=993.75 M in x=0.6 indicate the prominence of grain 

boundaries. The large number of small pores causing strong polarization at grain 

boundaries with Cgb=14621.17 µF attributed to an effective role of grain boundaries in 

x=1.0. 

4.3.3 Band gap Characteristics 

Tauc plots drawn for the prepared SrCoxZrxFe12-2xO19 hexaferrites are shown in Fig 

4.55. To obtain the required values of the band gap equation 3.4 as given in Chapter 3 

is used. The intercept on the x-axis is obtained from the linear region of the Tauc plot 

to determine the band gap. The band gaps of the prepared compositions x=0.0 to 1.0 

are 2.68, 2.34, 2.81, 2.10, 2.91, and 2.42 eV respectively. The obtained values are in 

the prescribed range of the ferrites which is generally 2 to 3 eV.  
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Fig. 4.55 Tauc plots of SrCoxZrxFe12-2xO19 

4.3.4. Magnetic Characteristics 

The magnetic characterization of the prepared SrCoxZrxFe12-2xO19 hexaferrites has been 

carried out to understand the magnetic characteristics of the prepared compositions. 

Investigation of magnetic characteristics is done using magnetization (M) versus 

magnetic field (H) curves. Fig. 4.56 (a) demonstrates the M-H curves drawn for the 

prepared compositions. The site occupancy of the ions depends on their 

electronegativity. The higher electronegativity ions generally prefer to occupy 

octahedral sites than tetrahedral [88]. The electronegativity of 𝑍𝑟ସା(1.33) ions are less 

than that of 𝐶𝑜ଶା(1.88), hence this one will try to acquire tetrahedral site 4fଵ(↓). As per 

the ligand field theory, 𝑍𝑟ସା prefer tetrahedral site 4fଵ(↓) due to 3d10 configuration, 

while 𝐶𝑜ଶା with 3d⁷preferably choose octahedral sites 12k (↑), 2𝑎(↑), 4𝑓₂(↓) [90]. 

Godara et al. [109] reported that 𝑍𝑟ସାprefer tetrahedral 4f₁sites while Singh et al. [90] 

reported that 𝐶𝑜ଶା prefer to occupy octahedral sites. 

To calculate saturation magnetization (𝑀௦) and anisotropy field (𝐻), the formula 

given in equation 4.2 is utilized. 
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In hexagonal ferrites, 𝐵 is given by 𝐵 = 𝐻
ଶ/15 with 𝐻 representing the anisotropy 

field. Fig. 4.56 (a) indicates that M-H loops have a steep rise in magnetization for low-

applied fields while it decays for high fields. The undoped composition x=0.0 possesses 

a large slope at high fields indicating an unsaturated state which reduces with the 

substitution of Zr4+ and Co2+. This is caused by the reduction in anisotropy field. At the 

high values from 10 KOe to 15 KOe a linear relationship is observed that’s why 𝐴/𝐻 

and 𝜒 maybe removed and 𝐵 is obtained using relation 𝑀 = 𝑀௦ (1 − 𝐵 𝐻ଶ⁄ ). 𝐻 is 

determined from a relation 𝐻
ଶ = 15 𝐵. Ms is determined with the help of graphs plotted 

between magnetization (M) and the inverse of the square of the anisotropy field (1/H2). 

The graph plotted as such is fitted using linear fitting which is shown in Fig. 4.56 (b). 

The determined parameters from M-H loops and M v/s 1/H2 plots are listed in Table 

4.13.  

In hexagonal structure, the magnetic moment with spin-up and down sites is given in 

equation 4.3. The equation indicates that the substitution of a weak/non-magnetic ion 

at spin-down sites (4𝑓₁ ↓  + 4𝑓₂ ↓) enhances saturation magnetization while more 

occupancy at spin-up sites (2a↑ + 12k↑ + 2b↑) reduces it. There is a non-monotonous 

change in Ms with the inclusion of Co-Zr. The composition x=0.2 has the highest value 

of Ms=151.84 emu/g while the lowest value is obtained in composition x=0.6 with 

Ms=87.72 emu/g. Ms increases by 70 %  (88.80 to 151.64 emu/g) for x=0.0-0.2 with 

the addition of Zr4+ and Co2+. This is because of the replacement of Fe3+ by Zr and Co 

at spin-down sites.  

From the relationship among 𝑀௦, 𝑀, and 𝑀, it can be said that the occupancy of 

diamagnetic Zr4+ and weak magnetic Co2+ at the spin-down sites (4f₁↓ + 4f₂↓) produces 

a decrease in the value of Mb which in turn, increases the 𝑀௦. Beyond x=0.2  𝑀௦ starts 

decreasing and there is a 38 % decrease in 𝑀௦ from x=0.2 to x=1.0. This decrease is 

due to the low magnetic moment of Co2+ (3µB) and diamagnetic Zr4+ (0 µB). The 

substitution of Fe3+ (5µB) at spin-up sites causes an imbalance in electrical neutrality, 

hence to maintain it Fe3+ is converted into Fe2+ which causes a reduction in 

superexchange interactions in result of which magnetic moment decreases. On the other 

hand, substitution at spin-up sites (2a↑ + 12k↑ + 2b↑) decreases the net value of 𝑀 

which decreases 𝑀௦. 
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Fig. 4.56 (a) M-H loops (a1, a2) combined and enlarged view (b) Ms v/s 1/H2 plots 

of SrCoxZrxFe12-2xO19 

It is worth noting that the soft ferrites having low coercivity are the prime candidates in 

the design of a microwave absorber. Hence prime requirement in the design of an 

efficient absorber is the low value of coercivity (Hc). It is evident from Table 4.13 that 

there is a decrement in the coercivity Hc due to the increase in doping of 𝐶𝑜ଶା − 𝑍𝑟ସା. 

The composition x=0.0 has the highest Hc=6236 Oe while the composition x=1.0 

possesses the least Hc=2348 Oe. Hc decreases by 62 % due to the fact that the 

substitution of non-magnetic Zr4+ and weak magnetic Co2+ made ferrites magnetically 

soft. There are two factors affecting the values of Hc one is the intrinsic factor involving 

anisotropy field Ha and the second is morphology an extrinsic factor. Table 4.13 reveals 

that there is a decrease in the value of Ha which has a direct relation with Hc. The 

consistent decrement in Ha causes a decrement in the Hc. Ha decreases 22 % from x=0.0 

to x=1.0 which is due to the replacement of Fe3+ at 4f2 and 2b sites, as these sites provide 

large Ha substitution at these sites causing reduction in Ha. Ha decreases 22 % while Hc 

decreases more i.e 62 % so another reason for the large reduction in Hc is the large ionic 

radius of Co2+ (0.745 Å) and Zr4+(0.72 Å) in comparison to Fe3+ (0.645 Å). The 
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morphology suggests that there are large pores in the composition x=0.0 which reduces 

with the increase in doping of Co-Zr and good grain connectivity in composition x=1.0 

reduces coercivity Hc. 

Table 4.13. Magnetic parameters determined from M-H curves for 

SrCoxZrxFe12-2xO19. 

x 
𝑴𝒔  

(𝐞𝐦𝐮/𝐠)   

𝑴𝒓  

(𝐞𝐦𝐮/𝐠)   
Ha (kOe) 𝑯𝒄 (𝑶𝒆) 𝐌𝐫/𝐌𝐬 

0.0 88.80 46.70 17.61 6236 0.53 

0.2 151.84 80.96 16.01 5011 0.53 

0.4 104.51 54.12 16.08 4260 0.52 

0.6 87.72 45.67 14.85 2688 0.52 

0.8 108.33 53.35 14.67 2792 0.49 

1.0 94.38 46.14 13.72 2348 0.49 

The retention of magnetization after the removal of the applied field is given by M୰/Mୱ 

ratio. This varies between 0 and 1 and the value less than 0.5 represents randomly 

oriented multi-domain particles while values greater than 0.5 indicate a single domain. 

The composition x=0.0 to x=0.6 have M୰/Mୱ ratio greater than 0.5 shows multi-domain 

orientation while ratios for x=0.8 and 1.0 indicate single-domain. 

4.3.5. Electromagnetic Characteristics 

4.3.5.1 Complex permeability and complex permittivity 

Fig 4.57 demonstrates the plots of (𝜀ʹ), (𝜀ʺ), (µʹ), and (µʺ) against frequency. The 

doping of Co-Zr caused a non-monotonical change in dielectric constant and loss. A 

non-monotonous change in the 𝜀ʹ constant and 𝜀ʺ is observed in doped compositions as 

compared to the undoped composition. There is an increment in the value of 𝜀ʹ with the 

increment in frequency at the lower side while at a middle-frequency region (9.5 to 10.5 

GHz) there is a dip in the dielectric constant in all the compositions except x=0.6. At 

high-frequencies compositions, x=0.8 and 1.0 depict large increments as compared to 

the others. The compositions x=0.6, 08, and 1.0 show relaxation peaks in εʹ. There is a 

large variation in the values of dielectric loss in all the doped compositions as compared 
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to undoped composition x=0.0. The x=0.2, 0.8, and 1.0 have relaxation a peak in ε 

around 10 GHz. The x=0.6 has the highest dielectric loss among all compositions. 

The Co-Zr doping has a non-monotonous effect on the permeability of the 

compositions. The doped composition has high values of µʹ as compared to the undoped 

composition. There is no significant change in composition x=0.2 and 0.6 while µʹ 

increases highly in composition x=0.4, 0.8, and 1.0.  There is an enhancement for µʹ 

with the increase in frequency in composition x=0.4, 0.8, and 1.0 while x=0.0, 0.2, and 

0.6 remain nearly constant. Composition x=1.0 possesses a relaxation peak in µꞌꞌ at 

around 11.5 GHz. In a low-frequency area, the composition x=0.0 possesses the 

maximal of µꞌꞌ while x=1.0 obtains the maxima in the high frequency range. The 

complex permittivity and permeability of doped composition x=0.4, 0.8, and 1.0 are 

showing high values and large variations more than the expected values which is due 

to measurement uncertainty/the instrumental error. 

 

Fig 4.57 Complex permittivity and permeability versus frequency plots for 

SrCoxZrxFe12-2xO19. 

The porosity, grain size distribution, electron spin, and polarization at the microwave 

region affect complex permittivity/permeability. The dielectric polarization is caused 

by the electron hopping in Fe2+/Fe3+ [95]. The large porosity depresses polarization and 
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restrains the field flow. Exchange resonance among Fe3+/Fe2+ and ferromagnetic 

resonance affect the permeability [96-97]. The number of Fe3+ decreases due to the 

doping of Co-Zr which affects the polarization and resonance. There are pores in the 

micrographs of the prepared compositions that act as non-magnetic voids and affect 

magnetization related to complex permittivity/permeability. The uneven variation in 

grain size and grain boundaries (micrographs Fig. 4.46) modifies the 

permittivity/permeability.  

Grain having large size supports electron hopping, however, grain boundaries 

discourage the field flow. The gathering of charges at grain boundaries promotes 

polarization, however, permeability increases as the large grains enhance electron spin. 

The magnetic loss increases by the reduction in exchange resonance due to porosity and 

small grains. The peaks in complex permittivity/permeability observed in the prepared 

compositions are attributed to dielectric relaxation and ferromagnetic resonance 

respectively. 

4.3.5.2 Microwave absorption in SrCoxZrxFe12-2xO19 

The absorption characteristics of any material are understood on the basis of reflection 

losses: the higher the reflection loss better the absorption. It is calculated from the 

material’s input impedance Zin and impedance of air Z0 using equations 3.13 and 3.14. 

The λ/4, impedance matching, and observed losses are used to investigate microwave 

absorption characteristics as discussed in the following sections. 

4.3.5.3 Quarter Wavelength Mechanism 

The plots of reflection loss (RL) against frequency at different simulated thicknesses 

have been used to explain the phenomenon of microwave absorption in the prepared 

compositions. The RL plots of SrCoxZrxFe12−2xO19 ferrites are given in Fig. 4.58 (a, c, 

e), 4.59 (a, c, e), 4.60 (a), 4.61 (a, c), 4.62 (a) and 4.63 (a, c). These are used to determine 

different parameters. The summarized values of these parameters of the prepared ferrite 

series are listed in Table 4.14. 
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Fig. 4.58 (a, c, e) RL versus frequency (b, d, f) thickness versus frequency in x=0.0 

for SrCoxZrxFe12-2xO19. 
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Fig. 4.59 (a, c, e) RL versus frequency (b, d, f) thickness versus frequency in x=0.2 

for SrCoxZrxFe12-2xO19. 
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The highest RL of -37.69 dB is achieved for composition x=1.0 at 11.31 GHz at a small 

thickness 2.9 mm. RL of remaining compositions ranges between -11.45 dB and -36.03 

dB at 9.04 and 11.64 GHz for thicknesses of 2.4 and 8.8 mm. The increase in thickness 

has a non-monotonous effect on the RL values. The absorption characteristics of 

composition x=0.0 are demonstrated in Fig. 4.58 (a, c, e). The reflection loss ≥ -10 dB is 

achieved from 5.5 to 6.0 mm for the frequency range of 10.80 to 11.14 GHz. The RL 

peak shifted toward a lower frequency with the increment in thickness. The frequency 

band of reflection loss ≥ -20 dB from 11.30-11.39 GHz is obtained at the thickness of 5.6 

mm.  

The composition x=0.2 has an RL=-35.55 dB for 8.98 GHz at the low thickness of 3.6 

mm. In this composition thicknesses from 3.2 to 9.6 mm show RL ≥ -10 dB Fig. 4.59 

(a, c, e). The RL ≥ -20 dB bands with the RL -26.60 dB at 11.64 and -27.33 dB with 

11.48 GHz are obtained for the thicknesses of 9.2 and 9.4 mm respectively The 

composition x=0.4 owes an -34.87 dB reflection at very low thickness of 1.9 mm at 

11.22 GHz Fig. 4.60 (a). The composition x=0.6 owen an RL=-24.53 dB with the 

matching frequency of 9.29 GHz with the 2.80 mm thickness (Fig. 4.61 (a, c)). In the 

composition x=0.8 highest RL peak with -24.85 dB at 10.64 GHz is obtained at 2.2 mm 

(Fig. 4.62 (a)). The x=1.0 shows both RL ≥ -10 and -20 dB frequency bands starting 

from the low thickness i.e. 2.6 mm. This composition has a reflection loss of -37.69 dB 

at 11.31 GHz at 2.9 mm which is the highest among all compositions. The RL ≥ -20 dB 

band is observed at thicknesses of 2.6, 2.9, and 3.2 mm (Fig. 4.63 (a, c)).  
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Fig. 4.60 (a) RL versus frequency(b) thickness v/s frequency in x=0.4 for 

SrCoxZrxFe12-2xO19. 
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Fig. 4.61 (a, c) RL versus frequency (b, d) thickness v/s frequency in x=0.6 for 

SrCoxZrxFe12-2xO19. 

 

Fig. 4.62 (a) RL v/s frequency (b) thickness versus frequency in x=0.8 for 

SrCoxZrxFe12-2xO19. 
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Fig. 4.63 (a, c) RL v/s frequency (b, d) thickness v/s frequency in x=1.0 for 

SrCoxZrxFe12-2xO19. 
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To explore a relation between RL peaks and the λ/4 mechanism a comparison between 

simulated thickness (tm
sim) and calculated thickness (tm

cal) has been done. Fig. 4.58 (b, 

d, f), 4.59 (b, d, f), 4.60 (b), 4.61 (b, d), 4.62 (b), and 4.63 (b, d) depicts the graphs for 

calculated thickness v/s frequency. For comparison between simulated and calculated 

thickness lines from RL peaks are brought to the thickness-frequency graphs. The 

mechanism is followed by the compositions x=0.4 and 0.8 for n=1, x=0.6 and1.0 for 

n=1 and 3, in x=0.0 it exists at n=3 and 5 while the composition x=0.2 is matched for 

n=1, 3, and 5. The quarter wavelength criteria for composition x=0.0 originates -10 dB 

bandwidth of 0.25 to 1.09 GHz at thicknesses from 5.6 to 8.8 mm as given in Table 

4.14. The composition x=0.2 contains -10 dB peaks for a thickness from 3.2 to 9.6 mm. 

A -10 dB bandwidth of this composition ranges between 0.17 and 0.34 GHz. The -20 dB 

bandwidth of 90 MHz and 80 MHz are observed with RL=-27.33 dB and RL=-26.60 dB 

respectively. The composition x=0.4 has RL values at very low thicknesses from 0.03 

to 2.1 mm. This composition has a bandwidth of 80 MHz at thicknesses of 0.03 and 0.04 

mm at a matching frequency of 11.39 and 11.39 GHz respectively. 

For the composition x=0.6 bandwidth of 0.34 GHz at 3.8 mm for the frequency band of 

10.30-10.64 GHz is obtained, while bandwidths of 0.25 GHz at 2.4 and 3.7 mm 

associated with -10 dB are obtained. The x=0.8 has -10 dB bandwidths of 0.51 GHz for 

a small thickness i.e. 1.9 mm. A bandwidth of 0.42 GHz at 1.8 and 2.0 mm thickness is 

observed. The composition x=1.0 has a bandwidth of 0.67 GHz with 2.9 mm thickness 

with a band of 11.06-11.73 GHz which is highest among all the doped compositions. The 

bandwidth of 0.59 GHz at 2.6, while the bandwidth of 0.50 GHz at 3.2 mm is also 

achieved in this composition. The -20 dB bandwidth of 90 MHz is observed at 2.6 and 

2.9 mm with a frequency band of 11.22-11.31 GHz. 

Table 4.14. RL with matching thickness/frequency, BW, and PBW for 

SrCoxZrxFe12-2xO19. 

x RL 

(dB) 

Matc

hing 

Thick

ness 

(mm) 

Match

ing 

Frequ

ency 

(GHz) 

-10 dB band 

(GHz) 

-10 dB 

BW 

(GHz) 

-20 dB 

band (GHz) 

-20 dB 

BW 

(GHz) 

BTR PBW 

(%) 

0.0 -27.60 5.6 11.31 10.72-11.48 0.76 11.31-11.39 0.08 0.331 6.720 

-16.25 5.9 10.38 10.30-11.22 0.92 - - 0.405 8.863 
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-17.58 6.0 10.30 10.22-11.14 0.92 - - 0.404 8.932 
-30.29 6.3 10.22 10.13-11.22 1.09 - - 0.457 10.665 
-36.03 8.8 11.64 11.48-11.73 0.25 - - 0.063 2.148 

0.2 -35.55 3.6 8.96 08.87-09.04 0.17 - - 0.177 1.897 

-20.29 3.7 8.96 08.79-09.04 0.25 - - 0.255 2.790 

-21.27 5.7 10.64 10.47-10.80 0.33 - - 0.154 3.102 

-26.60 9.2 11.64 11.39-11.73 0.34 11.56-11.64 0.08 0.083 2.921 

-27.33 9.4 11.48 11.39-11.73 0.34 11.39-11.48 0.09 0.081 2.962 

0.4 -15.95 0.3 11.39 11.31-11.39 0.08 - - 0.621 0.702 

-14.74 0.4 11.39 11.31-11.39 0.08 - - 0.466 0.702 

-14.73 1.7 11.22 - - - - 0.000 0.000 

-34.87 1.9 11.22 - - - - 0.000 0.000 

-20.06 2.0 11.22 - - - - 0.000 0.000 

0.6 -11.96 2.3 9.04 8.96-9.12 0.16 - - 0.255 1.769 

-11.45 2.4 9.04 8.96-9.21 0.25 - - 0.379 2.765 

-24.53 2.8 9.29 - - - - 0.000 0.000 

-24.49 3.7 10.3 10.30-10.55 0.25 - - 0.187 2.427 

-13.75 3.8 10.55 10.30-10.64 0.34 - - 0.245 3.223 

-15.93 4.1 10.72 10.64-10.72 0.08 - - 0.051 0.746 

0.8 -13.36 1.8 10.30 10.13-10.55 0.42 - - 0.655 4.078 

-16.22 1.9 10.47 10.13-10.64 0.51 - - 0.747 4.871 

-19.52 2.0 10.47 10.22-10.64 0.42 - - 0.579 4.011 

-24.85 2.2 10.64 10.38-10.72 0.34 - - 0.417 3.195 

1.0 -27.49 2.6 11.22 11.14-11.73 0.59 11.22-11.31 0.09 0.521 5.258 

-37.69 2.9 11.31 11.06-11.73 0.67 11.22-11.31 0.09 0.534 5.924 

-26.77 3.2 11.39 11.14-11.64 0.50 11.31-11.39 0.08 0.362 4.390 

-13.50 7.9 8.79 8.70-8.79 0.09 - - 0.045 1.023 

-25.58 8.1 10.64 10.64-10.89 0.25 - - 0.080 2.349 

4.3.5.4 Impedance matching mechanism 

Since the permittivity/permeability of the material differs from that of free space their 

impedance also differs. The difference between these two affects the absorption 

characteristics of the material. Due to the mismatch in these two, the majority of the 

incident signal gets discarded from the surface and a lesser part of the signal enters the 

material. However, if they match major portion of it travels into the material and gets 

absorbed by the material. That’s why an investigation of impedance matching is 

required for the development of an effective absorber. 

Fig. 4.64 depicts the plots of reflection loss and│Zin│v/s frequency for the prepared 

samples. Table 4.15 lists the values of Zin corresponding to the maximum reflection 

loss of the different compositions. The highest RL peaks in all the compositions (x=0.0 



146 
 

to 1.0) follow the impedance matching mechanism, however, there are some 

discrepancies at the few frequencies in compositions x=0.4, 0.8, and x=1.0  

The RL peak of -36.03 dB at 11.64 GHz for 8.8 mm thickness in composition x=0.0 

corresponds to Zin=366.74  which is approximately 377 Ω. An RL peak with -35.55 

dB at 8.96 GHz with Zin=382.98  in x=0.2 is in coordination with the value of Zo=377 

.  RL peak of -24.53 at 9.29 GHz with Zin=424.33  is observed for composition 

x=0.6.  In composition x=0.4 there is a RL peak of -34.87 at 11.22 GHz with Zin=376.98 

 while there is no RL peak at 10.22 GHz with a Zin=389.80  which is more close to 

Zo=377 Ω than Zin=424.33  in x=0.6. In composition x=0.8 RL peak of -24.85 at 10.64 

GHz corresponds to Zin=396.35  while at 10.89 GHz and 8.79 GHz, there are no RL 

peaks while respective Zin=365.89   and Zin=360.57 . Both the values of Zin=365.89 

 and 360.57  are closer to Zo=377 Ω than Zin=396.35 . Similarly a low RL=-10.98 

dB at 11.64 GHz with Zin=367.75  is observed in comparison to Zin=396.35  with 

RL=-24.85 dB. On the same note Zin=368.97  at 8.45 GHz in composition x=1.0 has 

no RL peak. The RL=-37.69 dB at 11.31 GHz in x=1.0 corresponds to Zin=380.27  

which is close to Zo=377 Ω. 

This type of behavior is related to the complex nature of │Zin│owing to real and 

imaginary parts (Zreal & Zimg). So Zreal and Zimg are calculated and graphs of Zreal and 

Zimg are plotted as shown in Fig. 4.65. The respective values of Zreal and Zimg are given 

in Table 4.15. For the successful implementation of the impedance matching the real 

and imaginary impedances of the material should follow exactly/nearly the criteria of 

377 Ω and/or 0. The highest RL of -37.69 dB at 11.31 GHz obtained for x=1.0 satisfies 

this condition as Zreal=380.15 Ω and Zimg=9.37 Ω. In the case of x=0.4 no RL at 10.22 

GHz with Zin=389.80  is due to Zreal=-55.41 Ω and Zimg=385.85 Ω which are not 

satisfying the required criteria. For no RL peak with Zin=365.89   and Zin=360.57 in 

x=0.8 are due to Zreal=-359.50 Ω, Zimg=-68.09 Ω and Zreal=146.24 Ω, Zimg=329.58 Ω. 

Hence, it can be said that the discrepancies observed are due to the deviation in Zreal and 

Zimg from 377 Ω and/or zero. The input impedance Zin (Zreal and Zimg) varies in a non-

monotonical manner with the doping of Co-Zr. On the final note, it can be said that 

both λ/4 and impedance matching have their role in the absorption characteristics of 

prepared compositions. 
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Fig. 4.64 Zin and RL curve against frequency for SrCoxZrxFe12-2xO19. 

 

Fig. 4.65 Zreal, Zimag, and RL v/s frequency for SrCoxZrxFe12-2xO19. 
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Table 4.15. Zin, Zreal, and Zimag values corresponding to RLmax for SrCoxZrxFe12-

2xO19. 

x RL 

(dB) 

Matching 

Thickness 

(mm) 

Matching 

Frequency 

(GHz) 

|Zin| 

(Ω) 

Zreal  

(Ω) 

Zimg  

(Ω) 

0.0 -36.03 8.8 11.64 366.74 366.70 5.66 

0.2 -35.55 3.6 8.96 382.98 382.82 -11.27 

0.4 -34.87 1.9 11.22 376.98 376.74 -13.58 

0.6 -24.53 2.8 9.29 424.33 424.30 4.96 

0.8 -24.85 2.2 10.64 396.35 394.25 40.74 

1.0 -37.69 11.31 2.9 380.27 380.15 9.37 

4.3.5.5 Role of Electromagnetic/Material Parameters 

The relaxation peaks complex permittivity/permeability also have their contribution in 

the absorption which should also be investigated. The peaks observed in complex 

permittivity/permeability graphs of the prepared compositions are contributing to 

absorption: in composition x=1.0, RL=-27.49 dB at 11.22 GHz for 2.6 mm correspond 

to the relaxation peak in εʹ peak at 11.22 GHz; for composition x=0.4 the RL=-20.06 

dB at 11.22 GHz for 2.0 mm thickness signify to a small εꞌꞌ peak at 11.22 GHz. The 

RL=-26.77 at 11.39 GHz for 3.2 mm is attributed to the µꞌ peak at 11.39 GHz in 

composition x=1.0. In composition x=0.4 the µꞌꞌ peak at 11.39 GHz is attributed to the 

RL peak -14.74 dB at 11.39 GHz with the thickness of  0.4 mm. Thus dielectric and 

magnetic losses are also contributing to the absorption in the prepared compositions. 

4.3.5.6 Eddy Current Loss 

There is a significant role of eddy current losses in the absorption characteristics of 

ferrites. The formula to determine eddy current loss is given as in equation 4.4 which 

is utilized to explain the effect of eddy current loss.  
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If C0 doesn’t change with the increase in frequency, there is a contribution of eddy 

current losses. So a plot of C0 against the frequency is plotted for all the compositions 

as given in Fig. 4.66. The plots indicate that after 9 GHz all the compositions are 

showing flat regions except x=1.0 at 10.0 GHz and x=0.2 at 12.40 GHz. This shows 

that eddy current loss contributes to the absorption of the prepared compositions. 

 

Fig. 4.66 C0 versus frequency curve for SrCoxZrxFe12-2xO19. 

4.3.5.7 Bandwidth to Thickness Ratio 

The broad bandwidths with lesser thickness are very important in the design and 

characterization of an absorber. After achieving the RL-10 dB, one should aim at 

getting a low thickness, rather than increasing RL values only. Due to this factor 

bandwidth to thickness ratio (BTR) and percentage bandwidth (PBW) become 

important to determine which are determined for the prepared composition using 

equations 4.5 and 4.6. 

Table 4.14 lists the BTR and PBW values determined for the prepared compositions. 

The table indicates that doping has increased BTR. The maximum value of BTR is 
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obtained in composition x=0.8 BTR=0.747 at 10.47 GHz with RL=-16.22 dB. At the 

same time, composition x=0.8 also has a high BTR of 0.655 at 10.30 with RL=-13.36 

dB and 0.579 at 10.47 GHz with RL=-19.52 dB. The composition x=0.4 also possesses 

high BTR of 0.621 and 0.466 at 11.39 GHz for thicknesses of 0.3 and 0.4 mm. The 

highest RL=-37.69 dB of the prepared series corresponds to a BTR of 

0.534(composition x=1.0). The doping of Co-Zr has decreased the percentage 

bandwidth. The composition x=0.0 has the highest PBW of 10.67. The composition 

x=1.0 owen a maximum PBW=5.92 for 2.9 mm among the doped composition. PBW 

ranges from 1.02 to 5.92 % in composition x=1.0. 

4.4 SrCoxZnxFe12-2xO19/PANI composites 

4.4.1 Microstructural/Morphological Characteristics 

For the analysis of the microstructure/morphology of SrCoxZnxFe12-2xO19/PANI 

composites scanning electron microscopy is carried out. Micrographs of SrCoxZnxFe12-

2xO19/PANI (x=0.0, 0.6, and 1.0) composites are shown in Fig. 4.67. The doping of Co-

Zn has affected the grain distribution and improved inter-grain connectivity. The 

agglomeration of grains can be seen in the micrographs as well. 

This should be noted that the small size of grains has increased the grain boundaries as 

can be easily viewed in the SEM images of composition x=0.0. This increase in the 

grain boundaries promotes polarization at the grain boundaries and affects the electrical 

properties. The micrographs of composition x=0.6 show the formation of grain clusters. 

The increase in grain size as well as fused grain can be noticed in composition x=1.0 as 

compared to the composition x=0.0. 
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Fig 4.67 SEM images of SrCoxZnxFe12-2xO19/PANI 

4.4.2 Electrical Characteristics 

4.4.2.1. Dielectric constant 

The graph of  and  v/s frequency for the composites are depicted in Fig. 4.68. The 

dielectric constant of ferrite is found to be a complex value with its real part () 

indicating the degree of polarization and imaginary part () representing the dielectric 

losses. The formula to determine the real part is shown in equation (3.5). Dielectric loss 

 is calculated using equation (3.6), while the loss tangent (tan) can be determined 

by equation (3.7) as given in chapter 3. The inclusion of PANI in ferrite has enhanced 

the dielectric properties. As PANI is a dielectric material inclusion of it with the 

hexaferrites (SrCoxZnxFe12-2xO19) has increased the value of  and . The plots of  

decrease with the frequency increment. It has high values at the low frequencies while 

decreasing gradually before attaining a constant value at the high frequency. This 

behavior is due to the interfacial polarization and complies with the Maxwell-Wagner 

model [80]. This is noted from the figure that doping has reduced the dielectric constant 

as it is decreasing with the increment in doping level. 
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The x=0.0 have the maximum  for the low-frequency regime, this is due to the fact 

that the polarization depends on Fe3+/Fe2+ ions and these are maximum in x=0.0. The 

doping has reduced the number of Fe3+/Fe2+ and hence causes a decay in the value of  

. A similar trend is seen in ʺ as shown in Fig. 4.68 (b). 

 

 

Fig. 4.68. Dielectric constant (a) real (b) imaginary versus frequency of 

SrCoxZnxFe12-2xO19/PANI. 
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The graphs of loss tangent (tanδ) against frequency for the composites have been given 

in Fig. 4.69 which indicates the gradual decrease with the increment in frequency. This 

behavior is due to the interfacial polarization and complies with the Maxwell-Wagner 

model for Koop phenomenon of dielectrics At low frequencies, grain boundaries are 

more effective while grains are at high frequencies. The loss tangent increases with the 

addition of Co-Zn in the composites. The x=1.0 has the highest tanδ at the initial stage 

however it reduces as the frequency increases. 

 

Fig. 4.69 Plots of loss tangent of SrCoxZnxFe12-2xO19/PANI composites. 

4.4.2.2. Electric modulus 

The plots of Mʹ and Mʺ for SrCoxZnxFe12-2xO19/PANI composites are given in Fig. 4.70 

(a) and (b) respectively. Mʹ possesses a low value at a low-frequency regime while 

increasing with the frequency increment. This sigmoidal increase in the curve of Mʹ 

with an increase in frequency corresponds to the charge carrier’s short-range mobility. 

The absence of a saturated region (Mʹ) at high frequency signifies the lack of long-

range mobility of charge carriers. There is an increment  Mʹ with the addition of PANI 

and Co-Zn content as can be noted from the plots of composition x=0.6 and x=1.0. The 

composition x=1.0 has the highest value of Mʹ among all. 
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The Mʺ curve provides information about the conductivity relaxation mechanism. The 

graphs showed asymmetric peaks where the low-frequency area of a peak shows a long-

distance movement while the high-frequency region shows localized motion only. The 

height of Mʺ gets increased by the higher doping of Co-Zn. The highest value is for 

composition x=1.0. There is a shifting of peaks toward the low-frequency region due to 

the inclusion of Co-Zn. This shifting with doping of Co-Zn toward a low-frequency 

region indicates an increase in the relaxation time. The broadening of relaxation peaks 

can be noticed with the increase in doping level. 
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Fig. 4.70 Mʹ and Mʺ curves against frequency of SrCoxZnxFe12-2xO19/PANI. 

Cole-Cole plot (𝑀 𝑣/𝑠 𝑀) of SrCoxZnxFe12-2xO19/PANI composites are shown in Fig 

4.71. The plots of all the composites contain asymmetric deformed semicircles. An 

asymmetric deformed semicircle can be seen for all the prepared compositions with the 

center deviating from the x-axis which implies a non-Debye behavior. The semicircle 

of composition x=0.0 lies more toward a low-frequency regime indicating a role of 

grain boundary in charge transport. Compositions x=0.6 and x=1.0 have their 

semicircles in both low as well as high-frequency regions. Hence both grain and grain 

boundaries are responsible for charge transport. The height of the semicircles increases 

with the increase in doping of Co-Zn. Besides this, the semicircles also shifted toward 

the low-frequency region which indicates an increase in the relaxation time.   
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Fig. 4.71 Cole-Cole plot of Mʹ v/s Mʺ of SrCoxZnxFe12-2xO19/PANI. 

4.4.2.3. Complex impedance spectra 

Fig. 4.72 (a) indicates the graphs of Z and frequency The curve of Z continuously 

decays with frequency and reaches a constant value thereafter. This decrease is 

following the Maxwell-Wagner model. Here is a rise in the values of Z with the doping 

of Co-Zn in the composites. Micrographs depict an increment in the grain size that 

enhances the resistances of grains. Z is highest in composition x=1.0. 

Z  v/s frequency graphs of the composites are given in Fig. 4.72 (b). The value of Z 

of composites increases by the doping of Co-Zn in the low-frequency regime. This is 

due to the decrement in space charge polarization with an increase of Co-Zn content. 

The asymmetric broad peaks are viewed in the plots of all the compositions. The height 

of the peak is increased as Co-Zn doping increases. These peaks are associated with 

dielectric relaxation. 
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Fig. 4.72 Z and Z versus frequency plots of SrCoxZnxFe12-2xO19/PANI. 
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Fig. 4.73. Cole-Cole plots (Z versus Z) of SrCoxZnxFe12-2xO19/PANI. 

Cole-Cole plots (𝑍 𝑣/𝑠 𝑍 ) of prepared composites are demonstrated in Fig. 4.73. The 

plots show deformed semi-circles for all compositions. The plots for x=0.0 and 0.6 lie 

in the high frequency area showing a dominance of grains. The composition x=0.0 and 

0.6 shows two semicircles a large size semicircle in high frequency and a small one in 

low frequency. It signifies that the role of grain boundaries is less prominent for these 

compositions. Composition x=1.0 has its curve almost equally in both low and high-

frequency regions signifying a role of both grain and grain boundary. The height of the 

semicircle has increased with the increase in doping of Co-Zn which shows an increase 

in relaxation time. 

4.4.2.4. AC Conductivity 

Fig. 4.74 displays a graph between ac conductivity (σac) and frequency for the 

composites. The value of conductivity is low at the initial level and starts increasing 

after a particular frequency called hopping frequency. With the inclusion of PANI a 

conductive polymer, the conductivities of the ferrite composites have enhanced as 

compared to the ferrite alone. This hopping frequency indicates the transition from the 



159 
 

flat plateau region of dc conductivity (σdc) to the dispersive region of ac conductivity 

(σac). The non-monotonous decrement in the value of (σac) of the composites is 

observed with the inclusion of Co-Zn content. It can be noted that the hopping 

frequency also shifted to the high frequency with the doping level. This is due to the 

morphology: the highest value of σac in x=0.0 is due to the good inter-grain connectivity 

(Fig. 4.67) while composition x=0.6 has the lowest value due to the formation of large 

grain clusters (Fig. 4.67). 

The ac conductivity curves are fitted according to the Jonscher power law as explained 

in Chapter 3 is used to explain the frequency-dependence nature of ac conductivity. By 

fitting the curves, values of n were calculated for the prepared composites. The 

determined values are 0.562, 0.648, and 0.623. According to Funke n<1 shows the 

motion with sudden hoping. The values are less than 1 which signifies that ac 

conductivity follows the hopping mechanism. 

 

Fig. 4.74. AC conductivity of SrCoxZnxFe12-2xO19/PANI. 

4.4.2.5 Software-based Impedance Simulation 

Impedance spectroscopy has been done using EIS software as depicted in Fig. 4.75. The 

simulated parameters for grain and grain boundaries are given in Table 4.16. 
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Fig. 4.75 Fitting of Impedance curves using EIS for SrCoxZnxFe12-2xO19/PANI. 

Table 4.16. Simulated parameters derived from EIS software for SrCoxZnxFe12-

2xO19/PANI. 

x Rg (M) Rgb (M) Cg (µF) Cgb (µF) 

0.0 10.68 16.78 4957.4 9.41x106 

0.6 5.55 10.18 252.8 326.77 

1.0 22.66 4.93 1302.0 11511.7x106 

Correlation between Grain/Grain boundaries simulated parameters and 

Morphology   

The composition x=1.0 has well-connected large as well as small grains enhancing 

grain boundaries as seen in the micrograph of Fig. 4.67. This promotes polarization at 

the grain boundaries that in turn enhances the capacitance of grain boundaries to be 

high. This can be validated by Table 4.16 with the highest simulated grain boundary 

capacitance Cgb=11511.7 x 106 µF. Composition x=0.0 has small pores which causes 
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polarization at grain boundaries causing high grain boundaries capacitance Cgb=9.41 x 

106 µF. 

Correlation between Grain/Grain boundaries simulated parameters and 

Dielectric Parameters 

The composition x=1.0 has the lowest while x=0.0 has the highest dielectric constant 

(Fig. 4.68). Maxwell-Wagner model suggests that grain boundaries are dominant at 

low, however, grains are at high frequency. Table 4.16 shows that the composition 

x=1.0 has the minimum grain boundary resistance Rgb= 4.93 MΩ due to the lowest 

dielectric constant. (=245.01). The highest dielectric constant (=770.90) in x=0.0 

attributing to the highest simulated grain capacitance Cg=4957.4 µF. 

Correlation between Grain/Grain boundaries simulated parameters and Electric 

Modulus 

The major portion of the curves of x=0.0, 0.6, and 1.0 are inclined towards the low-

frequency side showing the dominance of grain boundaries.  Table 4.16 validates this 

behavior attributing the high values of grain boundary capacitances Cgb=9.41 x 106 µF 

and Cgb=11511.7 x 106 µF in compositions x=0.0, and 1.0. Composition x=0.6 has high 

grain boundary capacitance Cgb=326.77 µF as compared to grain capacitance Cg=252.8 

µF referring prominence of grain boundaries. 

4.4.3. Band gap Characteristics 

Tauc plots drawn for the prepared SrCoxZnxFe12-2xO19/PANI composites have been 

given in Fig 4.76. Equation 3.4 as given in the experimental section in Chapter 3 is used 

to calculate the required values of band gap. To obtain the required band gap the 

interception on the x-axis was found from the linear curve of the Tauc plot. The band 

gaps of the prepared compositions x=0.0, 0.6, and 1.0 are 2.15, 1.56, and 1.47 eV 

respectively. 
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Fig. 4.76 Tauc plots of SrCoxZnxFe12-2xO19/PANI 

4.4.4 Magnetic Characteristics 

For the analysis of magnetic characteristics of SrCoxZnxFe12-2xO19/PANI composites 

magnetization (M) versus magnetic field (H) plots are drawn as shown in Fig. 4.77 (a). 

The electronegativity of the ions affects their site occupancy. The ions having high 

electronegativity mostly try to first hold octahedral sites as compared to tetrahedral. 

The electronegativity of 𝑍𝑛ଶା(1.65) is lesser than that of 𝐶𝑜ଶା(1.88) hence they will 

tend to occupy the tetrahedral sites 4f1( ↓). 𝑍𝑛ଶାdue to the 3d10 configuration will not 

have any site preference as all the cells are filled while Co²⁺ with 3d⁷preferably choose 

octahedral sites 12k (↑), 2𝑎(↑), 4𝑓₂(↓) as per the ligand field theory. Kim et al. [110] 

and Karim et al. [105] reported that 𝑍𝑛ଶାprefer tetrahedral, while Thakur et al. [111] 

reported that 𝐶𝑜ଶା prefer to acquire an octahedral. 

Formula to derive saturation magnetization (𝑀௦)  and anisotropy field (𝐻) is as given 

in equation 4.2. 

Fig. 4.77 (a) shows a steep rise in magnetization at lower fields that reduces in high 

fields. There is a large slope at high fields indicating the unsaturated state in undoped 
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composition x=0.0 which reduces with the substitution of Zn2+ and Co2+. The reduction 

in the anisotropy field is the reason behind it. It can be seen that above 10 KOe a linear 

curve is present hence 𝐴/𝐻 and 𝜒 is removed. Thus the simplified form for M can be 

written as 𝑀 =  𝑀௦  (1 − 𝐵 𝐻ଶ⁄ ). Thus plots of M v/s 1/H2 have been plotted and linear 

fitting is performed to calculate the value of 𝑀௦ and B as given in Fig. 4.77 (b). For the 

hexaferrites, B is related to 𝐻 as 𝐵 = 𝐻
ଶ/15 with Ha representing the anisotropy field. 

The calculated parameters are listed in Table 4.17. The magnetic moment is given by 

the relation between spin-up and down sites as shown in equation 4.2. 

The relation indicates that the substitution of weak/non-magnetic ion on spin-down sites 

Mb (4𝑓₁ ↓  + 4𝑓₂ ↓) enhances saturation magnetization while substitution at spin-up 

sites Ma (2a↑ + 12k↑ + 2b↑) reduces it. The prepared ferrite composites showed a 

decrease in 𝑀௦. The value of  𝑀௦ decreases by 31% with the substitution of Zn2+ and 

Co2+ from x=0.0 (47.8 emu/g) to x=1.0.6 (32.8 emu/g). This is due to the substitution 

of Zn2+ and Co2+ at octahedral spin-up sites. The replacement of Fe3+(5µB) by weak 

magnetic Co2+ (3µB) and diamagnetic Zn2+ (0µB) causes decrease at 𝑀 (2a ↑

 + 12k ↑  + 2b ↑) which reduces the value of 𝑀௦. Besides it, the replacement of Fe3+ 

at octahedral spin-up sites 2a↑ and 12k↑ causes an imbalance in electrical neutrality and 

to maintain it Fe3+ is converted into Fe2+ which causes a reduction of the superexchange 

interactions due to which magnetic moment decreases. There is a decrease in Ha which 

indicates that more substitution of Zn2+ and Co2+ is at octahedral sites 2a↑ and 12k↑ 

which reduces the value of 𝑀௦ . 
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Fig. 4.77 (a) M-H loops (a1, a2) combined and enlarged view (b) Ms v/s 1/H2 plots 

of SrCoxZnxFe12-2xO19/PANI. 

Table 4.17. Magnetic parameters determined from M-H loops of SrCoxZnxFe12-

2xO19/PANI. 

x 𝑴𝒔(emu/g) 𝑴𝒓(emu/g) 𝑯𝒂 (𝒌𝑶𝒆) Hc (Oe) Mr/Ms 

0.0 47.8 25.17 17.2 5679 0.53 

0.6 38.8 17.38 14.3 3057 0.45 

1.0 32.8 12.73 12.8 987 0.39 

The design of an efficient absorber requires a low value of coercivity (Hc). Table 4.17 

indicates that the addition of Co-Zn has reduced the value of Hc. The highest Hc=5679 

Oe is obtained in x=0.0, while the smallest Hc=987 Oe is achieved in composition 
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x=1.0. There is a 46 % decrease in the value of Hc from 5679 to 3057 Oe for x=0.0-0.6, 

while there is a very large 83 % reduction for x=0.0-1.0 (5679-987 Oe). There are two 

factors affecting the values of Hc one is the intrinsic factor involving anisotropy field 

Ha and the second is extrinsic related to morphology. A reduction in the value of Ha can 

be noted in Table 4.17. Hc directly depends on the value of Ha, hence decrease in the 

value of Ha reduces Hc. Hୟ decreases around 26 % for x=0.0 to x=1.0 due to the 

replacement of Fe3+ at octahedral sites. Hc decreases 83 %, while a 26 % decrease in 

Ha, so another reason for a large reduction in Hc is the large ionic radius of 

𝐶𝑜 ଶା(0.745 Å) and 𝑍𝑛ଶା(0.74 Å) in comparison to Fe3+ (0.645 Å). The morphology 

of the prepared composites illustrates an increase in grain size as the doping of Co-Zn 

increases. This also supports the decrease in the Hc as both are inversely related. The 

composition x=0.0 has a higher grain size in comparison to composition x=0.0 thus 

having low Hc. 

 M୰/Mୱ ratio describes the retention of magnetization after the removal of the field. The 

range for it is from 0 to 1 and a value less than 0.5 represents randomly oriented multi-

domain particles while values higher than 0.5 indicate single-domain. The ratio in 

composition x=0.0 is 0.53 showing single domain while compositions x=0.6 and 1.0 

have less than 0.5 showing multi-domain orientation. 

4.4.5 Electromagnetic Characteristics 

4.4.5.1 Complex permeability and complex permittivity 

Fig 4.78 displayed graphs of SrCoxZnxFe12-2xO19/PANI composites for (𝜀ʹ), (𝜀ʺ), (µʹ), 

(µʺ) versus frequency. 𝜀ʹ decreases with the doping of Co-Zn. The loss increases at low 

frequency but decreases at high frequency. The 𝜀ʹ increases with the increase in 

frequency. The composition x=1.0 has the lowest value of 𝜀ʹ among all the 

compositions. There are dual relaxation peaks in εʹ one around 9.25 GHz and another 

at 10.25 GHz in x=0.0. The composition x=1.0 shows a εʹ peak at 11.5 GHz. All the 

compositions show dual relaxation peaks in εʺ plots. 

The permeability of the prepared composites varies non-monotonous way with the 

doping of Co-Zn. The composition x=0.6 has low values of µʹ while x=1.0 shows high 

values as compared to the undoped composition. The  x=1.0 has a large relaxation peak 
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around 10 GHz while x=0.0 has a small peak at 9.5 GHz.  µʹ increases with the increase 

in frequency in all compositions. Composition x=1.0 has the highest µʹ among all the 

compositions. The compositions x=0.0 and 1.0 show relaxation peaks in µꞌꞌ. The 

maximum µꞌꞌ is obtained for composition x=1.0. At the low frequencies, x=0.0 has the 

highest µꞌꞌ but with the increase in frequency, it becomes highest in x=1.0. 

 

Fig. 4.78 Complex permittivity and permeability versus frequency plots of 

SrCoxZnxFe12-2xO19/PANI. 

The porosity, grain size distribution, space charge polarization, electron spin, and dipole 

polarization affect complex permittivity/permeability. The electron hopping in 

Fe2+/Fe3+ promotes dielectric polarization [95].  The polarization is reduced by the large 

porosity as it obstructs the field flow. The exchange resonance among Fe3+/Fe2+ and 

ferromagnetic resonance affects permeability [96-97]. The doping of Co-Zn decreases 

the number of Fe3+ ions which affects the polarization and resonance. The pores seen 

in the micrographs of the prepared compositions are non-magnetic voids which affects 

magnetization/polarization. The inconsistent variation in grain/grain boundary 

(micrographs Fig. 4.67) also affects permittivity/permeability.  
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The grain boundaries discourage the field flow while large-size grains support electron 

hopping. The gathering of charges at grain boundaries promotes polarization while 

large grains increase electron spin that increases permeability. Magnetic loss between 

Fe3+ and Fe2+ is caused by the reduction in exchange resonance due to porosity and 

small grains. The relaxation peaks in complex permittivity/permeability in the prepared 

compositions correspond to the dielectric relaxation and ferromagnetic resonance 

respectively. 

4.4.5.2 Microwave absorption in SrCoxZnxFe12-2xO19/PANI 

The absorption characteristics of the prepared composites are investigated by 

determining the reflection losses. It is calculated from the material’s input impedance 

Zin and impedance of air Z0 using equations 3.13 and 3.14. The absorption 

characteristics of SrCoxZnxFe12-2xO19/PANI composites are analyzed based on the 

impedance matching, λ/4, and reflection losses as explained in the following sections. 

4.4.5.3 Quarter Wavelength Mechanism 

The reflection loss (RL) versus frequency graphs at different simulated thicknesses are 

used to explain microwave absorption in the prepared ferrite composites. The RL plots 

of prepared SrCoxZnxFe12−2xO19/PANI ferrites are shown in Fig. 4.79 (a, c, e, g), 4.80 

(a),  and 4.81 (a). The different parameters are determined from these. The summarized 

values of these parameters are listed in Table 4.18. 
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Fig. 4.79 (a, c, e, g) RL versus frequency (b, d, f, h) thickness versus frequency in 

x=0.0 of SrCoxZnxFe12-2xO19/PANI. 



171 
 

 

Fig. 4.80 (a) RL versus frequency (b) thickness versus frequency in x=0.6 of 

SrCoxZnxFe12-2xO19/PANI. 

 

Fig. 4.81 (a) RL versus frequency (b) thickness versus frequency in of 

SrCoxZnxFe12-2xO19/PANI. 
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An RL of -18.53 dB is obtained in composition x=0.0 at a frequency of 12.40 GHz at 

8.4 mm thickness. RL ranges between -10.21 dB and -18.53 dB at 12.40 GHz with the 

thickness of 9.8 and 8.4 mm respectively. RL peak in the composition x=0.0 varies non-

monotonically, while in x=0.6 and 1.0 RL increases with an increase of thickness. 

Reflection loss versus frequency graphs at different thicknesses of x=0.0 are depicted in 

Fig. 4.79 (a, c, e, g). It is evident that the thickness from 3.2 mm (RL=10.35 dB at 11.31 

GHz) to 10.0 mm (-15.35 dB at 11.14 GHz) has a reflection loss ≥ -10 dB.  Corresponding 

to matching frequency the RL peak shifted non-monotonically with the increase in 

thickness. An RL≥ -20 dB frequency band is obtained at thicknesses of 8.4, 8.5, and 8.8 

mm. 

Composition x=0.6 has an RL of -12.18 dB at 12.40 GHz for a thickness of 10.0 mm. 

This composition possesses an RL ≥ -10 dB frequency band ranging from 12.32-12.40 

GHz for a thickness from 9.8 to 10.0 mm Fig. 4.80 (a). Corresponding to the matching 

frequency RL peaks in all the thicknesses are obtained at a matching frequency of 12.40 

GHz. The RL peak at 9.9 mm corresponds to a band of 12.32-12.40 GHz, while at 10.0 

mm it is obtained comparatively for a high-frequency band ranging from 12.23-12.40 

GHz. In the composition x=1.0, maximum RL= -12.97 is obtained at 10.0 mm for a 

matching frequency of 12.40 GHz Fig. 4.81 (a). The thicknesses from 9.7 mm to 10.0 

mm possess RL ≥ -10 dB with RL=-10.98 dB at 12.40 GHz and RL=-12.97 dB at 12.40 

GHz respectively. The RL ≥ -10 dB frequency band ranges from 11.90 GHz to 12.40 

GHz. In association with matching frequency, RL peaks at all the thicknesses are 

obtained at 12.40 GHz. The largest -10 dB frequency band among all the thicknesses 

in this composition ranging from 11.90-12.40 GHz is obtained at the thickness of 10.0 

mm. 

To explore the relation between RL and the λ/4 mechanism, simulated thickness (tm
sim) 

and calculated thickness (tm
cal) are compared. Fig. 4.79 (b, d, f, h), 4.80 (b), and 4.81 

(b) show the graphs of the calculated thickness (nλ/4) v/s frequency. For comparison 

between simulated and calculated thickness lines from RL peaks are brought to the 

thickness v/s frequency graphs. Composition x=0.0 matches the nλ/4 mechanism for 

n=1 and 3, while in compositions x=0.6 and 1.0, it is satisfied for n=3. The quarter-

wavelength mechanism originates -10 dB bandwidths in all the compositions as given 
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in Table 4.18. The composition x=0.0 has RL values for both -10/-20 dB at low 

thicknesses from 3.5 to 9.2 mm. The highest bandwidth of 1.51 GHz associated with a -

10 dB band is observed at 9.2 mm. This is obtained for a band of 10.72-12.23 GHz. 

Besides this, broad bandwidths of 1.43, 1.43, 1.35, 1.34, and 1.26 GHz are also obtained 

in this composition at the respective thickness of 3.7, 9.0, 3.5, 3.9, and 8.8 mm 

respectively. A bandwidth of 0.25 GHz at 8.5 mm thickness and 12.32 GHz matching 

frequency is obtained with RL>-20 dB.  Another bandwidth of 170 MHz is also obtained 

for 8.4 and 8.8 mm. 

In composition x=0.6 a -10 dB bandwidth of 170 MHz from 12.23-12.40 GHz is obtained 

at the thickness of 10.0 mm. The thickness of 9.9 mm possesses a narrow bandwidth of 

80 MHz from 12.32-12.40 GHz.  x=1.0 possesses its maximum bandwidth of 0.50 GHz 

for the thickness of 10.0 mm with -10 dB band of 11.90 to 12.40 GHz. On the same 

note, a bandwidth of 0.34 GHz and 0.25 GHz at thickness of 9.9 mm and 9.7 mm with 

a frequency band of 12.06-12.40 GHz and 12.32-12.40 GHz are also observed in 

composition x=1.0.  

Table 4.18. RL with matching thickness/frequency, BW, and PBW for 

SrCoxZnxFe12-2xO19/PANI. 

x Max. 

RL 

(dB) 

Matc

hing 

Thic

kness 

(mm) 

Match

ing 

Frequ

ency 

(GHz) 

-10 dB band 

(GHz) 

-10 dB 

BW 

(GHz) 

-20 dB band 

(GHz) 

-20 dB 

BW 

(GHz) 

BTR PBW 

(%) 

0.0 -13.25 3.5 9.88 9.29-10.64 1.35 - - 1.171 13.664 

-13.19 3.7 9.80 8.79-10.22 1.43 - - 1.291 14.592 

-12.77 3.9 9.04 8.54-9.88 1.34 - - 1.222 14.823 
-18.53 8.4 12.4 11.73-12.40 0.67 12.23-12.40 0.17 0.165 5.403 
-18.19 8.5 12.32 11.56-12.40 0.84 12.15-12.40 0.25 0.207 6.818 
-17.45 8.8 11.90 11.14-12.40 1.26 11.81-11.98 0.17 0.311 10.588 
-16.67 9.0 11.73 10.97-12.40 1.43 - - 0.350 12.191 
-15.59 9.2 11.48 10.72-12.23 1.51 - - 0.376 13.153 

0.6 -10.21 9.8 12.40 - - - - 0.000 0.000 

-11.21 9.9 12.40 12.32-12.40 0.08 - - 0.016 0.645 

-12.18 10.0 12.40 12.23-12.40 0.17 - - 0.034 1.371 

1.0 -10.88 9.7 12.40 12.32-12.40 0.08 - - 0.016 0.645 

-11.75 9.7 12.40 12.15-12.40 0.25 - - 0.051 2.016 
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-12.49 9.9 12.40 12.06-12.40 0.34 - - 0.069 2.742 

-12.97 10 12.40 11.90-12.40 0.50 - - 0.102 4.032 

4.4.5.4 Impedance matching mechanism 

Since the permittivity/permeability of the material differs from that of the free space 

there is a difference in the impedance of the material from air. The difference between 

these two affects the absorption characteristics of the material. The mismatch causes 

reflection of the major part of the incident signal from the surface of the material and 

less portion of the signal enters the material. However, if they match major portion of 

the signal travels into the material and gets absorbed by the material. Hence it becomes 

necessary to analyze the impedance matching mechanism for the development of an 

effective absorber. 

The reflection loss and impedance i.e.│Zin│versus frequency plots for the prepared 

composites are displayed in Fig. 4.82. Table 4.19 enlists the values of Zin for the 

different compositions. Composition x=0.0 follows the impedance matching for the 

highest RL peak while there are deviations in  x=0.6 and 1.0. x=0.0 has an RL peak of 

-18.53 dB with 12.40 GHz for 8.4 mm with a corresponding value of Zin=298.88  

which is in proximity to Zo=377 Ω. In composition x=0.6 there is a problem with │Zin│ 

as there is a RL peak of -12.18 dB at 12.40 GHz with Zin=552.95  while there is no 

RL peak RL=-6.75 dB at 11.81 GHz with a Zin=367.25  which is more close to Zo=377 

Ω than Zin=552.95 . Similarly at 11.90 GHz a low RL=-7.35 dB with Zin=397.26  

is observed which is also closer to Zo=377 Ω than Zin=552.95 . A similar situation 

occurs in x=1.0 at 11.73 GHz where low RL of -9.16 dB with Zin=379.77  is observed 

while a RL peak of RL= -12.97 dB with Zin=593.72  at 12.40 GHz is obtained. 

This type of behavior is due to the complex nature of │Zin│involving real and 

imaginary terms Zreal and Zimg. Hence, Zreal and Zimg are determined and graphs of Zreal 

and Zimg are plotted as given in Fig. 4.83. The respective values of Zreal and Zimg are 

listed in Table 4.19. For the successful implementation of impedance matching the 

material’s impedances shall follow exactly/nearly the criteria of 377 Ω and/or 0. Table 

4.19 indicates that the highest RL value of -18.53 dB at 12.40 GHz obtained in x=0.0 

follows this condition Zreal=298.47 Ω and Zimg=15.55 Ω which are close to 377 Ω and 
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0. Low RL=-6.75 dB at 11.81 GHz with a Zin=367.25  in composition x=0.6 is due to 

Zreal=239.23 Ω and Zimg=278.64 Ω which are far away from the required criteria. In the 

same way at 11.90 GHz a low RL=-7.35 dB with Zin=397.26  correspond to 

Zreal=274.66 Ω and Zimg=287.0 Ω. For composition x=1.0 low RL of -9.16 dB at 11.73 

GHz with Zin=379.77  is due to Zreal=297.57 Ω and Zimg=235.96 Ω, while RL=-12.97 

dB with Zin=593.72  at 12.40 GHz correspond to Zreal=593.04 Ω and Zimg=28.34 Ω 

Thus it can be summarized that the discrepancies observed in x=0.6 and x=1.0 are due 

to the mismatch in obtained Zreal/Zimg values from the required Zreal/Zimg values of 377 

Ω and/or zero. There is an increase in input impedance Zin (Zreal and Zimg) with the 

doping of Co-Zn. 

 

Fig. 4.82 Zin and RL curve against frequency for SrCoxZnxFe12-2xO19/PANI. 
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Fig. 4.83 Zreal, Zimag, and RL v/s frequency for SrCoxZnxFe12-2xO19/PANI. 

Table 4.19. Zin, Zreal, and Zimag values corresponding to RLmax for SrCoxZnxFe12-

2xO19/PANI. 

x  RL 

(dB) 

Matching 

Thickness 

(mm) 

Matching 

Frequency 

(GHz) 

|Zin| 

(Ω) 

Zreal  

(Ω) 

Zimg  

(Ω) 

0.0 -18.53 8.4 12.40 298.88 298.47 15.55 

0.6 -12.18 10 12.40 552.95 526.15 170.03 

1.0 -12.97 10 12.40 593.72 593.04 28.35 

 

4.4.4.5 Role of Electromagnetic/Material Parameters 

The λ/4 and impedance matching have been discussed but due to the complex nature of 

permittivity/permeability (𝜀) and (µꞌꞌ) also contribute to the absorption which should 

also be analyzed. 
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The peaking nature of ε and µꞌꞌ in the prepared composites is also contributing to the 

absorption: in x=0.0 an RL =-12.57 dB at 9.54 GHz for 3.7 mm corresponds to ε peak 

at 9.54 GHz, for composition x=1.0, the maximum RL=-12.97 dB at 12.40 GHz with 

the thickness of 10.0 mm correspond to ε peak at 12.40 GHz; RL=-13.25 at 3.5 mm to 

µꞌꞌ peak at 9.88 GHz in x=0.0; the maxima in µꞌ at 12.40 GHz attribute to the maximum 

RL=-12.18 dB in composition x=0.6. Thus dielectric and magnetic losses are also 

contributing to absorption. 

4.4.5.6 Eddy Current Loss 

In ferrites, the eddy current loss has an impact on absorption characteristics in the form 

of magnetic loss. The formula used to determine the eddy current loss is given as in 

equation 4.4.  

If C0 has a constant value with the frequency increment, there is a contribution of the 

eddy current loss. Hence plot of C0 versus frequency is drawn and demonstrated in Fig. 

4.84. The plots indicate a flat line in all the compositions showing constant values of 

C0 against the increase in frequency which indicates the eddy current loss has 

contributed to the absorption of ferrite composites. 

 

Fig. 4.84 C0 versus frequency curve for SrCoxZnxFe12-2xO19/PANI. 



178 
 

4.4.5.7 Bandwidth to Thickness Ratio 

The broad bandwidths with less thickness are an important factor in the design and 

characterization of an absorber besides the RL-10 dB. With the achievement of the 

desired RL-10 dB benchmark, one should target achieving low thicknesses, rather than 

only an increase in RL. Due to this factor bandwidth to thickness ratio (BTR) and 

percentage bandwidth (PBW) are determined as given in Eq 4.5 and 4.6. 

Table 4.19 indicates that the doping of Co-Zn in PANI composites reduced BTR. The 

x=0.0 owen the highest BTR of 1.291 at 9.80 GHz with RL=-13.19 dB. Besides this, 

this composition also has a high BTR of 1.222 at 9.04 GHz with RL=-12.77 dB and 

1.171 at 9.88 GHz with RL=-13.25 dB.  The composition x=0.6 has BTR=0.034 at a 

frequency of 12.40 GHz for RL= -12.18 dB. In the composition x=1.0, a BTR of 0.102 

and 0.069 are obtained at 10.0 mm and 9.9 mm. The percentage bandwidth also 

decreases with the doping increment for Co-Zn. The composition x=0.0 has the highest 

PBW=14.823 at 3.9 mm. Also high PBW=14.592. 13.664, and 13.153 are observed at 

3.7, 3.5, and 9.2 mm. The composition x=0.6 possesses a PBW of 1.371 at 10.0 mm, 

however, the composition x=1.0 has a comparatively high PBW of 4.032 at 10.0 mm. 

4.5 SrCoxNixFe12-2xO19/PANI composites 

4.5.1 Microstructural/Morphological Characteristics 

To study the microstructure/morphology of SrCoxNixFe12-2xO19/PANI composites SEM 

is carried out. The micrographs of SrCoxNixFe12-2xO19/PANI (x=0.0, 0.6, and 1.0) 

composites are shown in Fig. 4.85. The doping of Co2+ and Ni2+ has affected the grain 

distribution and agglomeration of grains can be seen in the micrographs.  

The grain size has been increased with the doping of Co-Ni as composition x=1.0 

possesses large grains. The composition x=0.0 has a significantly small size of grains 

hence increasing the number of grain boundaries as compared to other compositions. 

The small pores at grain boundaries promote polarization and affect the electrical 

properties. The composition x=0.6 shows the formation of large grain clusters as well 

as small grain. 
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Fig. 4.85 SEM images of SrCoxNixFe12-2xO19/PANI composites. 

4.5.2 Electrical Characteristics 

4.5.2.1. Dielectric constant 

Ferrites have permittivity in a complex number where its real part () indicates its 

charge storage capacity, while the imaginary part () shows the loss capabilities. The 

formula to determine the real part is shown in equation (3.5). Dielectric loss  is 

calculated using equation (3.6), while the loss tangent (tan) can be determined by 

equation (3.7) as given in Chapter 3 

Fig 4.86 depicts the plot of  and  versus frequency of the SrCoxNixFe12-2xO19/PANI 

composites. From the figures, it is noticed that the dielectric constant/loss has increased 

significantly as compared to the pure ferrites (SrCoxNixFe12-2xO19). This increase is 

because the PANI is a dielectric material and has a large dielectric constant which has 

enhanced the dielectric constant/loss of the composites. There is a gradual decay in  

with the increment in frequency. In low-frequency region  has high values and 

acquires constant values after a decrease for the high-frequency regime following the 

Maxwell-Wagner model. A non-monotonic variation in  with the doping of Co-Ni is 

noticed. 
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The composition x=1.0 have the maximum  while composition x=0.6 possesses the 

least value. A similar trend can be seen in the plots of ʺ as given in Fig. 4.86 (b). 

 

 

Fig. 4.86. Dielectric constant (a) real (b) imaginary versus frequency for 

SrCoxNixFe12-2xO19/PANI. 

The plots of loss tangent (tanδ) v/s frequency of the composites are demonstrated in 

Fig. 4.87. The loss tangent showed a gradual decrease with the increase in frequency. 
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This behavior is associated with the Maxwell-Wagner model [80]. Here is a non-

monotonical variation in the values of tanδ with the doping of Co-Ni. The maximum 

tanδ is obtained for the composition x=1.0 while x=0.6 possesses the least values of 

tanδ. 

 

Fig. 4.87 Plots of loss tangent of SrCoxNixFe12-2xO19/PANI composites. 

4.5.2.2 Electric modulus 

Fig. 4.88 (a) and (b) display the variation of Mʹ and Mʺ versus frequency for the 

prepared composites respectively. Mʹ owes low values at low frequency and increases 

with the frequency increment. The increase in Mʹ for the low-frequency region is 

associated with the charge carrier’s short-range mobility while a saturation in Mʹ 

signifies the long-range mobility. The inclusion of PANI and Co-Ni content causes a 

non-monotonical variation in the value of Mʹ. All three compositions have 

approximately equal values at higher frequencies while at low frequencies there is a 

change in the values of Mʹ. 

The conductivity relaxation is described with the help of Mʺ versus frequency plot. The 

asymmetric peaks in Mʺ represent the conductivity relaxation mechanism. The low-

frequency side of the peak denotes the long-distance movement while the high-

frequency depicts localized motion only. The values of Mʺ vary non-monotonically 



182 
 

with the doping of Co-Ni. The height of Mʺ increases in the composition x=1.0 which 

represents the increase in relaxation time. The broadening of relaxation peaks can be 

noticed with the increase in doping level. 

 

 

Fig 4.88 Mʹ and Mʺ curves against frequency for SrCoxNixFe12-2xO19/PANI. 
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Cole-Cole graph (𝑀 𝑣/𝑠 𝑀) of SrCoxNixFe12-2xO19/PANI is displayed in Fig 4.89. 

The plots of all the composites show asymmetric deformed semicircles with their center 

deviating from the x-axis attributing a non-Debye relaxation. Co-Ni doping has a non-

monotonous change in the height of the semicircles. The semicircle of x=0.0 lies 

approximately equal in the low and high-frequency regions. This indicates the role of 

both grain and grain boundaries in charge transport. A semicircle of composition x=1.0 

is more towards the high-frequency region attributing that grains are more dominant in 

the charge transport mechanism. The composition x=0.6 shows dual semicircles which 

is due to the morphology: The composition x=0.6 has large grain clusters as well as 

well-connected small grains. The composition x=0.6 has a major portion in the low 

frequency area signifying that grain boundaries are prominent in that case. 

 

Fig. 4.89 Cole-Cole plot of Mʹ v/s Mʺ for SrCoxNixFe12-2xO19/PANI. 

4.5.2.3 Complex Impedance Spectra 

Fig. 4.90 (a) depicts the plot of Z versus frequency. The curve of Z decreases with 

frequency and becomes constant thereafter. This dispersion in Z follows the Maxwell-

Wagner model. A non-monotonical change is present in Z as the doping level of Co-

Ni increases. The composition x=0.6 possesses the highest value of Z while there is a 
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decrement in the case of x=1.0. The micrograph of composition x=1.0 has well-

connected large fused grains causing improvement in the inter-grain connectivity which 

reduces the resistance. The composition x=0.6 has porosity causing an impediment to 

the charge flow and enhancing the resistivity. 

 

 

Fig. 4.90 Z and Z versus frequency plots for SrCoxNixFe12-2xO19/PANI. 
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Fig. 4.90 (b) shows the graphs of Z against frequency. Z possesses high values at low 

frequency while having a decrement with the frequency increment. At low frequencies 

Z changes non-monotonically with doping of Co-Ni. This is because of a variation in 

space charge polarization with the inclusion of Co-Ni. Asymmetric peaks can be viewed 

in the plots of compositions x=0.0 and 1.0. These peaks are associated with dielectric 

relaxation. 

 

Fig. 4.91. Cole-Cole plots (Z v/s Z) for SrCoxNixFe12-2xO19/PANI. 

Fig. 4.91 demonstrate the Cole-Cole plots (Z versus Z) for prepared composites. All 

the compositions consist of deformed semicircles that comply with the non-Debye 

relaxation. The inclusion of Co-Ni has a non-monotonical variation in the height of the 

semicircle. The height of the semicircle increases in the case of x=0.6 while it decreases 

in x=1.0. The reason behind it is the morphological difference between these two 

compositions. The composition x=1.0 has large and connected grains while x=0.6 has 

porosity in between the grain structure. The composition x=0.6 shows a semicircle in 

the middle of the frequency band thus owing to the role of both grain as well as grain 
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boundary. The plots for x=0.0 and 1.0 lie completely in a high frequency area attributing 

the dominance of grains. 

4.5.2.4 AC Conductivity 

A plot of ac conductivity (σac) against frequency of the SrCoxNixFe12-2xO19/PANI 

composites is displayed in Fig. 4.92. It can be noted that the conductivity of PANI 

composites has been increased due to the inclusion of PANI in the ferrites as the 

conductivity of the composites is much higher than that of the pure ferrites. Initially, 

the conductivity is low but starts increasing after the hopping frequency. This frequency 

shows the transition from the flat plateau region of dc conductivity (σdc) to the 

dispersive region of ac conductivity (σac). There is an increase in the value of σac of the 

composites with the increase in doping of Co-Ni. The composition x=1.0 has the 

maximum value of conductivity. The morphology of the composition x=1.0 is the 

reason behind this. The composition x=1.0 has well-connected large as well as small 

grains enhancing the conductivity. 

The ac conductivity curves are fitted according to the Jonscher power law as explained 

in Chapter 3 is used to explain the frequency dependence behavior of ac conductivity. 

By fitting the curves, values of n were calculated for the prepared composites. The 

determined values are 0.562, 0.711, and 0.526. According to Funke n<1 shows the 

motion with sudden hoping. The values are less than 1 which signifies that ac 

conductivity follows the hopping mechanism. 
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Fig. 4.92. AC conductivity for SrCoxNixFe12-2xO19/PANI. 

4.5.2.5 Software-based Impedance Simulation  

Impedance spectroscopy has been done using Electrochemical Impedance Spectroscopy 

(EIS) software. The fitting using EIS software is shown in Fig. 4.93. The simulated 

parameters for grain and grain boundaries are given in Table 4.20. 

 

Fig. 4.93 Fitting of Impedance curves using EIS for SrCoxNixFe12-2xO19/PANI. 
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Table 4.20. Simulated parameters derived from EIS software for SrCoxNixFe12-

2xO19/PANI. 

x Rg (M) Rgb (M) Cg (µF) Cgb (µF) 

0.0 

10.68 16.78 4957.4 9.41x106 

0.6 

53.73 38.28 41.83 240.81 

1.0 

10.32 9.05 22357.6 45.48x106 

Correlation between Grain/Grain boundaries simulated parameters and 

Morphology   

The composition x=1.0 has large and well-connected fused grains enhancing grain 

boundaries as seen in the micrograph of Fig. 4.85 This causes polarization at the grain 

and grain boundaries that in turn causes the capacitance of grain and grain boundaries 

to be high. From Table 4.20 it is evident that the simulated grain/grain boundary 

capacitances Cg=22357.6 µF and Cgb=45.8 x 106 µF are high. Composition x=0.0 has 

small pores which causes polarization at grain boundaries causing high grain 

boundaries capacitance Cgb=9.41 x 106 µF. 

Correlation between Grain/Grain boundaries simulated parameters and 

Dielectric Parameters 

The composition x=0.6 has the lowest while x=1.0 owes the highest  (Fig. 4.86). 

Maxwell-Wagner model suggests that a grain boundary is dominant at low frequency, 

while the grain is at high frequency. Table 4.20 shows that the composition x=0.6 has 

the minimum grain boundary capacitance Cgb= 240.81 µF due to the lowest dielectric 

constant. (=280.71). The highest dielectric constant (=898.76) in x=1.0 attributing 

to the highest simulated grain boundary capacitance Cgb=45.8 x 106 µF referring to a 

high polarization due to grain boundaries. 
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Correlation between Grain/Grain boundaries simulated parameters and Electric 

Modulus 

The composition x=0.0 has the role of grains, as well as grain boundaries as the semi-

circle of this composition, lies in the mid-frequency region (Fig. 4.89). The curve of 

compositions x=1.0 is more towards the high-frequency region as compared to x=0.0. 

Table 4.20 validates this behavior attributing the high values of grain/grain boundary 

capacitances in composition x=0.0 and 1.0. The composition x=0.6 shows more portion 

in low-frequency region attributing to dominance of grain boundaries which can be 

validated by the high value of Cgb=240.81 µF as compared to Cg=41.83 µF. 

4.5.3 Band gap Characteristics 

Fig. 4.94 demonstrates the Tauc plots drawn for the prepared SrCoxNixFe12-2xO19/PANI. 

Equation 3.4 as given in Chapter 3 is utilized to achieve the required values of band 

gaps. An intercept on the x-axis from the linear region of the Tauc plot provides the 

value of the band gap. The band gaps of the compositions x=0.0, 0.6, and 1.0 are 2.15, 

1.54, and 1.39 eV respectively. 

 

Fig. 4.94 Tauc plots of SrCoxNixFe12-2xO19/PANI 
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4.5.4 Magnetic Characteristics 

The magnetic characteristics of SrCoxNixFe12-2xO19/PANI composites are investigated 

with the help of magnetization (M) versus magnetic field (H) curves. Fig. 4.95 (a). 

demonstrate the plots drawn for all compositions. It can be noted that the site occupancy 

of the ions is dependent on the electronegativity of the ions. The ions with 

electronegativity prefer octahedral sites than the tetrahedral ones. The electronegativity 

of 𝑁𝑖ଶା(1.91) is higher than that of 𝐶𝑜ଶା(1.88) hence they will tend to occupy the 

octahedral sites 4f2( ↓). Based on the ligand field theory 𝑁𝑖ଶାdue to 3d8 configuration 

and 𝐶𝑜ଶା with 3d⁷preferably choose octahedral sites 12k(↑), 2a(↑), 4f₂(↓). It is 

reported by Karim et al. [105] that 𝑁𝑖ଶାprefer octahedral 4f2 sites while Thakur et al. 

[111] reported that 𝐶𝑜ଶା also prefer to occupy octahedral sites. 

In the M-H loops shown in Fig. 4.95 (a) a steep rise in magnetization at the low is 

observed that decays for the high fields. In undoped composition x=0.0, there is a large 

slope at high fields indicating the unsaturated state which gets reduced with the 

substitution of Ni2+ and Co2+. The reduction in the anisotropy field is the reason behind 

it. Above 10 KOe a linear curve is present in the plots, hence 𝐴/𝐻 and 𝜒 is removed 

from the relation given in Eq. 4.2. So the simplified form for M can be written as 𝑀 =

 𝑀௦ (1 − 𝐵 𝐻ଶ⁄ ). The plots of magnetization (M) versus the inverse of the square of the 

applied field (H2) have been plotted and linear fitting is carried out to calculate the value 

of 𝑀௦ and B as given in Fig. 4.95 (b). In hexaferrites, B is related to the anisotropy field 

𝐻 as 𝐵 = 𝐻
ଶ/15. For this relation values of 𝐻 are determined. All the calculated 

parameters are listed in Table 4.21. The relation for magnetic moment can be expressed 

as in Eq. 4.3. 

In view of this relation, the substitution of a weak/non-magnetic ion at spin-up site Ma 

(2𝑎 ↑  + 12𝑘 ↑  + 2𝑏 ↑) reduces 𝑀௦, however, substitution at spin-down sites Mb 

(4𝑓₁ ↓  + 4𝑓₂ ↓) enhances it. The prepared ferrite composites showed a decrease in 𝑀௦ 

from x=0.0 to 0.6 while it increases from x=0.6-1.0. There is a 33% decrease from (47.8 

emu/g) to (32.1 emu/g) in the value of  𝑀௦ for composition x=0.0 to 0.6 with the 

substitution of Ni2+ and Co2+. The substitution of Ni2+ and Co2+ at octahedral spin-up 

sites is the reason for this decrease. The replacement of Fe3+(5µB) by weak magnetic 
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Co2+ (3µB) and Ni2+ (2µB) causes decrease at 𝑀 (2a ↑  + 12k ↑  + 2b ↑) which 

reduces the value of 𝑀௦. Also, the replacement of Fe3+ at octahedral spin-up sites 2a↑ 

and 12k↑ causes an imbalance in electrical neutrality and to maintain it, Fe3+ is 

converted into Fe2+ which has reduced the superexchange interactions due to which 

magnetic moment decreases. The value of Ha is also decreasing which indicates that 

the more substitution of Ni2+ and Co2+ is at octahedral sites 2a↑ and 12k↑ which reduces 

the value of 𝑀௦. There is an increment in 𝑀௦ from x=0.6 to 1.0 due to the substitution 

of Ni2+ and Co2+ at octahedral spin-down sites 4f₂↓ which causes reduction in 𝑀 that 

causes an increase in 𝑀௦.  
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Fig. 4.95 (a) M-H loops (a1, a2) combined and enlarged view (b) Ms v/s 1/H2 plots 

of SrCoxNixFe12-2xO19/PANI. 

Table 4.21. Magnetic parameters determined from M-H loops for SrCoxNixFe12-

2xO19/PANI. 

x 
𝑴𝒔  

(𝐞𝐦𝐮/𝐠)  

𝑴𝒓  

(𝐞𝐦𝐮

/𝐠) 

𝑯𝒂 (𝒌𝑶𝒆) Hc (Oe) 

𝑴𝒓/𝑴𝒔 

0.0 47.8 
25.17 

17.2 5679 
0.53 

0.6 32.1 
16.39 

13.9 2955 
0.51 

1.0 47.7 
23.53 

12.4 1882 
0.49 

The low coercivity (𝐻) is beneficial in the design of an efficient absorber.  Table 4.21 

indicates that the addition of Co2+ and Ni2+ has reduced the value of Hc. Hc decreases 

67 % from x=0.0 (5679 Oe) to x=1.0 (1882 Oe). Hc depends on two factors one is 
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intrinsic involving anisotropy field Ha and the second is extrinsic related to 

morphology. Hc directly depends on the value of Ha, and Ha is decreasing as can be 

noted from Table 4.21.  Thus the decrease in the value of Ha causes a reduction in Hc. 

Hୟ decreases around 28 % (x=0.0-1.0) due to the replacement of Fe3+ at octahedral sites 

12k and 2a. There is a 67 % decrease in Hc while a 26 % decrease in Ha, so another 

reason for the large reduction in Hc is the large ionic radius of 𝐶𝑜ଶା(0.745 Å) and 

Ni2+(0.69 Å) in comparision to Fe3+ (0.645 Å). From the morphology of the prepared 

composites, it is seen that grain size increased with the inclusion of Co-Ni. Since Hc 

inverse relation with the grain size the formation of large grains in composition x=1.0 

causes a decrease in Hc. M୰/Mୱ ratio is determined to explain the orientation of the 

ions. M୰/Mୱ ratio has a range of 0 to 1 and a value less than 0.5 represents randomly 

oriented multi-domain particles while values greater than 0.5 indicate a single domain. 

The ratio in composition x=0.0 and x=0.6 are above 0.5 showing single domain while 

composition x=1.0 has values less than 0.5 showing multi-domain orientation. 

4.5.5. Electromagnetic Characteristics 

4.5.5.1 Complex permeability and complex permittivity 

Fig. 4.96 demonstrates the graphs of (𝜀ʹ), (𝜀ʺ), (µʹ), and (µʺ) versus frequency of the 

prepared SrCoxNixFe12-2xO19/PANI composites. The doping of Co-Ni decreases (𝜀ʹ) 

while 𝜀ʺ varies non-monotonically with doping. There is a decrement in the 𝜀ʹ with the 

increase in frequency. There are dual relaxation peaks in composition x=0.0 in εʹ one 

around 9.25 GHz and another at 10.25 GHz. The compositions x=0.2 and 0.6 have small 

relaxation peaks. The plots of εʺ of all the compositions show relaxation peaks. 

Composition x=1.0 has a large relaxation peak around 8.7 GHz. 

The permeability of the prepared composites varies in a non-monotonical way with the 

doping of Co-Ni. µʹ increases with the increase in frequency for all the compositions. 

The composition x=0.6 has the lowest values of µʹ at low frequencies however, it 

becomes highest at high frequencies. The composition x=1.0 has dual relaxation peaks 

one around 9.5 GHz and another near 10.5 GHz. The composition x=0.0 has a small 

peak around 9.5 GHz. The relaxation peaks in µꞌꞌ are also present in compositions x=0.0 
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and 1.0. There is a large relaxation peak in composition x=1.0 around 10.75 GHz. 

Composition x=0.6 has the high value of µꞌꞌ at high frequencies. 

 

Fig. 4.96 Complex permittivity and permeability versus frequency plots of 

SrCoxNixFe12-2xO19/PANI. 

The porosity, grain size distribution, space charge polarization, electron spin, and dipole 

polarization affect the complex permittivity/permeability. The electron hopping in 

Fe2+/Fe3+ promotes the dielectric polarization [95]. The complex permeability is 

affected by the exchange resonance among Fe3+/Fe2+ and ferromagnetic resonance [96-

97]. The doping of Co-Ni decreases the number of Fe3+ which varies the polarization 

and resonance. The variation in magnetization/polarization corresponding to the 

permittivity/permeability is due to the non-magnetic voids having demagnetizing fields 

as can be seen in the morphology of the prepared composites. The change in the size of 

the grain/grain boundary (micrographs Fig. 4.85) also causes variation in the 

permittivity and permeability.  

The grain boundaries obstruct the field flow while the large-size grains support electron 

hopping. The polarization is enhanced by the gathering of charges at grain boundaries 

which promotes dielectric losses, however, large grains increase electron spin which 
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increases permeability. The magnetic loss is enhanced by the reduction in exchange 

resonance due to porosity and small grains which get magnetized easily. For the 

prepared composites, the relaxation peaks observed in εʹ/εʺ and µʹ/µʺ correspond to the 

dielectric relaxation and ferromagnetic resonance respectively. 

4.5.5.2 Microwave absorption in SrCoxNixFe12-2xO19/PANI 

The absorption characteristics in the prepared composites are investigated by the help 

of reflection loss (RL).  To determine the values of RL the material’s input impedance 

Zin and free space characteristic impedance Z0 are utilized as per equations 3.13 and 

3.14 as discussed in Chapter 3. To explain the absorption characteristics of the prepared 

composites λ/4 mechanism, impedance matching mechanism, and dielectric/magnetic 

loss are used as investigated in the following sections. 

4.5.5.3 Quarter Wavelength Mechanism 

The RL plots of prepared SrCoxNixFe12−2xO19/PANI are shown in Fig. 4.97 (a, c, e, g), 

4.98 (a), and 4.99 (a, c, e, g). These graphs of RL versus frequency at different simulated 

thicknesses are used to investigate the microwave absorption in the prepared 

composites. The parameters such as matching frequency/thickness, bandwidth, and -

10/-20 dB RL frequency band are determined from the plots. The summary of these 

parameters is given in Table 4.22. 
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Fig. 4.97 (a, c, e, g) RL versus frequency (b, d, f, h) thickness versus frequency in 

x=0.0 for SrCoxNixFe12-2xO19/PANI. 
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Fig. 4.98 (a) RL versus frequency (b) thickness versus frequency in x=0.6 for 

SrCoxNixFe12-2xO19/PANI. 
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Fig. 4.99 (a, c, e, g) RL versus frequency (b, d, f, h) thickness versus frequency in 

x=1.0 for SrCoxNixFe12-2xO19/PANI. 

The RL of -41.39 dB is obtained for composition x=1.0 at the frequency of 8.79 GHz 

for a low thickness of 5.4 mm. The RL peaks have non-monotonous variation in regard 

to the frequency with the increment in thickness. RL versus frequency graphs at different 

thicknesses in composition x=0.0 are demonstrated in Fig. 4.97 (a, c, e, g). A reflection 

loss ≥ -10 dB is observed for the thickness from 3.2 mm (RL=10.35 dB at 11.31 GHz) to 

10.0 mm (-15.35 dB at 11.14 GHz) in this composition. In this composition, regarding 

the matching frequency, RL peaks shifted non-monotonically with the increase in 

thickness. RL≥ -20 dB frequency band is obtained at various thicknesses of 8.4, 8.5, and 

8.8 mm. 

The composition x=0.6 owes its maximum RL=-15.01 at 10.0 mm with a matching 

frequency of 12.06 GHz Fig. 4.98 (a). The thicknesses from 9.3 mm to 9.9 mm possess 

RL ≥ -10 dB with respective values of RL=-12.83 dB at 12.40 GHz and RL=-14.92 dB 

at 12.15 GHz respectively. RL peaks shifted towards low frequency with the increment 

in the thicknesses concerning the matching frequency. In this composition, the largest 

-10 dB frequency band ranging from 11.56-12.40 GHz is obtained at a thickness of 10.0 
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mm. Composition x=1.0 has an RL of -41.39 dB at 8.79 GHz with the thickness of 5.4 

mm Fig. 4.99 (a, c, e, g). The largest RL ≥ -10 dB frequency band ranging from 10.47-

12.40 GHz with an RL=-13.84 dB is obtained for a thickness of 10.0 mm. RL peaks 

switch to low frequency with the increase in thickness for thicknesses 3.2 to 5.9 mm, 

however, at high thicknesses 9.7 to 10.0 mm it remains at 12.40 GHz. This composition 

also has an RL ≥ -20 dB frequency band for the thickness from 5.1 to 5.7 mm. The 

largest RL ≥ -20 dB frequency band ranging from 8.20-8.96 GHz is obtained at the 

thickness of 5.4 mm.  

The analysis of the λ/4 mechanism the simulated thickness (tm
sim) and the calculated 

thickness (tm
cal) are compared. The graphs of the calculated thickness versus frequency 

are displayed in Fig. 4.97 (b, d, f, h), 4.98 (b), and 4.99 (b, d, f, h). For the comparison 

vertical lines from RL peaks are drawn towards thickness-frequency graphs. The 

compositions x=0.0 and 1.0 match the nλ/4 mechanism for n=1 and 3, while in 

composition x=0.6 it is satisfied for n=3. The -10/-20 dB bandwidths were obtained at 

different thicknesses as listed in Table 4.22. The  x=0.0 shows both -10/-20 dB RL bands 

at thicknesses from 3.5 to 9.2 mm. In this composition maximum -10 dB bandwidth of 

1.51 GHz is achieved at 9.2 mm thickness with a respective frequency band of 10.72-

12.23 GHz. This composition also possesses broad bandwidths of 1.43, 1.43, 1.35, 1.34, 

and 1.26 GHz at the respective thickness of 3.7, 9.0, 3.5, 3.9, and 8.8 mm respectively. 

An RL ≥-20 dB bandwidth of 0.25 GHz at 8.5 mm thickness and 12.32 GHz matching 

frequency is also obtained. Also, a bandwidth of 170 MHz at 8.4 and 8.8 mm 

corresponding to RL ≥ -20 dB is obtained. 

The composition x=0.6 has its maximum -10 dB bandwidth of 0.84 GHz from 11.56-

12.40 GHz at 10.0 mm thickness. The high bandwidths 0.76, 0.59, and 0.42 GHz are also 

achieved at the thicknesses of 9.9, 9.7, and 9.5 mm respectively.  The highest bandwidth 

of 1.93 GHz is obtained in composition x=1.0 at the thickness of 10.0 mm with a -10 

dB RL band of 10.47-12.40 GHz. On the same note, the broad bandwidth of 1.17, 1.09, 

1.01, and 1.0 GHz are obtained for the respective thicknesses of 4.2, 3.9 and 5.2, 5.2 to 

5.7, and 3.5 mm. The highest RL ≥-20 dB bandwidth 0.76 GHz at 5.4 mm with an RL=-

41.39 GHz is obtained. Besides this, RL ≥ -20 dB bandwidths of 0.67 GHz at 5.6 and 5.7 

mm, 0.59 GHz at 5.3 and 5.7 mm, and 0.51 GHz at 5.2 mm are also achieved. 
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Table 4.22. RL with matching thickness/frequency, BW, and PBW for 

SrCoxNixFe12-2xO19/PANI. 

x Max. 

RL 

(dB) 

Matc

hing 

Thic

kness 

(mm) 

Match

ing 

Frequ

ency 

(GHz) 

-10 dB 

band (GHz) 

-10 dB 

BW 

(GHz) 

-20 dB 

band (GHz) 

-20 dB 

BW 

(GHz) 

BTR PBW 

(%) 

0.0 -13.25 3.5 9.88 9.29-10.64 1.35 - - 1.171 13.664 

-13.19 3.7 9.80 8.79-10.22 1.43 - - 1.291 14.592 

-12.77 3.9 9.04 8.54-9.88 1.34 - - 1.222 14.823 

-18.53 8.4 12.4 11.73-12.40 0.67 12.23-12.40 0.17 0.165 5.403 

-18.19 8.5 12.32 11.56-12.40 0.84 12.15-12.40 0.25 0.207 6.818 

-17.45 8.8 11.90 11.14-12.40 1.26 11.81-11.98 0.17 0.311 10.588 

-16.67 9.0 11.73 10.97-12.40 1.43 - - 0.350 12.191 

-15.59 9.2 11.48 10.72-12.23 1.51 - - 0.376 13.153 

0.6 -12.83 9.3 12.40 12.15-12.40 0.25 - - 0.054 2.016 

-14.35 9.5 12.40 11.98-12.40 0.42 - - 0.089 3.387 

-14.78 9.7 12.32 11.81-12.40 0.59 - - 0.125 4.789 

-14.92 9.9 12.15 11.64-12.40 0.76 - - 0.160 6.255 

-15.01 10.0 12.06 11.56-12.40 0.84 - - 0.176 6.965 

1.0 -13.07 3.3 10.55 10.22-10.89 0.67 - - 0.547 6.351 

-15.28 3.5 10.47 10.22-11.22 1.00 - - 0.748 9.551 

-19.0 3.9 10.30 10.13-11.22 1.09 - - 0.738 10.583 

-18.17 4.2 10.22 10.05-11.22 1.17 - - 0.741 11.448 

-15.74 4.9 08.87 08.20-09.21 1.01 - - 0.819 11.387 

-20.10 5.1 08.87 08.20-09.29 1.09 08.79-08.87 0.08 0.842 12.289 

-23.71 5.2 08.79 08.20-09.21 1.01 08.45-08.96 0.51 0.772 11.490 

-29.77 5.3 08.79 08.20-09.21 1.01 08.37-08.96 0.59 0.757 11.490 

-41.39 5.4 08.79 08.20-09.21 1.01 08.20-08.96 0.76 0.743 11.490 

-39.22 5.4 08.70 08.20-09.21 1.01 08.20-08.96 0.76 0.743 11.609 

-33.95 5.5 08.45 08.20-09.21 1.01 08.20-08.87 0.67 0.730 11.953 

-25.10 5.6 08.45 08.20-09.21 1.01 08.20-08.87 0.67 0.716 11.953 

-21.11 5.7 08.28 08.20-09.21 1.01 08.20-08.79 0.59 0.704 12.198 

-12.62 9.9 12.40 11.81-12.40 0.59 - - 0.122 4.758 
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-13.84 10 12.40 10.47-12.40 1.93 - - 0.446 15.565 

4.5.5.4 Impedance matching mechanism 

There is a difference between the impedance of a material (Zin) and that of air (Zo=377 

Ω) because they differ in their permittivity/permeability. As per the impedance 

matching mechanism if these two impedances match with each other the major part of 

the incident signal will be absorbed.  Hence investigation of the impedance matching 

mechanism for the prepared composites has been carried out. Fig. 4.100 depicts the 

plots of reflection loss and impedance i.e. │Zin│ with frequency for the composites. 

Table 4.23 enlists the values of Zin related to the reflection loss of the different 

composites. The composite x=0.0 and 1.0 satisfied the impedance matching for their 

highest RL while there are some deviations in composites x=0.6 and x=1.0 at few 

frequencies.  

In composite x=0.0, the RL peak of -18.53 dB observed at 12.40 GHz has a 

corresponding value of Zin=298.88  which is close to Zo=377 Ω. The highest RL peak 

of RL=-41.39 at 9.80 GHz in composition x=1.0 has Zin=382.57  which is in 

proximity to Zo=377 Ω.   In composition x=0.6 there is a discrepancy as there is a RL 

peak of -15.01 dB at 12.06 GHz with Zin=539.78  while there is no RL peak at 11.39 

GHz with a Zin=376.23  which is more close to Zo=377 Ω than Zin=539.78 . In the 

same way for composition x=1.0 no RL peak is present at 10.05 GHz with Zin=364.13 

.  

The complex nature of│Zin│involving real and imaginary terms Zreal and Zimg is 

responsible for this deviation. That’s why, Zreal and Zimg are determined and graphs of 

Zreal and Zimg are plotted as given in Fig. 4.101. The determined values of Zreal and Zimg 

are listed in Table 4.23. It should be remembered that successful implementation of the 

impedance matching mechanism depends upend the fact that the impedance should 

follow exactly/nearly the criteria of Zreal=377 Ω and/or Zimg=0. From Table 4.23 it can 

be noted that the highest RL of -41.398 dB at 8.79 GHz obtained in x=1.0 follows this 

condition with Zreal=382.55 Ω and Zimg=-3.34 Ω which are near 377 Ω and 0. No RL 

peak at 11.39 GHz with a Zin=376.23  in composition x=0.6 is due to Zreal=294.72 Ω 

and Zimg=233.86 Ω which are far away from 377 Ω and/or 0. Similarly for composition 
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x=1.0, no RL peak at 10.05 GHz with Zin=364.13  is due to Zreal=252.75 Ω and Zimg=-

262.12 Ω. 

Thus it can be summarized that the discrepancies observed in x=0.6 and x=1.0 are due 

to the mismatch in obtained Zreal/Zimg values from the required Zreal/Zimg values of 377 

Ω and/or zero. It can be noted that the doping of Co-Ni has increased the input 

impedance Zin (Zreal and Zimg). 

 

Fig. 4.100 Zin and RL curve against frequency for SrCoxNixFe12-2xO19/PANI. 
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Fig. 4.101 Zreal, Zimag, and RL v/s frequency for SrCoxNixFe12-2xO19/PANI. 

Table 4.23. Zin, Zreal, and Zimag values corresponding to RLmax for SrCoxNixFe12-

2xO19/PANI. 

x RL 

(dB) 

Matching 

Thickness 

(mm) 

Matching 

Frequency 

(GHz) 

|Zin| 

(Ω) 

Zreal  

(Ω) 

Zimg  

(Ω) 

0.0 -18.53 8.4 12.40 298.88 298.47 15.55 

0.6 -15.01 10.0 12.06 539.78 539.77 -3.47 

1.0 -41.39 5.4 8.79 382.57 382.55 -3.34 

 

4.5.5.5 Role of Electromagnetic/Material Parameters 

No doubt, the λ/4 and input impedance matching have their roles in absorption, 

however, the dielectric loss (𝜀) and magnetic loss (µꞌꞌ) due to the complex nature of 

permittivity/permeability also contribute to the absorption which also requires an 

investigation.   
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The contribution of relaxation peaks observed in ε and µꞌꞌ to absorption can be 

understood as: ε peak at 9.54 GHz attribute to an RL =-12.57 dB at 9.54 GHz for 3.7 

mm in x=0.0; ε peak with 8.70 GHz in composition x=1.0 correspond to RL=-39.22 

dB with 8.70 GHz at the thickness of 5.4 mm; composition x=0.0 has an RL=-13.25 at 

3.5 mm attributing µꞌꞌ peak at 9.88 GHz; a µꞌꞌ peak at 10.55 GHz in composition x=1.0 

attribute RL=-13.07 dB at 3.3 mm; in composition x=0.6 the maximum µꞌꞌ at 12.40 GHz 

correspond to the RL=-14.35 dB at 9.5 mm. In summary, dielectric and magnetic loss 

in prepared composites are also contributing to microwave absorption. 

4.5.5.5 Eddy Current Loss 

In ferrites, eddy current loss has an impact on absorption characteristics in terms of 

magnetic loss. The eddy current loss contributes when C0 does not vary with the 

frequency increment. Hence to evaluate the role of it the plot of C0 versus frequency 

has been plotted as given in Fig. 4.102. There is a flat line in all the compositions 

showing constant values of C0 with the increment in frequency which indicates the 

contribution of eddy current loss in the absorption of ferrite composites. 

 

Fig. 4.102 C0 versus frequency curve for SrCoxNixFe12-2xO19/PANI. 
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4.5.5.7 Bandwidth to Thickness Ratio 

Bandwidth to-thickness ratio (BTR) is an important parameter that should be taken care 

of in the design of an effective absorber. The formulas associated with BTR and 

percentage bandwidth (PBW) are given in Eq. 4.5 and 4.6. 

The highest BTR of 1.291 at 9.80 GHz with RL=-13.19 dB is obtained in composition 

x=0.0. A high BTR of 1.222 at 9.04 GHz with RL=-12.77 dB and 1.171 at 9.88 GHz 

with RL=-13.25 dB are also observed in this composition. The maximum RL=-15.01 

dB at 12.06 GHz of x=0.6 has a comparatively small BTR=0.176. The composite x=1.0 

has its maximum BTR of 0.842 at 5.1 mm with RL=-20.10 GHz. The high BTR of 

0.819, 0.772, 0.757, and 0.743 are observed at thicknesses of 4.9, 5.2, 5.3, and 5.4 mm.  

There is an increase in percentage bandwidth with the increment in the doping of Co-

Ni. The composition x=0.0 has its maximum PBW=14.823 at 3.9 mm. Also high 

PBW=14.592. 13.664, and 13.153 are observed at 3.7, 3.5, and 9.2 mm thickness. PBW 

ranges from 5.40 to 14.82 %. The highest PBW of 15.57 at 10.0 mm thickness is 

obtained in composite x=1.0. The PBW ranges from 4.76 to 15.76 % in this 

composition. 

4.6 SrCoxZrxFe12-2xO19/PANI composites 

4.6.1 Microstructural/Morphological Characteristics 

SEM is carried out to analyze the morphology of the SrCoxZrxFe12-2xO19/PANI 

composites. The micrographs of SrCoxZrxFe12-2xO19/PANI composites are given in Fig. 

4.103. The grain distribution has been affected by the doping of Co-Zr. The 

composition x=0.0 has small grains while composition x=0.2 and 0.6 possess large 

grains. Thus the increase in doping level of Co-Zr has increased the grain size. The 

composition x=0.2 has both small as well as large fused grains while composition x=0.6 

shows large fused grains with agglomeration. The composition x=0.6 shows a platelet-

type structure. 
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Fig. 4.103 SEM images of SrCoxZrxFe12-2xO19/PANI. 

4.6.2 Electrical Characteristics  

4.6.2.1 Dielectric constant 

The variation of  and  against the frequency of SrCoxZrxFe12-2xO19/PANI are 

depicted in Fig. 4.104. Since the dielectric constant of PANI is high, the dielectric 

constant of ferrite composites is much higher as compared to the pure ferrite 

(SrCoxZrxFe12-2xO19). Further the curve of  decreases with the frequency increment. 

At low frequencies, it has a high value which continuously decreases as the frequency 

increases and becomes constant at high frequencies. This behavior signifies the 

interfacial polarization and follows with the Maxwell-Wagner model [80]. The doping 

of Co-Zr in PANI composites has a non-monotonical variation in the dielectric constant. 

The value of  decreased in the case of x=0.2 while it increased to a very high value in 

composition x=0.6. This abrupt change in the case of x=0.6 is due to the morphology 

(Fig. 4.103): The agglomeration of platelet type structure of grains increases grain 

boundaries supporting the polarization and hence increase in . A similar kind of 

behavior is shown in ʺ as can be viewed in Fig. 4.104 (b). 
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Fig. 4.104. Dielectric constant (a) real (b) imaginary versus frequency for 

SrCoxZrxFe12-2xO19/PANI. 

Fig. 4.105 shows the tanδ versus the frequency plot of the composites. There is a 

decrease in the tanδ with the increase in frequency. This behavior is according to 

Koop’s theory of dielectrics [80]. The inclusion of Co-Zr in PANI composites has a 
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non-monotonical effect on the loss tangent as in the case of  and . Composition 

x=0.6 has the highest tanδ among all the compositions. The relaxation peak can also be 

seen in the composition x=0.6. This relaxation peak is obtained when the charge 

hopping frequency for Fe2+ and Fe3+ matches the frequency of the applied fields. 

 

Fig. 4.105 Plots of loss tangent of SrCoxZrxFe12-2xO19/PANI composites. 

4.6.2.2 Electric modulus 

The graphs of Mʹ and Mʺ for SrCoxZrxFe12-2xO19/PANI composites are depicted in Fig. 

4.106 (a) and (b). At low frequencies Mʹ has low values, however, it increases with the 

frequency increment. This increase in the curve of Mʹ with an increase in frequency is 

related to the charge carrier’s short-range mobility. The absence of a saturated region 

in Mʹ at high frequency signifies the lack of long-range mobility of charges. There is a 

non-monotonous variation in the values of Mʹ with the inclusion of Co-Zr in PANI 

composites. Mʹ increases in the case of x=0.2 at low frequencies, however, it reduces 

in the composition x=0.6.  Besides, composition x=0.2 cannot maintain high values at 

high frequencies and becomes low as compared to undoped composition x=0.0. 

The Mʺ curves provide information about the conductivity relaxation. The broad 

asymmetric peak in Mʺ is the basic feature of modulus M. The low-frequency area of 
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the peaks is associated with long-distance movement while the high-frequency area 

indicates the localized motion within the potential well. The height of Mʺ reduces with 

the doping of Co-Zr. The reason behind it is the decrease in Fe3+ ions with the inclusion 

of Co-Zr content. 

 

 

Fig. 4.106 Mʹ and Mʺ curves against frequency for SrCoxZrxFe12-2xO19/PANI. 



212 
 

Fig. 4.107 depicts the Cole-Cole plots (𝑀𝑣/𝑠 𝑀 ) of SrCoxZrxFe12-2xO19/PANI. The 

plots of all the composites show asymmetric deformed semicircular arcs. The deviation 

of the center of these from the x-axis is attributed to the non-Debye relaxation. The 

inclusion of Co-Zr in the PANI composite has a non-monotonical variation in the height 

and shape of the semicircles. The curve of composition x=0.0 lies equally in both low 

frequency and high frequency signifying the contribution of both grain and grain 

boundaries. The composition x=0.2  also has its curve in both low as well as high 

frequency showing the contribution of both grain and grain boundaries. The 

composition x=0.6 has its curve in low frequency region indicating that grain 

boundaries have a prominent role in charge transport. This is due to the morphology 

(Fig. 4.103): The platelet-type grains cause an increase in the number of grain 

boundaries. 

 

Fig. 4.107 Cole-Cole plot of Mʹ v/s Mʺ for SrCoxZrxFe12-2xO19/PANI. 

4.6.2.3. Complex impedance spectra 

The graph of Z against frequency is displayed in Fig. 4.108 (a). Z first decreases with 

the frequency increment and then acquires a constant value at higher frequencies. This 
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behavior follows the Maxwell-Wagner model accompanied by the effectiveness of 

grain boundary at low frequency and grains at high frequency. The doping of Co-Zr in 

the composites has an adverse effect on the value of Z as it decreases with the increase 

in doping level. Micrographs show improvement in inter-grain connectivity which 

reduces the resistance of individual grain boundaries 

Fig. 4.108 (b) demonstrates the variation in Z to frequency. The value of Z PANI-

composites varies non-monotonically with the inclusion of Co-Zr. The composition 

x=0.2 obtains the highest value among all the compositions, however, it is decreased in 

the case of x=0.6.  The decay in Z is because of the enhancement in the space charge 

polarization due to the platelet structure which increases polarization at grain 

boundaries that in turn, reduces the reactance. The dielectric relaxation peaks can be 

seen in the plots of x=0.0 and x=0.6 as shown in the inset diagram. 
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Fig. 4.108 Z and Z versus frequency plots for SrCoxZrxFe12-2xO19/PANI. 

Cole-Cole plot (𝑍 𝑣/𝑠 𝑍 ) for the composites are demonstrated in Fig. 4.109 which 

show deformed semi-circles. There is a large difference between the values of the three 

compositions. The composition x=0.2 possesses very large values of Z as compared 

to other compositions. Hence, due to the low values, the curves of composition x=0.6 

are shown in the inset diagram. The inclusion of Co-Zr in the composites has a non-

monotonous variation in the height and shape of semicircles. The plots for x=0.2 occur 

completely in the high frequency area indicating the dominance of grains.  The 

composites x=0.0 and x=0.6 have their curves almost equally in both low and high 

frequency regions referring to the contribution of both grain and grain boundaries. 
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Fig. 4.109. Cole-Cole plots (Z versus Z) for SrCoxZrxFe12-2xO19/PANI. 

4.6.2.4. AC Conductivity 

The frequency dependence curves of ac conductivity (σac) are shown in Fig. 4.110. The 

conductivity of ferrite composites is high as compared to the parent ferrite 

(SrCoxZrxFe12-2xO19). The reason behind this is the inclusion of conductive polymer 

PANI in the ferrites. At the low frequencies, conductivity shows a frequency-

independent behavior but it starts increasing when the frequency increases. The 

frequency after which it starts is called hopping frequency. This hopping frequency 

represents the transition of conductivity from the flat plateau region to a dispersive 

region. There is an enhancement in the value of conductivity with an increase in the 

doping of Co-Zr. The composition x=0.6 possesses the highest value among all the 

compositions. This can be correlated with the morphology: the platelet grain structure 

enhances the grain connectivity. It is noted that the hopping frequency also shifts to a 

low frequency with the doping level. 

AC conductivity curves are fitted according to the Jonscher power law as explained in 

Chapter 3 is used to explain the frequency-dependence nature of ac conductivity. By 
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fitting the curves, values of n were calculated for the prepared composites. The 

determined values are 0.562, 0.998, and 0.200. According to Funke n<1 shows the 

motion with sudden hoping. The values are less than 1 which signifies that ac 

conductivity follows the hopping mechanism. 

 

Fig. 4.110. AC conductivity for SrCoxZrxFe12-2xO19/PANI. 

4.6.2.5 Software-based Impedance Simulation 

Electrochemical Impedance Spectroscopy (EIS) software is employed to perform the 

impedance spectroscopy of the prepared composites. The fitting using EIS software is 

shown in Fig. 4.111. The simulated parameters for grain/grain boundaries are given in 

Table 4.24. 
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Fig. 4.111. Fitting of Impedance curves using EIS for SrCoxZrxFe12-2xO19/PANI. 

Table 4.24. Simulated parameters derived from EIS software for SrCoxZrxFe12-

2xO19/PANI. 

x Rg (M) Rgb (M) Cg (µF) Cgb (F) 

0.0 
10.68 16.78 4957.4 9.41 

0.2 
10000 1.64 199.4 1.32 

0.6 
0.005 0.046 7503.9 1.42 

Correlation between Grain/Grain boundaries simulated parameters and 

Morphology   

The size of the grain is small in composition x=0.0, as well as small pores can be seen 

in the micrograph. The small size of grains and pores between grains promotes 

polarization at grain boundaries. Table 4.24 validates this behavior with the highest 
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grain boundaries capacitance Cgb=9.41 F. The composition x=0.2 has large fused grains 

enhancing grain resistance Rg=10000 MΩ being the highest among all the 

compositions. The composition x=0.6 has large and well-connected platelet-type grains 

enhancing grain boundaries as seen in the micrograph. This causes polarization at the 

grains and grain boundaries that in turn causes capacitance of grain and grain 

boundaries to be high. This is validated by the high values of Cg=7503.9 µF and 

Cgb=1.42 F in Table 4.24.  

Correlation between Grain/Grain boundaries simulated parameters and 

Dielectric Parameters 

The composition x=0.2 has the lowest while x=0.6 owes the maximum dielectric 

constant (Fig. 4.104) at the lower frequencies. Maxwell-Wagner model suggests that 

grain boundary is dominant at low, however, grain at high frequency. Table 4.24 shows 

that the composition x=0.2 has the minimum grain capacitance Cg= 199.4 µF due to the 

lowest dielectric constant (=54.16). The highest dielectric constant (=7273.12) in 

x=0.6 attributing to the highest simulated grain capacitance Cg=7503.9 µF referring to 

a high polarization due to platelet type grains. 

Correlation between Grain/Grain boundaries simulated parameters and Electric 

Modulus 

The composition x=0.0 has the impact of both grain and grain boundaries as the semi-

circle of this composition, lies in the mid-frequency region (Fig. 4.107). Thus having 

high values of Cg=4957.4 µF and Cgb=9.41 F. The composition x=0.2 also has its curve 

in both regions but possesses a major portion in low frequency attributing dominance 

of grain boundaries over grain which can be validated by high Cgb=1.32 F as compared 

to Cg=199.4 µF. The curve of compositions x=0.6 lies in the low-frequency region 

causing high Cgb=1.42 F. 

4.6.3 Band gap Characteristics 

Fig 4.112 displayed the Tauc plots drawn for the prepared SrCoxZrxFe12-2xO19/PANI 

composites. The required values of the band gap are acquired using equation 3.4 as 

given in chapter 3. The intercept on the x-axis is obtained from the linear region of the 

Tauc plot to determine the band gap. The band gaps of the prepared compositions x=0.0, 

0.2, and 0.6 are 2.15, 1.63, and 1.37 eV respectively. 
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Fig. 4.112 Tauc plots for SrCoxZrxFe12-2xO19/PANI. 

4.6.4 Magnetic Characteristics 

The magnetic characterization of the prepared SrCoxZrxFe12-2xO19/PANI composites 

has been performed to understand the magnetic properties. The analysis is carried out 

using the plots between magnetization (M) and magnetic field (H). The M-H curves 

drawn for the prepared composites are shown in Fig. 4.113 (a). The site occupancy of 

the ions depends on their electronegativity. The higher electronegativity ions mostly 

prefer octahedral sites than the tetrahedral ones. The electronegativity of 𝑍𝑟ସା(1.33) 

are less than that of 𝐶𝑜ଶା(1.88) so they will prefer to occupy the tetrahedral site 4fଵ(↓). 

As per the ligand field theory, 𝐶𝑜ଶା with 3d⁷preferably choose octahedral sites 12k (↑

), 2𝑎(↑), 4𝑓₂(↓) while 𝑍𝑟ସାprefer tetrahedral 4fଵ(↓) sites due to 3d10 configuration. 

Singh et al. [90] reported that 𝐶𝑜ଶା prefer to occupy octahedral sites and Godara et al. 

[109] reported that 𝑍𝑟ସାprefer tetrahedral 4f₁ sites.  

For hexaferrites, 𝐵 is given as 𝐵 = 𝐻
ଶ/15 with Ha representing the anisotropy field. 

M-H loops show a steep rise in magnetization at low applied fields while it decays at 

the high fields as indicated in Fig. 4.113 (a). There is a large slope at a high field in 
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composition x=0.0 indicating an unsaturated state which reduces with the substitution 

of Zr4+ and Co2+. This is due to the reduction in anisotropy field. The linear relationship 

above 10 KOe suggests that 𝐴/𝐻 and 𝜒 maybe removed and 𝐵 is obtained from the 

relation 𝑀 = 𝑀௦ (1 − 𝐵 𝐻ଶ⁄ ). After the determination of B, the values of Ha can be 

obtained from the relation 𝐻
ଶ = 15 𝐵. The M versus 1/H2 graphs are used to determine 

𝑀௦.The linear fitting is used to obtain the required value as shown in Fig. 4.113 (b). 

Table 4.25 enlist the obtained parameters. 

The relation of 𝑀௦ with respective site values is given in Eq. 4.3. The relation shows 

that the occupation of weak/non-magnetic ions at spin-down sites (4𝑓₁ ↓  + 4𝑓₂ ↓) 

enhances saturation magnetization while more occupancy at spin-up sites (2a↑ + 12k↑ 

+ 2b↑) reduces it. In the prepared composites, there is an increment in Ms with the 

doping of Co-Zr. Ms increases by 9 % (47.80 to 52.3 emu/g) for x=0.0 to 0.2 due to the 

substitution of Zr4+ and Co2+. As explained above Zr4+ prefer 4f₁(↓) while Co2+ prefer 

4f₂(↓), hence the exchange of Fe3+ with diamagnetic Zr4+ and weak magnetic Co2+ 

decreases the value of Mb which intern increases the 𝑀௦. From composition x=0.2 to 

x=0.6, 𝑀௦ decreased around 7 % which is because of the low magnetic moment of Co2+ 

(3µB) and diamagnetic Zr4+ (0 µB). The replacement of Fe3+ (5µB) causes an imbalance 

in electrical neutrality, hence to maintain it Fe3+ is converted into Fe2+ which causes a 

reduction in superexchange interactions which reduces 𝑀௦. 
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Fig. 4.113 (a) M-H loops (a1, a2) combined and enlarged view (b) Ms v/s 1/H2 

plots of SrCoxZrxFe12-2xO19/PANI. 

Table 4.25 indicates the coercivity (Hc) decreased by enhancing the doping of Co-Zr. 

It is well known that soft ferrites having low coercivity are the prime candidates in the 

design of a microwave absorber. The composite x=0.0 has the highest Hc=5679 Oe 

while the x=1.0 has the lowest value of Hc=2483 Oe. The substitution of diamagnetic 

Zr4+ and weak magnetic Co2+ caused a 56 % decrease in Hc and made the composites 

magnetically soft. There are two factors influencing the values of Hc one is intrinsic 

involving anisotropy field Ha and the second is morphology as an extrinsic factor. From 

the table, it can be noted that there is a decrease in the value of Ha. The consistent fall 

in Ha causes a decrease in Hc as both are proportional to each other. Ha decreases 22 % 

from x=0.0 to x=1.0 which is due to the replacement of Fe3+ at 4f2 and 2b sites, as they 

contribute to large Ha, substitution at these sites causing a reduction in Ha. Ha decreases 

around 12 % while Hc decreases more i.e 56 % so the reason for more reduction in Hc 

is the large ionic radius of 𝐶𝑜ଶା (0.745 Å)  and 𝑍𝑟ସା (0.72 Å) and as compared to Fe3+ 

(0.645 Å). Considering the morphology, a large increase in the grain size by the increase 

of Co-Zr is viewed. The large platelet-type grains can be seen in the composition x=1.0. 
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Since Hc is related in reverse to the grain size the increase in grain size causes a 

reduction in Hc. 

Table 4.25. Magnetic parameters determined from M-H loops for SrCoxZrxFe12-

2xO19/PANI. 

x 
𝐌𝐬 

(𝒆𝒎𝒖/𝒈) 

𝐌𝐫  

(𝒆𝒎𝒖/𝒈) 
𝑯 𝒂(𝒌𝑶𝒆) Hc (Oe) 𝐌𝐫/𝐌𝐬 

0.0 47.8 25.17 17.2 5679 
0.53 

0.2 52.3 26.86 16.6 5106 
0.51 

0.6 48.9 25.19 15.2 2483 
0.52 

M୰/Mୱ represents the retention of magnetization with the removal of the applied field. 

This ranges between 0 and 1 and a value less than 0.5 represents randomly oriented 

multi-domain particles while values greater than 0.5 indicate the single domain. All the 

compositions have M୰/Mୱ ratio more than 0.5 showing a single domain. 

4.6.5 Electromagnetic Characteristics 

4.6.5.1 Complex permeability and complex permittivity 

The plots of (𝜀ʹ), (εʺ), (µʹ), (µʺ) against the frequency for the prepared SrCoxZrxFe12-

2xO19/PANI composites are given in Fig 4.113. 𝜀ʹ varies non-monotonically with the 

inclusion of Co-Zr. The εʺ decreased with the increase in frequency. There is a decrease 

in the dielectric constant with the increase in frequency. In composition x=0.2 the 𝜀ʹ 

first decreased with the frequency, however, for high frequency it increases. The 

composition x=0.0 has dual relaxation peaks in εʹ one around 9.25 GHz and another at 

10.25 GHz. The compositions x=0.2 and x=0.6 have a relaxation peak around 10.5 

GHz. The relaxation peaks can also be seen in the plots of εʺ for all the compositions. 

The doping of Co-Zr has a non-monotonous variation in the permeability of the 

prepared composites. µʹ increases with the increase in frequency for all the 

compositions. The composition x=0.6 has the lowest values of µʹ at low frequencies but 
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attains the highest value at high frequencies among all the composites. The composition 

x=0.2 has the large relaxation peak near 11.5 GHz, however, x=0.0 has a small peak at 

9.5 GHz. The compositions x=0.0 and 0.2 show relaxation peaks in µꞌꞌ. The composition 

x=0.2 has a large relaxation peak at the high frequency. The maximum µꞌꞌ is also 

obtained in composition x=0.2. 

 

Fig. 4.114 Complex permittivity and permeability versus frequency plots of 

SrCoxZrxFe12-2xO19/PANI. 

The permittivity/permeability depends on porosity, grain size, electron spin, and dipole 

polarization. The dielectric polarization is caused by the electron hopping in Fe2+/Fe3+ 

[95].  The polarization is reduced by the large porosity as it causes hindrance to the 

field flow. The exchange resonance among Fe3+/Fe2+ and ferromagnetic resonance 

affects the complex permeability [96-97]. The decrement in the number of Fe3+ is due 

to the increase in doping of Co-Zr which affects the polarization and resonance. The 

non-magnetic pores having demagnetizing fields present in the morphology of the 

prepared composites affect magnetization/polarization associated with the 

permittivity/permeability. The inconsistent change in the size of the grain/grain 

boundary (micrographs Fig. 4.103) also affects the permittivity and permeability.  
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The larger grains support electron hopping, however, the grain boundaries obstruct the 

field flow. The accumulation of charges at grain boundaries promotes polarization 

while large grains increase electron spin that increases permeability. The reduction in 

exchange resonance due to porosity and small grains is responsible for magnetic loss 

for Fe3+ and Fe2+. The relaxation peak observed in 𝜀ʹ, 𝜀ʺ and µʹ, µʺ for the prepared 

composites are attributed to the dielectric relaxation and ferromagnetic resonance 

respectively. 

4.6.5.2 Microwave absorption in SrCoxZrxFe12-2xO19/PANI 

The reflection loss is used to investigate the absorption characteristics of the prepared 

composites. RL is determined using the material’s input impedance Zin and free space 

characteristic impedance Z0 using the equations 3.13 and 3.14 as discussed in Chapter 

3. The impedance matching mechanism, λ/4 mechanism, and dielectric/magnetic loss 

are used to explain the absorption characteristics of the prepared composites as 

discussed in the following sections. 

4.6.5.3 Quarter Wavelength Mechanism 

The graphs of RL versus frequency at different simulated thicknesses are used to 

explain microwave absorption in the prepared ferrite composites. The RL plots of 

prepared SrCoxZrxFe12−2xO19/PANI ferrites are shown in Fig. 4.115 (a, c, e, g), 4.116 

(a, c), and 4.117 (a, c, e, g). The parameters are determined from these figures. Table 

4.26 summarizes the values of these parameters. 
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Fig. 4.115 (a, c, e, g) RL versus frequency (b, d, f, h) thickness versus frequency in 

x=0.0 for SrCoxZrxFe12-2xO19/PANI. 
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Fig. 4.116 (a, c) RL versus frequency (b, d) thickness versus frequency in x=0.2 for 

SrCoxZrxFe12-2xO19/PANI. 
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Fig. 4.117 (a, c, e, g) RL versus frequency (b, d, f, h) thickness versus frequency in 

x=0.6 for SrCoxZrxFe12-2xO19/PANI. 
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RL of -45.98 dB is achieved in composition x=0.6 at 9.80 GHz frequency for a low 

thickness of 4.8 mm. RL ranges between -12.08 dB and -45.98 dB at 11.14 GHz and 

9.80 GHz for a thickness of 3.6 and 4.8 mm. RL peak varies non-monotonically with 

the increment in thickness. Fig. 4.115 (a, c, e, g) displayed the RL versus frequency 

graphs at various thicknesses for composition x=0.0. In this composition, the thickness 

from 3.2 mm (RL=10.35 dB at 11.31 GHz) to 10.0 mm (-15.35 dB at 11.14 GHz) has a 

reflection loss of -10 dB.  With respect to the matching frequency, RL peaks shifted non-

monotonically with the increase in thickness. The various thicknesses of 8.4, 8.5, and 8.8 

mm show RL≥ -20 dB frequency band. 

An RL=-18.29 is obtained at 9.3 mm with a matching frequency of 12.40 GHz in x=0.2 

Fig. 4.116 (a, c). The thicknesses from 8.8 mm to 10.0 mm possess RL ≥ -10 dB with 

respective values of RL=-10.50 dB at 12.40 GHz and RL=-11.29 dB at 11.64 GHz 

respectively. In association with matching frequency, RL peak shifts to low frequency 

with the enhancement in the thicknesses. The largest -10 dB frequency band among all 

the thicknesses ranging from 11.56-12.40 GHz is obtained at 9.7 mm in this composite. 

In composition x=0.6, the highest RL of -45.98 dB at 9.80 GHz for a thickness of 4.8 mm 

is observed. This composition possesses an RL ≥ -10 dB frequency band ranging from 

8.45-12.40 GHz for a thickness from 3.6 to 10.0 mm Fig. 4.117 (a, c, e, g). 

Corresponding to the matching frequency RL peaks shifted towards low frequency for 

low thicknesses, however, at high thicknesses, it moves to high frequency. RL ≥ -20 dB 

frequency band is also observed in this composition at thicknesses of 4.7, 4.8, 4.9, 5.0, 

and 5.1 mm. 

The simulated thickness (tm
sim) and calculated thickness (tm

cal) were compared to 

explain the relation between RL peaks and the λ/4 mechanism. The graphs of the 

calculated thickness in the observed range are demonstrated in Fig. 4.115 (b, d, f, h), 

4.116 (b, d), and 4.117 (b, d, f, h). For the comparison lines from RL peaks are brought 

to thickness versus frequency graphs. The composition x=0.0 and x=0.6 matches the 

nλ/4 mechanism for n=1 and 3, while in composition x=0.2 it is satisfied for n=3. The 

quarter-wavelength mechanism originates -10 dB bandwidths in all the compositions 

as given in Table 4.26. -10/-20 dB RL bands are obtained in composition x=0.0 from 

3.5 to 9.2 mm. For this composition maximum bandwidth of 1.51 GHz associated with a 
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-10 dB band is observed at 9.2 mm thickness with the respective band of 10.72-12.23 

GHz. Besides this, broad bandwidths of 1.43, 1.43, 1.35, 1.34, and 1.26 GHz are also 

obtained in this composition at the respective thickness of 3.7, 9.0, 3.5, 3.9, and 8.8 mm 

respectively. An RL ≥ -20 dB bandwidth of 0.25 GHz at 8.5 mm thickness and 12.32 

GHz matching frequency is also obtained. Also, a bandwidth of 170 MHz at 8.4 and 8.8 

mm corresponding to RL ≥ -20 dB is achieved. 

The composition x=0.2 has its maximum -10 dB bandwidth of 0.84 GHz from 11.56-

12.40 GHz at the thickness of 9.7 mm. Bandwidths of 0.76, 0.67, 0.59, and 0.59 GHz are 

also obtained at the thicknesses of 9.6, 9.4, 9.3, and 9.2 mm respectively.  The 

composition x=0.6 has the highest bandwidth of 1.68 GHz for a low thickness of 4.1 

and 4.4 mm with a -10 dB frequency band of 9.71-11.39 and 9.29-10.97 GHz 

respectively. Besides this, the broad bandwidth of 1.60, 1.43, 1.43, 1.35, 1.34, 1.34, and 

1.26 GHz are achieved at a thickness of 5.4, 5.1, 5.0, 4.9, 4.8, 3.6, and 4.7 mm. The 

highest RL ≥ -20 dB bandwidth of 0.50 GHz at 4.9 mm thickness and 9.71 GHz matching 

frequency is also obtained. RL ≥ -20 dB bandwidths of 0.42, 0.42, 0.33, and 0.25 GHz at 

respective thicknesses of 4.8, 5.0, 4.7, and 5.1 mm are also observed in this composition. 

Table 4.26. RL with matching thickness/frequency, BW, and PBW for 

SrCoxZrxFe12-2xO19/PANI. 

x Max. 

RL 

(dB) 

Matc

hing 

Thic

kness 

(mm) 

Match

ing 

Frequ

ency 

(GHz) 

10 dB band 

(GHz) 

-10 dB 

BW 

(GHz) 

-20 dB 

band (GHz) 

-20 dB 

BW 

(GHz) 

BTR PBW 

(%) 

0.0 -13.25 3.5 9.88 9.29-10.64 1.35 - - 1.171 13.664 

-13.19 3.7 9.80 8.79-10.22 1.43 - - 1.291 14.592 

-12.77 3.9 9.04 8.54-9.88 1.34 - - 1.221 14.823 

-18.53 8.4 12.4 11.73-12.40 0.67 12.23-12.40 0.17 0.165 5.403 

-18.19 8.5 12.32 11.56-12.40 0.84 12.15-12.40 0.25 0.207 6.818 

-17.45 8.8 11.90 11.14-12.40 1.26 11.81-11.98 0.17 0.311 10.588 

-16.67 9.0 11.73 10.97-12.40 1.43 - - 0.350 12.191 

-15.59 9.2 11.48 10.72-12.23 1.51 - - 0.376 13.153 

0.2 -13.61 9.0 12.40 11.98-12.40 0.42 - - 0.094 3.387 

-17.53 9.2 12.40 11.81-12.40 0.59 - - 0.131 4.758 

-18.29 9.3 12.40 11.81-12.40 0.59 - - 0.130 4.758 
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-17.42 9.4 12.32 11.73-12.40 0.67 - - 0.147 5.438 

-14.31 9.6 12.06 11.64-12.40 0.76 - - 0.165 6.344 

-13.14 9.7 11.98 11.56-12.40 0.84 - - 0.181 7.012 

0.6 -12.08 3.6 11.14 10.64-11.98 1.34 - - 0.876 12.029 

-13.79 4.1 10.64 9.71-11.39 1.68 - - 1.112 15.789 

-16.30 4.4 9.96 9.29-10.97 1.68 - - 1.124 16.867 

-27.81 4.7 9.88 9.04-10.30 1.26 9.63-9.96 0.33 0.864 12.753 

-45.98 4.8 9.80 8.96-10.30 1.34 9.54-9.96 0.42 0.908 13.673 

-30.97 4.9 9.71 8.87-10.22 1.35 9.46-9.96 0.50 0.912 13.903 

-24.98 5.0 9.63 8.79-10.22 1.43 9.38-9.80 0.42 0.955 14.849 

-22.44 5.1 9.46 8.70-10.13 1.43 9.38-9.63 0.25 0.955 15.116 

-17.25 5.4 9.29 8.45-10.05 1.60 - - 1.047 17.223 

-15.85 9.8 12.15 11.39-12.40 1.01 - - 0.219 8.313 

-15.53 10.0 11.98 11.31-12.40 1.09 - - 0.233 9.098 

4.6.5.4 Impedance matching mechanism 

The input impedance of the material (Zin) is different from that of the free space (Zo=377 

Ω) due to the different permittivity/permeability. The difference between these two 

affects the absorption characteristics of the material. Due to this mismatch, the major 

part of the incident signal gets reflected from the surface of the material and less portion 

enters the material. However, with impedance matching major portion of the signal 

travels into the material and gets absorbed by the material. Hence analysis of the 

impedance matching mechanism becomes essential for the development of an effective 

absorber. 

The graphs of reflection loss and impedance i.e. │Zin│ with frequency for the 

composites are displayed in Fig. 4.118. Table 4.27 enlists the values of Zin 

corresponding to the maximum reflection loss of the different compositions. Impedance 

matching is satisfied in composition x=0.0 and x=0.6 for their highest RL peaks while 

there is a deviation in compositions x=0.2 and x=0.6 at few frequencies. An RL peak 

of -18.53 dB at 12.40 GHz for 8.4 mm observed in the composition x=0.0 has a 

corresponding value of Zin=298.88  which is close to Zo=377 Ω. The highest RL peak 

of RL=-45.98 at 9.80 GHz in composition x=0.6 has Zin=380.60  which is in 
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proximity to Zo=377 Ω.  Composition x=0.2 there is a discrepancy with │Zin│ as there 

is an RL peak of -18.29 dB at 12.40 GHz with Zin=473.75  while there is no RL peak 

at 11.64 GHz with a Zin=382.79  which is more close to Zo=377 Ω than Zin=473.75 

. Similarly in composition x=0.6 at 10.47 GHz no RL peak is present with Zin=362.39 

.  

This deviation is due to the complex nature of │Zin│involving real and imaginary terms 

Zreal and Zimg. That’s why, Zreal and Zimg are determined and plots of Zreal and Zimg are 

plotted as given in Fig. 4.119. The determined values of Zreal and Zimg are listed in Table 

4.27. For the successful implementation of the impedance matching the impedances of 

the material must follow exactly/nearly the criteria of 377 Ω and/or 0. From Table 4.27 

it can be noted that the highest RL=-45.98 dB at 9.80 GHz obtained in x=0.6 follows 

this condition with Zreal=380.60 Ω & Zimg=1.22 Ω which are close to 377 Ω and 0. For 

composite x=0.2 no RL peak at 11.64 GHz with a Zin=382.79  is due to Zreal=293.17 

Ω, Zimg=246.12 Ω which are far away from Zreal=377 Ω, Zimg=0 criteria. In the same 

way for composition x=0.6, no RL peak at 10.47 GHz with Zin=362.39  dB is due to 

Zreal=276.54 Ω and Zimg=-234.21 Ω. 

Thus it can be summarized that the discrepancies observed in x=0.2 and x=0.6 are due 

to the mismatch in obtained Zreal/Zimg values from the required Zreal/Zimg values of 377 

Ω and/or zero. The doping of Co-Zr has enhanced the input impedance Zin (Zreal and 

Zimg). 
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Fig. 4.118 Zin and RL curve against frequency for SrCoxZrxFe12-2xO19/PANI. 

 

Fig. 4.119 Zreal, Zimag, and RL v/s frequency for SrCoxZrxFe12-2xO19/PANI. 
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Table 4.27. Zin, Zreal, and Zimag values corresponding to RLmax for SrCoxZrxFe12-

2xO19/PANI. 

x  RL 

(dB) 

Matching 

Thickness 

(mm) 

Matching 

Frequency 

(GHz) 

|Zin| 

(Ω) 

Zreal  

(Ω) 

Zimg  

(Ω) 

0.0 -18.53 8.4 12.40 298.88 298.47 15.55 

0.6 -18.29 9.3 12.40 473.75 471.98 40.96 

1.0 -45.98 4.8 9.80 380.60 380.60 1.22 

 

4.6.5.5 Role of Electromagnetic/Material Parameters 

No doubt, the λ/4 mechanism, and input impedance matching have their roles in 

absorption, however, the dielectric/magnetic losses (𝜀), (µꞌꞌ) due to the complex 

nature of permittivity/permeability also contribute to the absorption which also requires 

an investigation.   

The contribution of relaxation peaks observed in ε and µꞌꞌ to absorption can be 

understood as: ε peak at 9.54 GHz in composition x=0.0 attribute to an RL =-12.57 dB 

at 9.54 GHz for 3.7 mm; in x=0.6 the RL=-30.97 dB at 9.71 GHz with the thickness of 

4.9 mm correspond to ε peak at 9.71 GHz; composition x=0.0 has an RL=-13.25 at 3.5 

mm attributing µꞌꞌ peak at 9.88 GHz; a µꞌꞌ peak at 12.06 GHz correspond to RL=-14.31 

dB at 9.6 mm and the maxima in µꞌꞌ at 12.40 GHz attribute to the maximum RL=-18.29 

dB in composition x=0.2. Hence dielectric and magnetic loss are contributing for 

absorption in the prepared composites. 

4.6.5.6 Eddy Current Loss 

Eddy current loss in ferrites also has an impact on absorption. The formula used to 

determine the eddy current loss is given in Eq. 4.4.  

When C0 does not vary with the frequency increment it shows it is contributing to 

absorption. Hence to evaluate the role of it the plot of C0 versus frequency has been 
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plotted as given in Fig. 4.120. There is a flat line in all the compositions showing 

constant values of C0 for change in frequency which indicates the role of eddy current 

loss in the absorption of ferrite composites. 

 

Fig. 4.120 C0 versus frequency curve for SrCoxZrxFe12-2xO19/PANI. 

4.6.5.7 Bandwidth to Thickness Ratio 

Besides RL-10 dB, the broad bandwidth with less thickness is an important factor in 

the design and characterization of an absorber. After achieving the desired RL-10 dB 

benchmark, one should aim at achieving low thicknesses, rather than only increasing 

reflection loss. Hence, BTR and PBW are determined from Eq. 4.5 and 4.6. 

The doping of Co-Zr in PANI composites increased BTR as can be seen in Table 4.26. 

In composition x=0.0 the largest BTR of 1.291 at 9.80 GHz with RL=-13.19 dB is 

obtained. A high BTR of 1.222 at 9.04 GHz with RL=-12.77 dB and 1.171 at 9.88 GHz 

with RL=-13.25 dB are also observed in this composition. Comparatively small 

BTR=0.181 at the frequency of 11.98 GHz with RL= -13.14 dB is obtained in x=0.2. 

In composite x=0.6, the highest BTR of 1.124 is achieved at 4.4 mm thickness. The 

high BTR of 1.112, 1.047, 0.955, 0.955, and 0.912 are obtained at thicknesses of 4.1, 

5.4, 5.0, 5.1, and 4.9 mm. There is an increase in percentage bandwidth with the 

increase in Co-Zr dopant. The composition x=0.0 has its maximum PBW=14.823 at 3.9 



238 
 

mm. Also high PBW=14.592. 13.664, and 13.153 are observed at 3.7, 3.5, and 9.2 mm 

thickness. The highest PBW of 17.22 for the thickness of 5.4 mm is obtained in 

composition x=0.6.  The high PBW of 16.87, 15.79, 15.12, 14.85, and 13.90 are also 

achieved in this composition. 

4.7 Application areas for developed absorbers 

Thus, based on the investigation done in the research work, it can be concluded that the 

objective of the research work which was to develop an efficient RF absorber has been 

achieved successfully. The developed ferrites and their composites showed good 

absorption. The SrCoxZrxFe12-2xO19/PANI composites gave the highest absorption with 

-45.98 dB with a low thickness of 4.8 mm. SrCoxNixFe12-2xO19/PANI composites 

provide a -41.39 dB reflection loss at 5.4 mm. The application of microwave absorbers 

is well-known in anechoic chambers. An anechoic chamber is a room that is free from 

the reflection/echo of the signals. The walls and floor are designed using absorbers 

which absorb the unwanted signal. Antenna testing is performed in anechoic chambers 

as the reflected signals during testing affect the testing process as these will work as 

source signals which will affect the performance of the antenna. As we have developed 

absorbers having thin thicknesses, these can be used in the form of tiles on the 

floor/walls of an anechoic chamber.  

X-band radars are the radars that use X-band spectrum i.e. 8.2 to 12.4 GHz. Due to the 

short wavelength (3.75-2.42 cm), these radars are utilized in weather monitoring and 

air traffic control. Besides that, they are also used in sea navigation and ship traffic 

control. The electromagnetic signal from these radars causes interference in the 

electronic devices in the surroundings. Since we have developed the absorbers for the 

X-band frequency range these can be utilized at these places to protect those devices. 

Besides the radar application, the X-band is also used in satellite communication for 

example Sknet, XTAR-EUR, and Spainsat are the satellites that use X-band. The 

meteorological satellite uses this frequency band for weather monitoring. The 

frequency range of 10.0-10.5 GHz is used for amateur radio operations, as well as the 

range from 10.45-10.5 GHz is utilized for amateur satellite operations. Both the ranges 

come under our investigated frequency range and the designed absorbers can be utilized 

to reduce electromagnetic interference in this sector. 
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Terrestrial communication uses a frequency range of 10.15-10.7 GHz for terrestrial 

broadband. This frequency range comes under the X-band frequency range for which 

the absorbers are designed in this research work. So another application of the 

developed absorbers can be in this field. Stealth technology is another major field of 

application for microwave absorbers. In this technology, the aircraft is covered with 

material that absorbs the incident signal and no reflection of the signal happens and the 

aircraft becomes untraceable by the Radar. When the radio signal fall on the aircraft 

they get absorbed and not reflected back to the Radar and hence radar can not detect 

the aircraft. The prepared ferrite SrCoxZrxFe12-2xO19 showed a reflection loss of -15.9 

dB at 0.3 mm and -14.74 dB at 0.4 mm while a -34.87 dB at 1.9 mm thickness. These 

absorbers can be used in the form of paint which can be used for coating any device to 

make it free from reflections. The developed absorber can also be used in the textile 

industries to develop EMI-shielded cloth. 

4.8 Limitations of research work 

In this research the 3D materials could be used as a filler material for better 

performance, however, due to the high cost limitation these materials are not used. 

Another limitation in the research is the unavailability of instrument for higher 

frequency band due to which parameter are measured only on X-band, however, 

measurement can be done on higher bands like K, Ka and Ku bands. Free space 

communication analysis has not been done due to the unavailability of set up. 
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CHAPTER 5 

SUMMARY AND CONCLUSION 

M-type hexaferrites with chemical composition SrCoxZnxFe12-2xO19 have been 

synthesized successfully. The gist of the investigated work: The M-phase formation 

without any secondary phase has been validated using X-ray diffraction. Morphological 

analysis reveals that the sizes of synthesized ferrites are in the range of nanoparticles. 

The increase in the content of Zn and Co causes the formation of honeycomb-like grain 

structures. The crystallite size of prepared hexaferrite compositions ranges between 

40.66 to 26.42 nm, among these the composition x=1.0 has the smallest crystallite size 

of 26.42 nm. The dielectric constant and dielectric loss of prepared ferrites follow the 

Verwey-De Boer hopping mechanism and Maxwell-Wagner model. Compositions 

x=0.2 has the highest and x=0.4 owe the lowest value of dielectric constant =35.97 

and =17.35 respectively at 100 Hz. 

Cole-Cole plots of electric modulus displayed semi-circles in accordance with loss 

tangent peaks. The semicircle in undoped composition x=0.0 lies almost equally along 

high as well as low-frequency regions, hence both grains and grain boundaries are 

responsible for charge transport. The doping of Co-Zn (x=0.2, 0.6, 0.8, and 1.0) shifts 

the arc towards a low-frequency regime while for x=0.4 it is toward high-frequency. 

This trend indicates that grains contribute more in composition x=0.4, while grain 

boundaries are dominant in the rest of the compositions. The asymmetric and broad 

peaks of M″ indicate the non-Debye type behavior. Shifting of peaks toward the high-

frequency area indicates a reduction in relaxation time. The decrease in ac conductivity 

with Co-Zn doping is noticed at low frequency which is because of the reduction in 

electron hopping for Fe3+ and Fe2+. Simulated curves are aligned with the measured 

curves; on the other hand, derived parameters from EIS validate the micrographs. The 

band gaps of the developed compositions x=0.0 to 1.0 are 2.68, 2.82, 2.56, 2.86, 2.71, 

and 2.58 eV respectively. The highest coercivity Hc=6263 Oe is obtained in x=0.0 

which decreased to 948 Oe in x=1.0, however, the saturation magnetization varies non-

monotonically. 
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The prepared hexaferrite SrCoxZnxFe12-2xO19 shows very good microwave 

absorption characteristics. The microwave absorption has been enhanced due to the 

doping of Co-Zn. The high reflection loss is observed for x=0.2, 0.4, 0.8, and 1.0 

associated with permittivity/permeability losses, eddy current losses, λ/4, and 

impedance matching criteria. RL of -41.72 dB with a low 1.9 mm thickness is achieved 

in x=1.0. Also, a wide bandwidth of 2.02 GHz is obtained for the same thickness. The 

composition x=1.0 has a large BTR of 2.478 at 11.81 GHz for 1.9 mm, while a PBW 

of 17.87% at 2.0 mm. Thus the tuning of absorption can be opted by varying RL peak 

at the required frequency and wide absorption bandwidth can be achieved with the 

variation in thickness, doping level, and impedances. 

M-type ferrites with the chemical formula SrCoxNixFe12-2xO19 were synthesized 

successfully. X-ray diffractograms illustrate the development of a magnetoplumbite-

type structure with no secondary phase. The inclusion of Co–Ni formed a needle-shaped 

grain structure. The smallest crystallite size of 23.24 nm is obtained in composition 

x=0.8. The conductivity relaxation is observed in Cole-Cole plots of electric modulus 

in agreement with loss tangent peaks. The non-Debye type relaxation is shown by the 

asymmetric and broad peaks of M″. A reduction in relaxation time is caused as the 

peaks are shifting toward the high-frequency region. The simulated results from EIS 

are in agreement with the measured parameters. The band gaps of the prepared 

compositions x=0.0 to 1.0 are 2.68, 2.54, 2.92, 2.90, 2.89, and 3.01 eV respectively. 

The coercivity drops from 5710 to 1974 Oe with the doping, however, Ms varies non-

monotonically with the doping.  

The prepared hexaferrite SrCoxNixFe12-2xO19 shows very good microwave 

absorption characteristics. The microwave absorption has been enhanced due to the 

doping of Co-Ni. The high reflection loss is observed in all the compositions associated 

with dielectric/magnetic losses, eddy current loss, λ/4, and impedance matching 

criteria. The highest RL of -37.46 dB at a thickness of 8.0 mm is obtained in 

composition x=0.8. It is observed that doping of Co-Ni has enhanced the bandwidth. 

The large bandwidth of 1.35 GHz is achieved in composition x=1.0. The composition 

x=1.0 also possesses the highest BTR of 1.211 at 9.88 GHz and PBW of 12.44% at 8.3 
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mm. Thus the absorption can be tuned and a wide bandwidth can be obtained by 

changing the doping level, and thickness. 

Synthesis and investigation of parameters of prepared M-type hexaferrites with the 

chemical composition SrCoxZrxFe12-2xO19 has been performed successfully. The 

essence of the investigation is as follows: M-type hexagonal ferrite structure was 

validated by X-ray diffraction analysis. Morphology illustrates that the prepared 

hexaferrites are in the nanoparticle range. The Co-Zr doping causes the development of 

needle-shaped grain structures. The smallest crystallite size of 29.77 nm is obtained in 

composition x=1.0. All compositions showed semi-circles in the Cole-Cole plots of 

electric modulus in compliance with loss tangent peaks. A non-Debye type relaxation 

is confirmed by the asymmetric and broad peaks of M″. A reduction in relaxation time 

may occur due to the shifting of the peak toward the high-frequency regime. The 

conductivity (σ) follows the Jonscher power law with a transition from the flat plateau 

σdc to a dispersive σac. There is an enhancement in ac conductivity with the inclusion 

of Co-Zr content. The simulated and measured curves are in good agreement. The 

simulated parameters obtained using EIS software are validated through micrographs, 

dielectric constant, and electric modulus. The band gaps of the prepared compositions 

x=0.0 to 1.0 are 2.68, 2.34, 2.81, 2.10, 2.91, and 2.42 eV respectively. Hc drops from 

6236 to 2348 Oe (x=0.0-1.0).  However, saturation magnetization varies non-

uniformly. 

The investigation of microwave absorption characteristics of SrCoxZrxFe12-

2xO19 has been carried out based on λ/4, impedance matching, magnetic/dielectric 

losses, and eddy current loss. The prepared hexaferrites have shown very good 

microwave absorption characteristics. The doping of Co-Zr has enhanced the 

absorption characteristics of the prepared ferrites. A high RL is obtained in all the 

compositions. The highest RL=-37.69 dB for a small 2.9 mm thickness at 11.31 GHz 

is obtained in composition x=1.0. Co-Zr dopants have reduced the bandwidth but the 

bandwidth-to-thickness ratio is increased by doping. The highest bandwidth of 1.09 

GHz is obtained in composition x=0.0. The highest BTR of 0.747 at 10.47 GHz is 

observed in x=0.8. 

The micrographs of the SrCoxZnxFe12-2xO19/PANI composites show the development 

of fused grains with the inclusion of Co-Zn. The  and ′′ follow the Maxwell-Wagner 
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model. The composition x=0.0 has the highest and x=1.0 has the lowest dielectric 

constant =770.9 and =245.0 respectively.  The Cole-Cole plots of electric modulus 

show conductivity relaxation. The asymmetric and broad peaks of M″ indicate the non-

Debye type relaxation. An increase in relaxation time is caused as the peaks are shifting 

toward the low-frequency regime. A dielectric relaxation is also shown by asymmetric 

peaks of Z″. The decrease in ac conductivity with Co-Zn doping is observed at low 

frequency which is because of the decay in electron hopping of Fe3+ and Fe2+. The band 

gaps of the prepared compositions x=0.0, 0.6, and 1.0 are 2.15, 1.56, and 1.47 eV 

respectively. Coercivity decreased from 5679  to 987 Oe while Ms decreased from 47.8 

to 32.8 emu/g. 

 The prepared SrCoxZnxFe12-2xO19/PANI composites possess good microwave 

absorption characteristics. The doping of Co-Zn has reduced the absorption by reducing 

reflection loss in PANI composites. The high RL is obtained in x=0.0, 0.6, and 1.0 

associated with dielectric/magnetic losses, eddy current loss, λ/4, and impedance 

matching. The highest RL of -18.53 dB at  8.4 mm thickness is obtained in x=0.0. Also, 

a large 1.51 GHz bandwidth is obtained at 9.2 mm thickness. BTR of 1.291 at 9.80 GHz 

and 1.222 at 9.04 GHz for 3.7 mm and 3.9 mm is acquired. The highest PBW of 14.82% 

is at 3.9 mm. Hence, it can be concluded that the absorption can be tuned by varying 

thickness, dopants, and impedance. 

The micrographs of the SrCoxNixFe12-2xO19/PANI composites show the development of 

large fused grains with the inclusion of Co-Ni. The  and ′′ follow the Maxwell-

Wagner model. The composition x=1.0 has the highest and x=0.6 has the lowest 

dielectric constant =898.7 and =280.7 respectively.  The Cole-Cole plots of electric 

modulus show semicircles as per the non-Debye relaxation.  The dielectric relaxation 

is shown by the asymmetric peaks of Z″. The increase in ac conductivity with Co-Ni 

doping is observed which is due to the improvement in the grain connectivity. The band 

gaps of the compositions x=0.0, 0.6, and 1.0 are 2.15, 1.54, and 1.39 eV respectively. 

Hc reduces from 5679 Oe to 1882 Oe with doping while a non-monotonous change in 

Ms. 

SrCoxNixFe12-2xO19/PANI composites show good microwave absorption 

characteristics. The doping of Co-Ni has enhanced the absorption characteristics by 

improving reflection loss in the prepared composites. In association with 
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dielectric/magnetic losses and eddy current loss high RL is obtained in compositions 

x=0.0, 0.6, and 1.0. The highest RL of -41.39 dB at a 5.4 mm thickness is obtained for 

composition x=1.0. The broad bandwidth of 1.93 GHz with the RL band ranging from 

10.47-12.40 GHz is achieved in x=1.0. A -20 dB bandwidth of 0.76 GHz is obtained at 

5.4 mm in composition x=1.0. The highest BTR of 1.291 at 3.7 mm thickness is 

acquired in composition x=0.0. The highest PBW of 15.57 % is obtained in composition 

x=1.0. On the final note, it can be stated that the absorption can be varied according to 

doping levels, thicknesses, and impedance. 

The micrographs of the SrCoxZrxFe12-2xO19/PANI composites portray the platelet-type 

grain structure with the inclusion of Co-Zr. The composition x=0.6 has the highest and 

x=0.2 has the lowest dielectric constant =7273.1 and =54.1 respectively.  The 

conductivity relaxation is shown by the Cole-Cole plots of the electric modulus. The 

asymmetric and broad peaks of M″ indicate the non-Debye type nature. Shifting of peak 

toward the high-frequency is observed which signifies a reduction in relaxation time. 

Z″ possesses asymmetric peaks following the dielectric relaxation. The ac conductivity 

increases with the doping of Co-Zr. The band gaps of the prepared compositions x=0.0, 

0.2, and 0.6 are 2.15, 1.63, and 1.37 eV respectively. The coercivity decreases with 

doping from 5679 to 2483 Oe, however, Ms increased with doping. 

 SrCoxZrxFe12-2xO19/PANI composites show good microwave absorption 

characteristics. The doping of Co-Zr has increased microwave absorption in terms of 

reflection loss in the prepared PANI composites. The high RL is acquired by 

compositions x=0.0, 0.2, and 0.6 associated with λ /4, impedance matching criteria, 

dielectric/magnetic losses, and eddy current loss. The highest RL of -45.98 dB at 4.8 

mm thickness is obtained in composition x=0.6. The 1.68 GHz broad bandwidth is 

obtained at a thickness of 4.1 and 4.4 mm in composition x=0.6. A BTR of 1.124 at 

9.96 GHz at the thickness of 4.4 mm is obtained. The high PBW of 17.22 % at the 5.4 

mm thickness is obtained. On the final note, it can be stated that the absorption can be 

tuned by changing doping levels, thicknesses, and impedance. 

The research focuses on the development of the ferrite composite-based RF absorber. 

In the present article, PANI is used to prepare the composite material, further different 

polymers such as polypyrrole, epoxy resin, 3D materials, biomass, etc. can be used to 
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tune the performance metrics and a comparative investigation can be performed. 

Furthermore, research with different frequency bands can also be performed. 
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