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Abstract 

Nowadays, the proliferation of wireless communication technology and nano-

electronic devices operating within the high-frequency range has led to a growing global 

problem of electromagnetic (EM) pollution. This excessive emission of EM waves has 

become a severe concern that adversely affects human health, national defense, and security. 

So, the quest of this issue prompts the researchers to synthesize an efficient and reliable EM 

suppressor i.e., microwave absorber, capable of attenuating or absorbing the intensity of 

unwanted radiation. An efficient microwave absorber requires better impedance matching, 

regulation of electromagnetic properties, low cost, broad absorption bandwidth, and the 

development of large dielectric/magnetic loss mechanisms. Therefore, our study is based on 

M-type hexaferrite, a magnetic material with appreciable saturation magnetization, and it is 

not possible for pure M-type hexaferrite to fulfill the above-mentioned characteristics of a 

microwave absorber. So, we need to focus on substituted M-type hexaferrite and their 

composites with spinel ferrites, a material with low coercivity, low cost, and polyaniline 

having a high dielectric constant. In this study, we synthesized divalent substituted M-type 

hexaferrite [Sr𝐶𝑜𝑥𝑍𝑛𝑥𝐹𝑒(12−2𝑥)𝑂19 (0.4≤ 𝑥 ≤2.0) and SrCo1.5zCd0.5zFe12.-2zO19 (0.2≤ 𝑧 ≤

 1.0)] and trivalent substituted M-type hexaferrite [Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19 (0.0≤ 𝑧 ≤  0.5) 

and Sr(CoCr)xFe(12-2x)O19 (0.0≤ 𝑥 ≤1.0)] using sol-gel auto-combustion methodology. 

Composites of divalent/trivalent substituted hexaferrite [Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19 (80%) + 

Fe3O4 (20%) (0.0≤ 𝑧 ≤  0.5), Sr𝐶𝑜𝑥𝑍𝑛𝑥𝐹𝑒(12−2𝑥)𝑂19 (80%) + PANI (20%) (0.4≤ 𝑥 ≤2.0) ,  

Sr(CoCr)xFe(12-2x)O19 (80%) + CoFe2O4 (20%) (0.0≤ 𝑥 ≤1.0) and SrCo1.5zCd0.5zFe12.-2zO19 

(80%) + PANI (20%) (0.2≤ 𝑧 ≤ 1.0)]. 

 

The synthesized samples were characterized to investigate the structural, 

morphological, dielectric, electrical, hysteresis, and microwave absorption properties. To 

investigate the mentioned properties, various techniques were employed such as X-ray 

Diffraction (XRD), Field Emission Scanning Electron Microscopy (FESEM), Fourier 

Transform Infrared Spectroscopy (FTIR), Energy Dispersive X-ray Analysis (EDX), 

Impedance Analyzer, Vibrating Sample Magnetometer (VSM), Mössbauer analysis, and 

Vector-Network Analyzer (VNA). 

 

M-type hexaferrite substituted with cobalt and lanthanum with composition 

Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19 (0.0≤ 𝑧 ≤ 0.5) were synthesized by auto-combustion Sol-gel 
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methodology. XRD study indicates that prepared specimens exhibit a hexagonal 

magnetoplumbite phase without any secondary peak. FTIR spectra revealed the existence of 

an absorption band in the IR range of 600-380 cm-1, which was predicted to be due to Fe-O 

vibrations. The micrographs showed an enhancement in the inter-grain connectivity of grains 

with substitution. Both dielectric constant/loss tangent parameters were found to be decreased 

non-linearly with substitution in the low-frequency region. Analysis of Mössbauer depicts 

that the substituents tend to occupy spin-up 12k-2a sites of crystal lattice from z = 0.0 to z = 

0.3, which may elucidate the decrease observed in magnetization. The coercivity gradually 

decreases from z = 0.0 (5026.54 Oe) to z = 0.5 (862.47 Oe). The saturation magnetization 

initially decreases with substitution from z = 0.0 to 0.3 and then increases for z = 0.4 and 0.5 

samples. Composition z = 0.2 displayed the optimal values for Zreal (0.997) and Zimg (0.010), 

resulting in the highest REL (-45. 61 dB) at 8.98 GHz with 8.1 mm thickness and a wide 

absorption bandwidth of 0.86 GHz.  

 

The M-type hexaferrite with composition Sr(𝐶𝑜𝐶𝑟)𝑥𝐹𝑒(12−2𝑥)𝑂19 (0.0≤ 𝑥 ≤ 1.0) 

were synthesized using auto-combustion sol-gel methodology. XRD confirms the presence of 

magnetoplumbite structure without the occurrence of any secondary phases. The substitution 

of Cr-Co ions in a crystal lattice resulted in a meager decrease in lattice constant value ‘a’ 

and a considerable decrease in lattice constant value ‘c’. Two prominent absorption peaks 

were observed in FTIR analysis in the range of 400- 600 𝑐𝑚−1. The loss tangent and 

dielectric constant of the Cr-Co substituted SrM hexaferrite were found to be increased with 

substitution. The conductivity relaxation is significantly improved with Cr-Co substitution. 

VSM analysis showed that Hc and Mr non-linearly decreased in substituted samples. 

According to VNA results, the REL of the Co-Cr substituted strontium hexaferrite with 8.4 

mm thickness was -36.7 dB at 9.23 GHz with an effective absorption bandwidth of 0.79 GHz.  

 

 Sr𝐶𝑜𝑥𝑍𝑛𝑥𝐹𝑒12−2𝑥𝑂19 (Co, Zn; x = 0.4, 0.8, 1.2, 1.6 and 2.0) powders were 

synthesized by the auto-combustion sol-gel method. Substitution of Co-Zn ions caused the 

formation of magnetoplumbite and a secondary phase (CoFe2O4) in the structure. Increasing 

the Co-Zn content ratio led to a non-linear increment in crystallite size ranging from 41.9 to 

49.8 nm. SEM micrographs depicted platelet-shaped hexagonal particles that were nano-scale 

in thickness and micro-scale in diameter. Sr𝐶𝑜0.8𝑍𝑛0.8𝐹𝑒10.4𝑂19  sample shows the minimum 

value of AC conductivity 3.95×10-5 Ω-1m-1 in the high-frequency region. The Cole-Cole plots 
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(𝑀′′ versus 𝑀′) reveal the existence of a single semicircular arc in the x = 0.0 sample, caused 

by the grain boundary contribution. The values of Ms and Mr in substituted samples were 

higher than the initial Ms = 75.26 emu/g and Mr = 26.95 emu/g at x = 0.0. The highest 

coercivity and saturation magnetization was observed as, 4159 Oe and 80 emu/g, 

respectively, for x = 2.0. The squareness ratio (Mr/Ms) of x = 1.6 and x = 2.0 samples, was 

observed to be greater than 0.5, elucidating the existence of single-domain particles. VNA 

results revealed maximum REL of the Co-Zn substituted strontium hexaferrite with 3.3 mm 

thickness was -47.26 dB at 18 GHz with an effective absorption bandwidth of (REL > -10 

dB) 3.3 GHz.  

 

A sol-gel combustion technique has been adopted to synthesize Co-Cd substituted 

SrM hexaferrite. The XRD of incorporated samples showed the magnetoplumbite structure, 

accompanied by some secondary phases of CoFe2O4. The crystallized size evaluated from the 

Debye-Scherrer formulation lies in the range of 40.75 to 46.46 nm. The morphological 

studies of the z = 0.6, 0.8, and 1.0 revealed the densification of grains which enhances the 

inter-particle contact. The energy dispersive spectra exhibited peaks of cadmium, cobalt, 

strontium, oxygen, and ferrite signifying the formation of Co-Cd substituted SrM hexaferrite. 

In the low-frequency region, both dielectric constant/loss tangent non-monotonically 

increased with Co-Cd substitution. Sample z = 1.0 shows the maximum value of AC 

conductivity 4.2×10-3 Ω-1m-1 in the high-frequency region. A large value of coercivity 

4273.50 Oe, 3612.63 Oe, and 4551.28 Oe was observed for z = 0.4, 0.6, and 1.0 samples, 

respectively with a squareness ratio greater than 0.5, indicating the existence of single-

domain particles. The maximum REL values obtained for C1, C2, C3, C4, and C5 are -41.4, -

54, -27.1, -29.3, and -31.6 dB at 10.11, 8.62, 16.37, 10.47, and 9.19 GHz, respectively.  

Lanthanum (La) and Cobalt (Co) doped hard Strontium ferrite (SrFe12O19): soft 

magnetite (Fe3O4) composites in (1:5 ratio by weight) with different levels of substitution 

from z = 0.0 to 0.5 were successfully synthesized. The XRD analysis of all composites 

revealed the simultaneous existence of hard (M-type) and soft (spinel) ferrite phases without 

any impurity peak and z = 0.0 (20% Fe3O4 of SrFe12O19) exhibited minor traces of 𝛼-Fe2O4. 

FESEM micrographs displayed well-distinguished particles of M-type and spinel ferrite in z 

= 0.0, and it was difficult to identify them in further substitution. The maximum conductivity 

relaxation obtained for z = 0.3, explained through the dense/closely packed grains, agreed 

with FESEM micrographs. A Fe3+ ions replacement with Co-La ions causes a reduction in 
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conductivity value and is maximum for z = 0.4 (3.26×10-5 Ω-1m-1) in the high-frequency 

region. Both saturation magnetization and remanent magnetization increased from z = 0.0 to 

z = 0.1, while further substitution to z = 0.5 caused a gradual decrease in both parameters. 

The VSM measurement exhibited an increment in Hc from z = 0.0 (607.79 Oe) to z = 0.2 

(3084.73 Oe), and it decreases to z = 0.5 (1589.40 Oe) with further substitution of Co-La 

ions. Switching field distribution plots (dM/dH against H) indicated the strong exchange-

coupling effect between hard/soft phases for z = 0.0, and insertion of Co-La ions causes 

abatement in this coupling. When z = 0.0 (SrFe12O19/Fe3O4), a maximum REL of -32.96 dB 

(8.9 mm) at 8.326 GHz and an absorption bandwidth of 0.60 GHz for REL > -10 dB are 

attained.  

 

Sr𝐶𝑜𝑥𝑍𝑛𝑥𝐹𝑒12−2𝑥𝑂19/PANI composites in 1:5 ratio by wt% with different levels of 

substitution from x = 0.0 to 2.0 were individually synthesized by sol-gel auto combustion and 

in-situ polymerization technique, respectively. XRD affirmed the existence of a hexagonal 

phase and PANI phase with minor traces of 𝛼-Fe2O4 in x = 0.0. The morphology of 

composites revealed disk flower-like and hexagonal platelet-type structures of PANI and 

hexagonal ferrite, respectively. Substitution of Co-Zn causes a non-linear increase in 

dielectric constant and loss tangent. The minimum conductivity relaxation obtained for x = 

0.0, is explained through the FESEM micrographs. The replacement of Fe ions with Co-Zn 

ions causes non-linear variation in conductivity and is maximum for x = 0.8 (1.33×10-2 Ω-1m-

1) in high-frequency regions. The two semi-circular arcs in x = 0.8 and a single semi-circular 

arc in x = 0.0, 0.4, 1.6, and 2.0 composites in Z'' vs. Z' Cole-Cole plots. The highest 

coercivity and saturation magnetization were observed as, 2293 Oe and 53.3 emu/g, 

respectively, for x = 0.4. Substitution of Co-Zn ions resulted in a non-linear increment in 

dielectric and magnetic loss. 

Sr(𝐶𝑜𝐶𝑟)𝑥𝐹𝑒(12−2𝑥)𝑂19/CoFe2O4 ferrite was individually fabricated via sol-gel auto-

combustion methodology and composites were prepared through physical blending method. 

Both the peaks of M-type hexaferrite and spinel ferrite had been observed in XRD patterns. 

FESEM revealed a platelet-shaped hexaferrite was encapsulated with spherical-shaped spinel 

ferrite. Both the electric modulus and impedance spectra exhibit non-Debye behavior in all 

composites. The saturation magnetization and coercivity decreased with substitution from x = 

0.0 to 1.0. Substitution increased reflection loss from -10 dB (x = 0.0) to -29.9 dB (x = 1.0).  
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SrCozCd0.5zFe12−2zO19/PANI composites were prepared in a 1:5 ratio by wt%. X-ray 

diffraction patterns displayed all reflection planes of M-type hexaferrite and a broad peak of 

PANI. The morphology of composites explored platelet-shaped M-type hexaferrite and disk 

flower-shaped PANI particles. Impedance parameters showed a shift in relaxation 

contribution from grain boundary to grains with substitution. Coercivity and saturation 

magnetization parameters derived from M-H loops gradually decrease (2620 to 745 Oe) and 

non-linearly increase (11 to 54 emu/g), respectively with Co-Cd substitution. Substitution of 

Co-Cd ions resulted in a non-linear increment in dielectric and magnetic loss. 
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CHAPTER 1 

INTRODUCTION 

 

The development in technological gadgets is associated with high-speed electronic 

devices, wireless communication, sensors, automatic control systems, radio antennae, and 

military platforms with stealth technology[1], [2]. In addition, an integrated circuit is used to 

manufacture miniature electronic devices that are smaller in size, more sophisticated, and 

larger in number [3]. These circuits increase the probability of generating unwanted radiation 

(electromagnetic interference) which harms the environment, the functioning of other 

electronic devices, and majorly human health[4], [5]. The electromagnetic waves (EM) waves 

(Fig. 1.1) generated by these high-frequency range electronic devices have been reduced or 

attenuated by absorbers through large dielectric/magnetic loss [6]. There is a need for 

knowledge about EM interference and for inexpensive materials that offer effective 

absorption from undesirable radiation [7], [8]. Communication systems rely on EM waves to 

transmit signals, which can be categorized based on their frequency band. One type of EM 

radiation is microwaves, which have wavelengths ranging from 1m to 1mm and frequencies 

between 300 MHz to 300 GHz. The different microwave frequency ranges designated by 

IEEE radar band designations, such as L (1-2 GHz), S (2-4 GHz), C (4-8 GHz), X (8-12 

GHz), Ku (12-18 GHz), K (18-26 GHz), or Ka (26-40 GHz) band [9].  

Various materials are used to absorb microwaves to enhance absorption performance in 

different bandwidths. In the quest for a solution to this problem, we need to synthesize an EM 

absorber that has low density, broad bandwidth, antioxidant capability, is lightweight, has 

excellent thermal stability, and is capable of absorbing EM radiation of several frequencies 

[10], [11]. A major advancement towards EM suppression has been achieved by developing 

composites comprising a blend of two or more distinct compounds [12], [13]. Over some 

time, researchers have demonstrated a keen interest in composites, dedicating considerable 

efforts to synthesizing materials that exhibit enhanced EM absorption characteristics, 

increased saturation magnetization, improved anisotropy constants, greater conductivity, high 

magnetic/dielectric loss, and other desirable attributes. These advancements make these 

composites better suited for a wide range of applications [14][15]. 
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Fig. 1.1. Electromagnetic waves (EM) [16], [17]. 

1.1 Electromagnetic Interference Phenomena 

Unwanted radiations are not solely hatched by electronic devices indeed, they also 

originate from various external sources such as radar and wireless communication disturbing 

the malfunctioning of electronic devices [18]. The prime goal of a microwave absorber (MA) 

is to reduce the intensity of high-frequency EM waves. The phenomena of microwave 

absorption are illustrated in Fig. 1.2. When high-frequency EM waves encounter the front 

surface of the shield, a portion of the wave gets reflected, while some portion is absorbed, 

and some is transmitted. To minimize wave absorption, it is essential to reflect a substantial 

part of waves from the front surface of the shield. Whereas the rest portion of the EM wave 

reaches the shield’s second surface, it undergoes multiple reflections, ultimately resulting in 

absorption, while the remaining portion is transmitted and reaches the electronic component. 

Magnetic absorbers are described by two characteristics: permittivity and permeability. Both 

permittivity/permeability measure the effect of the electric/magnetic field within the EM 

wave on the material. When an incoming wave strikes the material, it gets attenuated, and 

energy dissipates in the form of heat. The degree of dissipation primarily depends on the 

frequency of the wave and the material’s dielectric constant. Across different frequency 

ranges, the magnetic/dielectric characteristics of the material are affected by the EM absorber 

in numerous proportions [19][20]. 

 

1.1.1 Complex Permittivity/Permeability 

Complex permittivity determines the material’s ability to store electric potential 

energy under the influence of an electric field [21]. It is a complex quantity and is measured 
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by the ratio of the capacitance of a capacitor in the dielectric material to its capacitance in 

vacuum as dielectric which is called the dielectric constant. 

 𝜀∗= 𝜀′ - j𝜀"                                                                                                                                 

(1.1) 

Where real part, 𝜀′ refers to the amount of energy stored (i.e., lossless mechanism) and 

imaginary part 𝜀" refers to the dissipation of energy within the material (i.e., losses). A high 

value of dielectric loss implies maximum attenuation of the wave when it moves through the 

material.  

Complex permeability defines the material’s ability to allow electromagnetic flux to 

pass through it under the influence of the applied electromagnetic field [22]. The permeability 

arises due to the cause of the magnetic polarization of the material. It is a complex quantity 

and is written as [23]: 

𝜇∗= 𝜇′ - j𝜇"                                                                                                                            (1.2) 

Where the real part, 𝜇′ refers to the energy stored, and the imaginary part 𝜇 " refers to 

magnetic loss. The high value of magnetic loss implies maximum attenuation of the wave 

when it moves through the material. The magnetic loss encompasses domain wall resonance, 

ferromagnetic resonance, hysteresis attenuation, and eddy currents. It is well established that 

domain wall resonance typically occurs around the 1-2 GHz frequency range. The relation 

between magnetic loss and hysteresis parameters is given below [24]: 

𝜇" =  
𝑀𝑠

2𝐻𝑎𝛼
                                                                                                                             (1.3)    

Here, Ha = anisotropy field, 𝛼  = extinction coefficient, and Ms = saturation magnetization 

Both electric and magnetic components of EM waves participate in wavelength 

compression inside the material. Moreover, the energy of the wave gets attenuated, and loss 

occurs either in the electric or magnetic field because of the coupled EM wave nature. 

Permittivity/Permeability are the important parameters of most absorbers which depend upon 

the frequency and show a considerable variation with a small frequency range [25]. The 

material’s effect on the wave can be determined through the behavior of 𝜇∗and 𝜀∗over a 

frequency range. The units of permeability units are henrys/meter (H/m) and the permittivity 

are farads/meter (F/m).  
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1.1.2 Microwave Absorption  

The frequency-dependent microwave absorption phenomena of synthesized material 

can be analyzed with the reflection loss (REL). According to the theory of absorbing wall, 

REL can be written as [26]: 

REL (dB)= 20log|
𝑍𝑖𝑛−𝑍0

𝑍𝑖𝑛+𝑍0
|                                                                                                     (1.4)         

Based on transmission line theory, the normalized input impedance (𝑍𝑖𝑛) at the interference 

can be expressed as: 

𝑍𝑖𝑛= 𝑍0(𝜇𝑟 𝜀𝑟)⁄ 1/2
tanh[𝑗

2𝜋𝑓𝑡(𝜇𝑟𝜀𝑟)1/2

𝑐
]                                                                                (1.5) 

Where 𝑍0 implies as characteristic impedance with value 377Ω, 𝑓 = EM wave frequency, t = 

thickness of the pellet, 𝜀𝑟 - complex permittivity, 𝜇𝑟 - complex permeability, and c = velocity 

of the EM wave (Vaccum). 

 

1.1.3 Impedance Matching Mechanism 

Impedance matching is an important aspect that affects the reflection loss (REL) or 

microwave absorption performance of material. Reflection loss (REL) depends on the 

impedance matching between the surrounding medium and material i.e., 
𝑍𝑖𝑛

𝑍0
 = 1. Even if a 

material has high dielectric/magnetic loss, it may not effectively match the impedance of free 

space, limiting reflection loss reduction.  When 
𝑍𝑖𝑛

𝑍0
 = 1, this signifies the condition of 

maximum signal absorption by the composition. The impedance described in Eq. 1.6 

possesses a complex nature, specifically Zin = Zreal +jZimg. In an ideal scenario, when 
𝑍𝑖𝑛

𝑍0
  = 1, 

means Zreal = 1, and Zimg = 0, all signals passing through the material are completely 

absorbed. However, in practical situations, 
𝑍𝑖𝑛

𝑍0
 is not equal to 1 (Zreal/ Zimg is not precisely 

close to 1, and or/0. These deviations from the ideal conditions result in a reduction in 

absorption efficiency. As a result, Zreal/ Zimg deviates further from 1 and or/0 absorption is 

reduced. 

 

1.1.4 Quarter-Wavelength Mechanism 

According to this mechanism, a microwave signal will be absorbed within the 

material, when the thickness of the material is equal to the odd integer multiple of wavelength 

(nλ/4), Mathematically [15], 

dm =  
𝑛.𝑐

4𝑓𝑚 √|𝜇𝑟𝜀𝑟|
   , Here n= 1, 3, 5………                                                                            (1.6)   
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where  dm = matching thickness,  𝑓𝑚  = matching frequency,   𝑛 = an integer, 𝑐 = velocity of 

light. 

1.1.5  Eddy Current Losses 

Eddy currents are closely associated with the skin effect within the material, and their 

prominence becomes more pronounced when dealing with microwave frequencies. At higher 

frequencies, the signal exhibits rapid variations in the time domain. This rapid fluctuation of 

the electric field induces a magnetic field with corresponding variations. These changes in the 

induced magnetic field, in turn, cause the generation of electric fields or eddy currents. These 

eddy currents, in opposition to the original electric current, act as impediments to the source 

signal (microwave signal) [27]. Consequently, they can result in substantial 

attenuation/absorption of the microwave signal. Mathematically,  

𝐶𝑜=𝜇"(𝜇′)−2𝑓−1= 2𝜋𝜇0𝜎t                                                                                                    (1.7) 

Where 𝜎 implies conductivity. 

 

Fig. 1.2. EMI phenomena [17]. 

1.2 Microwave absorbers 

Microwave-absorbing materials are predominantly designed to prevent the transmission 

or reflection of EM waves, which can be achieved by combining metal plates with dielectrics 

at specific intervals or wavelengths. The effectiveness of microwave absorbers relies on their 

material preparation, component arrangement, thickness, and absorption frequencies. All the 

advantages of an EM absorber are not fulfilled by a single material. So, we need to consider a 

composite of EM absorbers in which the matrix is embedded by some filler. Generally, filler 

involves one or more material that is responsible for absorption, and it controls how and at 

what frequency the material will absorb the electromagnetic wave [28][29]. For example, 

polyaniline, polypyrrole, wax, rubber, etc. On the other hand, matrix material will hold the 
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filler and protect it from mechanical and environmental damage. The matrix material is 

commonly selected for its physical properties such as weather resistance, flexibility, and 

temperature resistance.   

 

1.3 Types of Microwave Absorbers 

The microwave absorbers that are utilized to attenuate or absorb microwave radiation 

are categorized into two categories, as seen in Fig. 1.3: 

 

Fig. 1.3. Types of microwave absorbers 

 

1.3.1 Dielectric absorbers 

The prime objective of dielectric absorbers is to absorb EM radiation and convert it to 

heat through dielectric loss. These microwave absorbers are predominately utilized as high 

dielectric constant/loss tangents. The material having large dielectric loss stores a substantial 

amount of energy from incident EM waves, while the loss factor evaluates how much of that 

energy is lost in the form of heat. These absorbers have several advantages, such as ease of 

fabrication, low cost, and tunable absorption properties. However, the dubious nature of these 

absorbers at high temperatures and less effectiveness at lower frequencies are some of the 

limitations. Some examples of dielectric absorbers are ceramic composites, carbon nanotubes 

(CNT), Silicon rubber, Barium titanate (BaTiO3), and Polymers [30][31]. 

 

1.3.2 Magnetic absorbers 

Unlike dielectric absorbers that depend on dielectric loss, magnetic absorbers convert 

EM energy into heat through magnetic hysteresis and eddy current losses in the microwave 

frequency range. The magnetic absorbers usually consist of ferrites or some magnetic 

composites, exhibiting low coercivity and high magnetic permeability. These captivating 
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characteristics allow them to effectively absorb EM waves in the microwave range. Some 

notable examples of magnetic absorbers are ferrites and iron -particles [30][31]. 

Constant efforts are being made to synthesize better materials, easier to use, 

lightweight, broad absorption bandwidth, and are cost-effective while being natural and 

environmentally friendly. Therefore, EM wave absorbers with wide absorption bandwidth are 

a requirement today. In the present research, a scheme has been employed to synthesize such 

a type of composite. The prime components in the composites are divalent/trivalent 

substituted M-type hexaferrite, spinel ferrite, and polyaniline. 

 

1.4 Ferrites 

Ferrite has garnered global interest due to its exclusive combination of magnetic and 

insulating characteristics of the materials[32]– [35]. They are usually formed by combining 

iron and metal oxide material providing ferrimagnetic properties. They are primarily 

composed of iron oxide, and it has significant commercial importance due to their optical, 

magnetic, and electrical characteristics [36], [37]. Ferrites are visually dark grey or black and 

moderately hard and brittle. For iron, the term ferrite has been used, which originates from 

the Latin word, and it has different meanings in various metal technology and scientific 

contexts [38], [39]. Geologists describe ferrites as predominantly consisting of iron oxides, 

while electrical engineers anchored them as iron-based groups of materials known for their 

indispensable dielectric and magnetic properties [40]– [43]. 

 

1.5 History of ferrites 

Before the birth of Christ around the period of 800 BC, a naturally occurring magnetic 

material lodestone (Fe3O4), consisting of ore magnetite had been discovered. These stones 

were in the district of Magnesia in Asia Minor, so the mineral’s name became magnetite 

(Fe3O4). Initially, it was utilized as a compass to navigate mariners without using stars. 

Professor Takeshi Takei put a lot of effort into improving the magnetic characteristics of this 

magnetite. Later, in 1600 William Gilbert discussed the magnetic characteristics of 

lodestones in his published work ‘‘De Magnete’’. He comprehensively distinguished 

electricity and magnetism and provided a brief explanation of Earth’s magnetic field 

(behaving as a giant magnet). Hans Christian Orsted (1819) established the relationship 

between magnetism and electricity, by observing the impact of electric current on a magnetic 

needle. The magnetic behavior of temperature-dependent magnetic materials was first 
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discovered by Pierre Curie. In 1930, a scientist Dutch physicist named Wander Johannes de 

Haas and his associate co-workers P.M. Van Alphen discovered that some magnetic material 

has inevitable magnetic properties which they termed “ferrimagnetism”. This unprecedented 

discovery developed the interest of researchers to do a comprehensive study on ferrimagnetic 

materials. During the 1930s and 1940s, H.J. Round (British physicist) conducted a lot of 

experiments on ferrites and investigated their unique magnetic electrical characteristics. In 

1947, J. L. Snoek published the book “New Development in Ferromagnetic Materials”, 

wherein he outweighs the application of soft ferrite in various fields. Afterward, soft ferrites 

acquired commercial prevalence in all parts of the world. The basic theory of ferrimagnetic 

materials “spin-spin interaction” had been formulated by L. Néel (1948), and his work 

provides brief information about the crystal structure. Ferrites intrigue the telecommunication 

and electronic industry, due to the development of microwave ferrites as reported by E. 

Albers Schonberg. Many researchers tailored the properties of ferrites by substituting them 

with different kinds of cations. Over the past few years, the enormous developments in 

technology particularly in wire-less communication and high-speed electronic devices 

enhanced the demand for ferrite materials. In the following section, we discuss the 

applications of ferrite [44][45]. 

 

1.6 Application of ferrites 

Ferrites have a diverse range of applications across various fields due to their unique 

and novel electrical, dielectric, and magnetic properties. Some notable applications are 

illustrated in Fig. 1.4. 

 

Fig. 1.4. Application of ferrites. 
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a) Electromagnetic devices: Ferrite cores are frequently used to suppress electromagnetic 

interference in electronic devices. They are placed around the cables to protect them from 

unwanted radiation and absorb high-frequency noise. This is important in industries, where 

signal quality is essential, such as telecommunication [46][47]. 

 

b) Magnetic recording: Ferrite particles are utilized in magnetic recording media such as 

audio cassette tapes and computer hard drives. By magnetizing and demagnetizing the 

surface, they are used to store and retrieve data [48], [49], [50], [51]. 

 

c) Microwave devices: Ferrites find a lot of applications in microwave devices like isolators 

and circulators. Isolators protect sensitive components from reflected impulses, whereas 

circulators are often used in radar systems and other radio frequency applications to direct the 

flow of signals in one direction [50], [51], [52]. 

 

d)  Magnetic sensors:  In various applications, ferrite-based sensors are used including 

industries, environmental monitoring, and automotive. They can detect changes in a magnetic 

field and are used in position sensors, speed sensors, and more [53], [54], [55]. 

 

e) Power generation and transmission: They have also been utilized in power supply 

components like transformers and chokes to reduce EM interference and improve power 

efficiency [58]– [60].  

 

f) Radio frequency identification systems (RFID): They help to reduce interference and 

improve signal strength, leading to more reliable communication between RFID tags and 

readers [61]– [63]. 

 

g) Medical devices: Ferrites are also useful in medical applications such as magnetic 

resonance imaging machines (MRI). The high value of magnetic permeability of ferrites 

plays a vital role in creating strong magnetic fields required for imaging [64]– [66].  

 

h) Energy storage: In energy storage systems, including inductors for energy storage 

applications like power supplies ferrite-based materials have been potentially used [67]– [69]. 
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1.7 Classification of Ferrites  

Ferrites are mainly of three different types, namely spinel, garnet, and hexagonal 

ferrites. The crystal structure of a ferrite influences its magnetic and physical properties. Fig. 

1.5 illustrates the common classification of ferrites. 

 

Fig. 1.5. Classification of ferrites. 

1.7.1  Garnet ferrites 

These ferrites consist of large trivalent rare earth ions having high magnetic moments. 

The formula is M3
3+

 Fe5O12, where M = Samarium (Sm), Yttrium (Y), Gadolium (Gd), and 

many more rare earth ions. Bertaut and Forrat were the first to report on the unit cell 

dimension and crystal structure of rare-earth iron garnets [70][71]. 

1.7.2 Spinel ferrites 

Bragg and Nishikawa were the first to elaborate on the crystalline structure of spinel 

ferrites. These are defined as AFe2O4 where A represents divalent cations (such as zinc, 

manganese, or magnesium), and B represents trivalent cations (such as iron or aluminum). In 

the spinel structure, the metal cations are distributed between two interpenetrating sublattices: 

the tetrahedral (A) and the octahedral (B) sites. They exhibit a combination of high electrical 

resistivity (mitigate the eddy current in the core) and high magnetic properties[13][72]. They 

are widely used in applications like color imaging, magnetic recording, catalytic activity, 

microwave devices, and biomedical and high-frequency transformers. 

1.7.3  Hexagonal ferrites 

Ferrites are highly effective microwave absorbers, primarily due to their key attributes 

such as low permittivity loss and affordability. Their elevated resistance and minimal losses 

due to eddy currents make them excellent core materials for electronic and 
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telecommunications. In terms of magnetic properties, ferrites are categorized into two types 

based on their coercivity (Hc). Hard ferrites (high Hc), making them resistant to 

demagnetization, whereas soft ferrites (low Hc). Compared to garnet and spinel ferrites, 

hexaferrites exhibit anisotropic characteristics and possess a higher inherent 

magnetocrystalline anisotropy field. Their in-plane anisotropy results in natural resonance in 

the gigahertz (GHz) range, rendering them well-suited for high-frequency absorption. A 

group of ferrites that consist of a hexagonal-type structure is called hexagonal ferrites. The 

general formula is AFe12O19 where A= Sr, Ba, and Pb. Hexagonal ferrites possess a 

coercivity of 6700 Oe, Curie temperature of 502 °C, saturation magnetization (Ms) of 72 

emu/g, and excellent magnetic properties [71]. These unique characteristics enriched their 

applications in several technological areas such as sensors, magnetic recording, biomedicine, 

microwave absorbers, magnetoelectric application, radar absorbing material, low power 

spintronics devices, memory storage devices, electronic devices radiation shielding, higher 

frequency range, circulators, phase shifters, and stealth technology [74]– [77]. It has been 

classified into six groups based on its composition and crystalline structure as seen in Fig. 1.6 

and Table 1.1: 

 

Fig. 1.6. Types of hexaferrite 
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Table 1.1 Composition of different types of hexaferrite 

Hexaferrite type Combination Stacking sequence Molecular formula 

M M RSR ⃰ S ⃰ 𝐴𝐹𝑒12𝑂19 

Y Y TSTSTS 𝐴2𝑀𝑒2𝐹𝑒12𝑂22 

W M+S RSSR ⃰ S ⃰ S ⃰  𝐴𝑀𝑒2𝐹𝑒16𝑂27 

Z M+Y RSTSR ⃰ S ⃰ T ⃰ S ⃰ 𝐴3𝑀𝑒2𝐹𝑒24𝑂41 

X 2M+S RSR ⃰ S ⃰ S ⃰ 𝐴2𝑀𝑒2𝐹𝑒28𝑂46 

U 2M+Y RSR ⃰ S ⃰ T ⃰ S ⃰ 𝐴4𝑀𝑒2𝐹𝑒36𝑂60 

 

Where A represents Sr, Ba, Pb, Ca, etc. and Me is divalent ions Ni, Co, Zn, Cu, etc. S = 

spinel (𝐹𝑒6𝑂8), Me = Fe, R = hexagonal (A𝐹𝑒6𝑂11)and T = hexagonal (A𝐹𝑒8𝑂14). The 

asterisk (*) presents the corresponding sub-unit is rotated 180˚ around the hexagonal axis. 

 

1.8  M-type hexagonal ferrites 

Out of these above-mentioned hexagonal ferrites, M-type hexaferrite has grabbed the 

attention of researchers due to its wide array of applications. Fig. 1.7 illustrates the 

advantages of M-type hexagonal ferrites. In the following section, we focused on various 

brief descriptions of M-type hexaferrite, its crystal structure, and its synthesis method. 

 

Fig. 1.7. Advantages of M-type hexaferrite 
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1.9 Crystal structure of M-type hexagonal ferrites 

M-type hexagonal ferrites are promising materials because of their excellent properties 

such as high coercivity, affordable price, chemical, and thermal stability, high curie 

temperature, etc [78][79]. It has been extensively used for wide applications such as 

permanent magnets, supercapacitors, data storage, microwave devices, EM absorbers, etc. M-

type hexagonal ferrite consists of a magnetoplumbite structure (Fig. 1.8) and belongs to the 

space group P63/mmc. In magnetoplumbite structure, the two spinel blocks S and 𝑆∗ are 

connected by block R which contains barium or strontium. The stacking sequence of M-type 

hexagonal ferrites describes the unit cell as RS𝑅∗𝑆∗ , where R represents a block of three 

layers of oxygen ions (𝑂4 −Me𝑂3)  − 𝑂4) with composition [ 𝑀𝑒+2𝐹𝑒6
+3𝑂11 ]−2 and S 

represents the spinel block of two layers of oxygen ions (𝑂4− 𝑂4) with composition 

[ 𝑀𝑒2
+2𝐹𝑒4

+3𝑂11 ]0 (𝑆0 ) or[ 𝐹𝑒6
+3𝑂8 ]+2 ( 𝑆+2 ). The block has an asterisk on its superscript 

specifying that the corresponding block is rotated 180° around the hexagonal c-axis. The unit 

cell of M-type hexaferrite involves 38 ions of oxygen ( 𝑂2−), 24 ions of ferric ions (𝐹𝑒3+) 

and 2 Me ions [ Me = 𝐵𝑎+2, 𝑆𝑟+2, 𝑃𝑏+2,  𝑎𝑛𝑑 𝐿𝑎+2,  etc.]. The 24𝐹𝑒3+ ions are dispersed 

over five different sites i.e., octahedral site (2a,12k and 4𝑓2), trigonal bi-pyramidal site 2b, 

tetrahedral site 4𝑓1. Table 1.2 displays the site occupancy of Fe3+ ions over five 

crystallographic sites. 

Table 1.2 Site occupancy of Fe3+ ion at different crystallographic sites. 

Site Geometry Spin No. of 𝑭𝒆𝟑+ ions 

2a Octahedral  Up (↑) 1 

12k Octahedral Up (↑) 6 

4𝒇𝟐 Octahedral Down (↓) 2 

4𝒇𝟏 Tetrahedral Down (↓) 2 

2b Trigonal bi-

pyramidal 

Up (↑) 1 
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Fig. 1.8. Magnetoplumbite crystal structure of M-type hexaferrite [78]. 

1.10 Synthesis of M-type hexaferrite 

The synthesis method plays a vital role in determining M-type hexaferrite’s structural, 

morphological, electrical, and magnetic characteristics. The choice of synthesis method can 

impact crystal structures, compositions, homogeneity, morphology, scalability, time 

efficiency, and cost-effectiveness. There are several methods of synthesizing M-type 

hexaferrite, as shown in Fig. 1.9. A considerable number of researchers have employed 

various methods, individually or in combination, to synthesize hexaferrite. Behra and Ravi 

successfully produced a single-phase polycrystalline Ba2(Ca1-xMgx)2Fe12O22 using the solid-

state reaction technique [79]. Bibhuti et al. [80]also prepared a polycrystalline sample of 

Ba2Mg2Fe12O22 at 1050 °C through a solid-state reaction and confirmed its crystalline nature 

via XRD analysis. They observed a decrease in Ms as a dopant concentration increased, 

accompanied by an increase in Hc. The optimal magnetic characteristics were achieved at x = 

0.13. Guo et al. [81] utilized the hydrothermal method to obtain well-dispersed nanosized 

BaFe12O19 hexagonal platelets with high purity. Their experiments highlighted the essential 

conditions for generating high-purity BaFe12O19, including the use of a non-stoichiometric 

and iron-deficient precursor, a reaction duration of at least 24 hours, and a low reaction 

temperature of 210 °C. Drofenik synthesized barium hexaferrite using a controlled 

hydrothermal method at 280 °C, achieving Ms (40 emu/g) [82]. For preparing M-type 

hexaferrite materials, the sol-gel combustion method is preferred over another synthesis 

method. This method provides a homogenous distribution of elements, fine particles with 
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controlled morphology, capacity for large-scale production, fabrication of thin films, and 

short-time, and is cost-effective [84]– [88]. Moreover, the usage of de-ionized water as a 

solvent adds an environment-friendly aspect to this approach. 

 

Fig. 1.9. Various synthesis methods of M-type hexaferrite. 

1.11 Polyaniline 

Since 1976, numerous conducting polymers have attracted a lot of attention including 

polypyrrole, polyaniline, and polythiophene. The discovery of conducting polymers led to the 

awarding of the Nobel Prize in Chemistry 2000 to MacDiarmid, Shirakawa, and Heeger. 

Their discovery was intriguing because it holds chemistry and condensed matter physics 

together. These well-known polymers were dismissed as uninteresting from the perspective 

of electrical materials since they are saturated and insulators. Conducting polymers are made 

up of an overlap of singly occupied p-orbitals in the polymer chain’s backbone and have an 

extended p-conjugated system. Alternate single and double bonds are present between the 

carbon atoms of conjugated polymers. Each bond has a weaker localized p-bond in addition 

to a stronger localized sigma bond (holding the polymer together). These p-bonded 

unsaturated polymers are well suited for oxidation-reduction processes due to their ionization 

potentials and strong electron affinities. The conjugated polymers have fundamentally 

distinct electronic configurations because each carbon atom has one unpaired electron (the p-

electron) because of the chemical bonding. The electron delocalization along the polymer’s 

backbone is caused by the overlapping of p-orbitals of succeeding carbon atoms. This 

delocalization creates a path for mobile charge carriers along the polymer chain’s backbone. 

As a result, the kind and number of atoms present within the repeated unit (chain symmetry) 
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determines the electronic structure of conducting polymers. Such polymers may have metallic 

and semiconducting characteristics [89]– [91]. 

One of the polymers that has been explored the most is polyaniline (PANI). It is due to 

several factors, including ease of preparation, a generally stable atmosphere, and strong 

electrical conductivity. As a typical PANI has poor solubility in most common organic 

solvents which directly results in processing difficulty. Homopolymer PANI is composed of 

either quinonoid or benzenoid components, or both present in varying proportions in their 

molecular structure, as seen in Fig. 1.10. It can be found in many oxidation states. The 

quinonoid form of fully oxidized pernigraniline has no hydrogen atoms connected to nitrogen 

atoms, while the benzenoid state of totally reduced leucoemeraldine has hydrogen atoms 

linked to nitrogen atoms. The redox state of PANI is determined by the percentage of 

benzenoid and quinonoid in PANI chains. The ratio of benzenoid to quinonoid, for partially 

oxidized emeraldine should ideally be 1:1, for fully reduced leucoemeraldine 1:0, and 0:1 for 

fully oxidized pernigraniline. These ratios can be modified by altering the synthesis process 

and the amount of doping. Both leucomeraldine and pernigraniline are non-conductors by 

nature, however emeraldine salt, which is slightly doped, conducts electricity. Of all three 

types of PANI, only emeraldine is thermally stable [92]– [94]. 

 

Fig. 1.10. General formula of PANI [94]. 

The aniline monomer or its derivative is used to make PANI. In general, oxidants are 

free radical initiators like potassium persulphate (KPS), ammonium persulphate (APS), etc. 

Additionally, effective oxidants such as chloroaurate, ferric chloride, potassium dichromate, 

chloroaurate, etc. can also be utilized. Among all these oxidants we prefer to choose APS 

because of its high oxidative potential (1.94V) as compared to other oxidants such as 

hydrogen peroxide, potassium dichromate, ferric chloride, and cerium (IV) sulphate. 
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Two prime categories of synthesizing PANI are with oxidant and without oxidant. 

The former category involves interfacial polymerization, soli-state polymerization, 

microemulsion polymerization, electrospinning polymerization, plasma polymerization, 

ultrasonic polymerization, and chemical oxidative polymerization. While the latter category 

involves electrochemical polymerization. Among the techniques, the chemical oxidative 

polymerization (COP) technique is predominantly and widely utilized for its exceptional 

advantages. Fig. 1.11 illustrates the advantages of the COP technique over other preparation 

methods [89][94]– [97]. 

 

Fig. 1.11. Advantages of the Chemical oxidative polymerization technique. 
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CHAPTER 2 

REVIEW OF LITERATURE, 

RESEARCH GAP, AND OBJECTIVES 

 

2.1 Review of literature 

LjaZ M. et al. (2024) analyzed the Cobalt effect on magnetic and microstructural 

characteristics of sol-gel routed barium-strontium hexaferrite of composition 

Ba0.6Sr0.3Er0.1Fe11.5-xAl0.5CoxO19, where 0.0 ≤x≤ 2. XRD and SEM analysis revealed the sole 

formation of a hexagonal phase and the homogenous dispersion of particles in all samples, 

respectively. The hysteresis loop technique was utilized to determine the magnetic properties. 

Authors reported that magnetic properties significantly enhanced with doping, saturation 

magnetization increased from 37.76 emu/g (x = 0.0) to 57.12 emu/g (x = 1.5), at x = 1.5 

composition Ha = 1.303 kOe and Hc = 4.172 kOe. Investigators generalized that synthesized 

samples are a potential candidate in magnetic applications [98]. 

 

Khan M. et al. (2023) enquired about sol-gel synthesized barium-strontium hexaferrite 

nanoparticles. They prepared composites with multi-walled carbon nanotubes (MWCNTs) 

via carrier fluid ultrasonication and conductive polymers through in-situ polymerization. 

Dielectric measurements at low frequency showed an increment in dielectric losses, with 

values of 304 at 100 Hz for pure nanoparticles. These losses further increased from 2721 to 

7861 for ternary composites with polythiophene and polyaniline matrices, indicating effective 

energy dissipation behavior. The microwave absorption properties of the samples were 

analyzed in terms of thickness and frequency, revealing a reliance on the phenomenonof 

quarter wavelength. The ternary composite with a polythiophene matrix exhibited a RELmax 

of -39 dB at 7.4 GHz [99]. 

 

Thanh T. et al. (2023) employed a ball milling method to synthesize polygonal-shaped 

cobalt-doped strontium hexaferrite followed by heat treatment and obtained a crystallite size 

of approximately 24 nm. The coercivity decreased as the content of cobalt dopant increased, 

while the saturation magnetization exhibited the opposite trend. When incorporated into an 
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epoxy matrix, all Co-SrM-epoxied samples demonstrated favorable microwave absorption 

capabilities within the 12-18 GHz frequency range at a thickness ranging from 4-6 mm. The 

optimum reflection loss (REL) value achieved was -30.7 dB (99.9 % absorption of the 

incident wave) and it could be attributed to factors such as impedance matching, eddy 

current, natural resonance, and dielectric relaxation loss. These findings demonstrated the 

potential of Co-SrM-epoxied samples as promising microwave-absorbing materials (MAMs) 

for practical applications [100]. 

 

Liu X. et al. (2023) explored rare earth-doped BaM/PANI composites and studied their effect 

on microstructure and microwave absorption properties prepared through an in-situ 

polymerization process. Both doped and undoped BaM hexaferrite exhibited hexagonal-

shaped flake particles. The La-doped composite exhibited a RELmax of -63.6 dB for 3.28 mm 

thickness at 7.76 GHz, while Nd-doped composites revealed a wide absorption bandwidth of 

3.88 GHz at a 1.58 mm thickness. The introduction of rare earth elements reduced the 

limitations of electric polarization in PANI near the surface of the BaM particles. As a result, 

the interfaces between the rare-earth doped BaM and PANI phases experienced increased 

polarization [101]. 

 

Khan K. et al. (2023) revealed the influence of grain/grain boundaries and magnetic 

exchange coupling of soft/hard nanocomposites with varying ratios of hard ferrite, denoted as 

(MgFe2O4)100-x/(BaFe12O19)x, were fabricated using in-situ auto-combustion sol-gel method. 

Analysis of the hysteresis loop at various temperatures exhibited single smooth curves and 

suggested a strong exchange-coupling between the hard/soft ferrite phases. The existence of a 

shoulder peak in the dM/dH versus H curve for the molar ratio x = 50 indicated modest 

exchange coupling between the two phases. The incorporation of Nyquist plots for complex 

impedance analysis and modeling using an equivalent model circuit indicated that both grain 

and grain boundaries contributed to the total conduction mechanism of composites. These 

results suggested that the synthesized composites possess a higher impedance value, making 

them suitable candidates for various technical applications, including high band-pass filters 

and electromagnetic shielding  [102]. 

 

Gupta A. et al. (2023) examined the effect of Zn2+ ions on sol-gel combustion synthesized 

SrFe8Al4O19 hexaferrite. VSM resulted in an inclination in values of Ms from x=0.0 (14.88 

emu/g) to 1.0 (25.54 emu/g), conversely Hc was observed to decrease from 17.93 kOe to 9.30 
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kOe by increasing the doping content of Zn ions. The typical dielectric behavior of 

hexaferrite was demonstrated by the synthesized samples, which can be explained by the 

Maxwell-Wagner theory [103]. 

 

Amini M. et al. (2023) synthesized hexagonal powders of single-phase MFe12O19 (where M= 

Pb, Ba, Sr). They employed a citrate-nitrate process, which involved adjusting the pH to 7, 

using an M-to-iron molar ratio of 1:11, a nitrate-to-citrate ratio of 1:1.5, and a heating 

temperature of 850 °C. Rietveld analysis revealed that the samples exhibited hexagonal 

symmetry (space group P63/mmc), further validated by FTIR. Variations in the Ms of the 

MFe12O19 hexaferrite were attributed to the presence of a non-magnetic layer within the 

grains. Moreover, the Hc of samples exhibited an increase with a rise in the average particle 

sizes. The dielectric measurements of the examined samples suggested the existence of 

localized charge carriers engaged in short-range conduction during the relaxation phase. This 

led to a deviation from the ideal Debye-type behavior, which ac conductivity investigations 

also verified [104].    

 

Caliskan S. et al. (2023) comprehensively analyzed nano Sr-hexaferrite which co-substituted 

by Co-V ions, specifically Sr0.5Co0.5VxFe12-xO19 (NHFs), where the value of x ranged from 

0.00 to 0.08. The average crystallite size of citrate combustion synthesized products yielded 

in the range of 37-83 nm. Mössbauer spectra indicated that the presence of V3+ influenced the 

density of electrons around Fe3+ ions at all sites. VSM results revealed that all samples 

exhibited magnetic hardness at both high and low temperatures. The values of Ms, Mr, and nB 

were dependent on the concentration of dopants, with the highest value observed at x = 0.04. 

The samples displayed a squareness ratio (SQR) of approximately 0.5 at all temperatures, 

indicating substantial anisotropy [105]. 

 

Rana K. et al. (2023) fabricated strontium hexaferrite using a modified conventional citrate 

precursor method, sintered at 800 °C and 910 °C. XRD affirmed the formation of 

magnetoplumbite structure at both temperatures and the obtained results were supported by 

Raman spectroscopy and FTIR. As the sintering temperature increased the Ms and Hc showed 

increments from 81 to 92 emu/g and from 107 to 262 Oe, respectively. Furthermore, the 

increment in sintering temperature decreased the impurity content and underwent a transition 

from the hard character of SrM hexaferrite to soft [106]. 
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Ramirez-Ayala M. et al. (2023) comprehensively examined the magnetic, microstructural, 

and structural properties of neodymium (Nd) substituted strontium hexaferrite. Nd was added 

during the preparation of hexaferrite via the sol-gel Pechini method. The findings revealed 

the existence of a secondary phase in neodymium orthoferrite which would be due to the 

partial incorporation of Nd into the crystal structure of hexaferrite and consequently impact 

the magnetic properties of the hexaferrite material. The magnetic properties peaked when 

2.85% weight of neodymium orthoferrite was mixed with hexaferrite resulting in a 35 % 

increase in the maximum energy product compared to using pure SrM hexaferrite [107]. 

 

Mironovich A. et al. (2023) fabricated BaFe12-2xNixO19 hexaferrite synthesized via 

hydrothermal technique with post-annealing. XRD and EDX analysis revealed the existence 

of Ni ions in the barium hexaferrite crystal lattice. The cation distribution of Ni2+ ions was 

well explained with Mössbauer and magnetic analysis. As the level of Ni2+ ions increased, the 

Ms value reduced from 65.88 emu/g to 49.13 emu/g and was associated with the site 

occupancy of Ni ions at 12k sites [108]. 

 

Nishkala K. et al. (2023) explored Ba(1-x) LaxFe12O19 (x = 0, 0.1, 0.15, and 0.20) hexaferrite, 

which was synthesized using a combination of ball milling and a subsequent heat treatment. 

All the samples affirmed the existence of a single-phase magnetoplumbite structure through 

the Rietveld analysis of XRD patterns. FESEM showed the presence of hexagonal plate-like 

grains with varying sizes of grains, where the increment in La content caused a decrease in 

average grain size. Density measurements indicated a decrease in porosity up to La content x 

= 0.15, followed by a slight increase for x=0.20. Mössbauer spectroscopy revealed the 

absence of Fe2+ ions and electron delocalization following La doping. The hyperfine structure 

showed minimal variation with La doping. Dielectric spectroscopy revealed that the sample 

with La content x = 0.20 exhibited the highest dielectric constant and low loss [109]. 

 

Fasate S. et al. (2023) reported the impact of Mn-substituted barium hexaferrites on 

magnetic, electrical, and dielectric properties. Using sol-gel combustion methodology they 

synthesized Ba1-xMnxFe12O19 hexaferrite, where x ranged from 0.0 to 0.5. A decrement was 

observed in the DC electrical resistance with rising temperature and concentration of Mn2+. 

The dielectric constant/loss, and loss tangent reduce with increasing frequency and with 

substitution of Mn2+ ions. The saturation magnetization of Mn-substituted hexagonal ferrite 

was decreased, as the level of substitution increased [110].   
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Chagas P. et al. (2023) investigated the influence of Sn-substituted strontium hexaferrite on 

electrical conductivity, which was synthesized using the methodology of solid-state reaction. 

The conductivity values for the Sn-doped SrM ceramic samples rose as the dopant cation 

concentration increased. Moreover, two conductive processes emerged because of the Sn4+ 

cations being incorporated into the SrM crystal structure. At low frequencies, there was a 

DC-conductivity process, and a second frequency-dependent conductive process was 

observed at high frequencies. Based on the analysis of the activation energy, two mechanisms 

were identified for the conductive processes. The first mechanism involved small polaron 

tunneling with long-range mobility and low frequency, exhibiting spontaneous occurrence 

with negative activation energy. The second mechanism was related to electron hopping, 

following a correlated barrier model, with activation energy from 0.135 to 0.355 ev [111]. 

 

Mohammad F.Z. et al. (2023) examined the effect of Co-Zn substitution on BaM hexagonal 

ferrites with chemical composition BaCo0.5Zn0.25Fe11.25O19. The crystalline size ranged from 

22.1 to 30.3 nm and morphology verified the spherical shape of the particles. The presence of 

nano-crystallites was confirmed by TEM analysis, which exhibited agglomeration likely due 

to exchange interaction between magnetic particles. The hysteresis curves demonstrated an 

increase in coercivity, remanent magnetization, and saturation magnetization, through the 

simultaneous substitution of Co and Zn ions in BaM ferrite. The VNA results indicated an 

increase in both permittivity and permeability with doping. Finally, at a coating thickness of 

1.8mm, the effective bandwidth for absorption (≥10 dB) increased from 2.76 to 3.60 GHz 

[112]. 

 

Bilovol V. et al. (2023) comprehensively analyzed the effect of exchange coupling in (100-x) 

SrFe12O19/(x)CoFe2O4 composites synthesized via a ball milling process, employing several 

proportions of cubic and hexagonal ferrite powders as precursors (x = 10, 20, 30, and 40 %). 

A VSM was deployed to determine the magnetic characteristics of synthesized composites at 

a 1.6 T applied magnetic field. The composite containing 10 wt% CoFe2O4 exhibited the 

highest energy product (BH)max of value 10.9 kJ/m3, which was roughly 20 % greater than 

that of SrFe12O19. The optimal exchange coupling improved the magnetic properties of the 

composite [113]. 
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Zareef Khan M. et al. (2022) report the results of concentration-dependent exchange 

coupling in (1-x) (BaFe12O19)/(x)(NiFe2O4) (x = 0 to 1) nanocomposites. Remarkably, for the 

x = 0.7 composition, the merging of zero field-cooled and field-cooled magnetization curves 

indicated robust magnetic interactions within these nanocomposites. The addition of hard in 

soft ferrite leads to a linear increment in coercivity and saturation magnetization of soft 

ferrite. A pronounced increment was observed for x = 0.5 and 0.7, suggesting the existence of 

spring exchange coupling in these nanocomposites [114].  

 

Karnajit Singh H. et al. (2022) conducted a comprehensive study on polycrystalline 

Ba0.4La0.1Sr0.5AlxFe12-xO19 hexaferrite samples synthesized using the solid-state method. The 

complex dielectric constant (𝜀′, 𝜀′′) decreased with Al3+ insertion, with values at 1 MHz 

ranging from 𝜀′= 3.44 k, 𝜀′′= 0.993 k for x = 0 to 𝜀′= 0.744 k, 𝜀′′= 0.211 k for x = 1. They 

observed a decrease in saturation magnetization and magnetic anisotropy K1(T), while the 

anisotropy field Ha(T) and coercivity Hc(T) increased with temperature and Al3+ 

concentration. The combination of dielectric/magnetic responses makes the material 

considerable for permanent magnets and microwave applications [115]. 

 

Shakir H. et al. (2022) comprehended structural, morphological, magnetic properties and 

EM shielding of barium hexaferrite (BHF)-polypyrrole (Ppy) particles prepared via in-situ 

polymerization.  A high wt% of BHF-Ppy composites revealed shielding effectiveness of less 

than -50 dB in the 0.1 to 20 GHz frequency range [116]. 

 

Chauhan C. et al. (2022) enquired about the dielectric and magnetic characteristics of 

SrFe12O19/NiFe2O4 nanocomposites were synthesized in the existence of crown flower 

extract, and their properties were investigated at various weight ratios. The nanocomposites 

exhibited an average crystallize size ranging from 25 nm to 44 nm. The analysis of the M-H 

loop revealed that the Hc (ranged from 3181 to 326 Oe) and Ms (ranged from 57.5 A/m2 kg to 

40 A/m2 kg) decreased with an increment in the spinel phase concentration. All the 

synthesized nanocomposites exhibited characteristics of hard ferrites, except the 5:5 weight 

ratio displayed soft magnetic properties. The analysis also indicated that 7:3 and 6:4 

composites showed partial exchange coupling interactions, 9:1 and 8:2 composites showed 

weak exchange coupling interactions, and a perfect exchange coupling interaction was 

observed in the 5:5 composite [117]. 
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Godara S. et al. (2022) fabricated a series of Ba1-xCaxFe12O19 by sol-gel technique to 

improve their 𝜀′, Ms, and HC for permanent magnets. Study of XRD confirmed the formation 

of magnetoplumbite structure with some secondary phases. As the content of Ca ions 

increased, dielectric parameters improved.  With substitution, Coercivity increased from 

5043-5290 Oe, while Ms was maximum for x = 0.2 (72.38 emu/g) [118]. 

 

Bozorgmehr M. et al. (2021) explored the absorption characteristics of synthesized 

nanocomposites SrZn2-x(MnCa)x/2Fe16O27 hexaferrite prepared by co-precipitation technique 

and single-walled carbon nanotubes were utilized. The study concluded that with substitution 

the value of Ms decreased from 70 emu/g to 45 emu/g, whereas Hc increased from 145 Oe to 

605 Oe. VNA study revealed that substitution causes enrichment in REL values from -22 dB 

to -37 dB. However, maximum REL = -42 dB was found in composition x = 0.4 with 5 vol% 

single-walled carbon nanotube at 10.2 GHz frequency [119]. 

 

Fang G. et al. (2021) prepared Ba(Zr-Ni)0.6Fe10.8O19/Fe3O4 composites at various 

temperatures (room temperature, 200, 400, and 600 °C). The increment in heat treatment 

enhanced the exchange coupling effect between hard/soft ferrites.  The effective bandwidth 

of 6.88 GHz and the reflection loss peaked at 1.9 mm thickness of -43.08 dB. The enhanced 

microwave absorption was ascribed to a large magnetic loss [120]. 

 

Tran N. et al. (2021) synthesized Ba1-xLaxFe12O19 with x = 0, 0.1, 0.3, and 0.5 by co-

precipitation at 900 °C for 3 hours. When Ba1-xLaxFe12O19 (x = 0.0) was mixed with 

polyaniline (10 % wt), the absorber exhibited more than 90 % absorption of an incident wave 

for the thickness of 1.75-3.50 mm, with an effective bandwidth of 2.52 GHz [121]. 

 

Singh C. et al. (2021) comprehensively analyzed the absorption performance of Ba(1-

x)SrxFe12O19 and paraffin wax-prepared composites. The introduction of Sr2+ reduced the 

magnetic and dielectric loss tangent of composites. A narrow and wide REL had been 

observed in the x = 0.2 and x = 0.0 composite, respectively. While Ba0.4Sr0.6Fe12O19/wax 

composite showed -0.35E-03 dB at 0.15 GHz [122]. 

 

Rostami M. et al. (2021) synthesized Co-Al-Ti doped BaCoxAlxTixFe12-3xO19 /MWCNTs-

epoxy resin composites by high-power ultrasonication. They explored the absorption 

characteristics of prepared samples in the 1-8 GHz frequency range at various levels of 
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substitution, from x = 0.0 to 0.4. All synthesized nanocomposites exhibited REL < -20 dB, 

for a matching thickness < 1.75 mm, with favorable microwave absorption properties. The 

nanocomposite bandwidth covered the frequency range of 1-18GHz by varying the thickness 

of the sample. The highest microwave absorption performance was displayed by 

nanocomposite with x = 0.3, at a matching thickness of 1.5mm with a bandwidth of 4.59 GHz 

and REL of -47.40 dB. Consequently, these nanocomposites exhibited high-efficiency 

microwave absorption capabilities despite their lightweight and thin structure, making them 

suitable for various applications as microwave absorbers [123].   

 

Aggarwal N. et al. (2021) investigated the absorption characteristics of sol-gel citrate 

precursor synthesized Ni0.6Zn0.4(MgZr)xFe2-2xO4 ferrites.  The microwave properties were 

evaluated using a VNA concluded that the insertion of Mg and Zr ions increased the 

dielectric/magnetic loss and a maximum REL of 35.10 dB had been obtained at 10.52 GHz of 

4 mm thickness sample at x = 0.10 [124]. 

 

Widanarto W. et al. (2020) revealed the effect of neodymium ions on barium ferrite 

composites by analyzing the morphology and magnetic properties of composites. The change 

in grain size, shapes, and grain distribution of NdBFCs was observed by substituting 𝑁𝑑3+ 

ions. As we increased the concentration of  𝑁𝑑3+ level, the average size of NdBFCs grains 

and porosity were decreased and increased, respectively. The saturation magnetization (𝑀𝑠) 

showed an increment when adding 2% of   𝑁𝑑2𝑂3 in to NdBFCs composites. Nicholson-

Ross-Weir (NRW) method was used to examine microwave characteristics by calculating 

permittivity/permeability values in the frequency regime of 8.2-12.4 GHz. Addition of 𝑁𝑑3+ 

ascribed a widening of bandwidth in the 9-10 GHz frequency regime. With the achievement 

of minimum reflection loss and maximum absorption at various frequencies, NdBFCs were 

accomplished for microwave X-band absorber application [125]. 

 

Feng G. et al. (2020) reported the impacts of La doping in 𝐵𝑎0.4𝐶𝑎0.6𝐹𝑒11.4𝐶𝑜0.6𝑂19 ferrites 

for analyzing absorption properties.  XRD pattern showed the formation of a standard pattern 

of hexagonal 𝐵𝑎𝐹𝑒12𝑂19 crystalline phases. Magnetic properties like saturation 

magnetization (𝑀𝑠 ), remnant magnetization (𝑀𝑟 ), coercivity (𝐻𝑐 ) were determined from 

hysteresis loops. As we raised the concentration of La in 𝐵𝑎0.4𝐶𝑎0.6𝐹𝑒11.4𝐶𝑜0.6𝑂19 ferrites 

the value of Ms was decreased (80 emu/g to 50 emu/g), and a gradual increment in Hc and Ha 



26 
 

was also observed. By using VNA, complex permittivity and permeability values were 

calculated which showed that La substituted ceramics have more 𝜀′   𝑎𝑛𝑑 𝜀” values than 

𝐵𝑎0.4𝐶𝑎0.6𝐹𝑒11.4𝐶𝑜0.6𝑂19 ceramics in the frequency regime of 21.5 - 34.9 and 6.6 - 44.3, 

respectively. The minimum REL of -5 dB at 8.6-12.9 GHz with a thickness of 1.5 mm and 

maximum reflection loss of -28.3 dB at 10.6 GHz were attributed to lanthanum substitution in 

𝐵𝑎0.4𝐶𝑎0.6𝐹𝑒11.4𝐶𝑜0.6𝑂19 ceramics [126]. 

 

Phan T. L. et al. (2020) investigated the effect of Co-Mn ions on the magnetic and 

crystalline structure of  Ba-hexaferrite with the composition of Ba𝐶𝑜1−𝑥𝑀𝑛𝑥𝐹𝑒11𝑂19 which 

were synthesized via the co-precipitation method. XRD and SEM analysis show that the size 

of the particle rises with the increase of x. XAS spectra revealed that 𝐶𝑜+2, 𝐹𝑒+3 𝑎𝑛𝑑 

𝑀𝑛+3,+4 ions exist concurrently in composition Ba𝐶𝑜1−𝑥𝑀𝑛𝑥𝐹𝑒11𝑂19. M-H curves 

demonstrated that saturation magnetization shows decline behavior whereas coercivity 

increases gradually from x = 0 to 1. Such results make this composite a promising material 

for hard magnetic materials [127]. 

 

Feng G. et al. (2020) explored the impact of temperature on the magnetic, structural, and 

electrical properties of indium doped SrM hexaferrite. The analysis of hexaferrite structure 

was performed considering both non-centrosymmetric and centrosymmetric space groups. 

The total magnetic moment decreased with increasing the ambient temperature [128].  

 

Guan G. et al. (2020) examined the absorption characteristics of a double-layer designed 

microwave absorber composed of carbon nanofibers and hollow Ba2Co2Fe12O22, over the 

frequency range of 2 to 18 GHz. Investigators observed that absorption results of double-

layer structures were far better than single-layer absorbers with higher absorption intensity 

and a broader effective bandwidth. When 5 wt% of carbon nanofibers filled the absorbing 

layer of 1.15 mm thickness and 67 wt% of Ba2Co2Fe12O22 microfibres filled the matching 

layer of 0.85 mm thickness, a minimal reflection loss = 85.5 dB at 16.1 GHz frequency was 

achieved, while REL less than -10 dB was found in the frequency regime 10.4 to 18 GHz 

[129]. 

 

Anand S. et al. (2020) reported structural, magnetic, morphological, and EM absorption 

characteristics of the PVDF/RGO/BaZrFe11O19 composite. The shielding effectiveness (40.98 
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dB) was prominently due to higher magnetic (0.41) and dielectric (1.67) loss. An excellent 

shielding effectiveness of 48.59 dB was shown by 10 wt% BaZrFe11O19/polymer of small 

thickness 0.2 mm at 11.1 GHz [130]. 

 

Liu C. et al. (2020) enquired about the structured and magnetic properties of Eu-doped SrM 

hexaferrite nanoparticles. Using XRD analysis, investigators examined that a single-phase 

𝑆𝑟1−𝑥𝐸𝑢𝑥𝐹𝑒12𝑂19  hexaferrite obtained up to x = 0.10 dopant content of Eu and a shift in 

peak was observed due to smaller ionic radii of Eu (0.95 Å) than Sr (1.13 Å). A VSM 

technique was used to carry out magnetic parameters at 5 K and 300 K, separately. Analysis 

showed that the value of saturation magnetization (𝑀𝑠) was considerably higher for 5 K than 

300 K and overall, there was a continuous increment in 𝑀𝑠 value up to x = 0.20 and hereafter 

a considerable decrease in 𝑀𝑠 was observed [131]. 

 

Jing Z. et al. (2020) investigated the FeCo/SrM/PANI composite to evaluate its magnetic and 

microwave absorption characteristics. The hysteresis graphs of the composite were 

determined through VSM. Investigators reported a minimum value of Ms and Hc of 15.8 

emu/g and 329.4 Oe for Fe@Sr@PANI composite, respectively. The transmission theory was 

employed to calculate the absorption properties through a vector network analyzer. The 

RELmax of -22.1 dB at 8.5 GHz and bandwidth of 2.6 GHz under -10 dB at 2 mm thickness 

[132].  

 

Tran N. et al. (2019) and his co-workers explored the absorption, structural, and magnetic 

properties of Ba𝐹𝑒12−𝑥𝐶𝑜𝑥𝑂19 hexagonal ferrite synthesis via co-precipitation technique. 

XRD affirmed the existence of the secondary phase 𝐵𝑎2𝐶𝑜2𝐹𝑒12𝑂22. XAS results showed 

the coexistence of 𝐹𝑒3+  𝑎𝑛𝑑 𝐶𝑜2+ ions in Ba𝐹𝑒12−𝑥𝐶𝑜𝑥𝑂19. By VSM, it was investigated 

that the prepared sample showed the properties of the hard magnet due to the presence of the 

Y-type hexaferrite phase. The saturation magnetization (𝑀𝑠) and coercivity (𝐻𝑐) values 

plotted with temperature, and revealed that Ms decreased with increasing the concentration of 

x and dropped with the temperature increment from 15 to 300 K, while Hc declined with the 

increment of both T and x. Investigators analyzed the frequency-dependent parameters which 

showed that 𝜀" values were negative at x = 1 and 2 and maximum reflection loss ( > -5 dB) at 

frequency 0.1 to 15 GHz were observed. So, the prepared composite enhanced the EMA 

properties at a frequency above 15 GHz [133]. 
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Barakat M. M. E. et al. (2020) analyzed Hg2+ doped barium hexaferrite in terms of 

magnetic, structural, and electron paramagnetic resonance characteristics. The investigated 

samples were synthesized via the co-precipitation technique. XRD revealed the existence of a 

pure M-type phase and minor traces of Fe2O3, which further decreased with the increment of 

substitution. The hysteresis loop technique was utilized to determine magnetic properties 

Authors reported a non-linear decrease in coercivity (4943 to 4345 Oe) and, an increase in 

saturation magnetization (56.38 to 62.33 emu/g), as the content of Hg2+ ions increased [134]. 

 

Handoko E. et al. (2019) employed a conventional ceramic method and planetary ball mill 

method to synthesize Barium hexaferrite (BHF) BaFe12O19 and 𝐹𝑒3𝑂4   powder, respectively 

for investigating the capabilities of multilayer absorbers in the X band frequency region. 

XRD pattern showed a single phase of BaFe12O19 and Fe3O4. The hysteresis loop technique 

was utilized to determine magnetic properties which represent the value of saturation 

magnetization (𝑀𝑠) for both the samples was about 0.25 Tesla. On the other side the value of 

the coercive field (𝐻𝑐) of BaFe12O19 was remarkably bigger than the coercive field (𝐻𝑐) of  

𝐹𝑒3𝑂4. The transmission line theory method was deployed to measure absorption parameters, 

and the efficient reflection loss was observed at a thickness of 10 mm with effective 

bandwidth below -10 dB. Hence, results show that the sum of layers and thickness of samples 

are inevitable factors for increasing the capacity of the EM absorber [135]. 

 

Shooshtary Veisi S. et al. (2019) explored 𝐵𝑎0.5𝑆𝑟0.5𝐶𝑢𝑥𝑍𝑟𝑥𝐹𝑒12−2𝑥𝑂19 hexaferrites 

nanoparticles for analyzing microwave and magnetic characteristics. The magnetic properties 

were evaluated by using the VSM technique. Investigators observed an inclination in values 

of saturation magnetization from x = 0.0 to x = 0.4 and then declined to the minimum value 

of 48.6 emu/g in x = 0.8. The decline in coercivity was also observed from 5010 Oe to 

301.180 Oe by increasing the doping content of Cu – Zr in Ba/Sr hexaferrite. The microwave 

properties were evaluated using a VNA (vector network analysis) method. The study 

concluded that REL (Reflection loss) values show non–linear behavior and showed a 

maximum REL of -15.2 dB in x = 0.4 at 11.1 GHz after that there is a gradual decline in REL 

value. Investigators conclude that 𝐵𝑎0.5𝑆𝑟0.5𝐶𝑢0.4𝑍𝑟0.4𝐹𝑒12−2(0.4)𝑂19 can play an important 

role in microwave absorption [136]. 
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Handoko E. et al. (2019) synthesized BaFe12O19 and BaFe10CoZnO19 double-layer composite 

via solid-state reaction methodology for investigating absorption characteristics in X-band 

frequencies. VNA results revealed that the prepared absorber of 5 mm thickness exhibited a 

REL of -5 dB [137]. 

 

Khandani M. et al. (2019) comprehensively analyzed the magnetic and structural properties 

of Sr(𝐶𝑒𝑁𝑑)𝑥/2𝐹𝑒12−𝑥𝑂19 hexaferrites doped with Ce-Nd ions. The sample was prepared 

through the co-precipitation methodology and characterized by various techniques. By using 

the VSM method it was demonstrated that remnant magnetization, Ms, and Hc values fall 

gradually with the increment of dopant ions. The absorption properties of samples were 

analyzed by two methods. The simulation method and direct calculation of REL values using 

𝑆11 parameters and results conclude that absorption was a maximum of -37.18 dB at 9.62 

GHz at d = 2.5 mm was obtained due to the second method. Hence, the prepared composites 

were a promising material as microwave absorbers to operate in-X band [138]. 

 

Gunanto Y. et al. (2019) employed a solid-state reaction methodology to prepare 

Ba0.6Sr0.4Fe10MnTiO19 composite paint and investigated microwave absorption 

characteristics. VNA technique was utilized to determine the absorption characteristics of 

samples. The ability of microwave absorbers was better in the sample with spray times 10, 

with a REL nearly -4.02 dB at 9.7 GHz [139]. 

 

Peymanfar R. et al. (2019) analyzed the microwave absorption properties of 𝐵𝑎𝐹𝑒12𝑂19 

/𝐿𝑎0.5𝑆𝑟0.5 𝑀𝑛𝑂3 nanocomposites by adding graphene oxide (GO) with several mass 

fractions using a freeze dryer. VSM was deployed to determine the magnetic properties of 

prepared nanocomposites at an applied magnetic field of 15 kOe. The transmission line 

theory was used to determine the REL value of nanocomposites with several mass fractions 

of GO. Results revealed that the saturation magnetization (𝑀𝑠 ) of  𝐵𝑎𝐹𝑒12𝑂19 

/𝐿𝑎0.5𝑆𝑟0.5 𝑀𝑛𝑂3 nanocomposites were diminished from 54.86 to 22.55(emu 𝑔−1) and a 

considerable increase in 𝑀𝑠 value (decrease in 𝐻𝑐   ) was obtained by adding graphene oxide 

(GO) in these nanocomposites. The highest REL of 𝐺𝑂2.5% / 𝐵𝑎𝐹𝑒12𝑂19 /𝐿𝑎0.5𝑆𝑟0.5 𝑀𝑛𝑂3 

nanocomposites was 67.10 dB at 11.6 GHz with a thickness of 2.25 mm. Interestingly, the 

composite shows metamaterial properties [140]. 
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Mohammed J. et al. (2019) investigated microwave absorption, EM shielding, and optical 

sensing characteristics of Ba1-xCoxFe12-x-yDyxLayO19/Ca1-xErxCu3Ti4-yMnyO12 composites. 

Morphology analysis revealed hexagonal and cubic-like structures of BaM and CCTO 

particles, respectively. Composite Ba0.7Co0.3Fe11.1Dy0.3La0.6O19/Ca0.7Er0.3Cu3Ti3.4Mn0.6O12 

showed maximum REL = -27.9 dB of 3 mm thickness at 16.5 GHz with an effective 

bandwidth (REL < -10 dB) 1.7 GHz. Whereas the same composite exhibited a shielding 

effectiveness of 41.8 dB at 16.5 GHz [141]. 

 

Singh C. et al. (2019) fabricated Ba0.5Sr0.5CoxTixFe12-2xO19/PANI composites with a volume 

fraction of 70: 30. The good electrical conductivity of PANI and substitution of Co-Ti ions 

enhanced the attenuation of the microwave signal. The maximum attenuation of -40.9 dB at 

12.4 GHz had been observed in the x = 0.8 composition [142]. 

 

Mansour S. et al. (2018) explored nanocomposites comprising BaFe11.7Al0.15Zn0.15O19 (M-

type hexaferrite) and Mn0.8Mg0.2Fe2O4 (spinel ferrite) were prepared through the citrate 

combustion method, following the formula [(x) (BaFe11.7Al0.15Zn0.15O19) + (1-x) 

(Mn0.8Mg0.2Fe2O4); where x = 0.3, 0.4, and 0.5]. Upon the addition of the 

BaFe11.7Al0.15Zn0.15O19 phase, Mr and Hc of the nanoparticles increased significantly, and 

showed enhancement of 2 and 2.5 times, respectively. In the case of the nanocomposites with 

x = 0.4, the Cole-Cole plots exhibited two successive semicircles at different temperatures. 

At low frequencies, the first semicircle indicated the contribution of grain boundaries, while 

with second semicircle at higher frequencies attributed to the grain conduction process [143].  

 

Tyagi S. et al. (2018) fabricated BaFe12O19/ZnFe2O4 nanoparticle to investigate RADAR 

absorbing characteristics in its wave band. The VSM analysis revealed that an increment in 

heat treatment led to an increase in Ms from 24.10 to 53.49 emu/g. When 20 % by weight 

CNTs were combined with BaFe12O19/ZnFe2O4 to form a 2 mm thickness composite, the 

RELmax of -43. 22 dB were obtained at 10.30 GHz and bandwidth reaches 2.95 GHz for REL 

= -10 dB [144]. 

 

Sai R. et al. (2018) enquired about the effect of Co-Ti ions on SrM hexaferrite for EM noise 

suppression above 6 GHz. The hysteresis results revealed as the Co-Ti content increased, a 

fall observed in Hc from 710 to 40 Oe. The power loss ratio in the magnetic element to the 

input power when placed on top of a microstrip line was measured to assess EM noise 
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suppression. EM noise suppression of up to 20% was accomplished using a 500 nm thick 

composite sheet [145]. 

 

Patel C. K. et al. (2017) synthesized CoFe2O4/Sr2Co2Fe12O22 composite by chemical 

coprecipitation methodology. They explored structural, magnetic, and dielectric 

characteristics of synthesized composites with changing ratios (1:0, 3:7, 4:6, 6:4, 7:3, 0:1). 

The VSM analysis revealed the Ms ranged from 50.44 to 31.21 emu/g, whereas Mr varies 

from 11.18 to 3.70 emu/g. The general dielectric behavior was shown by all synthesized 

composites [146]. 

 

Nikmanesh H. et al. (2016) examined magnetic, structural, and absorption characteristics of 

BaCuxMgxZr2xFe12-2xO19/MWCNTs over the frequency regime of 1 GHz to 18 GHz. 

Investigators observed that a decrease in Ms value and Hc varied non-linearly from 4689 to 

256 G. It could be seen that with increasing the level of substitution the REL values of 

BaCuxMgxZr2xFe12-2xO19/MWCNTs composite increased and x= 0.5 exhibited large REL of -

23.1 dB at 6 GHz for 2.1 mm thickness. The investigation concluded that the reflection loss 

of synthesized composites depends on the thickness of the absorber [147]. 

 

Seyed Dorraji M. S. et al. (2016) successfully synthesized polypyrrole-SrFe12O19-TiO2-

epoxy resin nanocomposites and investigated absorption performance within the X-band 

range. The contribution of both magnetic and dielectric loss resulted REL of -15 dB in the 

frequency range of 9.2 to 10.8 GHz [148]. 

 

Ren X. et al. (2016) explored Co-Zn doped barium hexaferrite/carbonyl iron composite at 1 

to 14 GHz for investigating microwave absorption characteristics. A vector network analyzer 

evaluated the microwave absorption regarding REL through 𝜀𝑟/𝜇𝑟. Authors observed 

absorption characteristics of double-layer absorbers are far better than those of single-layer 

due to coupling interactions between absorption and matching layers. REL of -55.4 dB at 2.7 

mm and a maximum bandwidth of 10.8 GHz for REL < -10 dB was reported at 1.4 mm 

[149]. 

 

Durmus Z. et al. (2015) prepared graphene sheet (EGO) decorated SrM hexaferrite via sol-

gel citrate combustion methodology. A VSM was deployed to determine the magnetic 
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properties of prepared nanocomposites at an applied magnetic field of 15 KOe. Investigators 

reported addition of EGO layers diminished the Ms of composites [150]. 

 

Singh L. et al. (2015) investigated electrical and microwave characteristics of 

Ba0.5Sr0.5CoxZrxFe(12-2x)O19 hexaferrite as a function of composition and frequency. VNA 

results showed that the maximum REL of -13.91 dB (3.5 mm) was observed in 

Ba0.5Sr0.5Co0.8Zr0.8Fe10.4O19 composition at 9 GHz due to an increase in grain connectivity 

and reduction in grain boundaries [151]. 

 

Hosseini S. et al. (2015) fabricated core-shell structure SrTiO3/SrFe12O19/PANI composites 

which were nanometer in size. TEM, XRD, VSM, and VNA were deployed to examine the 

morphology, structure, magnetic, and absorption characteristics of synthesized composites. 

The addition of PANI results decreased in magnetic properties and an increase in 

conductivity (helps in dielectric loss). A minimum REL of -15 dB with 1 mm thickness at 9.2 

GHz had been observed [152]. 

 

Hazra S. et al. (2015) reported magnetic and microwave characteristics of 

(Ni0.65Zn0.35Fe2O4)x – (BaFe12O19)1-x composites by one-pot and physical mixing method. 

XRD, TEM, and SEM affirmed the existence of both hard/soft phases. Synthesis through the 

one-pot method improved the saturation magnetization and coercivity because of well 

exchange coupling in hard/soft ferrite. Composition x = 0.85 exhibited REL of -21 dB for 3.5 

mm thickness at 9.86 GHz [153]. 

 

2.2 Research Gaps 

After the literature review, there are some research gaps which are mentioned below: 

 

(a) The literature reported that the best-performing hard magnetic materials contained a 

certain amount of rare-earth materials. Unfortunately, the high cost of rare earth materials 

makes them less accessible and viable for commercial use.  In contrast, soft magnetic 

materials are more economical and less reactive. Therefore, achieving the optimal blend of 

these hard and soft magnetic materials can improve chemical and physical properties while 

being cost-effective. The addition of a spinel phase might improve the material’s magnetic, 
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electrical, and absorption characteristics, enhancing the technological significance of the 

composite. 

 

(b) Very few researchers have conducted analyses that correlate the morphology of 

substituted M-type hexaferrites and their composites with their electrical, magnetic, and 

absorption characteristics. 

 

(c) To enhance the microwave absorption of M-type hexaferrite material, several composites 

containing spinel ferrite and conducting polymer can be formulated. However, microwave-

absorbing composites of rare-earth/transition metal substituted M-type hexaferrite with a 

fixed ratio of spinel ferrite, and PANI composites have received limited exploration. 

 

The purpose of the present research is to synthesize an economical and tunable absorption 

bandwidth microwave absorber with REL > -10 dB (90% absorption) to suppress 

electromagnetic interference. The prime objective of preparing hexaferrite composites is to 

mold them in any shape because pure strontium hexaferrite is mechanically hard and thus 

difficult to machine. To overcome this problem, composites are made by selecting the 

optimal weight ratio of the matrix (ferrite), and filler material and REL must remain  -10 

dB. The composites of hexaferrite may or may not dilute the magnetic and dielectric 

characteristics due to their different crystal structures. Thus, we tested samples for different 

microwave frequency ranges X -band (8.2 to 12.4 GHz) and Ku -band (12-18 GHz). We are 

reporting results of samples wherein REL  -10 dB at the mentioned bands. 

 

2.3 Objective of this study 

This research aims to synthesize divalent/trivalent substituted M-type hexaferrite material and 

their composite which will be able to absorb EM radiation in the GHz frequency spectra. The 

main objectives are to: 

i. To investigate structural, electrical, and magnetic properties of rare-earth/transition metal-

doped hexaferrite composite. 

ii. To study and enhance microwave absorption of hexaferrite composites. 

iii. To correlate hysteresis and absorption properties. 
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CHAPTER 3 

RESEARCH METHODOLOGY AND 

CHARACTERIZATION 

 

In the present study, our objective is to utilize the sol-gel method for the synthesis of 

pure strontium hexaferrite and doped strontium hexaferrite. The synthesis methodology 

significantly influences various important properties of hexaferrite, including its structure, 

morphology, and electrical, and magnetic behavior. However, these properties are also 

heavily influenced by the composition, dopant type, doping concentration, and calcination 

temperature of the synthesized material. Furthermore, we prepared hexaferrite composites 

with spinel ferrite (CoFe2O4), Polyaniline (PANI), and Magnetite (Fe3O4). Substituted M-

type hexaferrite and spinel ferrite (CoFe2O4) are successfully synthesized using the sol-gel 

technique and polyaniline (PANI) which is a conducting polymer will be synthesized via 

chemical oxidative polymerization. To prepare PANI, it is essential to carefully select the 

dopant, oxidant, and synthesis techniques.  Moreover, we directly purchased Magnetite 

(Fe3O4) from Sigma-Aldrich company.  For the preparation of strontium hexaferrite 

composites, it is important to choose a quick and facile synthesis procedure to ensure 

excellent entanglement of composite material with strontium hexaferrite. 

 

3.1 Method of Synthesis 

3.1.1 Sol-gel Auto combustion Methodology 

It is a wet chemical technique widely utilized for synthesizing nanomaterials. There 

are several methodologies for synthesizing hexaferrites including chemical co-precipitation, a 

solid-state reaction route, a ceramic method, sol-gel auto combustion, and microemulsion, 

etc. However, this method has gained popularity and widespread acceptance due to its 

significant advantages over other synthesis methods. The benefits of the sol-gel auto-

combustion method include desirable particle size, formulation of nano-size particles, low 

cost, and high homogeneity. In this method (Fig. 3.1), the raw materials, typically metal 

nitrates or alkoxides, are dissolved in a liquid medium such as water, ethylene glycol, or a 

suitable acid to form a colloidal suspension known as “sol”. The sol is then subjected to 
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aging, followed by heating to form a solid network called the “gel”. Further heating or drying 

of the gel at higher temperatures causes the liquid medium to evaporate, transforming the gel 

into a “precursor”. It is worth noting that a sol refers to a colloid suspended in a liquid, while 

a gel is a suspension that maintains its shape, thus giving to the name “sol-gel” [154]. 

 

Fig. 3.1. Sol-gel auto combustion process 

The sol-gel auto-combustion method primarily involves the hydrolysis, condensation, 

and polymerization of monomers, leading to the formation of particles that subsequently 

agglomerate. This process is followed by the development of networks that spread throughout 

the liquid medium, resulting in the formation of a gel-like solution [155]. Hydrolysis refers to 

the chemical decomposition of a compound due to its reaction with water, while condensation 

is the conversion of a gas vapor into a liquid state [156].  

Fig. 3.2 illustrates the Schematic procedure of sol-gel auto combustion methodology 

followed in the present manuscript. The incorporated nitrates were of analytical reagent grade 

and C6H8O7 (citric acid) was employed as a chelating agent. All the precursors were weighed 

according to the stoichiometric calculations and cation to citric acid was retained at 1:1.5 

ratios. The aqueous solution was prepared by mixing nitrates of all the cations with de-

ionized water and preserved on a magnetic stirrer for some time. Ammonia solution was 

gradually added to maintain the pH 7-8 of an aqueous solution. Furthermore, the prepared 

aqueous solution was placed on a magnetic stirrer for about 8-9 h at 70°C – 80 °C, which 

resulted in a viscous solution and later formed a brownish gel. The gel gets burnt with the 
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progressive temperature and results in the formation of powder. Thereafter, the powdered 

sample was pre-sintered for 2 hours at 550 °C and sintered at 1100 °C/5 h with an increasing 

rate of the temperature of 12 °C/ min. 

 

Fig. 3.2. Schematic procedure of Sol-gel combustion 

 

3.1.2 Polyaniline (PANI) synthesis method 

The Chemical oxidative polymerization (COP) technique involves three main 

components: aniline (monomer), ammonium persulphate (oxidant), and hydrochloric acid 

(dopant or acidic medium). To prepare PANI, aniline (2 ml) was dispersed in 50 ml of HCl 

(0.1 M). In an ice bath, the mixture was stirred to form a homogeneous suspension and it was 

continuous for 2 hours until anilinium ions were formed. Meanwhile, a solution of 

ammonium persulphate (APS) was prepared by combining 5 g of ammonium persulphate 

with 50 ml of HCl (1 M). After that, the APS solution was added dropwise to the 

aforementioned aniline-HCl mixture while constantly stirring in an ice bath. This stirring 

process continued for 5-6 hours until the solution turned dark green, indicating the formation 

of the conducting form of PANI, known as emeraldine salt (ES). Overnight, the solution was 

placed in an ice bath, and the subsequent precipitates were filtered under a vacuum. To 

remove any remaining residues, the PANI precipitates were washed multiple times with HCl 

and distilled water. In the end, PANI green precipitates were dried for 12 hours in a hot air 

oven at 70 °C and subsequently ground into a fine powder using a mortar pestle. The 

schematic diagram of the synthesis of PANI is illustrated in Fig. 3.3.          
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Fig. 3.3. Schematic procedure of preparing PANI. 

 

3.1.3 Synthesis of ferrite composites 

  Blending, sometimes called direct compounding, is a quick and efficient process for 

preparing ferrite composites. Within the realm, there are several ways involved in blending 

procedures such as solution, emulsion, mechanical, physical, and melt. These blending 

procedures facilitate the direct incorporation of filler and matrix material in precise 

proportions. The process entails separate filler and matrix material preparation, subsequently 

combined to yield the composite. 

 

3.1.4 Synthesis of Co2+ and La3+ substituted SrM hexaferrite with 

composition Sr𝑪𝒐𝟏.𝟓𝒛𝑳𝒂𝟎.𝟓𝒛𝑭𝒆𝟏𝟐−𝟐𝒛𝑶𝟏𝟗 

The equation of the combustion reaction is as follows: 

Sr(𝑁𝑂3)2 + 1.5z Co(𝑁𝑂3)2.6𝐻2O + 0.5z La(𝑁𝑂3)3.6𝐻2O + (12 – 2z) Fe(𝑁𝑂3)3. 9𝐻2O+ y 

N𝐻4OH + x 𝐶6𝐻8𝑂7 + 𝐻2O + heat → Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒(12−2𝑧)𝑂19 + m 𝐻2O + n C𝑜2 + p NO 

Fig. 3.4 illustrates the chemicals (AR grade) with the company name employed for 

the preparation of Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19 (0.0≤ 𝑧 ≤ 0.5) hexaferrite. The detailed 

description of chemicals used in quantity (g), as well as their properties studied using 

different characterization techniques, are mentioned in Table 3.1. 
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Fig. 3.4. Chemicals along with their company for the preparation of 

Sr𝐂𝐨𝟏.𝟓𝐳𝐋𝐚𝟎.𝟓𝐳𝐅𝐞𝟏𝟐−𝟐𝐳𝐎𝟏𝟗. 

 

Table 3.1 Detailed description of chemicals used in quantity (g) and performed 

characterization of SrCo1.5zLa0.5zFe12−2zO19. 

 

Synthesis Material: Cobalt and Lanthanum doped Strontium hexaferrite  

( Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19) 

Method of Synthesis: Sol-gel Method 

Doping Concentration: z = 0.0, 0.1, 0.2, 0.3, 0.4, 0.5 

Cations to citric acid ratio: 1:1.5 

Chemicals used with Mol. 

Wt. (g) 

Sr(𝑵𝑶𝟑)𝟐 Co(𝑵𝑶𝟑)𝟐.

6𝑯𝟐O 

La(𝑵𝑶𝟑)𝟑.6

𝑯𝟐O 

Fe(𝑵𝑶𝟑)𝟑. 

9𝑯𝟐O 

𝑪𝟔𝑯𝟖𝑶𝟕 

Amount of 

chemicals used 

 (In g) 

z = 0.0 2.11 - - 48.48 37.46 

z = 0.1 2.11 0.43 0.21 47.67 37.46 

z = 0.2 2.11 0.87 0.43 46.86 37.46 

z = 0.3 2.11 1.30 0.64 46.05 37.46 

z = 0.4 2.11 1.74 0.86 45.24 37.46 

z = 0.5 2.11 2.18 1.08 44.44 37.46 

Characterization studied: Structural, Morphology, Magnetic, Electrical, and Microwave absorption 
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3.1.5 Synthesis of Co2+ and Cr3+ substituted SrM hexaferrite with 

composition Sr(CoCr)xFe(12-2x)O19 

The equation of the combustion reaction is as follows: 

Sr(𝑁𝑂3)2 + x Co(𝑁𝑂3)2.6𝐻2O + x Cr(𝑁𝑂3)3.9𝐻2O + (12 – 2x) Fe(𝑁𝑂3)3. 9𝐻2O + y 

N𝐻4OH + z 𝐶6𝐻8𝑂7 + 𝐻2O + heat → Sr𝐶𝑜𝑥𝐶𝑟𝑥𝐹𝑒(12−2𝑥)𝑂19 + m 𝐻2O + n C𝑜2 + p NO 

  Fig. 3.5 illustrates the AR grade chemicals with the company name utilized for the 

preparation of Sr(CoCr)xFe(12-2x)O19 (0.0≤ 𝑥 ≤ 1.0) hexaferrite. The detailed description of 

chemicals used in quantity (g), as well as their properties studied using different 

characterization techniques, are mentioned in Table 3.2. 

 

Fig. 3.5. Chemicals along with their company for the preparation of Sr(CoCr)xFe(12-2x)O19. 

 

Table 3.2 Detailed description of chemicals used in quantity (g) and performed 

characterization of Sr(CoCr)xFe(12-2x)O19. 

Synthesis Material: Cobalt and Chromium doped Strontium hexaferrite  

( Sr(CoCr)xFe(12-2x)O19) 

Method of Synthesis: Sol-gel combustion Method 

Doping Concentration: x = 0.0, 0.2, 0.4, 0.6, 0.8, 1.0 

Cations to citric acid ratio: 1:1.5 

Chemicals used with Mol. 

Wt. (g) 

Sr(𝑵𝑶𝟑)𝟐 Co(𝑵𝑶𝟑)𝟐.6

𝑯𝟐O 

Cr(𝑵𝑶𝟑)𝟑.9

𝑯𝟐O 

Fe(𝑵𝑶𝟑)𝟑. 

9𝑯𝟐O 

𝑪𝟔𝑯𝟖𝑶𝟕 

Amount of x = 0.0 2.11 - - 48.48 37.46 
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3.1.6 Synthesis of Co2+ and Zn2+ substituted SrM hexaferrite with 

composition Sr𝑪𝒐𝒙𝒁𝒏𝒙𝑭𝒆𝟏𝟐−𝟐𝒙𝑶𝟏𝟗  

The equation of the combustion reaction is as follows: 

Sr(𝑁𝑂3)2 + x Co(𝑁𝑂3)2.6𝐻2O + x Zn(𝑁𝑂3)3.6𝐻2O + (12 – 2x) Fe(𝑁𝑂3)3. 9𝐻2O+ y 

N𝐻4OH + z 𝐶6𝐻8𝑂7 + 𝐻2O + heat → Sr𝐶𝑜𝑥𝑍𝑛𝑥𝐹𝑒(12−2𝑥)𝑂19 +n 𝐻2O + m C𝑜2 + p NO 

Fig. 3.6 illustrates the chemicals (AR grade) with the company name employed for 

the preparation of Sr𝐶𝑜𝑥𝑍𝑛𝑥𝐹𝑒(12−2𝑥)𝑂19 (0.4≤ 𝑥 ≤ 2.0) hexaferrite. The detailed 

description of chemicals used in quantity (g), as well as their properties studied using 

different characterization techniques, are mentioned in Table 3.3. 

 

Fig. 3.6. Chemicals along with their company for the preparation of Sr𝑪𝒐𝒙𝒁𝒏𝒙𝑭𝒆(𝟏𝟐−𝟐𝒙)𝑶𝟏𝟗. 

 

 

 

chemicals 

used 

 (In g) 

x = 0.2 2.11 0.58 0.80 46.86 37.46 

x = 0.4 2.11 1.16 1.60 45.24 37.46 

x = 0.6 2.11 1.74 2.40 43.63 37.46 

x = 0.8 2.11 2.32 3.20 42.01 37.46 

x = 1.0 2.11 2.91 4 40.4 37.46 

Characterization studied: Structural, Morphology, Magnetic, Electrical, and Microwave absorption 
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Table 3.3 Detailed description of chemicals used in quantity (g) and performed 

characterization of Sr𝑪𝒐𝒙𝒁𝒏𝒙𝑭𝒆(𝟏𝟐−𝟐𝒙)𝑶𝟏𝟗. 

 

 

3.1.7 Synthesis of Co2+ and Cd2+ substituted SrM hexaferrite with 

composition SrCo1.5zCd0.5zFe12.-2zO19 

The equation of the combustion reaction is as follows: 

Sr(𝑁𝑂3)2 + 1.5z Co(𝑁𝑂3)2.6𝐻2O + 0.5z Cd(𝑁𝑂3)3.4𝐻2O + (12 – 2z) Fe(𝑁𝑂3)3. 9𝐻2O+ y 

N𝐻4OH + x 𝐶6𝐻8𝑂7 + 𝐻2O + heat → Sr𝐶𝑜1.5𝑧𝐶𝑑0.5𝑧𝐹𝑒(12−2𝑧)𝑂19 + m 𝐻2O + n C𝑜2 + p NO 

Fig. 3.7 illustrates the chemicals (AR grade) with the company name employed for 

the preparation of SrCo1.5zCd0.5zFe12.-2zO19 (0.2≤ 𝑥 ≤ 1.0) hexaferrite. The detailed 

description of chemicals used in quantity (g), as well as their properties studied using 

different characterization techniques, are mentioned in Table 3.4. 

Synthesis Material: Cobalt and Lanthanum doped Strontium hexaferrite  

( Sr𝐶𝑜𝑥𝑍𝑛𝑥𝐹𝑒12−2𝑧𝑂19) 

Method of Synthesis: Sol-gel Method 

Doping Concentration: x = 0.4, 0.8, 1.2, 1.6, 2.0 

Cations to citric acid ratio: 1:1.5 

Chemicals used with Mol. 

Wt. (g) 

Sr(𝑵𝑶𝟑)𝟐 Co(𝑵𝑶𝟑)𝟐.6

𝑯𝟐O 

Zn(𝑵𝑶𝟑)𝟑.6

𝑯𝟐O 

Fe(𝑵𝑶𝟑)𝟑. 

9𝑯𝟐O 

𝑪𝟔𝑯𝟖𝑶𝟕 

Amount of 

chemicals used 

 (In g) 

x = 0.4 2.11 1.16 1.18 45.24 37.46 

x = 0.8 2.11 2.32 2.37 42.01 37.46 

x = 1.2 2.11 3.49 3.56 38.77 37.46 

x = 1.6 2.11 4.65 4.75 35.55 37.46 

x = 2.0 2.11 5.82 5.94 32.32 37.46 

Characterization studied: Structural, Morphology, Magnetic, Electrical, and Microwave absorption 
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Fig. 3.7. Chemicals along with their company for the preparation of SrCo1.5zCd0.5zFe12.-2zO19. 

Table 3.4 Detailed description of chemicals used in quantity (g) and performed 

characterization of SrCo1.5zCd0.5zFe12.-2zO19. 

 

3.1.8 Synthesis of Sr𝑪𝒐𝟏.𝟓𝒛𝑳𝒂𝟎.𝟓𝒛𝑭𝒆𝟏𝟐−𝟐𝒛𝑶𝟏𝟗 (80%) + Fe3O4 (20%) ferrite 

composites  

As we have already discussed (Fig. 3.2) synthesis procedure of the 

Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19 hexagonal ferrite and Fe3O4 (Magnetite) are directly purchased 

from Sigma Aldrich company. For the synthesis of hard/soft (Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19 

Synthesis Material: Cobalt and Lanthanum doped Strontium hexaferrite  

(SrCo1.5zCd0.5zFe12.-2zO19) 

Method of Synthesis: Sol-gel Method 

Doping Concentration: x = 0.2, 0.4, 0.6, 0.8, 1.0 

Cations to citric acid ratio: 1:1.5 

Chemicals used with 

Mol. Wt. (g) 

Sr(𝑵𝑶𝟑)𝟐 Co(𝑵𝑶𝟑)𝟐.6

𝑯𝟐O 

Cd(𝑵𝑶𝟑)𝟑.4

𝑯𝟐O 

Fe(𝑵𝑶𝟑)𝟑. 

9𝑯𝟐O 

𝑪𝟔𝑯𝟖𝑶𝟕 

Amount of 

chemicals used 

 (In g) 

x = 0.2 2.11 0.87 0.30 46.86 37.46 

x = 0.4 2.11 1.74 0.61 45.24 37.46 

x = 0.6 2.11 2.61 0.92 43.63 37.46 

x = 0.8 2.11 3.49 1.23 42.01 37.46 

x = 1.0 2.11 4.36 1.54 40.40 37.46 

Characterization studied: Structural, Morphology, Magnetic, Electrical, and Microwave absorption 
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(80%) + Fe3O4 (20%)) ferrite composites, a physical blending method was utilized. To obtain 

a homogeneous mixture of the ferrite composites, the weight ratio of 

Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19: Fe3O4 was taken to be 1:5. 

 

3.1.9 Synthesis of Sr𝑪𝒐𝒙𝒁𝒏𝒙𝑭𝒆(𝟏𝟐−𝟐𝒙)𝑶𝟏𝟗 (80%) + PANI (20%) ferrite 

composites. 

As we have already discussed (Fig. 3.2) synthesis procedure of the 

Sr𝐶𝑜𝑥𝑍𝑛𝑥𝐹𝑒(12−2𝑥)𝑂19 hexagonal ferrite and Fig. 3.3 demonstrated the detailed synthesis 

procedure of PANI. For the synthesis of Sr𝐶𝑜𝑥𝑍𝑛𝑥𝐹𝑒(12−2𝑥)𝑂19 (80%) + PANI (20%) a 

physical blending method was utilized. To obtain a homogeneous mixture of the ferrite 

composites, the weight ratio of Sr𝐶𝑜𝑥𝑍𝑛𝑥𝐹𝑒(12−2𝑥)𝑂19: PANI was taken to be 1:5. 

 

3.1.10 Synthesis of Sr(CoCr)xFe(12-2x)O19 (80%) + CoFe2O4 (20%)ferrite 

composites 

As we had already discussed (Fig. 3.2) synthesis procedure of Sr(CoCr)xFe(12-2x)O19 

hexagonal ferrite, while CoFe2O4 (spinel ferrite) has also been synthesized using sol-gel 

combustion methodology by utilizing analytical grade starting materials, including like 

 Co(𝑁𝑂3)2. 6𝐻2O, and Fe(𝑁𝑂3)3. 9𝐻2O. During the spinel ferrite synthesis the ratio of all 

nitrates and citric acid (𝐶6𝐻8𝑂7) was 1: 1. The prepared powder was calcined at 1100 ⁰C/2h 

with a rate of heating of 12°C/ min. For the synthesis of hard/soft (Sr(CoCr)xFe(12-2x)O19 

(80%) + CoFe2O4 (20%)) ferrite composites, a physical blending method was utilized. The 

weight ratio of Sr(CoCr)xFe(12-2x)O19: CoFe2O4 was 1:5 to obtain a homogeneous mixture of 

the ferrite composites. 

 

3.1.11 Synthesis of SrCo1.5zCd0.5zFe12.-2zO19 (80%) +20% PANI ferrite 

composites. 

As we have already discussed (Fig. 3.2) synthesis procedure of SrCo1.5zCd0.5zFe12.-

2zO19 hexagonal ferrite and Fig. 3.3 demonstrated the detailed synthesis procedure of PANI. 

For the synthesis of SrCo1.5zCd0.5zFe12.-2zO19 +20% PANI a physical blending method was 

utilized. To obtain a homogeneous mixture of the ferrite composites, the weight ratio of 

SrCo1.5zCd0.5zFe12.-2zO19: PANI was taken to be 1:5. 
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3.2 Characterization Technique 

  To determine the impact of cation substitution on the properties of prepared samples, 

an extensive array of characterization techniques has been utilized such as X-ray diffraction 

technique (XRD), Field emission scanning electron microscopy (FESEM), Fourier transform-

infrared spectroscopy (FTIR), Mössbauer analysis, Vibrating sample magnetometer (VSM), 

Impedance analyzer, and Vector network analyzer (VNA). 

 

3.2.1 X-ray diffraction technique (XRD) 

XRD is a non-destructive and widely utilized technique for determining the phase 

purity and crystalline structure of synthesized materials at an atomic level. It is a long-range 

order technique that enunciates the strain, preferred orientation, impurity phases, lattice 

parameters, grain size, and structural defect within the crystal [157]. The wavelength of X-

rays, which are EM waves, is roughly 0.1 nm, or about the same size as the distance between 

atoms. Fig. 3.8 depicts the snapshot of the Bruker D8 advanced X-ray diffractometer. Powder 

XRD works on the principle of constructive interference of cathode ray tube-generated 

monochromatic X-rays, as shown in Fig. 3.9. In multilayer structures, the arrangement of 

atoms at interfaces is precisely assessed through intensity measurements in XRD. It is 

essential to comprehend that this characterization method only works on materials that have a 

crystallization or are partially crystallized. 

 

Fig. 3.8. Snapshot of Bruker D8 advance [158]. 

When the monochromatic beam of X-ray interacts with the specimen, it diffracts the 

incoming ray in arbitrary directions of 2𝜃, and a movable detector as a function of 2𝜃 is 

deployed to measure the intensity of diffracted radiations. Thus, if the sample to be analyzed 
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acquires a regular arrangement of atoms, the scattered light is oriented in particular 

directions. For constructive interference, the diffracted X-rays should satisfy Bragg’s law 

mentioned below [159]: 

nλ = 2𝑑ℎ𝑘𝑙Sin𝜃                                                      

where n, 𝑑ℎ𝑘𝑙, λ and 𝜃 signify the order of reflection, interplanar spacing, wavelength of X-

ray (1.54 Å), and diffraction angle, respectively. The diffracted X-ray beam at different 

angles with different intensities is recorded by a detector. Afterward, the first step is indexing 

XRD peaks, which entails assigning the correct Miller indices to each peak in the diffraction 

pattern [160]. The indexing of peaks can be done by three methods: Analytical method, 

graphical method, and by comparing the measured XRD pattern with standard reference 

ICDD-cards. 

 

Fig. 3.9. Schematic diagram of X-ray diffractometer [161]. 

 

3.2.2 Parameters derived from XRD data 

XRD analysis helps us to determine some useful structural parameters of M-type 

hexagonal ferrite samples. Some of them are discussed below. The structural parameter (a, c, 

and c/a), the volume of the unit cell (𝑉) has been estimated from the following expression 

[162]: 

1

𝑑ℎ𝑘𝑙
2  

 = 
4

3
 (

ℎ2+ℎ𝑘+𝑘2 

𝑎2  ) + 
𝑙2

𝑐2                                                                                                    (3.1)                                                                             

In hexagonal ferrites 𝛼 = 𝛽 = 90°, 𝛾 = 120° and b = a ≠ c   

𝑉𝑐𝑒𝑙𝑙= 
√3

2
  𝑎2c                                                                                                                         (3.2) 

Where 𝑑(ℎ𝑘𝑙) displays interplanar distance which has been calculated from the relation 

2𝑑ℎ𝑘𝑙𝑆𝑖𝑛𝜃 = nλ and (hkl) implies Miller indices. We can calculate the crystallite size (𝐷) 
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using the Debye-Scherrer equation, dislocation density (𝛿), and microstrain (𝜖) of the 

sintered samples using the following equation [163]: 

𝐷 = 
𝑘𝜆

𝛽ℎ𝑘𝑙𝐶𝑜𝑠𝜃
                                                                                                                           (3.3) 

𝛿 = 
1

𝐷2                                                                                                                                    (3.4) 

𝜖 = 
𝛽ℎ𝑘𝑙

4 𝑡𝑎𝑛𝜃
                                                                                                                              (3.5) 

Where 𝛽 is displayed as the full width at half maxima (in radians), k = 0.9 denotes as 

Scherrer constant, θ implies Bragg’s angle (radians), 𝜌𝑥=X-ray density, and λ (1.540 Å) x-ray 

wavelength. The spacing between magnetic ions denotes a hopping length and could be 

estimated using the following expression for octahedral and tetrahedral sites. 

LA = 
(𝑎√3)

4
⁄                                                                                                                         (3.6) 

LB = 
(𝑎√2)

4
⁄                                                                                                                         (3.7) 

Here LA and LB represent hopping length for tetrahedral and octahedral sites, respectively. 

The bulk density (𝜌𝑏𝑢𝑙𝑘) can be calculated with the help of a pellet having thickness (h), 

radius (r), and mass of pellet (m) using the following expression:  

𝜌𝑏𝑢𝑙𝑘 = 
𝑚

𝜋𝑟²ℎ
                                                                                                                          (3.8)                                                                                                                              

The XRD density (𝝆𝒙) and porosity (P) of the prepared specimen can be estimated using the 

below expression [164]: 

𝜌𝑥 =
𝑧𝑀

𝑁𝐴𝑉
                                                                                                                             (3.9) 

P % = (1 − 
𝝆𝒃𝒖𝒍𝒌

𝝆𝒙 
) ×100                                                                                                  (3.10) 

S = 
6000

𝐷𝜌𝑥
                                                                                                                              (3.11) 

Where 𝑁𝐴 represent as Avogadro’s number, M implies molecular weight and z, and V implies 

the no. of molecules per unit cell, and volume per unit cell, respectively.  

 

3.2.3 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectroscopy aids as a valuable tool for obtaining quantitative and qualitative 

insights into molecular band position, existing chemical bonds, and attached functional 

groups. FTIR is a versatile technique used to distinguish between inorganic and organic 

compounds [165]. The principle of FTIR spectroscopy is illustrated in Fig. 3 .10. The infrared 

spectrum (IR) is typically categorized into three distinct regions by its wavelength range. The 

first one low-energy far-infrared encompasses the range of 400 to 10 cm-1, indicating 
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rotational and fundamental vibrations.  The mid-infrared lies ranging from 4000 to 400 cm-1, 

are leveraged to explore associated rotations combined with vibrational structures [166]. 

Conversely, the near-infrared spanning from 14000-4000 cm-1 focuses on studying excite 

harmonic vibrations or overtone in experiments. The Perkin Elmer company FTIR 

spectrometer (4000 to 400 cm-1) has been employed for characterization purposes. This FTIR 

instrument boasts an impressive capability to swiftly measure the 4000 - 400 cm-1 frequency 

spectrum in mere seconds. It incorporates a beam splitter that divides the incoming IR 

radiation into two components, one component remains at a fixed path length to introduce a 

path difference, while the second component varies with the position of a moving mirror. 

These two components of the beam undergo interference and culminate in a composite beam 

known as an interferogram, which is emitted from the interferometer. This interferogram 

entails comprehensive data of the entire signal that comes from the interferometer. Indeed, 

this comprehensive data is extracted at individual frequencies and decoded via software that 

employs a mathematical technique known as Fourier transformation. 

 

Fig. 3.10 Ray diagram of FTIR-spectrometer [167]. 

 

3.3.4 Field Emission Scanning Electron Microscopy 

FESEM serves as a powerful and widely utilized technique for producing high-

resolution images of the sample surface. In this technique, when electrons are incident on 

atoms, they produce signals that give insights into the elemental analysis, grain size, surface 

topology, particle size, etc. of the material. This enables the investigation of samples with a 
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spatial resolution of ~ 1 nm (3 to 6 times better resolution than SEM images) and low 

electrostatic distortion [168].  

FESEM is composed of an electromagnetic lens system and an electron gun to 

examine the morphology and surface structure of solids. In FESEM electrons are generated in 

vacuum by a field emission source and accelerated via a field gradient. A well-defined beam 

of electrons strikes the specimen and results in a variety of emissions depending on energies 

including secondary electrons, absorbed electrons, characteristics X-rays, backscattered 

electrons, etc., as seen in Fig. 3.11. A suitable detector is deployed to detect secondary 

electrons and produce electrical signals which are further converted into scan images and 

appear as a digital image of the sample on the monitor. The characteristic X-rays generated 

are utilized for the estimation and identification of different elements that exist in the sample 

by energy dispersive spectrometer (EDS) [169]. In this research, Field emission scanning 

electron microscopy (FESEM) (SIGMA 500VP) was used to study the morphology and 

elemental analysis. 

 

Fig. 3.11 Ray diagram of FESEM [170]. 

3.3.5 Vibrating Sample Magnetometer (VSM) 

A magnetic sample undergoing oscillatory motions generates a time-varying magnetic 

field in its surroundings because of its magnetization. When a coil is positioned near the 

sample, this phenomenon induces a voltage. This fundamental principle is harnessed in a 

vibrating sample magnetometer to examine the magnetic response of the sample [171]. This 
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involves placing the sample within the sample holder, which is then positioned between two 

sets of pick-up coils affixed to an electromagnet, as depicted in Fig. 3.12. A coherent 

magnetic field generated by the electromagnet causes the sample to experience induced 

magnetization. The sample holder, along with the sample inside, undergoes mechanical 

sinusoidal vibrations. When this vibrational component induces alterations in the magnetic 

field surrounding the sample, Faraday’s principle of electromagnetic induction produces an 

electric field corresponding to this magnetization change [172]. The change in magnetic flux 

results in a voltage being induced in the pickup coils, which is directly proportional to the 

sample’s magnetization. The software running on a computer connected to a VSM apparatus 

converts these changes into a graphical representation of magnetization (M) as a function of 

the applied magnetic field (H) [173]. 

 

Fig. 3.12 Schematic diagram of VSM [174]. 

3.3.6 Parameters Derived from M-H loops 

The VSM analysis provides us data in the form of M-H loops, wherein magnetization 

(M) is along the y-axis in terms of emu/g and the applied field (H) is along the x-axis in units 

of oersted (Oe). We can easily determine the magnetic parameters from M-H loops such as 

coercivity (Hc), saturation magnetization (Ms), anisotropy field (Ha), squareness ratio (SQR), 

remanent magnetization (Mr), Bohr-magneton (𝑛𝐵), and magnetic susceptibility (dM/dH). 

The saturation law is used to derive the Ms and Ha of prepared specimens using the below 

equation [175]: 

M = Ms(1 – A/H – B/H²) + 𝜒ₚH                                                                                     (3.12) 

Here 𝑀𝑠 imply as saturation magnetization, 𝜒ₚ illustrates susceptibility at high field, A 

represents an inhomogeneity parameter, and B represents the anisotropy parameter 
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In the hexagonal symmetry of the crystal, we can calculate B using the below expression 

[176]:          

B = 𝐻𝑎
2 / 15 = 4𝐾1

2 / 15𝑀𝑠
2                                                                                                  (3.13) 

Here K1 denotes a constant of anisotropy and Hₐ implies an anisotropy field. Afterward, 

substituting the value of B in equation 4.13, we can easily estimate the value of Hₐ. The Bohr 

magneton (𝑛𝐵)shows a significant role in investigating the magnetic characteristics of the 

material, which is widely used in microwave and high-frequency applications and calculated 

using the following expression [177]: 

𝑛𝐵 = 
𝐌𝐬×𝑀.𝑊

5585
                                                                                                                       (3.14)     

Here M.W – Molecular weight, Ms – Saturation magnetization.  

 

(a) Squareness Ratio (SQR) 

The squareness ratio (SQR) is described as the ratio of remanent to saturation 

magnetization (𝑀𝑟/𝑀𝑠). It is a crucial parameter for determining the hardness of magnetic 

material and the existence of inter-grain groups in the synthesized samples. In M-type 

hexaferrite, the value of  𝑀𝑟/𝑀𝑠 is usually high and lies in the range of 0 and 1. The materials 

with a large squareness ratio (0.5< 𝑀𝑟/𝑀𝑠 < 1) are more anisotropic, single domain, and 

hard while those with 0.05< 𝑀𝑟/𝑀𝑠 < 0.5 have randomly oriented multi-magnetic domains. 

The Stoner-Wohlfarth model of ferromagnetism is considered a basic model capable of 

explaining the magnetic behavior of grains that are sufficiently small enough to contain a 

single domain [178]. 

 

(b) Switching Field Distribution (dM/dH) 

The expression dM/dH symbolizes the magnetic susceptibility (𝜒) of the material and 

is used to estimate the effect of grains on magnetic characteristics and the magnitude of 

dM/dH elaborates the existence of switching or inversion field distribution. The hysteresis 

loop with infinite (∞)susceptibility (dM/dH) at 𝐻𝑐 and zero susceptibility at H ~0 indicates 

the case of an ideal single domain [179]. The small peak height at 𝐻𝑚with narrow separation 

owes to the existence of large no. of unstable superparamagnetic domains along with an 

amorphous phase in the crystal structure. Alternatively, the wide separation between peaks 

with large peak heights at 𝐻𝑚specifies a magnetically stable state, higher grain size along 

with the well-crystalline structure of hexaferrite. 
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The investigation of dM/dH against H, known as switching field distribution, is often used for 

assessing the exchange-coupling effect between hard/soft ferrite composites. If the sample 

exhibits a single narrower peak in the switching field distribution attributed to a strong 

exchange coupling between soft/hard magnetic phases [180]. Conversely, the single peak 

with a shoulder peak suggests the weak coupling between them. The first single peak is 

attributed to reversible susceptibility and is the result of reversible domain wall movement, 

whereas the shoulder peak is ascribed to the involvement of an irreversible component or a 

contribution of the switching field [181]. 

                        

3.3.7 Mössbauer Spectroscopy  

Mössbauer spectroscopy is a spectroscopic method based on the Mössbauer effect, 

which involves the absorption and emission of gamma rays by atomic nuclei in a solid 

sample without any recoil. When the gamma-ray energy precisely matches the energy 

difference between the ground state and the excited state of a nucleus, resonance absorption 

occurs. This is feasible because atomic nuclei exist in specific, well-defined energy levels. 

 

Fig. 3.13. Schematic diagram Mössbauer spectroscopy [182]. 

This spectroscopy configuration includes three major components: a gamma source, a 

detector, and a sample (as illustrated in Fig. 3.13). Typically, the gamma-ray source is 57Co 

(cobalt nuclei), which is inherently unstable. These cobalt nuclei typically decay into 57Fe 

(iron nuclei), ultimately reaching the ground state by emitting a gamma ray that is absorbed 

by the sample in a resonant manner. To achieve this, the gamma-ray source is often subjected 
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to acceleration through varying velocities, typically accomplished using a linear motor. This 

manipulation introduces the Doppler effect. When the velocity of the source aligns with the 

resonant energy level of the sample, a portion of the gamma ray is absorbed. This 

phenomenon results in a reduction in the intensity of the gamma-ray, an observable dip that is 

observable in the Mössbauer spectrum. Subsequently, the gamma-ray, generated in this 

process, is systematically scanned across a specified range of velocities for 57Fe and is 

subsequently detected by a specialized detector. A computer, connected to the detector, then 

generates a plot illustrating the relationship between gamma-ray intensity and the velocity of 

the source. 

 

3.3.8 Impedance Analyzer 

An impedance analyzer is an electronic device employed for assessing admittance and 

impedance. Fig. 3.14 displays a snapshot of the universal impedance analyzer. When a 

periodic current (AC test signal) and voltage are given to the circuit or device then the overall 

resistance offered to the flow of current is termed impedance. This periodic current is 

composed of both real and imaginary components. When the connection is done in series, the 

impedance can be expressed as follows [183]: 

Z = R + jX 

 Z*=  𝑍′ - 𝑗𝑍′′; (j = -1)                                                                                                        (3.15) 

Where j = imaginary number, 𝑍′ (real part of impedance) = R (resistance) and 𝑍′′ (imaginary 

part of impedance) = X (reactance). The measurement plane of impedance can be taken as 

resistance on the x-axis and reactance on the y-axis. Additionally, the obtained parameters 

can be utilized to determine dielectric parameters such as loss tangent (tanδ), dielectric 

constant (𝜀′), ac conductivity (𝜎), and complex electric modulus (M*) of the material [184]. 

The impedance measurements of incorporated samples are carried out at room temperature 

within the frequency range 20 Hz to 2 MHz using Agilent E4980A, Precision LCR meter. To 

make disc-shaped specimens, the powder was granulated with a 4 wt% PVA (polyvinyl 

alcohol) binder and uniaxially pressed by applying a pressure of 2 tons. For measuring 

electrical characteristics, the neighboring surfaces of the pellets were thoroughly polished 

with silver paste to form a parallel plate capacitor, with measurements taken for both 

thickness and diameter. The sample was then carefully placed into the cell and the electrodes 

were gently brought into contact with the sample, avoiding any excessive pressure. The 
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micrometer was adjusted with a light touch, and the corresponding electrometer settings were 

recorded.  

 

Fig. 3.14. Universal impedance analyzer [185] 

 

3.3.9 Parameters derived from Impedance measurements  

(a) Dielectric Analysis  

The complex dielectric constant consists of two components one is the real part (𝜀′), 

and the other is the imaginary part (𝜀′′), and it has been calculated from the following 

equations [186]: 

𝜀′ =  
𝐶𝑑

𝜀𝑜𝐴
                                                                                                                              (3.16) 

Here C implies as capacitance (F) of the circular pellet, A = cross-sectional area of the 

circular pellet, d suggests the thickness (m) of the circular pellet and 𝜀𝑜 = permittivity 

constant (free space). 

The below relation can be used to estimate dielectric loss tangent: 

tan 𝛿 = 
1

2𝜋𝑓𝐶𝑝𝑅𝑝
                                                                                                                    (3.17) 

where 𝛿 represents as loss angle, 𝑓 implies frequency, 𝐶𝑝 and 𝑅𝑝  are its equivalent parallel 

capacitance and resistance, respectively. 

The dielectric loss is derived from the following expression: 

𝜀′′ =  𝜀′𝑡𝑎𝑛𝛿                                                                                                                      (3.18) 

The following expression is used to estimate AC conductivity: 

𝜎 = 2𝜋𝑓𝜀0𝜀′′                                                                                                                       (3.19) 
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(b) Complex Electric Modulus 

Electric modulus spectroscopy provides a comprehensive understanding of charge 

transport mechanisms such as the dynamics of ions, conductivity relaxation, and the 

mechanism of electrical transport. It can also be utilized to differentiate grain boundary 

conduction and electrode polarization processes. The electric Modulus could be formulated 

through [187]: 

𝑀∗ = (𝜀∗)ˉ1 = (𝜀′ − 𝑖𝜀′′)ˉ1                                                                          

=  
𝜀′

𝜀′2 + 𝜀′′2
+ 𝑖

𝜀′′

𝜀′2 + 𝜀′′2
 

= 𝑀′ + 𝑖𝑀′′                                                                                                                       (3.20) 

Here M' - real and 𝑀′′ - imaginary parts of the complex modulus. 

 

3.3.10 Vector Network Analyzer    

A vector network analyzer (VNA) is an essential tool to measure and analyze the 

performance of high-frequency electrical components and networks in the field of radio 

frequency (RF) and microwave engineering [188]. Fig. 3.15 represents the Agilent (E8361C) 

Vector Network Analyzer broadband measurement setup. The primary function of VNA is to 

provide insights into how the material behaves at different frequencies. It works on the 

principle of measurement of reflected and transmitted waves when a signal passes through a 

device under test (DUT) [189]. Based on transmission line theory, the normalized input 

impedance (𝑍𝑖𝑛) at the interference can be expressed as [190]: 

𝑍𝑖𝑛= 𝑍0(𝜇𝑟 𝜀𝑟)⁄ 1/2
tanh[𝑗

2𝜋𝑓𝑡(𝜇𝑟𝜀𝑟)1/2

𝑐
]                                                                              (3.21) 

Where 𝑍0 implies as characteristic impedance with value 377Ω, 𝑓 represents EM wave 

frequency, t denotes the thickness of the pellet, c is the velocity of the EM wave (Vaccum) 

and  𝜀0 = 8.854× 10−7 F/m / 𝜇0 = 4𝜋 × 10−7H/m is the permittivity/permeability of the 

vacuum, respectively. 

According to the theory of absorbing walls, the reflection loss can be written as [191]: 

REL (dB)= 20log|
𝑍𝑖𝑛−𝑍0

𝑍𝑖𝑛+𝑍0
|                                                                                                    (3.22) 

(a) Eddy Current Loss 

  The resonance peaks observed in the magnetic loss (tan𝛿𝜇) shows the effect of eddy 

current and is expressed by the relation: 

𝐶𝑜=𝜇"(𝜇′)−2𝑓−1= 2𝜋𝜇0𝜎t                                                                                                   (3.23) 

Where 𝜎 implies conductivity. 
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(b) Quarter Wavelength Mechanism 

The mathematical representation for the occurrence of a quarter-wavelength (λ/4) 

mechanism can be defined as follows [192]: 

dm =  
𝑛.𝑐

4𝑓𝑚 √|𝜇𝑟𝜀𝑟|
   , Here n= 1, 3, 5………                                                                      (3.24) 

(c) Bandwidth to Thickness Ratio (BTR)/Percentage Bandwidth Ratio (PBW) 

BTR = 
𝜆2−𝜆1

𝑑𝑚
                                                                                                                       (3.25) 

PBW = 
𝑓2−𝑓1

𝑓0
                                                                                                                        (3.26) 

Here, 𝜆2 (wavelength at frequency 𝑓2) = c/𝑓2,  𝜆1 (wavelength at frequency 𝑓1)  = = c/𝑓1 , 𝑓2 

= upper frequency, 𝑓1 = lower frequency, 𝑓0 = center frequency, and dm = thickness at the 

REL dip of interest 

 

 

Fig. 3.15. Vector network analyzer (VNA). 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Co2+ - La3+ substituted Sr𝑪𝒐𝟏.𝟓𝒛𝑳𝒂𝟎.𝟓𝒛𝑭𝒆𝟏𝟐−𝟐𝒛𝑶𝟏𝟗 hexaferrite  

In the present section, we intend to use the sol-gel combustion method to synthesize 

Co-La substituted SrFe12O19 hexaferrite, having a composition of Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19. 

Table 4.1 displays the assignment of sample names/codes for a different level of substitution 

for Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19 hexaferrite. 

 

Table 4.1 Assignment of sample name for a different level of substitution of 

Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19 hexaferrite. 

Sample Composition 

Sr𝑪𝒐𝟏.𝟓𝒛𝑳𝒂𝟎.𝟓𝒛𝑭𝒆𝟏𝟐−𝟐𝒛𝑶𝟏𝟗   

Sample Code 

(D-series) 

z = 0.0 D1 

z = 0.1 D2 

z = 0.2 D3 

z = 0.3 D4 

z = 0.4 D5 

z = 0.5 D6 

 

4.1.1 Structural Analysis 

4.1.1.1 X-ray Analysis 

Figure 4.1 illustrates the XRD pattern of the prepared D-series hexaferrite samples, 

demonstrating the reflection planes within the 2𝜃 range of 20 ⁰-70 ⁰ agreed with the ICDD-

801197 reference of M-type hexaferrite. This affirms the successful synthesis of single-phase 

SrFe12O19 (SrM) hexaferrite [193]. The high-intensity peak (107) displays a subtle shift of 2𝜃 

toward the right side of the Bragg angle. The observed changes in peak intensity and lattice 

sizes as we transition from D1 to D6 indicate the successful substitution of 𝐶𝑜2+ –𝐿𝑎3+ ions 
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at distinct crystallographic sites [194]. Table 4.2 lists lattice parameters (c, a, and c/a) and 

unit cell volume (V) estimated using equation 3.1 and equation 3.2 [195]. 

Table 4.2 presents the observed value of the lattice constant ‘c’ ranges from 22.9518 

to 22.9048 Å, ‘a’ varies from 5.8545 to 5.8644 Å, and the unit cell volume ranges from 

681.26 – 679.86 Å³. These findings indicate that the expansion of the lattice parameter ‘a’ is 

smaller than that of the parameter ‘c’ and is consistent with the conventional behavior of M-

type hexaferrites[196]. The slight change observed in the lattice parameter ascribed to larger 

ionic radii of 𝐶𝑜2+(0.72 Å) and 𝐿𝑎3+(1.15 Å) ions as compared to the host ion 

𝐹𝑒3+(0.645 Å). 𝐹or the M-phase, the height-to-width ratio (c/a) should be around 3.98 and 

the observed values lie in the range of  3.92 to 3.91, which is close to the predicted values 

[197]. 

Table 4.2 Various structural parameters at different levels of substitution. 

Sample 

Name 

2θ (⁰) FWH

M 

c (Å) a (Å) V (Å³) c/a Crystallit

e size 

(nm) 

∈ 

D1 32.4806 0.169 22.9518 5.8545 681.26 3.92 48.94 0.0514 

D2 32.4806 0.186 22.9518 5.8545 681.26 3.92 44.46 0.0210 

D3 32.4806 0.209 22.9518 5.8545 681.26 3.92 39.57 0.0420 

D4 32.5290 0.218 22.9048 5.8545 679.86 3.91 37.94 0.0300 

D5 32.4806 0.254 22.9518 5.8545 681.26 3.92 32.56 0.0500 

D6 32.4806 0.287 22.9357 5.8644 683.08 3.91 28.82 0.0070 

 

Table 4.3 Density, porosity, and surface area values of all D-series hexaferrite samples. 

Sample name Density(g/cm³) 

 

Porosity(P) 

(%) 

S × 10⁷ (cm²/g) 

 XRD (𝝆𝒙) bulk (𝝆𝒃𝒖𝒍𝒌)   

D1 5.18 3.03 41.50 23.37 

D2 5.20 2.75 47.11 25.73 

D3 5.22 2.52 51.72 26.97 

D4 5.25 2.20 58.09 27.90 

D5 5.27 2.95 44.02 28.44 

D6 5.27 2.90 44.97 29.88 
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4.1.1.2 Crystallite size and Density measurement 

The calculated values of full-width half maxima (FWHM) and crystallite size from 

equation 3.3 are listed in Table 4.2. From D1 to D6, the FWHM value of the high-intensity 

peak becomes broader and consequently declines the crystallite size. The average crystallite 

size of the high-intensity peak decreases from 48.94 nm (D1) to 28.82 nm (D6) with 

increasing the level of substitution [198][199]. The William- Hall equation 𝛽 𝑐𝑜𝑠 𝜃 = 

𝑘𝜆 𝐷⁄ +4𝜀 𝑠𝑖𝑛𝜃 is used to determine the degree of deformation in the crystal lattice[200]. Its 

measurement is based on the lattice parameters of the crystals and their changes concerning 

the applied stress or strain. The average lattice strain of all prepared specimens lies between 

D1 (0.0514) – D6 (0.0070). Table 4.3 enlist the value of bulk density (ρbulk), Porosity (P), X-

ray density (ρx ), and surface area (S). The surface area (S) of a prepared specimen is 

inversely linked to the crystallite size (equation 3.11), and the value of the surface area (Table 

4.3) gradually increases from D1 to D6 (23.37 – 29.88 × 10⁷ cm²/g). Substitution causes an 

increment in XRD density (𝝆𝒙) (calculated using equation 3.9) from D1 (5.17 g/cm³) to D6 

(5.28 g/cm³), which may be due to the lesser atomic mass of host Fe3+ (55.84 amu) ion than 

substituted Co2+ (58.93 amu) and La3+ (138.90 amu) ions, as presented in Table 4.3 [199]. 

Moreover, the value of 𝝆𝒙  surpasses 𝝆𝒃𝒖𝒍𝒌 (calculated using equation 3.8), suggesting the 

existence of pores during the sample preparation and attributed to irregular grain shape  

[201]. The porosity (P) (calculated using equation 3.10) shows an irregular trend with 

substitution and is minimal for the D1 sample [202]. 

Figure 4.2 illustrates the Rietveld refinement of D1 to D6 samples was carried out 

using the Fullprof program and was employed to calculate lattice parameters as listed in 

Table 4.4. The fitting was assessed by the goodness of fit and the low values of the reliable 

factor as included in Table 4.4. It is noteworthy, that the lattice parameter decreased non-

linearly comparatively to undoped SrM hexaferrite. Typically, the insertion of larger ionic 

radii elements in the host lattice causes the crystal lattice to expand. However, contrary to this 

general trend, the current study reveals a reduction in lattice parameters. This unusual 

behavior can be attributed to various factors. Notably, the low solubility of the rare earth 

substitution in SrM may induce the formation of secondary phases, which may be observed in 

D5 and D6 samples. The introduction of small quantities of larger rare earth elements can 

lead to strong interactions between neighboring atoms, inducing stress on the crystal lattice 

resulting from a cationic redistribution of ions within the host lattice. Consequently, the 

crystal lattice diminishes in size, resulting in a decrease in lattice parameters [203]. 
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Fig. 4.1. XRD pattern of D-series hexaferrite. 
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Fig. 4.5. Rietveld refinement of synthesized samples. 

 

Table 4.4 Lattice parameters obtained from Rietveld refinement. 

Sample 

codes 

D1 D2 D3 D4 D5 D6 

a (Å) 

 

5.878404 5.885925 5.870990 5.873567 5.878076 5.875697 

c (Å)  23.034563 23.052750 22.994368 23.005497 23.018208 22.997269 

c/a 3.9185 3.9165 3.9166 3.91678 3.9159 3.9139 

𝐕𝐜𝐞𝐥𝐥 (Å
3)  689.334  691.644 686.396  687.331  688.767  687.584 

Rp (%) 22.4 31.0 31.6 31.6 31.4 35.3 

Rwp (%) 36.5 46.0 46.1 46.4 44.2 48.5 

GoF 2.0 2.6 2.8 2.8 2.8 3.0 

Percentage 

of phases 

SrM:100% SrM:100 % SrM:100 % SrM:100 % SrM:89.67 % 

CoFe2O4: 

10.33 % 

SrM:80.64 % 

CoFe2O4: 

19.36 % 

4.1.1.3 FTIR Analysis  

FTIR spectroscopy serves as a valuable tool for obtaining both quantitative and 

qualitative insights into molecular band position, existing chemical bonds, and attached 

functional groups. It aids in determining the structural changes resulting from the substitution 

of  𝐶𝑜2+-𝐿𝑎3+ ions in SrM hexaferrites [204]. IR spectra of the prepared specimen were 

examined in the infrared range from 3000 to 400 cm-1, as seen in Fig. 4.3. Table 4.5 explains 

the position of absorption bands obtained in the IR range of 600 to 400 cm-1 for a different 

level of substitution. There are no broad absorption bands near 1385 cm-1, 2750 cm-1, and 

3000 cm-1, indicating the nonexistence of 𝑁𝑂3− , C-H bending vibration, and vibrations due 
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to the hydroxyl group (O-H), respectively[205][206]. The observed bands lie in the range of 

500-600 𝑐𝑚−1 representing mode ν΄΄ and are owed to stretching vibrations of 𝐹𝑒3+- 𝑂2− at 

tetrahedral sites. Other absorption bands from 400-450 cm-1 represent mode ν' and are due to 

vibrations of 𝐹𝑒3+- 𝑂2− at octahedral crystallographic sites of crystal structure[207]. 

Furthermore, the substitution of 𝐶𝑜2+ and 𝐿𝑎3+ ions alter the band position of tetrahedral and 

octahedral sites towards a higher frequency side. This may be attributed to the substitution of  

𝐶𝑜2+ –𝐿𝑎3+ ions in crystallographic sites of hexagonal crystal structure [208]. 

Table 4.5 FTIR spectra details of D-series samples. 

Sample name Fe – O vibrations at 

Octahedral sites (400-

450 𝒄𝒎−𝟏) 

Tetrahedral sites (500-600 𝒄𝒎−𝟏) 

D1 422.35 541.92 582.42 

D2 430.06 555.42 584.35 

D3 426.20 547.70 588.20 

D4 426.20 547.70 586.27 

D5 433.92 551.26 593.99 

D6 433.92 - 590.13 

 

 

Fig. 4.6. FTIR spectra of D-series 
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4.1.1.4 Morphology Analysis 

Figure 4.4 shows micrographs of all prepared D-series hexaferrite samples. The 

formation of grains exhibiting diverse sizes and shapes can be attributed to the aggregation of 

crystallites caused by dipolar attractive interaction among magnetic particles. It is evident 

from Fig. 4.4 that the substitution of 𝐶𝑜2+ –𝐿𝑎3+ ions improve the inter-grain connectivity of 

particles. All the compositions obtained display a porous morphology and consist of micron-

sized agglomerates containing a substantial number of nanometer-sized particles[209]. As the 

proportion of substituents increases in the composition of the synthesized samples, there is no 

significant change in morphology, which is associated with the same synthesis conditions in 

all D-series samples. It should be noted that, in comparison with traditional methods of 

obtaining hexaferrite, this sol-gel technique made it possible to obtain samples with a more 

developed morphology.  

 

Fig. 4.7. SEM micrographs of D-series from D1 to D6 (a-f) samples. 

Elemental analysis performed by the method of energy-dispersive analysis (Fig. 4.5) 

confirms that all obtained powders correspond in their composition to the calculated values 

within the error of the determination method. In addition, it was found that all the main 

chemical elements are evenly distributed over the entire area of the samples, which indirectly 
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confirms the XRD phase analysis data on the homogeneous nature of the compositions 

obtained. 

 

  

 

Fig. 4.8. EDX spectra of the (a) D2, (b) D4 (b), and (c) D6 samples. 

4.1.2 Electrical Analysis 

4.1.2.1 Dielectric Constant 

It has been noted that among all samples of the D-series only D1, D2, and D4 exhibit 

the electrical characteristics due to uncertainty observed in the rest of the samples of the D-

series [210]. The variation of frequency-dependent 𝜀′ (calculated using equation 3.16) of D1, 

D2, and D4 samples in the frequency range 20Hz to 2MHz are shown in Fig. 4.6(a). The 

dielectric constant of D1, D2, and D4 generally decreases as frequency increases but the rate 

of dispersion is different for all. This is the normal frequency-dependent behavior shown by 

all hexaferrites [17].  The value of 𝜀′ for D1 is 953.374 at 100 Hz and decreases to 79.61 at 1 

MHz, while the value of 𝜀′ for D2 is 485.833 at 100 Hz and decreases to 87.957 at 1 MHz. 

The same trend is observed for D4, where 𝜀′ is 561.257 at 100 Hz and 77.07 at 1 MHz. This 
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dielectric mechanism could be explained by Koop’s theory which agrees with the two-layer 

model proposed by Maxwell and Wagner. The high value of a 𝜀′  in low-frequency regions is 

caused by space charge polarization, which occurs when higher conductivity phases (i.e., 

grains) create a local accumulation of charge in the insulating matrix (i.e., grain boundary) 

under the influence of an electric field. The space charge carriers take some time to align 

their axes parallel to an alternating field. As the field reversal frequency increases, the space 

charge carriers can no longer keep their direction in step with the field causing a delay in 

changing their direction relative to the field. This delay is attributed to the fall observed in the 

material’s dielectric constant [18]. In ferrites, polarization can be considered a similar process 

to conduction and is caused primarily by the hopping conduction mechanism. The Verway-

de-Boer [19] explains the electrical conduction mechanism in hexaferrite is caused by 

electrons hopping between ions of the same element that are formed during sintering and 

exist in multiple valence states. The concentration of 𝐹𝑒2+ ions are characteristic of ferrite 

materials and dependent on factors such as atmosphere, grain structure, and sintering 

time/temperature. The presence of 𝐹𝑒2+ ions lead to electrons hopping between 𝐹𝑒2+ -  𝐹𝑒3+ 

ions and causing a local shift of charges towards the electric field, resulting in polarization in 

hexaferrite. The extent of the exchange depends on the concentration of 𝐹𝑒2+/𝐹𝑒3+ ion pairs 

on the octahedral position. Indeed, the large value of  𝜀′  in the lower-frequency region can 

also be explained through the domains of species such as 𝐹𝑒2+, defects in the grain boundary, 

oxygen vacancies, and voids. The value of 𝜀′ decreases non-linearly with substitution from 

D1 to D4, which can be explained by the availability of Fe2+ ions at octahedral sites. As we 

increase the substitution, the Co-La ions may tend to occupy the octahedral sites which lessen 

the no. of Fe ions responsible for polarization, thus resulting in a decrease in the dielectric 

constant. 

4.1.2.2 Dielectric Loss and Loss tangent        

Figure 4.6(b) depicts that the imaginary part (𝜀′′) (calculated using equation 3.18) of 

the dielectric constant decreases as the applied frequency increases. It is observed that 𝜀′′ 

decreases more rapidly than 𝜀′ at a lower frequency, while the variation is similar to that of  𝜀′ 

at a higher frequency region. The increment in interfacial polarization of the Maxwell-

Wagner type results in maximum 𝜀′′ at low frequency. The contribution of bound charges to 

the conduction mechanism is responsible for the decrease in 𝜀′′ at high- frequency. 
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Fig. 4.9. (a) ε' and (b) 𝜺′′ (c) tan𝜹 variation with frequency of D-series samples. 

The value of tan𝛿 (calculated using equation 3.17) is influenced by various factors 

involving the sintering temperature and composition of the samples, as well as the 

stoichiometry and 𝐹𝑒2+ content, which affects the structural homogeneity. Fig. 4.6(c) 

indicates that the value of tan𝛿 is high at a low applied frequency and it subsequently 

decreases as the applied frequency increases. The high value of tan𝛿 at lower frequencies is 

due to the impediment caused by grain boundaries. Moreover, this emanating behavior shows 

that more energy is required for exchanging electrons between   𝐹𝑒3+ 𝑎𝑛𝑑 𝐹𝑒2+ ions which 

lead to a high energy loss. In contrast, a small amount of energy is sufficient for transferring 

electrons between these ions at higher frequencies. The grains assist conductivity at high-

frequency which results in low energy loss. Substitution of Co-La ions causes heterogeneity 

in the prepared samples and results in more interface polarization. A relatively strong 

relaxation is observed in the D4 sample than in the D2 sample, which can be explained by the 

Rezlescu model. According to this model, a strong relaxation is observed in tan𝛿 plots, when 

the hopping frequency of charges between Fe2+ ⇆ Fe3+ cations at the octahedral position 

matches with the applied frequency. Substitution causes a shift in peak towards the lower 
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frequencies from D2 to D4. This could be explained through the availability of large no. of 

grain boundaries in D4 with substitution, which acts as scattering centers within the material. 

These scattering centers cause charge carriers to lose energy more frequently, increasing 

energy dissipation at lower frequencies. 

4.1.2.3 AC conductivity 

In ferrites, the primary mode of conduction is determined by the electrons hopping at 

octahedral positions between 𝐹𝑒2+ and   𝐹𝑒3+ ions, as proposed by Verwey et al [19]. As the 

frequency increases, the frequency of hopping between 𝐹𝑒2+ and 𝐹𝑒3+ ions also increase, 

which further causes an increment in conductivity. The frequency-dependent conductivity 

could also be estimated through the polaron hopping model. Fig. 4.7 displays the increase in 

ac conductivity (𝜎) of D1, D2, and D4 samples as the applied frequency increases. It also 

reveals that 𝜎 (calculated using equation 3.19) exhibits frequency-independent behavior at a 

lower-frequency region and sharply increases at a higher-frequency region (>104 Hz). This 

ubiquitous rise in 𝜎 value with increasing frequency is the general behavior of hexaferrite 

explained by Verway’s hopping mechanism. According to this mechanism, at higher 

frequencies, the electronic conduction is due to the successful electrons hopping between 

Fe2+ and Fe3+ ions. While at lower frequencies, grain boundaries are active which hinders the 

electron exchange between two valence states of the same element at octahedral position. The 

minimal charge hopping at lower frequencies is evidently due to the high polarization [Fig. 

4.6(a)] caused by the entrapment of charge carriers at different trapping sites at grain 

boundaries. However, at higher frequencies, the active conductive grains promote electrons 

hopping and releasing the trapped charge carriers. The replacement of Fe3+ ions with Co-La 

ions causes a reduction in conductivity value and this reduction elucidates a decrement in the 

concentration of Fe3+ ions at an octahedral position, which restricts the probability of hopping 

between Fe2+ and Fe3+ ions. The AC conductivity of prepared samples may also be affected 

by grain distribution and porosity in the material. The material with heterogeneous 

morphology, such as a large no. of grain boundaries and porosity impedes the movement of 

charge carriers, resulting in a lower conductivity value.  

4.1.2.4 Complex Electric Modulus 

The complex electric modulus framework was utilized to determine the transport 

dynamics in electronic or ionic materials vary with their microstructure (including grain and 
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grain boundaries) with various factors like the hopping rate of charge carriers, dispersion of 

relaxation times which further related to the suppression of electrode polarization. 

 

Fig. 4.10. 𝝈 variation with frequency for D-series samples.              

The modulus can be expressed in terms of both resistive (real) and 

reactive(imaginary) components and is calculated using equation 3.20. Fig. 4.8(a) displays 

the changes in 𝑀′ with frequency and the plot shows a very low value of 𝑀′ at lower 

frequencies approaching zero implying no contribution of electrode polarization. With 

increasing frequency, 𝑀′ varies continuously and reaches an asymptotic value (𝑀′) which is 

maximum at the high-frequency range for all sintered hexaferrite. This pattern suggests that 

there is a lack of a restoring force controlling the movement of charge carriers in response to 

an induced electric field [25]. Also, it supports the concept that charge carriers have long-

range mobility. Moreover, the value of 𝑀′ increases sigmoidally with increased frequency, 

eventually reaching a value (𝑀∞) for all sintered hexaferrite. This increment may be ascribed 

to the conduction phenomena resulting from the short-range mobility of carriers, especially 

ions. This variation is similar to the behavior observed in 𝜎𝑎𝑐, discussed in the previous 

section. However, substitution causes the minimum value of 𝑀′ for D2 at a high frequency. 

Figure 4.8(b) illustrates the variation of 𝑀′′ with frequency. The value of 𝑀′′ is 

related to the dissipation of energy during an irreversible conduction process.  The nature of 

𝑀′′ spectrum of D1, D2, and D4 can be discussed via (i) an appearance of an asymmetrical 

peak at a certain frequency, (ii) a shift in the peaks toward a higher frequency with the 

substitution of Co-La, (iii) a broadening peak of D2 and narrowing peak of D1 and D4. The 

lower frequency side of the peak suggests the range of frequencies where ions could hop 

from one site to the neighboring site over long distances. Conversely, the high-frequency side 
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of the peak indicates the range of frequencies where the motion of ions is localized within the 

potential wells. The frequency region at which the peak is observed, affirms a transition of 

charge carriers from long-range to short-range mobility. The pattern of the modulus spectrum 

reveals that the electrical conduction mechanism in the samples is of the hopping type for all 

levels of substitution. The peak frequency enunciates information about the conduction 

relaxation time and the forward shift in the peak frequency implies a reduction in relaxation 

time (substituents have less relaxation than Fe3+) with Co-La substitution. The asymmetric 

shape of the plot for the peak maxima and the width of the peaks on either side of the maxima 

indicate a non-Debye behavior of the material, caused by the distribution of relaxation time 

[26], [27]. Substitution of Co-La ions causes a non-linear variation in the relaxation 

frequency and is the minimum for the D2 sample. 

 

Fig. 4.11. (a) 𝑴′ (b) 𝑴′′ (c) Cole-Cole plots (𝑴′′ vs 𝑴′) variation with frequency of D1, D2, 

and D4 hexaferrite   

Figure 4.8(c) illustrates the Cole-Cole plot (𝑀′′ vs 𝑀′) of D1, D2, and D4 sintered 

hexaferrite. The obtained curves demonstrate a deformed semicircle instead of a perfect 

semicircle with the center lying below the x-axis. This signifies that the relaxation is 
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distributed over different time constants and is not of the Debye-type. The semicircular arc 

reflected at a low frequency is attributed to charge carrier relaxation due to grain boundaries, 

while the semicircular arc at a high frequency is caused by charge carrier relaxation 

associated with grains. Moreover, it is seen in Fig. 4.8(c) that the semi-circular arc of the D2 

and D4 samples begin almost at the same point in the low-frequency region due to minimum 

conductivity. While the curve distribution (𝑀′′vs 𝑀′) of D2 and D4 samples are different in 

the higher frequency region. This could be due to the maximum conductivity caused by 

different grain size distributions in D2 and D4 samples as seen in the magnified view of SEM 

micrographs (Fig. 4.9). 

 

 

Fig. 4.12. A magnified view of SEM micrographs of D1, D2, and D4 samples. 

4.1.2.5 Impedance Analysis 

Impedance spectroscopy is an indispensable tool for determining the response of 

dielectric material against an applied AC in the combined form of resistance and reactance in 

a circuit. Impedance analysis differentiates the charge relaxation of the dielectric material 

based on its microstructure [28]. This analysis considered the contributions of grain 

boundaries, grains, and stray charges at the electrode to understand the conduction behavior 
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within the polycrystalline material, which possesses multi-grain orientations. The complex 

impedance at any applied frequency can be calculated using equation 3.15. The decrease 

observed in both Z' and Z'' with increasing frequencies is shown in Fig. 4.10(a) and 4.10(b), 

respectively. As the frequency increases, both Z' and Z'' decreases, suggesting an increment 

in the material’s conductivity due to the increase in electron hopping between the localized 

ions [29]. At higher frequencies, the reduction in Z' could be explained through the Maxwell-

Wagner model [30]. However, the investigation of Z'' led to a better understanding of the 

relaxation process and space charge effect. This space charge effect dominates the impedance 

response at low frequencies and results in a larger value of Z''. However, the charge carriers 

may not be able to respond rapidly to the alternating applied field at high frequencies, leading 

to a decrement in the Z''. A weak dielectric relaxation at the low-frequency region in the D1 

sample can be described by the weak grain connectivity (due to the occurrence of individual 

grains with porosity) as seen in SEM micrographs (Fig. 4.9), which hindered the flow of 

charge carriers. 

Fig. 4.10(c) shows the Cole-Cole plots (Z'' vs Z') of D1, D2, and D4 sintered 

hexaferrite at room temperature. These plots are commonly used to analyze impedance 

spectroscopic data and are particularly useful in understanding electrical properties about 

changes in microstructure. In the Cole-Cole distribution, the semi-circular arc reflects at a 

lower-frequency regime corresponding to the resistance caused by the grain boundary, whilst 

the semi-circular arc at a high-frequency region is attributed to the grain’s resistance [27], 

[31]. The behavior of the observed Cole-Cole plots can also be explained through grain size 

and distributions. Instead of a complete semicircular arc, only a segment of a semicircular arc 

has been observed for all. It is also noted that as the substitution increases, the depression of 

the arc decreases from D1 to D2, and then increases for D4. This depression suggests that the 

impedance mechanism at low frequency explicitly depends on the dielectric polarization that 

occurs at grain boundaries, also referred to as the Maxwell-Wagner effect. Additionally, the 

fitted circle in a cole-cole plot for D1 represents the predicted relaxation.  

4.1.3 Magnetic Analysis  

The magnetic characteristics of the prepared specimens can be tailored by substituting 

cations with varying electronegativity, magnetic moment, and d-configuration[222]. It has 

been reported that ions with higher electronegativity generally occupy octahedral sites more 

than tetrahedral positions of the crystal lattice [223]. The electronegativity of 𝐿𝑎3+(1.1) ions 
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are lower than that of   Co²⁺ (1.88) ions, so the former ions tend to occupy the tetrahedral site 

4f₁ ( ↓) [224]. 

              

 

Fig. 4.13. (a) 𝒁′(b) 𝒁′′ (c) Cole-Cole plots (𝒁′′ vs 𝒁′) variation with frequency of D1, D2, 

and D4 hexaferrite. 

According to ligand field theory, 𝐿𝑎3+ions have no site preference due to d⁰ 

configuration and Co²⁺ ions with d⁷ configuration preferably choose to occupy octahedral 

sites 12k (↑), 2𝑎(↑), 4𝑓₂(↓) [225][226]. When the substituted ion has larger ionic radii than 

the host ion, it preferentially occupies octahedral sites at the edges of the unit cell. From 

previous reports  Co²⁺ (3𝝁𝑩) ions can occupy both the octahedral(4f₂) and tetrahedral(4f₁) 

crystallographic sites [227][47] while 𝐿𝑎3+(0𝝁𝑩) behaves as a non-magnetic ion and can 

occupy more octahedral spin-up positions (12k and 2a) than tetrahedral sites [229]. 

 The saturation magnetization (Ms), remanence magnetization (Mr), coercivity (Hc), 

anisotropy field (Hₐ) (calculated using equation 3.13), remanence ratio (Mr/Ms) and 

magnetic moment (nB)  values derived from the M-H loop are listed in Table 4.6. Fig. 4.11 
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demonstrates the hysteresis loops of all D-series samples at room temperature. The values of 

Ms and Ha parameters decrease from D1 to D4 samples, followed by a gradual increase. 

The magnetic moment of the incorporated specimen can be explained through the 

distribution of host and substituted cations over five crystallographic sites of hexagonal 

crystal structure using the following expression[230]: 

𝑀𝑠= 𝑀𝑎(2a + 12k + 2b) (↑) – 𝑀𝑏 (4f₁ + 4f₂) (↓)                                                                (4.1)                                   

The total magnetization increases by substituting non-magnetic ions or less magnetic at the 

(4f₁↓ + 4f₂↓)  lattice site, while magnetization shows decline behavior with the substitution of 

these ions at (2a↑ + 12k↑ + 2b↑) lattice sites[231]. Table 4.6 shows that Ms decreases non-

monotonically with increasing the level of substitution from D1 to D6. The decrease in Ms 

can be described by various factors, such as spin canting, change of valence state from high 

to low spin, site occupancy, and exchange interaction[232]. For lower levels of substitution 

(D1 to D3), a 14% decrease in the Ms  value is evident.  This decrease can be attributed to the 

replacement of Fe³⁺ (5 𝜇𝐵) ions by non-magnetic (𝐿𝑎3+) and weakly magnetic (Co²⁺) cations, 

which reduces the no. of Fe³⁺ ions on spin-up positions. This resulted in the conversion of 

𝐹𝑒3+ ions to Fe2+  ions to maintain electrical neutrality, which reduces the strength of the 

super exchange interactions and leads to a decline in magnetic moment. Moreover, the 

decrease in Ms from D3 to D4 is about 23%, which is consistent with the 21% decrease 

observed in the relative area of the 12k-2a sites in the Mössbauer analysis (discussed in the 

next section 4.1.4). This indicates that the Co²⁺ -𝐿𝑎3+ions replace more no. of 𝐹𝑒3+ ions of 

12k and 2a sites than other positions[233]. Thereafter an increase of 37% in Ms from D4 to 

D6, can be ascribed as a reduction in porosity. The Porosity acts as a non-magnetic void, 

which depresses magnetization and simultaneously induces demagnetizing fields. However, 

the increase in Ms is not as substantial as the decrease in porosity. This can be explained by 

the fact that the increase in Ms also depends on the occupation of 4f2 and 4f1 positions of 

crystallographic sites [234]. Furthermore, the substitution of a rare-earth element in the ferrite 

attributes to cationic vacancies disturbs the collinear ferromagnetic order and causes 

environmental distortions[50]. In this context, doping with rare-earth cations often leads to 

incomplete substitution[236][237], which may indirectly explain the significant change in the 

intensity of the diffraction peaks of the D6 sample and the absence of a large difference 

between the Mössbauer spectra of the D5 and D6 samples [238]. 
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Table 4.6 Magnetic parameters 𝑀𝑠, 𝐻𝑐, Hₐ,𝑀𝑟 and 𝑀𝑟/𝑀𝑠 value of D-series samples. 

 

Fig. 4.14. Hysteresis loops of all D-series hexaferrites. 

The highest values of the coercivity (5026 Oe), and remanent magnetization (52.68 

emu/g) are observed in a pure sample of strontium hexaferrite (D1), which is associated with 

the absence of substituent cations in the crystal lattice. The behavior of Hc can be easily 

explained by intrinsic and extrinsic factors. Intrinsic factors are those that are inherent to the 

material, such as the crystal structure, chemical composition, and anisotropy field (Hₐ)[238]. 

External factors are those that are external to the material such as temperature, magnetic field, 

and grain size[239]. The initial fall observed in Hc  from D1 (5026 Oe) to D4 (2730 Oe) with 

increasing the level of substitution, is caused by Hₐ. The anisotropy field (Hₐ) depends 

primarily on the magnetic moments of the iron ions at the 4f₂ and 2b sites.  A larger 

anisotropy field leads to a higher coercivity, i.e., more energy is required to reverse the 

magnetic moment of the hexaferrite. However, with further substitution at D5 and D6, Hc 

gradually decreases to 839 Oe and Hₐ remains relatively constant. This envisaged behavior 

can be explained through the existence of inter-grain connectivity in D5 and D6 samples as 

Sample Name 𝐌𝐬 (emu/g) 𝐇𝐜 (Oe) Hₐ (kOe) 𝐌𝐫 (emu/g) 𝐧𝐁 𝐌𝐫/𝐌𝐬 

D1 103.290 5026.54 23.98 52.68 7.27 0.510 

D2 101.812 4379.59 26.69 49.18 19.43 0.483 

D3 88.614 3826.72 19.18 43.14 16.99 0.486 

D4 67.969 2728.33 19.31 34.57 13.08 0.508 

D5 87.454 1741.77 24.12 31.61 16.91 0.361 

D6 92.939 862.47 24.87 

 

32.27 18.05 0.347 
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seen in SEM images. The remanent magnetization (Mr) depends on the orientation of the 

magnetic moments and decreases from D1 (52.68 emu/g) to D6 (32.27 emu/g) with 

increasing the level of substitution. The remanence ratio (Mr/Ms) is a measure of the 

retention of magnetization after removing an applied field, and it’s usually high in M-type 

hexaferrite, indicating high remanence. This ratio is also used to determine the formation of 

the inter-grain group and magnetic hardness of the material and its value should be in the 

range of 0 to 1[240]. The magnetic material whose values lie within 0.05 to 0.5 is randomly 

oriented multi-domain particles[241]. It is seen in Table 4.6 that the remanence value of all 

prepared specimens comes out to be less than or equal to 0.5 which proves the formation of 

multi-domain particles in all D-series samples[242]. The Bohr magneton (nB)shows a 

significant role in investigating the magnetic characteristics of the material, which is widely 

used in microwave and high-frequency applications and calculated using equation 3.14. The 

Bohr magneton is closely related to saturation magnetization and molecular weight (M.W). 

As the level of substitution increases, the value of the Bohr magneton decreases, potentially 

weakening the magnetic interactions within the hexaferrite, as seen in Table 4.6.  

 

4.1.4 Mössbauer Spectra Analysis 

Fig.4.12 shows the 57Fe Mössbauer spectra obtained at room temperature of strontium 

hexaferrite doped with various amounts of cobalt and lanthanum cations. All spectra show 

five well-defined sextets of iron cations, which ascribed the structural positions of 

magnetoplumbite, i.e., octahedral, tetrahedral, and trigonal bipyramidal iron positions. The 

parameters of the quadrupole splitting, isometric shift, and hyperfine field are listed in Table 

4.7. The obtained values are in harmony with the results of earlier published works on 

strontium hexaferrite [243].  

It is known that in pure strontium hexaferrite, the area of the sextet is directly related to the 

Fe3+ cations in the corresponding sites and is equal to the ratio 12k – 50, 4f1 – 16.7, 4f2 – 

16.7, 2a – 8.3, 2b – 8.3 [244][245]. Based on the relative area of D1 (pure SrM), the positions 

of 4f2, 12k, and 2a are quite close to their predicted values, while the 4f1 site is heavily 

populated and the 2b site has less occupancy, as seen in Table 4.7. The relative area of D-

series samples changes from D1 (48.7:21.5:17.7:6.1:3.3) to D6 (43.5:27.5:17.5:3.6:3.5) and is 

ascribed to the substitution Co2+ and  𝐿𝑎3+ ions over five crystallographic sites. Moreover, 

from D3 to D4, the total relative area of 12k and 2a sites decreases by 21.86 % and that of the 

4f2 site by 19 %, signifying the tendency of the substituents to occupy these sites. On the 
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other hand, the relative area of 4f1 increases by 34 %, indicating that some of the Fe ions 

migrated towards the 4f1 site from D3 to D4.  

According to equation 4.1, Ma decreases with the occupancy of weak magnetic Co2+ (3 𝝁𝑩) 

and diamagnetic La3+ (0 𝝁𝑩) ions on 12k and 2a sites, while Mb increases with the increases 

in area/occupancy of 4f1 site by Fe3+ ions. However, the decrease in the net area observed at 

12k-2a spin-up sites is greater than the increase in the net area of the 4f1 and 4f2 spin-down 

sites, which may indicate that relatively large no. of  𝐶𝑜2+ –𝐿𝑎3+ ions occupy the 12k-2a 

sites from D3 to D4. Therefore, the net magnetic moment or M=Ma-Mb decreases 

considerably in D4. 

 

Fig. 4.15. 57Fe Mössbauer spectra of all D-series hexaferrite samples. 

The isomer shift (IS) provides information about the chemical bonding, including the 

valence state of 𝐹𝑒3+ ions in magnetically ordered materials. From the previous reports, the 

value of isomer shift for Fe2+, Fe3+, and Fe4+ ions should lie between 0.6 to 1.7 mm/s, 0.05 to 

0.5 mm/s, and 0.15 to 0.05 mm/s respectively. Table 4.7 displays the value of isomer shift 

ranges from 0.27 to 0.38 mm/s, identifying that samples consist of Fe3+ high spin valence 

state. With substitution, the isomer shift value remains relatively constant for all 

crystallographic sites, suggesting little impact on the s electron density of 𝐹𝑒3+ ions. The 

quadrupole splitting gives knowledge about the local distortion and symmetry of the crystal 
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lattice. Substitution of Co-La ions causes a feeble reduction in the QS value of 4f1 and 4f2, 

implying a minor perturbation of the symmetry in the vicinity of these sites. 

 

Table 4.7 Isometric shift, hyperfine field, and quadrupole splitting of spectral components of 

all D-series hexaferrite samples. 

Sample 

name 

Site IS (mm/s) QS (mm/s) Heff (mm/s) Area (%) 

D1 12k 0.34(9) 0.38(3) 41.17(1) 48.7(3) 

4f1 0.27(2) 0.13(7) 48.85(4) 21.5(3) 

4f2 0.38(1) 0.26(4) 51.45(3) 17.7(4) 

2a 0.28(2) 0.73(1) 48.93(5) 6.1(8) 

2b 0.60(4) 2.60(3) 40.80(0) 3.3(7) 

Doublet 1.56(8) 2.75(5) - 1.1(5) 

D2 12k 0.35(3) 0.38(2) 41.22(7) 49.2(6) 

4f1 0.27(4) 0.13(4) 48.85(7) 22.0(0) 

4f2 0.38(2) 0.26(0) 51.50(0) 17.9(2) 

2a 0.27(8) 0.72(0) 48.96(2) 6.3(0) 

2b 0.62(6) 2.59(1) 40.86(7) 3.2(7) 

Doublet 1.57(8) 2.76(1) - 1.2(5) 

D3 12k 0.35(5) 0.37(2) 41.35(1) 48.3(0) 

4f1 0.27(4) 0.11(7) 48.86(9) 19.5(6) 

4f2 0.37(7) 0.27(1) 51.53(3) 21.3(3) 

2a 0.28(8) 0.70(5) 49.09(1) 5.6(1) 

2b 0.66(7) 2.73(3) 40.22(2) 2.9(6) 

Doublet 1.54(1) 2.85(5) - 2.2(4) 

D4 12k 0.35(6) 0.36(8) 41.53(8) 45.5(0) 

4f1 0.27(5) 0.10(5) 49.06(2) 26.2(5) 

4f2 0.38(2) 0.26(4) 51.67(6) 17.2(0) 

2a 0.28(6) 0.65(3) 49.23(6) 4.7(5) 

2b 0.68(0) 2.57(3) 40.85(5) 3.0(5) 

Doublet 1.61(7) 2.73(9) - 1.6(2) 

Singlet 0.01(8) - - 1.6(4) 

D5 12k 0.35(7) 0.37(0) 41.71(6) 43.6(7) 

4f1 0.27(3) 0.09(4) 49.14(9) 27.6(9) 

4f2 0.36(9) 0.26(9) 51.76(0) 17.5(7) 
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2a 0.29(6) 0.70(0) 49.32(4) 3.8(0) 

2b 0.67(8) 2.80(2) 40.26(3) 4.0(2) 

Doublet 1.39(2) 3.15(3) - 0.5(9) 

Singlet 0.14(6) - - 2.6(6) 

D6 12k 0.35(5) 0.37(0) 41.73(9) 43.5(7) 

4f1 0.27(7) 0.08(9) 49.09(8) 27.5(5) 

4f2 0.38(9) 0.23(8) 51.68(0) 17.5(4) 

2a 0.29(1) 0.68(5) 49.48(1) 3.6(3) 

2b 0.57(4) 2.73(0) 41.05(1) 3.5(1) 

Doublet 1.63(7) 2.65(8) - 0.7(4) 

Singlet 0.14(2) - - 3.4(6) 

 

It can be noted that the values of the hyperfine field (ranging from 40.2 to 41.05 

mm/s) and quadrupole splitting (in the order of 2.5 – 2.8 mm/s) for site 2b may indicate a 

strong deformation of the local lattice medium with 𝐶𝑜2+ –𝐿𝑎3+ substitution[246]. The above 

discussion highlights that the magnetic parameters of all the D-series samples are strongly 

associated with the arrangement of substituents across five crystallographic sites. The 

vacancies resulting in the replacement of  𝐹𝑒3+ ions by 𝐶𝑜2+ –𝐿𝑎3+  ions may serve as 

effective pinning centers for domain walls. This magnetic dilution is demonstrated by the 

decrease observed in Hc and Ms values as shown in Table 4.6. 

4.1.5 Electromagnetic Analysis 

To comprehend the intrinsic factors influencing microwave absorption characteristics, 

we have investigated the complex permittivity/permeability of synthesized samples. The 

magnetic and electric energy storage ability of the synthesized samples are respectively 

determined by the nature of 𝜇′ and 𝜀′, while the ability to dissipate magnetic and electric 

energy is respectively determined by 𝜇′′ and 𝜀′′ values.   Fig.4.13(a) illustrates the variation 

of dielectric constant (𝜀′)/loss (𝜀′′) as a function of frequency, in the frequency ranges 8.2-

12.4 GHz. Introducing Co-La ions causes a gradual decrement in  𝜀′/ 𝜀′′ values from D1 to 

D6. This phenomenon is likely attributed to the occupancy of Co-La ions in octahedral 

positions, reducing the number of Fe ions responsible for polarization, thus leading to a 

decrease in  𝜀′/ 𝜀′′. Among all samples, the 𝜀′ for the D6 sample is lowest, indicating that the 

electric storage capacity decreases with substitution.  The dielectric constant (𝜀′)/loss (𝜀′′) 

remains relatively constant over the entire frequency region for D3, D4, D5, and D6 samples. 
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Among these samples, the D1 sample exhibit the highest value of   𝜀′/ 𝜀′′ in low and high-

frequency regime, while D2 owes relaxation peaks around 8.5 GHz and 11 GHz and attain 

the minimum value of 𝜀′′ in high-frequency regime. Fig. 4.13(b) depicts the variation of 

permeability (𝜇′)/ magnetic loss ( 𝜇′′) as a function of frequency, indicating that all the 

samples remain relatively constant over the entire frequency range, except D2 (resonance 

around 11.25 GHz)- the magnetic loss emanating from eddy current losses, natural resonance, 

and domain wall displacement. The domain wall displacement is usually observed in 1 to 

2GHz frequency windows, while eddy current losses are shown by low-resistive materials. 

Thus, magnetic loss observed in this GHz window is significantly attributed to the natural 

resonance properties of the synthesized samples. It is very well known that  𝜇′′ is 

proportional to MS and Ha via 𝜇′′ = MS/(2 Ha∝), where HA and α are the magneto crystalline 

anisotropy field and extinction coefficient, respectively. When Co-La ions are introduced, 𝜇′′ 

fall owing to the decrease in MS as indicated above. In contrast, from 10.75 – 11.25 GHz the 

𝜀′′ rises and 𝜇′′ decreases, while from 11.25 GHz to 11.5 GHz  𝜀′′ decreases 𝜇′′  rises, 

evidently decreasing the difference between μ″ and ε″ and so enhancing the impedance match 

[247].  

    

Fig. 4.16. (a) Complex permittivity and (b) permeability plots of D-series samples in 8-12 

GHz. 

The microwave absorption phenomena are investigated by examining REL plots as a 

function of frequency for different simulated thicknesses. Fig. 4.14(a, c, e), 4.15(a), 4.16(a, 

c), 4.17(a), 4.18(a, c) and 4.19(a) illustrate the REL plots of all synthesized samples and can 

be utilized to deduce parameters such as bandwidth/frequency range for REL of -10 dB (90% 

absorption) /-20 dB and matching frequency/thickness, as listed in Table 4.8. For better 
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visualization Fig. 4.20 displays three-dimensional (3D) plots of REL of synthesized samples 

at various thicknesses and frequencies. The reflection loss dip shows in the form of color 

transformation, as the value of REL dip increases color gets transformed based on VIBGYOR 

from red to violet. The 3D plot of D1 outlined that REL dip is pronounced more at low 

thicknesses and it exhibits multiple REL dip > -10 dB. Substitution of Co-La ions improves 

the microwave absorption properties of the synthesized sample. The highest dip in REL, 

measuring -45.61 dB (> 99 % absorption),  is observed in the D3 sample [Fig. 4.16(a,b)], 

occurring at a frequency of 8.98 GHz and a thickness of 8.1 mm. Additionally, it shows 

multiple REL peaks with values greater than -10 dB /-20 dB over a frequency range of 9.0 to 

10 GHz with thickness 7.9 mm, 8.0 mm, and 8.1 mm. In Table 4.8, the remaining 

compositions exhibit REL values ranging from -10 to -18.70 dB, spanning frequencies 

between 8 and 12.4 GHz, and thicknesses between  5.0 and 10 mm. The plots illustrate the 

shift of REL peaks towards lower frequency ranges as the thickness increases. This trend 

aligns with the quarter wavelength mechanism described by equation 3.24, in which 

frequency and thickness are inversely related.  

Fig. 4.14(a, c, e) demonstrated the absorption characteristics of the D1 sample within 

the examined frequency range. Reflection loss remains at or above -10 dB, with REL peaks 

spanning the 8.2 to 12.4 GHz frequency spectrum from 1.5 to 7.0 mm thickness. For D2 and 

D4 samples, Fig. 4.15(a) and 4.17(a) reveal REL peaks with values > -10 dB across thickness 

ranging from 7.8 to 8.1 mm and 8.0 to 8.5 mm, by covering a small frequency range of 8.46 

to 8.47 GHz and 9.83 to 10.09 GHz, respectively. Fig. 4.18(a, c) is notable for the D5 sample, 

as it exhibits multiple REL peaks with values greater than -10 dB over a wide range of 

frequency from 8.2 to 12.4 GHz and a thickness ranging from 6.6 to 10 mm.  Fig. 4.19(a) for 

D6 sample display peaks with REL ≥ -10 dB across thickness ranging from 8.6 to 9.2 mm, 

covering the frequency range from 9 to 10 GHz. 

Using equation 3.22, Reflection loss (REL) is computed using both the simulated 

thickness (dm
sim) and the calculated thickness (dm

c), which is determined through equation 

3.24 by substituting values of n = 1, 3, 5, and so forth. The purpose is to establish a 

relationship between the quarter wavelength mechanism and  REL peaks. Fig 4.14(b, d, f), 

4.15(b), 4.16(b, d), 4.17(b), 4.18(b, d), and 4.19(b) depicts plots of a calculated thickness 

(nλ/4) within the frequency range. To compare the simulated thickness (dm
sim) with the 

calculated thickness (nλ/4), vertical lines are drawn from REL peaks to the thickness-

frequency plots. Results indicate that the quarter wavelength mechanism is envisaged in D4, 
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D5, and D6 samples where the calculated thickness is 5λ/4 with n = 5. Conversely, D1 shows 

the occurrence of both λ/4 and 5λ/4, while D3 exhibits the presence of both 5λ/4 and 9λ/4 

values. The existence of the λ/4 mechanism in D1 results in REL ≥ -10 dB with maximum 

bandwidth ranging from 1.2 to 1.79 GHz and thickness between 1.5 and 7.0 mm, as detailed 

in Table 4.8. For all other substituted samples, REL peaks are observed within the thickness 

range of 6.5 to 10 mm.  
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Fig. 4.17. (a, c, e) Dependence of REL on frequency in D1 sample. (b, d, f) dm
sim and dm

c 

versus frequency for λ and 5λ/4 in the D1 sample. 

 

Fig. 4.18. (a) Dependence of REL on frequency in D2 sample. (b) dm
sim and dm

c versus 

frequency for 5λ/4 in the D2 sample. 
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Fig. 4.19. (a, c) Dependence of REL on frequency in D3 sample. (b, d) dm
sim and dm

c versus 

frequency for 5λ/4 and 9λ/4 in D3 sample. 
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Fig. 4.20. (a) Dependence of REL on frequency in D4 sample. (b) dm
sim and dm

c versus 

frequency for 5λ/4 in the D4 sample. 
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Fig. 4.21. (a, c) Dependence of REL on frequency in D5 sample. (b, d) dm
sim and dm

c versus 

frequency for 5λ/4 in the D5 sample. 

 

 

Fig. 4.22. (a) Dependence of REL on frequency in D5 sample. (b) dm
sim and dm

c versus 

frequency for 5λ/4 in the D5 sample. 
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Table 4.8 Absorption parameters (REL > -10/-20 dB). 

Sample 

Name 

Matchi

ng 

Thickne

ss (mm) 

Maximu

m REL 

(dB) 

Match

ing 

freque

ncy 

(GHz) 

Frequency 

Band for REL 

> -10 dB 

(GHz) 

Bandw

idth 

for REL 

> -10 

dB 

(GHz) 

Frequency 

Band REL > -

20 dB (GHz) 

Band

width 

for 

REL > 

-20 

dB 

(GHz) 

BTR  PBW 

(%) 

D1 1.5 -18.83 12.4 -- -- -- --   

 1.7 -15.32 11.23 10.36-12.15 1.79 -- -- 2.5E-03 15.9 

 1.8 -15.98 10.55 9.85-11.44 1.59 -- -- 2.3E-03 15 

 2.2 -15.71 8.67 8.20-9.40 1.20 -- -- 2.1E-03 13.8 

 2.3 -17.38 8.41 -- -- -- --   

 5.0 -10.66 11.28 -- -- -- --   

 5.1 -10.60 11.10 -- -- -- --   

 5.2 -10.61 10.93 -- -- -- --   

 5.3 -10.36 10.77 -- -- -- --   

 5.8 -10.47 9.82 -- -- -- --   

 5.9 -10.64 9.48 -- -- -- --   

 6.0 -11.09 9.40 -- -- -- --   

 6.1 -11.59 9.23 -- -- -- --   

 6.4 -11.59 8.88 -- -- -- --   

 6.5 -11.34 8.80 -- -- -- --   

 6.7 -10.96 8.46 -- -- -- --   

 7.0 -10.92 8.29 -- -- -- --   

D2 7.8 -12.09 8.46 8.45-8.48 0.04 -- -- 1.6E-05 0.4 

 7.9 -14.44 8.46 8.44-8.49 0.05 -- -- 2.6E-05 0.5 

 8.0 -15.70 8.47 8.44-8.50 0.06 -- -- 3.1E-05 0.7 

 8.1 -15.17 8.47 8.45-8.50 0.05 -- -- 2.6E-05 0.5 

D3 7.4 -10.53 9.92 -- -- -- --   

 7.5 -10.98 9.92 -- -- -- --   

 7.6 -10.49 9.92 -- -- -- --   

 7.9 -17.52 8.97 8.79-9.66 0.87 -- -- 3.9E-04 9 

 8.0 -23.45 8.97 -- -- 8.78-9.63 0.85 3.8E-04 9 

 8.1 -45.61 8.98 -- -- 8.76-9.62 0.86 3.8E-04 9 

 8.8 -10.49 8.21 -- -- -- --   

 8.9 -10.71 8.21 -- -- -- --   
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 9.8 -11.68 12.4 -- -- -- --   

 9.9 -12.08 12.4 -- -- -- --   

D4 8.0 -11.02 10.09 -- -- -- --   

 8.1 -12.62 10.09 9.98-10.27 0.29 -- -- 1E-04 2 

 8.2 -13.95 10.09 9.79-10.29 0.50 -- -- 1.8E-04 4 

 8.3 -14.68 9.83 9.65-10.3 0.65 -- -- 2.4E-04 6 

 8.4 -15.96 9.83 9.56-10.29 0.73 -- -- 2.7E-04 7 

 8.5 -15.89 9.83 9.46-10.28 0.82 -- -- 3E-04 8 

D5 6.6 -11.12 12.4 12.23-12.4 0.17 -- -- 5.1E-05 1 

 6.8 -12.82 11.97 11.77-12.4 0.63 -- -- 1.9E-04 5 

 8.5 -10.84 9.30 -- -- -- --   

 8.6 -12.63 9.30 9.06-9.71 0.65 -- -- 2.6E-04 6 

 8.7 -14.67 9.30 8.95-9.68 0.73 -- -- 2.9E-04 7 

 8.8 -16.67 9.30 8.87-9.62 0.75 -- -- 3E-04 8 

 8.9 -18.12 9.15 8.80-9.60 0.80 -- -- 3.2E-04 8 

 9.0 -18.59 9.15 8.78-9.54 0.76 -- -- 3E-04 8 

 9.1 -17.02 9.15 8.71-9.51 0.80 -- -- 3.2E-04 8 

 9.7 -10.32 8.22 -- -- -- --   

 9.8 -10.871 8.22 -- -- -- --   

 9.9 -11.01 8.22 -- -- -- --   

 10 -10.77 8.22 -- -- -- --   

D6 8.6 -10.29 9.91 -- -- -- --   

 8.7 -11.06 9.30 -- -- -- --   

 8.8 -12.59 9.30 9.04-9.54 0.50 -- -- 2E-04 5 

 8.9 -14.39 9.30 8.95-9.63 0.68 -- -- 2.7E-04 7 

 9.0 -16.38 9.30 8.92-9.62 0.70 -- -- 2.7E-04 7 

 9.1 -18.13 9.30 8.88-9.64 0.76 -- -- 2.9E-04 8 

 9.2 -18.70 9.30 8.86-9.61 0.75 -- -- 2.9E-04 8 

 

For several matching thicknesses, D2 has REL > -10 dB along with a narrow 

bandwidth of 0.05 GHz from 8.45-8.50 GHz with matching thicknesses of 7.8 to 8.1 mm. 

The highest value of REL is elucidated for the D3 sample at -45.61 dB and a thickness of 8.1 

mm. Additionally, D3 exhibits REL values greater than  -10 dB /-20 with effective broad 

bandwidths of 0.87 GHz and 0.86GHz from 8.79-9.66 GHz and 8.76-9.62 GHz with 

matching thicknesses of 7.9 mm and 8.1 mm, respectively. It can be depicted from Table 4.8, 

that D4 owes REL> -10 dB with a wide absorption bandwidth of 0.82 GHz and narrow 
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bandwidth of 0.29 GHz from 9.46-10.28 GHz and 9.98-10.27 GHz with matching thicknesses 

of 8.5 and 8.1 mm, respectively. In the case of the D5 sample, REL ≥ -10 dB narrow (0.17 

GHz) and wide (0.80 GHz) absorption bandwidth is observed from 12.23-12.4 GHz and 8.80-

9.60 GHz at 6.6 and 8.9 mm, respectively. For the D6 sample, a -10 dB broad bandwidth of 

0.76 GHz is observed over the 8.88-9.64 GHz frequency range at 9.1 mm thickness.  

      

        

 

          

      

Fig. 4.23. Three-dimensional (3D) plots of reflection loss at various frequencies and 

thicknesses for all samples of D-series. 
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The significant factor in designing and evaluating absorber performance, apart from 

achieving, an REL value of at least -10 dB, is the ample bandwidth to be obtained at a 

minimal thickness for a standard REL or absorption dip. Once you reach this REL limit, it 

becomes important to prioritize a thinner material thickness rather than solely thriving to 

improve the REL value. Table 4.8 enumerates the value of BTR and PBW of all synthesized 

samples calculated using equations 3.25 and 3.26.  The BTR is highest in the D1 sample with 

values of 2.5E-03 and PBW (15.3 %) at 11.23 GHz and REL = -15.9 dB at 1.7 mm thickness. 

Notably, the D3 sample owes a considerably high REL of -45. 61 dB, has a lower BTR than 

the D1 sample, where REL doesn’t exceed -18 dB. 

The characteristic impedance of free space, denoted as ZO = 377 Ω, is calculated as 

the square root of the ratio of permeability to permittivity values for free space. In contrast, 

the impedance of the absorber is called Zin and it differs from the impedance of free space 

due to differences in their permeability and permittivity characteristics. When a microwave 

signal propagates through free space and encounters an absorber, a portion of the signal is 

reflected from the absorber's surface. The extent of this reflection depends on the near and far 

value of Zin/ ZO ≅ 1. The farther the Zin/ ZO value from 1, the greater the level of signal 

reflection. When Zin/ ZO differs significantly from 1, only a small part of the microwave 

signal manages to penetrate the absorber material, while most is reflected. Consequently, 

even though the absorber material exhibits maximum dielectric and magnetic loss properties, 

the actual attenuation or absorption of the signal inside the absorber is minimal and lacks 

practical significance due to the dominance of signal reflection. Therefore, it is important to 

consider the impedance matching between the absorber and free space, resulting in Zin/ ZO ≅

 1 when designing the absorber material and its application in microwave systems. Fig. 

4.21(a), 4.22(a), 4.23(a), 4.24(a), 4.25(a, c), and 4.26(a, c) illustrate the graphs of reflection 

loss and Zin/ ZO as a function of frequency for some considerable thicknesses of samples. 

Impedance matching may manifest as REL peaks with Zin/ ZO ≅ 1 at specific frequencies, 

corresponding to different thicknesses of matching materials. Table 4.10 enumerates the Zin/ 

ZO values for these samples, obtained from Zin/ ZO plots illustrated in the mentioned figures. 

The values of Zin/ ZO (Table 4.9) are from 0.9 to 1.45 for all synthesized samples.  

The problem is found in the D5 sample, wherein REL -10.84 dB at 9.30 GHz 

frequency 8.5 mm thickness with Zin/ ZO = 1.192 (Table 4.9) which is close to 1. Conversely, 

at 9.15 GHz and a thickness of 9.0 mm, a relatively higher REL -18.59 dB with Zin/ ZO = 

1.242 [Fig. 4.25(a, c) and Table 4.9] which is far away from 1. A similar situation arises in 
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the D6 sample owes REL -11.06 dB at 9.30 GHz and 8.7 mm thickness with Zin/ ZO = 1.071 

(closer to 1) (Table 4.9), whereas at 9.30 GHz and 9.2 mm thickness, a relatively large REL = 

-18.70 dB is observed, but Zin/ ZO = 1.258, which is farther from 1 [Fig. 4.26 (a, c)]. This 

behavior may elucidate the complex nature of |𝑍𝑖𝑛| (Equation 3.21) including real/imaginary 

terms Zreal/Zimg. The Zreal/Zimg values for maximum REL are estimated from plots displayed in 

Fig. 4.21(b), 4.22(b), 4.23(b), 4.24(b), 4.25(b, d), and 4.26(b, d) and listed in Table 4.9. It can 

be observed from Table 4.9 that D3 exhibits maximum REL value (-45.61 dB at 8.98 GHz) 

and has Zreal = 0.997 and Zimg = 0.010 which are respectively close to 1 (Zreal) and 0 (Zimg) 

than other samples. Due to more offset values of Zreal/Zimg from 1 and/or 0, sample D1, D2, 

D4, and D5 owes a relatively lower REL value than the D3 sample. Substitution of Co-La 

ions changes the 𝑍𝑖𝑛 (Zreal and Zimg) of the synthesized samples. Table 4.9 depicts that the 

impedance mechanism quantifies more in the D3 sample, while the quarter wavelength 

mechanism is satisfied by all synthesized samples, except D6. Fig. 4.27 displays the 

dependence of Co on frequency for all samples of D-series, suggesting no contribution of 

eddy current in absorption characteristics. 

 

Table 4.9 Reflection loss peak’s impedance parameters at different thicknesses. 

Sample 

Name 

Thickness 

(mm) 

Max. 

REL (dB) 

Matching 

frequency 

(GHz) 

Zin/Z0  Zreal  Zimg  

D1 1.5 -18.83 12.4 1.227 1.220 0.125 

 2.3 -17.38 8.41 1.312 1.312 -0.004 

D2 7.9 -14.44 8.46 1.430 1.267 0.661 

 8.0 -15.70 8.47 1.656 1.560 0.536 

D3 7.9 -17.52 8.97 0.986 0.951 0.257 

 8.0 -23.45 8.97 1.012 1.003 0.134 

 8.1 -45.61 8.98 0.997 0.997 0.010 

D4 8.4 -15.96 9.83 1.378 1.378 0.014 

 8.5 -15.89 9.83 1.329 1.313 -0.200 

D5 8.5 -10.84 9.30 1.192 1.026 0.606 

 8.6 -12.63 9.30 1.264 1.164 0.491 

 8.9 -18.12 9.15 1.276 1.274 0.066 

 9.0 -18.59 9.15 1.242 1.236 -0.115 

 9.1 -17.02 9.15 1.181 1.151 -0.265 

D6 8.7 -11.06 9.30 1.071 0.918 0.552 
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 8.9 -14.39 9.30 1.202 1.137 0.390 

 9.0 -16.38 9.30 1.245 1.218 0.258 

 9.1 -18.13 9.30 1.265 1.260 0.103 

 9.2 -18.70 9.30 1.258 1.256 -0.057 

 

       

Fig. 4.24. (a) Dependence of Zin and REL in frequency (b) Dependence of REL, Zreal, and 

Zimg on frequency for D1 sample. 

 

            

Fig. 4.25. (a) Dependence of Zin and REL in frequency (b) Dependence of REL, Zreal, and 

Zimg on frequency for D2 sample. 
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Fig. 4.26. (a) Dependence of Zin and REL in frequency (b) Dependence of REL, Zreal, and 

Zimg on frequency for D3 sample. 

         

Fig. 4.27. (a) Dependence of Zin and REL in frequency (b) Dependence of REL, Zreal, and 

Zimg on frequency for D4 sample. 

The single-phase magnetoplumbite structure and morphology of the D-series 

significantly influence their electrical, magnetic, and microwave characteristics. A 

magnetoplumbite structure consists of five distinct layers within the unit cell, which 

contribute to the material’s magnetic properties whereas, grain size and grain boundaries 

influence the electrical analysis. 
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Fig. 4.28. (a, c) Dependence of Zin and REL in frequency (b, d) Dependence of REL, Zreal, 

and Zimg on frequency for D5 sample. 

The alignment of spins in the magnetoplumbite structure results in high saturation 

magnetization as observed in D1 (103.29 emu/g), which leads to high hysteresis loss. The 

presence of pores, or non-magnetic voids obstructs the flow of magnetic flux due to poor 

inter-grain connectivity, leads to high coercivity (5026.54 Oe). Consequently, a higher 

magnetic field is required for magnetizing and demagnetizing the ferrite, thereby increasing 

hysteresis loss. The substitution of Co-La ions decreases the saturation magnetization (Ms) 

from 103.29 emu/g to 67.96 emu/g, and the coercivity (Hc) from 5026.54 Oe to 862.47 Oe. 

The introduction of Co-La ions causes a gradual decrease in dielectric loss 𝜀′′, which results 

in less reflection loss. Another critical parameter contributing to the performance of absorber 

material is impedance matching Zin/ ZO ≅ 1 i.e. Zreal = 1and Zimg = 0. For sample D3, Zreal = 

0.997 and Zimg = 0.010, is very close to the ideal values 1  (Zreal) and 0 (Zimg), compared to 

other samples. This results in D3 maximum REL of -45.61 dB at 8.1 mm thickness.  
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Fig. 4.29.  (a) Dependence of Zin and REL in frequency (b) Dependence of REL, Zreal, and 

Zimg on frequency for D6 sample. 

   

 

Fig. 4.30. Dependence of C0 on the frequency of D-series samples. 
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4.2 Co2+- Cr3+ substituted Sr(CoCr)xFe12-2xO19 hexaferrite. 

In the present section, we intend to use the sol-gel combustion method to synthesize 

Co and Cr substituted SrFe12O19 hexaferrite, having composition Sr(CoCr)xFe12-2xO19 Table 

4.10 displays the assignment of sample names/codes for a different level of substitution for 

Sr(CoCr)xFe12-2xO19. 

 

Table 4.10 Assignment of sample name for a different level of substitution of Sr(CoCr)xFe12-

2xO19 hexaferrite. 

 

4.2.1 Structural Analysis 

4.2.1.1 X-ray Diffraction Analysis  

The phase purity and the crystalline structure of B-series hexagonal ferrites are 

matched with JCPDS file # 80-1197 (Xpowder software) of M-type hexaferrite as seen in 

Fig. 4.28. The reflection plane of sintered samples is as (006), (110), (112), (107), (114), 

(108), (203), (205), (206), (217), (2011) and (220) depicts the establishment of 

magnetoplumbite structure of space group P63/mmc (194) [248]. The confirmation of the 

successful replacement of 𝐶𝑜2+ and 𝐶𝑟3+ ions in 𝐹𝑒3+is attributed to no secondary 

peak/phase of substituted ions in Sr𝐹𝑒12𝑂19. The relative shift occurs towards the right side 

in the Bragg angle of the high-intensity peak (114) due to Co²⁺- Cr³⁺ substitution. The relative 

change in the intensity of peaks with the increment of Co²⁺ – Cr³⁺ ions is an indicator of the 

fact that substituted ions have occupied crystallographic sites. It is further associated with 

different ionic radii of 𝐶𝑜2+(0.72 Å) and 𝐶𝑟3+(0.62 Å) ions than 𝐹𝑒3+(0.64 Å) ions. Table 

4.11 list the structural parameters of substituted samples calculated using equation 3.1 and 

Sample Composition 

Sr(𝑪𝒐𝑪𝒓)𝒙𝑭𝒆(𝟏𝟐−𝟐𝒙)𝑶𝟏𝟗 

Sample Code 

(B-series) 

x= 0.0 B1 

x = 0.2 B2 

x = 0.4 B3 

x = 0.6 B4 

x = 0.8 B5 

x = 1.0 B6 



95 
 

3.2. The structural parameters ‘a’, ‘c’, 𝑉𝑐𝑒𝑙𝑙 , and c/a of prepared samples, are in good 

agreement with a standard JCPDS file # 80-1197. It is noted from Table 4.11 that the lattice 

parameter ‘a’ value observes a meager change, and in contrast, the lattice constant ‘c’ 

displays considerable variation with substitution. This can be attributed that the c-axis which 

gets easily magnetized undergoes more expansion than the a-axis. Moreover, Table 4.11 also 

reveals that the cell volume of substituted sintered samples comes out to be less than undoped 

samples due to, unlike ionic radii of substituted ions than host ion. It has been analyzed from 

Table 4.11 that the height to width i.e.  c/a ratio of hexagonal ferrite falls below 3.98 which 

describes the sintered sample forming the hexagonal structure. Table 4.12 enlist the value of 

bulk density (ρbulk), X-ray density (ρx ), Porosity (P), crystallite size (𝐷), surface area (S), 

and lattice strain (𝜖). The value of crystallite size (nm) was estimated from the Scherrer 

formula (using equation 3.3) indicating an irregular trend with the random increment of Co²⁺ 

– Cr³⁺ ions. The calculated values of 𝐷 are perceived to be in the range 40 – 36 nm as seen in 

Table 4.12. The diversity in crystallite size owes to variable lattice strain in the 

magnetoplumbite crystal structure as seen in Table 4.12. 

As from equation 3.9, 𝜌𝑥 is directly and inversely correlated to the molar mass and 

𝑉𝑐𝑒𝑙𝑙 , respectively. Furthermore, the value of ρbulk is less than ρx which could be due to the 

presence of pores that appeared during the process of sintering as seen in SEM. Another 

important factor is the higher atomic mass of the substituted ion than the host ion. While 

there is a non-linear pattern apparent in seen in the porosity parameter of the sintered samples 

with substitutions. The surface area value falls within the range of 29-30 cm²/g, which 

correlates with the crystallite size, as seen in equation 3.11. As the crystallite size increases, 

the surface area decreases, resulting in a lower no. of atoms on the surface. 

 

 Table 4.11 Structural parameters 𝑽𝒄𝒆𝒍𝒍 , a, c and c/a ratio of B-series sintered hexaferrite. 

Sample name a (Å) c (Å) 𝑽𝒄𝒆𝒍𝒍 (Å³) c/a 

B1 5.888 23.173 693.83 3.9409 

B2 5.884 23.046 690.96 3.9167 

B3 5.884 22.951 688.12 3.9005 

B4 5.883 23.014 689.77 3.9119 

B5 5.869 23.027 686.88 3.9234 

B6 5.879 23.128 692.24 3.9340 
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Table 4.12 Various parameters such as Xrd density (𝝆𝒙), bulk density (𝝆𝒃𝒖𝒍𝒌), porosity (P), 

the crystallite size (D), lattice strain (𝝐) and surface area (S) of B-series samples. 

 

Sample 

name 

Density(g/cm³) 

 

Porosity(P) 

(%) 

D (nm) Lattice 

strain (𝝐) 

S × 10⁷ 

(cm²/g) 

XRD (𝝆𝒙) bulk 

(𝝆𝒃𝒖𝒍𝒌) 

B1 5.09 3.03 40.48 40 0.0029 29.66 

B2 5.11 2.62 48.72 39 0.0030 30.13 

B3 5.13 2.90 43.46 36 0.0033 32.70 

B4 5.12 2.68 47.65 38 0.0031 30.84 

B5 5.15 2.38 53.78 38 0.0030 30.35 

B6 5.11 2.48 51.46 37 0.0032 31.99 

 

4.2.1.2 FTIR Spectroscopy Analysis 

The FTIR spectroscopy comprehensively analyzed the ferrite phase formation, molecular 

bands, and attached functional groups. The measurements of B-series sintered hexaferrite was 

noted in Fig. 4.29 in the IR range from 4000 - 400 cm−1.Table 4.13 lists the allocation of 

several absorption bands detected in Fourier transform infrared spectroscopy. Generally, M-

type hexagonal ferrite constitutes metal-oxygen ions that are distributed across 5 different 

sublattices. The noticeable absorption peaks around 400-600 cm−1 determines the stretching 

and bending vibration of metal-oxygen at tetrahedral as well as octahedral sites, providing 

insights into the formation of M-type hexaferrites. The absorption bands within the 550-600 

cm−1 (𝜈₁) and 400-450 (ν₂) ranges attributed to Fe – O stretching through Fe - 𝑂4 and Fe – O 

bending due to Fe - 𝑂4 and Fe - 𝑂6, respectively. Fig. 4.29 illustrates that substitution causes 

a slight gradual shift in 𝜈₁ 𝑎𝑛𝑑 ν₂  toward the lower frequency side. A weak absorption peak 

of C𝑜2 occurs at 2354 cm−1, while there is no other absorption peak in the range 4000 - 1000 

cm−1.This indicates the nonexistence of metal carbonates (in the form of remaining carbon), 

N𝑂3 stretching vibrations and residual water in all sintered hexaferrite. It is attributed to 

completely burnt-off carbon, nitrates, and residual water through the self-ignition process 

during the preparation of ferrite. 
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Fig. 4.31. X-ray diffraction pattern of B-series sintered hexaferrite. 

 

Table 4.13 FTIR spectra details of B-series sample. 

 

 

Fig. 4.32. FTIR spectra of B-series samples. 

Peak position (𝒄𝒎−𝟏) Assignments References 

400 – 450 Fe–O vibrations (octahedral 

site) 

[249] 

550 – 600 Fe–O stretching vibrations 

(tetrahedral site) 

                     ˈˈ 

2354 O=C=O vibrations ˈˈ 
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4.2.1.3 SEM Analysis 

Fig. 4.30 reveals SEM micrographs (μm) of all sintered hexaferrite samples. The 

grain size involves a lack of linearity with the substitution of Co²⁺-Cr³⁺ ions. Most of the 

grains of substituted samples are distributed non-uniformly over the surface and are of 

different shapes and sizes. The hexagonal platelet-like structure is observable in B1, B2, and 

B4 samples. The grain size of all substituted samples comes out to be more than that of the 

average crystallite size estimated from Debye Scherrer Eq. (3.3). It is due to the aggregation 

(due to dipolar attractive interaction between magnetic particles) of crystallites and form 

grains of numerous sizes and shapes. SEM images provide the mean physical size of the 

grain, while mean crystallite size gives the mean structural coherence length. When the grains 

consist of polycrystalline particles, then the mean crystallite size is not equal to the mean 

physical grain size and equality comes in the case of a single crystal. A large number of grain 

boundaries along with some platelet-type grains have been formed at B2. It causes an 

impediment to the applied field, thus causing an increase in coercivity at the B2 sample. 
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Fig. 4.33. Scanned Electron Micrographs of x= 0.0 (B1) to x =1.0 (B6) samples. 

4.2.2 Electrical Analysis 

4.2.2.1 Dielectric Analysis 

It has been noted that among all samples of the B-series only B1, B2, B3, and B4 

exhibit the electrical characteristics due to uncertainty observed in the rest of the samples of 

the B-series. Fig. 4.31(a) and (b) reveal the variation of 𝜀′-real and 𝜀′′-imaginary part of the 

complex dielectric constant of B1, B2, B3, and B4 sintered hexaferrite in the frequency range 

20 Hz – 2 MHz, respectively. It can be noticed that both parameters are larger (at low 

frequency), and it decreases with increasing frequency [250]. This is the normal frequency-

dependent behavior shown by all hexaferrites. In the low-frequency region, it is observed that 

the 𝜀′′decreases more rapidly than 𝜀′, while the variation is similar to that of  𝜀′ at a higher 

frequency region [211]. At higher frequencies, the value of both parameters becomes small 

and nearly constant with no dependence on frequency. The high value of a 𝜀′ in low-

frequency regions is caused by space charge polarization, which occurs when higher 

conductivity phases (i.e., grains) create a local accumulation of charge in the insulating 

matrix (i.e., grain boundary) under the influence of an electric field. The space charge carriers 

take some time to align their axes parallel to an alternating field. As the field reversal 

frequency increases, the space charge carriers can no longer keep their direction in step with 

the field causing a delay in changing their direction relative to the field. This delay is 

attributed to the fall observed in the material’s dielectric constant.  

The non-linear increment in 𝜀′ is observed with the increment of Cr-Co ions in SrM 

hexaferrite, as seen in Fig. 4.31(a). The lowest frequency dependence of the dielectric 

dispersion is observed in B1 and B2 samples. As we substituted Cr-Co ions at B2 it may 

occupy the octahedral positions which lessen the no. of Fe ions responsible for polarization, 
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thus decreasing the dielectric constant. With the further substitution of Cr-Co ions, it may 

occupy tetrahedral sites, resulting in an equal no. of ions migrating to an octahedral position 

which causes an increment in 𝜀′ [248]. In the B4 sample, the substitution of Cr-Co ions in 

place of 𝐹𝑒3+ 𝑖𝑜𝑛𝑠 causes charge imbalance, so to maintain the electrical neutrality 𝐹𝑒3+ 

ions convert into 𝐹𝑒2+ions and allows maximum polarization. This dielectric mechanism 

could be explained by Koop’s theory which is in agreement with the two-layer model 

proposed by Maxwell and Wagner [251].  

     

Fig. 4.34. (a) 𝜺′ and (b) 𝜺′′ variation with frequency of B1, B2, B3, and B4 sintered  

hexaferrite.` 

4.2.2.2 Loss Tangent 

Fig. 4.32 illustrates the frequency-dependent variation of tan𝛿 for B1, B2, B3, and B4 

sintered hexaferrite at room temperature. The value of tan𝛿 is influenced by various factors 

involving the sintering temperature and composition of the samples, as well as the 

stoichiometry and 𝐹𝑒2+ content, which affects the structural homogeneity [252]. When the 

frequency is low, tan𝛿 is high and declines as the frequency increases. The high value of tan𝛿 

at lower frequencies is due to the impediment caused by grain boundaries. Moreover, this 

emanating behavior shows that more energy is required for exchanging electrons between   

𝐹𝑒3+ 𝑎𝑛𝑑 𝐹𝑒2+ ions which lead to a high energy loss. In contrast, a small amount of energy 

is sufficient for transferring electrons between these ions at higher frequencies. The grains 

assist conductivity at high frequency which results in low energy loss [253]. Substitution of 

Cr-Co ions causes heterogeneity in the synthesized samples and results in more interface 

polarization. A weak relaxation is observed in B1 and B2, and further substitution causes 

strong relaxation in B3 and B4. Furthermore, the B4 sample shows a broad peak at certain 

frequencies, and it appears when the applied frequency of an alternating field coincides with 
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the hopping frequency of charge carriers [254]. This suggests the existence of interfaces and 

traps, that cause interfacial polarization during the sintering process of M-type hexaferrite. 

This polarization creates an electric field in which the charge carriers are trapped. When the 

AC signal is applied, the electric field at the interfaces of the hexaferrite changes, causing the 

charge carriers to move away from the trapped region. As the frequency of the AC signal 

increases, this rapidly changing electric field exerts a strong force on the charge carriers, 

causing them to move away from the traps. This results in an increase in the density of charge 

carriers, but the grain boundaries impede their movement, requiring more energy for electron 

exchange and resulting in greater loss of energy, which contributes to the high value of tan𝛿. 

 

Fig. 4.35. Loss tangent variation with frequency of B1, B2, B3, and B4 sintered hexaferrite. 

 

4.2.2.3 Complex Electric Modulus Analysis 

Fig. 4.33(a) displays the changes in 𝑀′ with frequency. The plot shows a very low 

value of 𝑀′ at lower frequencies, approaching zero implying no contribution of electrode 

polarization. With increasing frequency, 𝑀′ varies continuously and reaches an asymptotic 

value (𝑀′) which is maximum at the high-frequency range for all sintered hexaferrite. This 

pattern suggests that there is a lack of a restoring force controlling the movement of charge 

carriers in response to an induced electric field [255]. Also, it supports the concept that 

charge carriers have long-range mobility. Moreover, the value of 𝑀′ increases sigmoidally 

with increased frequency, eventually reaching a value (𝑀∞) for all sintered hexaferrite. This 

increment may be ascribed to the conduction phenomena resulting from the short-range 

mobility of carriers, especially ions[256]. In addition, the substitution increases the value of 

𝑀′ from B1 to B3 and it is minimum for B4. 
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Fig. 4.36. (a) 𝑴′ and (b) 𝑴′′ variation with frequency of  B1, B2, B3, and B4 sintered 

hexaferrite. 

 

Fig. 4.33(b) illustrates the plots of 𝑀′′ versus frequency. The peak frequency 

enunciates information about the conduction relaxation time and the forward shift in the peak 

frequency implies a reduction in relaxation time with Cr-Co substitution. The asymmetric 

shape of the plot for the peak maxima and the width of the peaks on either side of the maxima 

indicate a non-Debye behavior of the material, caused by the distribution of relaxation time. 

Substitution of Cr-Co ions causes an increment in the relaxation frequency and is the 

maximum for B3. This can be explained by the densely/closely packed small grains with 

uniform distribution as seen in SEM [257].  

Fig. 4.34 illustrates the Cole-Cole plot (𝑀′′ vs 𝑀′) of B1, B2, B3, and B4 sintered 

hexaferrite. The obtained curves demonstrate a deformed semicircle instead of a perfect 

semicircle with centers lying below the x-axis. This signifies that the relaxation is distributed 

over different time constants, and is not of the Debye-type. The semicircular arc reflected at a 

low frequency is associated to grain boundary relaxation, while at a high frequency  it is 

caused by grain relaxation. It is clear (Fig. 4.34) that both B1 and B4 samples exhibit small 

diameter curves, but B4 shows a larger peak height than B1. This variation in the B4 sample 

supports the micrographs which show the existence of small-sized grains having good 

intergrain connectivity compared to the B1 sample. The second semicircular arc begins in B2 

samples, possibly due to the action of grains/grain boundaries. This could be claimed through 

the obtained SEM micrographs where substitution causes aggregation of grains. Furthermore, 

a maximum peak height with a larger diameter is observed for the B3 sample. This may 

elucidate the existence of a wide range of dense/closely packed grain clusters (large-sized 
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grain) as seen in SEM, which contribute to different relaxation processes with a wide 

distribution of relaxation times, leading to a larger diameter and peak height in B3.  

 

Fig. 4.37. Cole-Cole plots (𝑴′′ vs 𝑴′) of B1, B2, B3, and B4 sintered hexaferrite. 

 

4.2.2.4 Complex Impedance Analysis 

 Complex impedance spectroscopy includes the separate involvements of different 

processes, such as electrode effects, bulk effects, and electrode interfaces in the frequency 

domain [258]. The decrease observed in both Z' and Z'' with increasing frequencies is shown 

in Fig. 4.35 and 4.36, respectively. As the frequency increases, Z' decreases, suggesting an 

increment in the material’s conductivity caused by an increase in electron hopping between 

the localized ions. At higher frequencies, the reduction in Z' could be described through the 

Maxwell-Wagner model. The space charge effect dominates the impedance response at low 

frequencies and results in a larger value of Z''. However, the charge carriers may not be able 

to respond rapidly to the alternating applied field at high frequencies, leading to a decrement 

in the Z''. A peak observed in the B4 sample, when the frequency of localized hopping 

electrons matches the applied frequency of an AC field. The merging of all the curves above 

105 Hz suggests the possibility of space charge release. 

Fig. 4.37 shows the Cole-Cole plots (Z'' vs Z') of B1, B2, B3, and B4 sintered 

hexaferrite with a weak relaxation in B1, B2, and B3 and relatively good relaxation in B4. 

The Cole-Cole plots are commonly used to analyze impedance spectroscopic data and are 

particularly useful in understanding electrical properties in terms of changes in microstructure 

[259]. Instead of a complete semicircular arc, only a segment of a semicircular arc has been 

observed for B1, B2, and B3. It is also noted that as the Cr-Co substitution increases, the 
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depression of the arc gradually decreases. This depression suggests that the impedance 

mechanism at low frequency explicitly depends on the dielectric polarization that occurs at 

grain boundaries, also referred to as the Maxwell-Wagner effect [221]. 

 

Fig. 4.38. 𝒁′variation with frequency of B1, B2, B3, and B4 sintered hexaferrite. 

 

Fig. 4.39. 𝒁′′variation with frequency of B1, B2, B3, and B4 sintered hexaferrite. 

 

Moreover, in the B4 sample, a combination of an incomplete semicircle and a 

segment of a semi-circular arc has been observed, an arc in the lower frequency is due to the 

grain boundaries and an incomplete semicircle at a higher frequency accompanies the effect 

of bulk grain. The dielectric relaxation decreases with substitution from B1 to B4 attributing 

to the decrease in Fe3+ ions. The B1 and B2 sample shows a complete semicircle in the low-

frequency region of 𝑀′′ vs 𝑀′ plots (Fig. 4.34) and a segment of a semi-circular arc all over 

the frequency region of 𝑍′′ vs 𝑍′ plots (Fig. 4.37). This may suggest that the conductivity 

relaxation dominates the material’s response. Furthermore, B4 shows a complete semicircle 

in the low-frequency region of 𝑀′′ vs 𝑀′ plots (Fig. 4.34) having a diameter the same as B1, 
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along with two dielectric relaxations in a wide frequency range of 𝑍′′ vs 𝑍′ plots (Fig. 4.37). 

In the B4 sample, the dielectric relaxation at a higher frequency is relatively weak than at a 

lower frequency. This can be explained by the resonance peak observed in the loss tangent 

plots (Fig. 4.32) of the B4 sample at a low-frequency region.  However, B3 shows a single 

semicircle all over the frequency range in 𝑀′′ vs 𝑀′ plots (Fig. 4.34) and a segment of a 

semi-circular arc in 𝑍′′ vs 𝑍′ plots (Fig. 4.37). The position of the semicircle on the real axis 

(𝑀′) at high frequency suggests the high-frequency limit of the conductivity relaxation. This 

indicates that in this region the conductivity relaxation is less significant, and the dielectric 

relaxation processes become more prominent.  

 

Fig. 4.40. 𝒁′′ versus 𝒁′ plots of B1, B2, B3, and B4 sintered hexaferrite. 

  

4.2.2.5 Ac conductivity analysis 

Fig. 4.38 displays the increase in ac conductivity (𝜎) of B1, B2, B3, and B4 samples 

as the applied frequency increases. It also reveals that σ  exhibits frequency-independent 

behavior for B1, B2, and B3 samples in lower-frequency regions and sharply increases in 

higher-frequency regions (>104 Hz). However, the B4 sample shows a gradual increase in 𝜎 

value from lower to higher frequency region, which is evidently due to the availability of free 

charge carriers increasing with increased frequency. The behavior of ac conductivity is 

consistent with 𝑀′ the behavior is seen in Fig. 4.33(a). The small value of 𝑀′ approaches to 

zero in the low-frequency region suggest a maximum restoring force dipolarization which 

results in a low value of conductivity and suppression of electrode polarization. However,  in 

high-frequency regions the high value of 𝑀′ caused by weak space charge and interfacial 

polarization and results in a high value of σ. Moreover, the results of σ can be explained 

through the 𝜀′  plots with frequency (Fig. 4.31(a)). The small value of σ in the lower-
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frequency region can be understood by the high value of 𝜀′ caused by space charge 

polarization. Since in this region material’s ability to store electric charge outweighs its 

ability to conduct current. A replacement of  𝐹𝑒3+ ions with Cr-Co ions cause a reduction in 

conductivity value. This reduction elucidates a decrement in the concentration of 𝐹𝑒3+ ions 

at the octahedral position, which restricts the probability of hopping between 𝐹𝑒2+ and   

𝐹𝑒3+ ions.  

4.2.3 Magnetic properties 

It has been reported that the octahedral positions are occupied via more 

electronegative ions and Co²⁺ (1.88) ions are more electronegative than Cr³⁺ (1.66) ions. 

Thus, it can choose to occupy 12k (↑) − 2𝑎(↑) − 4𝑓₂(↓) octahedral sites.  Based on ligand 

field theory, ions with d⁰, d⁵, d¹⁰ orbitals have no site preference, d¹, d², d³, and d⁴ orbitals 

occupy tetrahedral sites and d⁶, d⁷, d⁸ and d⁹ orbitals choose to occupy octahedral sites. Cr³⁺ 

ions having d³ orbitals prefer to occupy 4f₁ (↓) tetrahedral sites, while Cobalt (Co²⁺) ions with 

d⁷ orbitals can occupy octahedral sites. It has been reported that Cobalt (Co²⁺) ions can 

occupy 4𝑓₂(↓), 4f₁ (↓), and 2b sites. Fig. 4.39 demonstrates the hysteresis loop of B-series 

hexagonal ferrites at room temperature. The derived parameters from the hysteresis loop are 

listed in Table 4.14.  

 

Fig. 4.41. Variation of 𝝈 with a frequency of B1, B2, B3, and B4 sintered hexaferrite.  

It is known that the anisotropy field (𝐻𝑎) primarily depends on 2b and 4f₂ sites. 𝐻𝑎 

increases and decreases with the replacement of Fe³⁺ ion on 4f₂ and 2b sites with less 

magnetic or diamagnetic substituted ions, respectively. Co²⁺-C𝑟³⁺ substitution causes an 

increase in 𝐻𝑎 by 36.1% from B1 to B3 sample. It is because more no. of substituents 

occupies at 4𝑓₂(↓) sites than alone 2b (↑) sites. There is a notable decrease in 𝐻𝑎 (41.57%) as 

substitution continues up to the B6 sample. Consequently, it can be inferred that both Co²⁺-
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C𝑟³⁺ ions display a preference for occupying 4f₂ and 2b lattice sites, which aligns with prior 

reports indicating the presence of Co²⁺ ions on 2b and 4𝑓₂ sites. 

 

Table 4.14 Magnetic parameters𝑴𝒔, 𝑯𝒄, 𝑴𝒓, 𝑴𝒓/𝑴𝒔 and Hₐ of B-series sample. 

Sample 

name 

𝑴𝒔 (emu/g) 𝑯𝒄 (Oe) 𝑴𝒓 (emu/g) 𝑴𝒓/𝑴𝒔 𝑯𝒂 (kOe) 𝒏𝑩 (𝝁𝑩) 

B1 79.824 3426.116 40.938 0.51 20.74 7.27 

B2 74.700 3767.750 36.661 0.49 20.48 6.83 

B3 82.930 727.824 16.685 0.20 28.24 7.62 

B4 82.140 2955.418 35.094 0.42 26.28 7.53 

B5 71.851 1325.430 22.350 0.31 22.62 6.62 

B6 53.961 2138.266 26.891 0.49 16.50 4.93 

 

 

Fig. 4.42. Hysteresis plots of B-series sintered hexaferrite. 

The lattice site occupancy and porosity contribute to the variation observed in 

saturation magnetization ( 𝑀𝑠). Table 4.14 shows the non-significant change in Ms from B1 

(79.82 emu/g) to B4 (82.14 emu/g). The saturation magnetization is highest (Table 4.14) at 

B3 presumably due to occupancy of both substituents at spin-down sites i.e. 𝑀𝑏. It also 

correlates to electronegativity and ligand field theory parameters as discussed earlier. 

From B1 to B4, MS (2.90%) doesn’t show an increment to that level then the change is 

observed in 𝐻𝑎 (36.1%). This may be caused by the occupancy of octahedral sites by C𝑟³⁺ 

ions for high substitution level x ≥ 0.25 and C𝑟³⁺ ions occupy 2a (↑) and 12k (↑) sites than 
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4f₂ (↓) sites. This would result in more no. of substituted ions to occupy spin-up sites i.e., 

𝑀𝑎and hence, a competition between 𝑀𝑎 and 𝑀𝑏 causes a slight change in 𝑀𝑠 .  

The formation of grain clusters is seen with the increase of substitution level in SEM 

images Fig. 4.30. This can increase the  𝑀𝑠  due to the decreased impediment to the flow of 

applied field by grain clusters. However, further substitution breaks down the magnetic 

collinearity and weakens the superexchange interaction among octahedral and tetrahedral 

sites. Table 4.14 shows a considerable fall in 𝑀𝑠 (34.30%) for x ≥ 0.8. Here, the substitution 

of C𝑟³⁺ ions prevail the coupling between 12k – 2a and 12k – 2b, and results a decrement in 

the magnetic moment and subsequently shows the declining nature of 𝑀𝑠 . The minimum and 

maximum remanence magnetization values of 16.68 and 40.93 emu/g in B3 and B1, 

respectively, as shown in Table 4.14.  

Table 4.14 displays a Hc that decreases non-linearly from B1 (3426 Oe) to B6 (2138 

Oe). Coercivity’s mechanism is dependent on both intrinsic and extrinsic effects. Intrinsic 

effect is associated with site occupancy, where 𝐻𝑎 is directly linked to Hc, and this 

relationship is primarily influenced by the 4f₂ and 2b sites. Extrinsic effect encompasses grain 

size and porosity; 𝐻𝑐 is directly related to porosity and inversely related to grain size. It can 

be seen in Table 4.14 that Hₐ decreases from B1 (20.74 kOe) to B6 (16.50 kOe) owing to the 

site occupancy mechanism discussed in  𝑀𝑠. Also, SEM images (Fig. 4.30) indicate that 

sample B6 owes relatively more uniformly in grain size distribution and dense clusters as 

compared to sample B1. The non-linear variation of Hₐ and grain size distribution/clusters 

contribute to non-linear variation in 𝐻𝑐 . However, the lowest value of coercivity observed in 

B3 needs more investigation to know the exact mechanism. The magnetic hardness and 

presence of an intergrain group can be assessed using the squareness ratio  (𝑴𝒓/𝑴𝒔), a value 

that falls within the range of 0 to 1. When the value falls within the range of 0.05 to 0.5, the 

magnetic material is regarded as containing multi-domain particles which are randomly 

oriented. Moreover, a material with 0.5 < 𝑴𝒓/𝑴𝒔 < 𝟏 are hard, more anisotropic, and 

contain single-domain particles. The 𝑴𝒓/𝑴𝒔 of B-series, hexaferrite was calculated and 

listed in Table 4.14. The ratio comes out to be less than 0.5 in all substituted samples which 

proves the formation of multi-domain. Table 4.14 enlists the value of Bohr magneton (𝑛𝐵) 

which show declining behavior with the increment of substitution which may also weaken the 

magnetic interaction among different sites of hexaferrite. 
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4.2.4 Electromagnetic Analysis 

  Fig. 4.40(a) illustrates the dependence of dielectric constant (𝜀′)/loss (𝜀′′) on 

frequency. Substitution of Co-Cr ions causes a non-monotonic decrease in 𝜀′/ 𝜀′′ values from 

B1 to B6. This may be due to the occupancy of Co-Cr ion on octahedral positions, which 

lessen the no. of Fe ions responsible for polarization, thus decreasing 𝜀′/ 𝜀′′. The dielectric 

constant (𝜀′)/loss (𝜀′′) remains relatively constant with increasing frequency for all samples, 

except B4. Sample B1 acquires the highest value of 𝜀′/ 𝜀′′ overall frequency range, and B4 

exhibits relaxation peaks around 9 GHz and 11 GHz. This relaxation indicates a specific 

dipolar polarization mechanism active at the measurement frequency. In detail, the 𝜀′ curve 

of B4 is stable at 8.2 -9 GHz, then it decreased, it suddenly increased to higher values than 

those of B2, B3, B5, and B6 around 11 GHz and then decreased to lower values. Notably, the 

behavior of 𝜀′′ in sample B4 is unusual.  It becomes negative in the 10-11 GHz frequency 

range, exhibits a broad minimum, and then returns to positive. This negative behavior is 

attributed to plasma oscillation and dielectric resonance, as explained by Drude model [260]. 

Generally, dielectric resonance occurs when the natural vibrating frequency of atoms or 

charge carriers matches the applied electric field. In contrast, plasma oscillation results from 

the repetitive motion of electrons in an alternating applied field. During plasma oscillation, 

free electrons accelerate with the fluctuation of the external electric field, and the columbic 

force generated by positive ion cores pull them back, resulting in oscillation. This plasma 

behavior leads to negative dielectric parameters, making lossy plasmas effective RADAR 

absorbers. This phenomenon is an artificial behavior in materials and is not commonly 

discussed for polycrystalline materials. Hussain et al. [261] discussed the negative behavior 

of 𝜀′ occurs in dysprosium substituted bismuth ferrite due to plasma resonance. Domain 

resonance and irregular grain boundaries in the samples can also cause negative dielectric 

constant, as discussed by Gajula et al. [262]. Jones et al. [263] found a negative dielectric 

constant due to relaxation process adding more holes to the material, which recombine with 

free electrons, causing negative value. Mallikarjuna et al. [264] suggested that the alignment 

of charge carriers create internal electric field, opposite to the direction of the applied electric 

field due to some geometrical defects of the samples, resulting in negative dielectric 

behavior. The transition of dielectric behavior from its positive to negative is associated with 

a change from capacitive to inductive behavior of the material. Axelrod et al. [265] and 

Bartkowska et al. [266] specified negative dielectric behavior in sol-gel glasses and ceramic 

composites, respectively, with the concept of stored energy getting released. In the present 
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study, positive dielectric loss is attributed to normal relaxation processes associated with the 

absorption and emission of energy. However, negative dielectric loss indicates energy release 

exceeds absorption, which is consistent with the principle of energy conservation. This can be 

explained by the concept of trapped charges getting released. The charges assemble at the 

inner and outer surfaces of the system and their separation causes the energy to be stored, 

making it a meta-stable state. This state is eliminated under certain frequency and 

temperatures, releasing the stored energy. This energy release causes 𝜀′′ to be negative.  Fig. 

4.40(b) demonstrated variation of permeability (𝜇′)/ magnetic loss ( 𝜇′′) as a function of 

frequency and it does not vary too much over the entire frequency range for all samples, 

except B4. Substitution causes an insignificant change in the value of 𝜇′/ 𝜇′′ in the low and 

high-frequency regions. The elevated  𝜇′′ values of the B4 sample within the range of 10-12.4 

GHz can be attributed to an increment in the effective molecular magnetic moment (as 

supported by Ms value Table 4.14), thus enhancing the magnetic loss capability of the B4 

sample compared to remaining samples. Furthermore, from 10 – 11 GHz the 𝜀′′ decreases 

and 𝜇′′ rises, while from 11GHz to 11.25 GHz  𝜀′′rises and  𝜇′′  decreases, evidently 

decreasing the difference between μ″ and ε″ and so enhancing the impedance match. 

          

Fig. 4.43. (a) Complex permittivity and (b) permeability plots of D-series samples in 8-12 

GHz. 

Fig. 4.41 (a, c), 4.42 (a), 4.43 (a, c) and 4.44 (a, c) illustrate the REL plots of B3, B4, 

B5, and B6 samples and it has been utilized to deduce parameters matching 

thickness/frequency, bandwidth and REL frequency range of -10 dB/-20 dB, as enlists in 

Table 4.15. For better visualization, 3D plots of REL at various thickness and frequency is 

displayed in Fig. 4.45. The discussion of pure SrFe12O19 (B1 sample) is already done in the 

previous section 4.1.5 as the name of the D1 sample. The introduction of Co-Cr ions 
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improves the microwave absorption properties of the synthesized samples. The highest dip in 

REL, measuring -36.7 dB (> 99 % absorption),  is observed in the B5 sample, occurring at a 

frequency of 9.23 GHz and a thickness of 8.4 mm. In Table 4.15, the remaining compositions 

exhibit REL values ranging from -10 to -36.5 dB, spanning frequencies between 8 to 12.4 

GHz, and thicknesses between  7 to 10 mm. The plots illustrate the shift of REL peaks 

towards lower frequency ranges as the thickness increases, affirming the existence of a 

quarter wavelength mechanism. 

Fig. 4.41(a, c) demonstrated the absorption characteristics of the B3 sample within the 

examined frequency range. Reflection loss remains above -20 dB, with REL peaks spanning 

the 8.2 to 12.4 GHz frequency spectrum from 7.6 to 8.9 mm thickness. Sample B4 shows 

[Fig. 4.42 (a)] REL dip greater than -10 dB/-20 dB for 8.4 to 8.8 mm thickness. For the B5 

sample, Fig. 4.43(a,c) reveals REL peaks with values > -10 dB across thickness ranging from 

7.7 to 9.5 mm, by covering a frequency range of 8.46 to 10.5 GHz. Fig. 4.44(a, c) is notable 

for the B6 sample, as it exhibits multiple REL peaks with values greater than -10 dB over a 

wide range of frequency from 8.2 to 12.4 GHz and a thickness ranging from 7.2 to 10 mm. 

Using equation 3.22, Reflection loss (REL) is computed using both the simulated 

thickness (dm
sim) and the calculated thickness (dm

c), which is determined through equation 

3.24 by substituting values of n = 1, 3, 5, and so forth. The purpose is to establish a 

relationship between the quarter wavelength mechanism and  REL peaks. Fig 4.41(b, d), 

4.42(b), 4.43 (b, d) and 4.44 (b, d) depict plots of a calculated thickness (nλ/4) within the 

frequency range. To compare the simulated thickness (dm
sim) with calculated thickness (nλ/4), 

vertical lines are drawn from REL peaks to the thickness-frequency plots. Results envisaged a 

quarter wavelength mechanism in B3, B4, and B5 samples where the calculated thickness is 

5λ/4 with n = 5. Conversely, B6 shows the occurrence of both 5λ/4 and 9λ/4 values.  
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Fig. 4.44. (a, c) Dependence of REL on frequency in B3 sample. (b, d) dm
sim and dm

c versus 

frequency for 5λ/4 in the B3 sample. 

 

Fig. 4.45. (a)Dependence of REL on frequency in B3 sample. (b) dm
sim and dm

c versus 

frequency for 5λ/4 in the B3 sample. 
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Fig. 4.46.  (a, c) Dependence of REL on frequency in B5 sample. (b, d) dm
sim and dm

c versus 

frequency for 5λ/4 in the B5 sample. 

Sample B3 possesses REL > -10 dB/ -20 dB for several matching thicknesses, the 

thicknesses having  REL > -10 dB exhibit narrow bandwidth of 0.11 GHz (10.55-10.66 GHz) 

and wide bandwidth of 0.38 GHz (10.36-10.74 GHz) at 8.9 mm and 8.2 mm, while 

thicknesses having REL > -20 dB exhibit bandwidth of 0.27 GHz (10.32-10.59 GHz) and 

narrow bandwidth of 0.18 GHz (10.37-10.55 GHz) at 7.8 mm and 7.6 mm. It can be depicted 

from Table 4.15, that B5 owes REL> -10 dB/ -20 dB, for thicknesses REL> -10 dB shows a 

wide absorption bandwidth of 0.91 GHz and a very small bandwidth of 0.09 GHz from 9.03-

9.94 GHz)and 8.21-8.31 GHz with matching thicknesses of 9.4 and 8.0 mm, respectively. 

Whereas, 8.3 to 8.5 mm matching thicknesses owe REL> -20 dB with effective broad 

absorption bandwidth of 0.86 GHz (8.86-9.72 GHz). In the case of the B6 sample, REL >  -

10 dB absorption bandwidth (0.67 GHz) is observed from 8.85-9.52 GHz at 7.7 mm, and 

when REL > -20 dB broad absorption bandwidth of 0.73 GHz (8.87-9.60 GHz) at 7.5 mm. 

Table 4.15 enumerates the value of  BTR and PBW of synthesized samples. Substitution of 

Co-Cr ions causes a non-monotonic increase in both parameters, with a maximum PBW 

value of  9.72 in sample B4. The BTR value ranges from 0.113 to 0.009 for all samples. 
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Fig. 4.47. (a, c) Dependence of REL on frequency in B6 sample. (b, d) dm
sim and dm

c versus 

frequency for 5λ/4 and 9λ/4 in the B6 sample.  
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Table 4.15 Absorption parameters (REL > -10/-20 dB). 

Sample 

Name 

Matching 

Thickness 

(mm) 

Maximu

m REL 

(dB) 

Matching 

frequenc

y (GHz) 

Frequency 

Band for REL 

> -10 dB 

(GHz) 

Band

width 

for RL 

> -10 

dB 

(GHz) 

Frequency 

Band REL > -

20 dB (GHz) 

Bandwi

dth for 

REL > -

20 dB 

(GHz) 

BTR  PBW 

(%) 

B3 7.6 -21.65 10.46 -- -- 10.37-10.55 0.18 6.5E-05 1.72 

 7.8 -26.20 10.45 -- -- 10.32-10.59 0.27 9.5E-05 2.58 

 7.9 -19.05 10.45 10.29-10.62 0.33  -- 1.1E-04 3.15 

 8.0 -16.63 10.52 10.31-10.68 0.37  -- 1.3E-04 3.51 

 8.2 -17.99 10.60 10.36-10.74 0.38  -- 1.2E-04 3.58 

 8.3 -22.33 10.61 -- -- 10.47-10.74 0.27 8.7E-05 2.54 

 8.4 -32.13 10.61 -- -- 10.50-10.74 0.24 7.6E-05 2.26 

 8.5 -29.12 10.61 -- -- 10.51-10.73 0.22 6.9E-05 2.07 

 8.6 -20.89 10.61 -- -- 10.52-10.72 0.20 6.2E-05 1.88 

 8.7 -16.78 10.61 10.53-10.71 0.18 -- -- 5.5E-05 1.69 

 8.8 -14.38 10.61 10.54-10.68 0.14 -- -- 4.2E-05 1.31 

 8.9 -12.42 10.61 10.55-10.66 0.11 -- -- 3.3E-05 1.03 

B4 8.4 -14.06 9.048 -- -- -- -- -- -- 

 8.5 -16.81 9.048 8.80-9.68 0.88 -- -- 3.6E-04 9.72 

 8.6 -20.92 9.048 8.78-9.66 0.88 -- -- 3.6E-04 9.72 

 8.7 -28.23 9.04 8.79-9.67 0.88 -- -- 3.6E-04 9.72 

 8.8 -36.5 9.04 8.78-9.66 0.88 -- -- 3.5E-04 9.72 

B5 7.7 -11.05 9.838 -- -- -- -- -- -- 

 7.8 -12.33 9.838 -- -- -- -- -- -- 

 7.9 -13.60 9.838 -- -- -- -- -- -- 

 8.0 -14.02 9.754 9.03-9.94 0.91 -- -- 3.8E-04 9.32 

 8.3 -24.09 9.233 -- -- 8.86-9.72 0.86 3.6E-04 9.31 

 8.4 -36.70 9.233 -- -- 8.85-9.64 0.79 3.3E-04 8.55 

 8.5 -34.60 9.233 -- -- 8.80-9.63 0.83 3.5E-04 8.98 

 9.0 -12.85 8.233 8.20-8.30 0.10 -- -- 4.9E-05 1.21 

 9.1 -13.48 8.233 8.20-8.31 0.11 -- -- 5.3E-05 1.33 

 9.2 -13.44 8.233 8.20-8.31 0.11 -- -- 5.3E-05 1.33 

 9.3 -12.69 8.233 8.20-8.31 0.11 -- -- 5.2E-05 1.33 

 9.4 -11.76 8.233 8.21-8.31 0.09 -- -- 4.7E-05 1.09 
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Fig. 4.48. 3D plots of REL at various thickness and frequency for B3, B4, B5 and B6 sample. 

 9.5 -10.68 8.233 8.22-8.31 0.09 -- -- 4.2E-05 1.09 

B6 7.2 -12.91 9.241 -- -- -- -- -- -- 

 7.3 -16.00 9.241 8.95-9.61 0.66 -- -- 3.2E-04 7.14 

 7.4 -19.73 9.241 8.94-9.61 0.67 -- -- 3.2E-04 7.25 

 7.5 -23.06 9.241 -- -- 8.87-9.60 0.73 3.4E-04 7.89 

 7.6 -21.56 9.241 -- -- 8.85-9.53 0.68 3.2E-04 7.35 

 7.7 -17.28 9.241 8.85-9.52 0.67 -- -- 3.1E-04 7.25 

 9.2 -12.55 12.39 -- -- -- -- -- -- 

 9.3 -13.00 12.39 -- -- -- -- -- -- 

 9.4 -13.54 12.24 -- -- -- -- -- -- 

 9.6 -12.32 11.89 -- -- -- -- -- -- 

 9.7 -13.16 11.89 -- -- -- -- -- -- 

 9.8 -13.33 11.72 -- -- -- -- -- -- 

 9.9 -13.24 11.64 -- -- -- -- -- -- 

 10 -13.12 11.56 -- -- -- -- -- -- 
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Table 4.16 enlists Zin/Z0 and Zreal/Zimg values associated with the REL peak of the 

synthesized composite materials and these impedance values are calculated using 3.21. The 

significance of impedance matching between the absorber and free space, resulting in Z in/ ZO 

≅ 1 (Zreal ≅1 and Zimg ≅ 0) when designing the absorber material and its application in 

microwave systems is already discussed in section 4.1.5. This can be explained because if Zin/ 

ZO ≅ 1, then the maximum amount of incoming EM wave enters into the material.  Fig. 

4.46(a, c), 4.47(a), and 4.48(a, c) illustrate the graphs of reflection loss and Zin/ ZO as a 

function of frequency for some considerable thicknesses of samples. Sample B5 exhibits the 

highest REL= -36.70 dB at a thickness of 8.5 mm and a frequency of 9.233 GHz with Zin/ ZO 

value is approximately 1.022, wherein Zreal = 1.022 and Zimg = 0.019. Similarly, sample B4 

shows optimal REL = -36.5 dB at a thickness of 8.8 mm and a frequency of 9.04 GHz (Zreal = 

0.992 and Zimg = -0.028). 

There are some cases found where the Zin/ ZO value is close to 1, but still, they didn’t 

undergo high reflection loss. For example, the B3 sample at 8.3 mm and 8.4 mm thicknesses 

show Zin/ ZO = 0.936 (close to 1) having REL dip of -22.33 dB and -32.13 dB at 10.61 GHz 

frequency, respectively (Table). Furthermore, at both thicknesses, the Zin/ ZO values are 

similar, but they exhibit different REL values.  A similar issue lies with the Z in/ ZO value, 

where B6 owes REL = -19.73 dB at 9.241 GHz frequency-7.4 mm thickness with Zin/ ZO = 

1.132 (Table) i.e., close to 1. Whereas, relatively large REL = -23.06 dB is observed at 9.241 

GHz-7.5 mm with Zin/ ZO = 1.148 (more offset from 1). This can be explained through the 

complex nature of |Zin|, it involves Zreal (real) and Zimg (imaginary). The curves of Zreal/Zimg 

and REL as a function of frequency are displayed in Fig. 4.46(b, d), 4.47(b)and 4.48(b, d). It 

is worth mentioning whether the Zin/ ZO value is close to 1, but the RELmax value follows Zreal 

≅1 and Zimg ≅ 0, which is observed B5 sample. Due to more offset Zreal/Zimg values from 1 

and/or zero, the remaining samples exhibit relatively low REL values. The value of Zin/ ZO 

changes with Co-Cr ions substitution. 
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Fig. 4.49. (a, c) Dependence of Zin and REL in frequency (b, d) Dependence of REL, Zreal, 

and Zimg on frequency for B3 sample. 

 

Table 4. 16 Reflection loss peak’s impedance parameters at different thicknesses. 

Sample 

Name 

Thickness 

(mm) 

Max. 

REL (dB) 

Matching 

frequency 

(GHz) 

Zin/Z0  Zreal  Zimg  

  B3 7.6 -21.65 10.46 1.041 1.025 0.180 

 7.8 -26.20 10.45 1.007 1.002 -0.0981 

 7.9 -19.05 10.45 0.958 0.9350 -0.208 

 8.3 -22.33 10.61 0.936 0.927 0.130 

 8.4 -32.13 10.61 0.936 0.936 0.032 

 8.5 -29.12 10.61 0.921 0.919 -0.061 

B4 8.4 -14.06 9.048 1.018 0.936 0.400 

 8.5 -16.81 9.048 1.032 0.988 0.300 

 8.6 -20.92 9.048 1.029 1.012 0.190 

 8.7 -28.23 9.04 1.010 1.006 0.080 

 8.8 -36.5 9.04 0.993 0.992 -0.028 

B5 8.3 -24.09 9.233 1.017 1.008 0.133 

 8.4 -36.70 9.233 1.022 1.022 0.019 

 8.5 -34.60 9.233 1.009 1.004 -0.093 

 9.5 -10.68 8.233 1.267 1.088 -0.649 

B6 7.2 -12.91 9.241 1.002 0.876 0.487 

 7.3 -16.00 9.241 1.079 1.008 0.385 

 7.4 -19.73 9.241 1.132 1.108 0.230 

 7.5 -23.06 9.241 1.148 1.147 0.039 

 7.6 -21.56 9.241 1.123 1.113 -0.150 

 7.7 -17.28 9.241 1.065 1.021 -0.303 
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Fig. 4.50. (a) Dependence of Zin and REL in frequency (b) Dependence of REL, Zreal, 

and Zimg on frequency for B5 sample. 

 

         

 

         

Fig. 4.51. (a, c) Dependence of Zin and REL in frequency (b, d) Dependence of REL, Zreal, 

and Zimg on frequency for B6 sample. 

Conclusively, the substitution of Co2+ and Cr3+ ions cause non-linear variation in 

dielectric and magnetic loss and is maximum for the B4 sample (𝜀′′ = 3.48 at 11.11 GHz and 

𝜇′′ = 0.986 at 11.23 GHz). Both B4 and B5 samples exhibit maximum reflection loss of -36.5 
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dB (8.8 mm) and -36.7 dB (8.4 mm) at 9.04 GHz and 9.233 GHz, respectively.  In 

comparison to other samples, B4 and B5 have Zreal/ Zimg values that are closer to 1 and or/0. 

The resonance observed in the B4 sample is also responsible for the large value of REL. 

Furthermore, Fig. 4.39 demonstrates the losses due to hysteresis parameters.  The 

contribution of impedance matching, quarter wavelength mechanism, and magnetic loss are 

altogether responsible for the large value of REL in B4 and B5 samples. Substitution of Co2+-

Cr3+ ions improve the performance of the magnetic absorber. 

 

4.3 Co2+-Zn2+ substituted Sr𝑪𝒐𝒙𝒁𝒏𝒙𝑭𝒆𝟏𝟐−𝟐𝒙𝑶𝟏𝟗hexaferrite. 

Table 4.17 displays the assignment of sample names/codes for a different level of 

substitution for SrCoxZnxFe12−2xO19. 

Table 4.17 Assignment of sample name for a different level of substitution of 

Sr𝐂𝐨𝐱𝐙𝐧𝐱𝐅𝐞𝟏𝟐−𝟐𝐱𝐎𝟏𝟗 hexaferrite. 

Sample Composition 

Sr𝐂𝐨𝐱𝐙𝐧𝐱𝐅𝐞𝟏𝟐−𝟐𝐱𝐎𝟏𝟗 

Sample Code 

(F-series) 

x = 0.4 F1 

x = 0.8 F2 

x = 1.2 F3 

x = 1.6 F4 

x = 2.0 F5 

4.3.1 Structural Analysis 

4.3.1.1 X-ray Analysis 

The crystalline structure and phase purity of the prepared F-series samples in the 

range of 2θ = 20⁰-70⁰ (step scan 0.02⁰/min) are illustrated in Fig. 4.49. X-powder software 

was deployed for indexing the (hkl) planes and phase identification of all peaks observed in 

the XRD pattern. The obtained XRD pattern was matched with a reference pattern of 
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magneto plumbite- Sr𝐹𝑒12𝑂19 (ICDD # 80-1197) with space group P63/mmc. Analysis of the 

XRD pattern affirms the formation of the magnetoplumbite crystalline phase as the major and 

cobalt iron-oxide (CoFe2O4) as the secondary phase (ICDD # 22-1086) for all samples, 

except F5 [267]. The refinement analysis using MAUD software affirms the existence of SrM 

hexaferrite phase and cobalt iron-oxide (CoFe2O4) as a secondary phase (ICDD # 22-1086) in 

F2 sample, as seen in Fig. 4.50. XRD revealed that increasing the level of Co2+ ions increase 

the strength of the CoFe2O4 peak [33], [34],[270]. It is evident from Fig. 4.49 that the 

replacement of Fe3+ ions with 𝐶𝑜2+ - 𝑍𝑛2+ ions results change in intensity of peak. The slight 

variation observed in the diffraction angle indicates the successful substitution of 𝐶𝑜2+ - 

𝑍𝑛2+ ions in the crystal lattice of hexaferrite. The various structural parameters (a, c, c/a, and 

V), the crystallite size (D), and the lattice strain (∈) are calculated using equations 3.1, 3.2, 

and 3.3, and are listed in Table 4.18.  

  

Table 4.18 Values of structural parameters (a, c, c/a, V), the crystallite size (D), hopping 

length (LA and LB), dislocation density (𝜹), and lattice strain (∈) are listed below: 

 

Table 4.18 the value of the ‘c’ parameter ranges from 22.92 to 23.11 Å, while the 

lattice parameter ‘a’ varies from 5.847 to 5.856 Å as the degree of substitution increases. 

These results clearly show that the expansion of the lattice parameter ‘a’ is lesser than that of 

the parameter ‘c’ which is consistent with the conventional behavior of SrM hexaferrite[163] 

Due to the easily magnetized axis i.e., the c-axis is more responsive to the substitution 

process than the a-axis. The slight change observed in the lattice parameter is caused by the 

larger ionic radii of 𝐶𝑜2+ 𝑖𝑜𝑛 (0.72Å) 𝑎𝑛𝑑  𝑍𝑛2+ 𝑖𝑜𝑛 (0.82Å) than host 

𝐹𝑒3+ 𝑖𝑜𝑛 (0.645 Å)[194]. The value of unit cell volume (V) calculated using equation 3.2 

Sample 

Code 

a (Å) c (Å) c/a V 

(Å³) 

D(nm) LA 

(nm) 

LB 

(nm) 

𝜹 ×

𝟏𝟎−𝟒 

(nm-2) 

∈ 

F1 5.847 22.92 3.919 678.5 41.9 2.5317 2.0672 5.67 0.002947 

F2 5.856 22.94 3.917 681.2 45.9 2.5356 2.0703 4.73 0.002695 

F3 5.856 22.99 3.925 682.7 49.8 2.5356 2.0703 4.03 0.002491 

F4 5.847 23.11 3.952 684.2 47.0 2.5317 2.0672 4.52 0.002419 

F5 5.847 22.96 3.926 679.7 48.0 2.5317 2.0672 4.32 0.002575 
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increases from 678.5 Å³ (F1) – 684.2 Å³ (F4) and then decreases to 679.7 Å³(F5). For M-

phase, the height-to-width or c/a ratio should be around 3.98 and the observed values lie in 

the range of 3.917 to 3.952, which is close to the predicted values [194], [197]. 

 

Table 4.19 Calculated values of bulk density (𝝆𝒃𝒖𝒍𝒌), XRD density (𝝆𝒙), porosity (P) and 

surface area (S) are listed below: 

Sample Code Density (g/cm³) Porosity (%) S × 

10⁷ 

(cm²/g) 

Bulk density 

(𝜌𝑏𝑢𝑙𝑘) 

XRD density 

(𝜌𝑥) 

F1 

F2 

F3 

F4 

F5 

2.93 5.22 43.78 27.37 

2.79 5.23 46.64 24.96 

2.70 5.24 48.33 22.98 

3.03 5.26 42.24 24.25 

2.92 5.31 44.97 23.49 

 

The calculated crystallite size and microstrain values from equations (3.3) and (3.5), 

respectively are enlisted in Table 4.18. The insertion of larger ions disrupts the regular 

arrangement of atoms in the crystalline structure and leads to the formation of lattice defects 

and strain within the crystal. The non-linear decrease observed in the values of the 

microstrain corresponds to the non-linear increment in the crystallite size from F1 (41.99 nm) 

to F5 (48.09 nm). Moreover, it’s worth mentioning that the microstrain value is higher in the 

F1 sample, which contributes to its smaller crystallite size results in the F1 sample. The 

dislocation density calculated using equation 3.4 varies non-linearly with the substitution of 

Co2+ and Zn2+ ions. Table 4.18 depicts that the slight variation observed in LA and LB values 

[calculated using equations (3.6) and (3.7)] may be attributed to small ionic radii of Fe3+ ions 

compared to Co2+ and Zn2+ ions. The XRD density (ρx) increases from 5.22 g/cm³ (F1) to 

5.31 g/cm³ (F6) with substitution which may be due to the lesser atomic mass of Fe3+ (55.84 

amu) ion than both Co2+ (58.93 amu) and Zn2+ (65.38 amu) ions as seen in Table 4.19. 

Moreover, ρx value [calculated using equation (3.9)] turns out to be greater than ρbulk 

[calculated using equation (3.8)], which suggests the existence of pores that can form during 

sample preparation and cause the irregular shape of grains. The porosity (P) [calculated using 

equation (3.10)] shows an irregular trend with substitution and is minimum for the F4 sample. 



123 
 

 

Fig. 4.52. XRD pattern of prepared specimen F1 to F5 hexaferrite. 

 

 

Fig. 4.53. Refinement analysis of F2 and F5 sample. 
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4.3.1.2 FTIR spectroscopy analysis 

The FTIR spectra F-series samples were measured in the wavenumber range of 4000 

– 380 cm-1. The FTIR spectra displayed in Fig. 4.51 are used to identify the position of the 

different bands and to study the structural changes caused by the substitution of  𝐶𝑜2+ and  

𝑍𝑛2+ in SrFe12O19 hexaferrite [271]. The observed absorption bands are found to be in nearly 

the same position for all, but their relative intensities vary [272]. The band at 435.15 cm-1 is 

assigned to Fe-O bending by Fe-O4 and Fe-O stretching by Fe-O6, while the band at 597.98 

cm-1 is assigned to Fe-O stretching by Fe-O4[249]. When the content of  𝐶𝑜2+ -  𝑍𝑛2+ ions 

increase, and these bands shift slightly toward the low-frequency side. This could be due to 

the substitution of 𝐶𝑜2+ -  𝑍𝑛2+ ions, which changes the distribution of Fe3+ ions.  

 

Fig. 4.54. FTIR spectra in 400-4000 𝒄𝒎−𝟏 range of F-series hexaferrite samples. 

 

4.3.1.3 SEM and EDX Analysis 

Fig. 4.52 displays the micrographs of the F-series samples. The micrographs illustrate 

that all samples of micrometer sizes consist of an agglomeration of several nanometer-sized 

particles[273]. Moreover, it is observed in all samples that the composition of the resulting 

grain clusters contains hexagonal, platelet-shaped particles with distinct geometric shapes, 

which could be due to the high combustion temperature during synthesis[274]. The 

agglomerations observed in the form of grain clusters are likely due to magnetic interaction 

among the molecules of ferric, cobalt, zinc, and strontium ions. Substitution causes 

agglomeration of grains in the form of fused grains with uneven size distribution. 
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Furthermore, the non-porous small pits can be visualized in micrographs. In non-porous 

regions, there are fewer disruptions to the magnetic domains and atomic alignment within the 

material. This can lead to enhanced magnetic response, including higher magnetization levels 

and improved magnetic efficiency. Moreover, an increment in the degree of substitution from 

F2 to F5 causes densification in grains. It refers to a reduction in porosity and an increase in 

interparticle contact, resulting in a more compact and closely packed grain structure. This 

behavior is consistent with the calculated bulk density and porosity as seen in Table 4.18. 

    

                                   

Fig. 4.55. SEM micrographs of F-series hexaferrite samples. 

 

4.3.2 Electrical Analysis  

4.3.2.1 Dielectric Analysis  

It has been noted that among all samples of the F-series only F2, and F5 exhibit the 

electrical characteristics due to uncertainty observed in the rest of the samples of the F-series. 

Fig. 4.53(a) and 4.53(b) shows the frequency-dependent real (𝜀′) and imaginary (𝜀′′) part of 

the dielectric constant, which decreases as frequency increases from 20 Hz to 2 MHz, 

respectively. This is the general frequency-dependent behavior of ferrites. The dielectric 

characteristics of hexaferrite materials are affected by various factors such as method of 
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preparation, grain size, cation distribution, structural homogeneity, density, porosity, etc. The 

dispersion rate is different for F2, and F5 samples. The value of 𝜀′ for the F2 is 16.41 at 20 

Hz and decreases to 9.381 at 2 MHz. The same trend is observed for F5, wherein 𝜀′ is 22.73 

at 20 Hz and falls to 19.51 at 2 MHz. As the substitution level increases, the dispersion rate 

decreases and is found to be maximum for F2. The observed dispersion is due to interfacial 

polarization which can be explained through the Maxwell-Wagner model [275]. In 

polycrystalline ferrites, the polarization mechanisms involve electron hopping between Fe 

ions having different oxidation states at the octahedral site [276]. When the AC field is 

applied, electrons flow through hopping within the grain in the direction of the field and 

accumulate at the boundaries of grains to generate polarization. However, as the frequency 

increases, the electrons can’t follow up with the field, and their change of direction lags 

behind the field. This dilutes the probability of electrons reaching the grain boundaries, which 

diminishes the polarization and consequently the dielectric constant. It has been reported that 

the polarization in ferrites resembles that of the conduction mechanism, which is further 

interlinked with the dielectric behavior of the ferrites [214]. The value of 𝜀′  and 𝜀′′ decreases 

with substitution from F2 to F5, which can be explained by the availability of Fe2+ ions at 

octahedral sites. As we increase the substitution, the Co-Zn ions may tend to occupy the 

octahedral sites, which lessen the no. of Fe ions responsible for polarization, thus resulting in 

a decrease in the dielectric constant [277]. 

                     

 

Fig. 4.56. (𝒂) 𝜺′  (b) 𝜺′′ (c) dielectric loss tangent variation with frequency of F2, and F5 

hexaferrite. 
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  The dielectric loss tangent (tan𝛿) is affected by various factors, such as interfacial 

polarization, interface traps,  𝐹𝑒2+/𝐹𝑒3+ content, sample stoichiometry, and structural 

integrity, all of which ultimately depend on the sintering temperature. Fig. 4.53(c) shows the 

frequency-dependent variation of tan𝛿 for F2 and F5 samples at room temperature. It is 

observed that the value of tan𝛿 is high at the low-frequencies region and it decreases with 

increasing frequency. This trend can be explained through Koop’s phenomenological theory 

of dielectrics [276]. Additionally, the tan𝛿 of the F5 sample begins to exhibit a peak at a 

specific frequency in the high-frequency region. This can be ascribed to the occurrence of a 

relaxation phenomenon in the F5 sample. When an externally applied field of varying 

frequency is given to the material, a resonance occurs because the frequency of charge 

hopping between cations 𝐹𝑒3+ 𝑎𝑛𝑑 𝐹𝑒2+at the octahedral sites matches the applied 

frequency. 

4.3.2.2 AC conductivity 

Fig. 4.54 illustrates the variation of 𝜎 with increasing frequency. It depicts the 

frequency-independent behavior of  𝜎 at lower frequencies and sharply increases in the 

higher frequency region (>104 Hz). Verwey’s hopping mechanism explains the consistent 

increment in ac values as frequency increases in hexaferrites. At higher frequencies, electrical 

conduction in hexaferrite is likely attributed to electrons successfully hopping between two 

valence states of the same element (Fe2+/Fe3+). The effect of grain boundaries is more 

prominent in lower frequencies, where it impedes the free movement of electrons between 

ions at octahedral sites. This results in high polarization and lower charge hopping due to 

charge carriers getting trapped at multiple trapping sites on grain boundaries. On the other 

hand, the conductive grains facilitate electron hopping and releasing the stored charge 

carriers at high frequency. The replacement of Fe3+ ions with Co-Zn ions causes a reduction 

in conductivity value and this reduction elucidates a decrement in the concentration of Fe3+ 

ions at an octahedral position, which restricts the probability of hopping between Fe2+ and 

Fe3+ ions.  

4.3.2.3 Complex Electric Modulus 

Fig. 4.55(a) illustrates that 𝑀′ values are low in the lower frequency range and it 

increases with increasing frequency. At lower frequencies, the 𝑀′ values for all synthesized 

samples tend to approach zero, indicating maximum restoring force depolarization and 

consequently the lowest conductivity and minimal electrode polarization. The low 𝑀′ value 
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observed in the low-frequency region for F5, suggests the suppression of electrode 

polarization phenomena. Substitution causes a decrease in the electrode polarization effect, as 

evident from the increment in 𝑀′ values at low frequencies. 

 

Fig. 4.57. 𝝈 variation with frequency of F2 and F5 hexaferrite. 

The electrode polarization phenomenon arises due to the long-range mobility of 

charge carriers, governed by the restoring force under the influence of an induced electric 

field [278]. Moreover, the value of 𝑀′increases with increasing frequency, showing that the 

conduction can be attributed to the short-range mobility of charge carriers. This variation is 

like the behavior observed in 𝜎, discussed in the previous section. 

       

Fig. 4.58. (a) 𝑴′ (b) 𝑴′′ variation with frequency of F2 and F5 hexaferrite. 

Fig. 4.55(b) displays the frequency-dependent behavior of 𝑴′′ for F2 and F5 at room 

temperature. This parameter is directly linked to the energy dissipation in the irreversible 

conduction process. The high-frequency tail of the peak corresponds to the frequency range 

where ions are confined to their potential well, allowing only localized motion within those 

walls. Conversely, the low-frequency tail of the peak represents the frequency range where 

ions can move over long distances, enabling successful hopping from one to a neighboring 

site in the crystal [186]. The observed peak signifies the transition of charge carriers from 

long-range to short-range mobility. The broadening of the peak implies the propagation of 
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relaxation time with various time constants, indicating a non-exponential behavior. The 

asymmetric shape of the plot for the peak maxima suggests non-Debye relaxation but rather 

exhibits characteristics of Cole-Cole relaxation [279]. As the substitution level of Co-Zn ions 

increases, a noticeable shift is observed in the peak towards the higher frequencies.  

                    

Fig. 4.59. Cole-Cole plots (𝑴′′ vs 𝑴′) variation with frequency of F2 and F5 hexaferrite    

 

Fig. 4.56 depicts the Cole- Cole plots (𝑀′′ versus 𝑀′) for F2 and F5 samples at room 

temperature. The obtained curves demonstrate that their centers are situated below 𝑀′-axis. 

This suggests that the observed relaxations are of non-Debye type and distributed over 

different time constants [280]. The semicircular arc reflected at a low frequency is attributed 

to charge carrier relaxation due to grain boundaries, while the semicircular arc at a high 

frequency is caused by charge carrier relaxation associated with grains. It can be seen (Fig. 

4.52) that due to the different size distribution of grains, the curve distribution (𝑀′′ versus 

𝑀′) of all samples is also distinct. Both F2 and F5 samples show a segment of an arc instead 

of perfect semicircles. This suggests that the grain boundary effect decreases, and the effect 

of grains increases as frequency increases. Substitution causes the formation of grain clusters, 

and this can also be visualized in the SEM micrographs. 

4.3.2.4 Complex Impedance Analysis 

Fig. 4.57(a) and 4.57(b) illustrate the decreasing trend observed in both 𝑍′ and 𝑍′′ 

with increasing the frequency of an applied field, respectively. The declining behavior of 

both 𝑍′′ and 𝑍′ with increasing frequency, suggests an increment in the electron hopping 

between localized ions and results a rise in ac conductivity. The reduction observed in 𝑍′ 

could be explained through the Maxwell-Wagner model at higher frequencies. The 

investigation of Z'' led to a better understanding of the relaxation process and space charge 

effect [281]. At low frequencies, the space charge effect dominates the impedance response 



130 
 

and results in a larger value of 𝑍′′. However, at higher frequencies the charge carriers may 

not be able to respond rapidly to the alternating applied, leading to a decrement in the Z'' 

[282].  

The Cole-Cole plot reveals the effect of morphology and polarization process on 

dielectric relaxation. Fig. 4.57(c) illustrates the Cole-Cole plot of F2 and F5 samples at room 

temperature. Instead of obtaining a complete semicircular arc, a segment of an arc is observed 

for all samples. It is also noted that as the substitution increases, the depression of the arc 

decreases from F2 to F5. This depression suggests that the impedance mechanism at low 

frequency explicitly depends on the dielectric polarization that occurs at grain boundaries, 

also referred to as the Maxwell-Wagner effect [283]. 

 

 

Fig. 4.60. (a) 𝒁′(b) 𝒁′′ (c) Cole-Cole plots (𝒁′′ vs 𝒁′) variation with frequency of F2 and F5 

hexaferrite 

 

4.3.3 Magnetic Analysis 

The magnetic characteristics of the prepared specimens can be tailored by replacing 

Fe3+ ions with cations of different electronegativity, magnetic moment, and d-

configuration[284]. It is reported that the more electronegative ions generally occupy more 

octahedral sites than tetrahedral positions in the crystal structure. The electronegativity of 

Zn2+ (1.65) ions is lower than that of   Co²⁺ (1.88) ions, so the former ions can occupy the 
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tetrahedral site 4f₁ ( ↓) [285]. According to ligand field theory, Zn2+ ions have no site 

preference due to d⁰ configuration, and Co²⁺ ions with d⁷ configuration preferably choose to 

occupy octahedral sites 12k (↑), 2𝑎(↑), 4𝑓₂(↓) [286]. When the substituted ion has larger 

ionic radii than the host ion, it preferentially occupies octahedral sites at the edges of the unit 

cell. From previous reports, Co²⁺ (3 𝝁𝑩) ions can occupy both the octahedral (4f₂) and 

tetrahedral (4f₁) crystallographic sites, while Zn2+ (0 𝝁𝑩) tends to replace Fe3+ ions at the 4f1 

site [287]. The saturation magnetization (𝑀𝑠), remanence magnetization (𝑀𝑟), coercivity 

(𝐻𝑐), anisotropy field (Hₐ), remanence ratio (𝑀𝑟/𝑀𝑠) and magnetic moment (𝑛𝐵)  values 

derived from the hysteresis loop are enumerated in Table 4.20. Fig. 4.58 shows the M-H 

loops of F-series samples. 

The magnetic moment of the incorporated specimen could be determined through the 

distribution of host and substituted cations over five crystallographic sites of hexagonal 

crystal structure using the following expression[288]: 

𝑀𝑠 = 𝑀𝑎 (2a + 12k + 2b) (↑) – 𝑀𝑏 (4f₁ + 4f₂) (↓)                                                                                                  

The total magnetization increases by substituting non-magnetic ions or less magnetic at the 

(4f₁↓ + 4f₂↓)  lattice site, while magnetization shows decline behavior with the substitution of 

these ions at (2a↑ + 12k↑ + 2b↑) lattice sites[231]. Table 4.20 and Fig. 4.58 show that the 

value of 𝑀𝑠 remains almost constant from F1 (75.26 emu/g) to F3 (75.71 emu/g) with the 

substitution of both Zn2+ and Co2+ ions. This could be ascribed to the simultaneous 

replacement of Fe3+ ions by Co and Zn ions at spin-up and spin-down sites. This can also be 

confirmed through the Mössbauer spectroscopy results (explained in the next section), where 

significant change is not observed in the net RA of spin-up (2a + 12k + 2b) and spin-down 

(4f₁ + 4f₂) sites with Co-Zn substitution. Furthermore, a small increase of 6.2% in 𝑀𝑠 from F3 

to F5 could be understood through the 6.7% reduction in porosity calculated from XRD data. 

Moreover, the remanence magnetization (Mr) is found to gradually increase with substitution 

from F1 (26.95 emu/g) to F5 (59.12 emu/g). The calculated value of 𝑀𝑟/𝑀𝑠 is enlisted in 

Table 4.20 and it turns out to be less than 0.5 for F1, F2, and F3 samples, which depicts the 

multi-domain nature of particles within the material. On the other hand, F4 and F5 indicate 

the existence of a single domain in the material. 

The anisotropy field (Ha) mainly depends on the 2b and 4f2 sites of magnetoplumbite 

structure, but the 4f2 site prominently affects Ha more than the alone 2b site. It is clear from 

Table 4.20 that Ha increases by 11.58% from F1 to F2 and is caused by the increment in the 

total relative area of both 2b and 4f2 sites. Further substitution causes a decrement in Ha from 
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F2 to F5. This can be explained through the Mössbauer spectra (discussed in the next 

section), where the net change in the relative area of the 2b site is more than the relative area 

of the 4f2 site. But, the contribution of the 2b site is less than the 4f2 site, therefore despite the 

large change in 2b site occupancy, the overall Ha doesn't decrease by the same amount. The 

high coercivity (Hc) value is the pre-requisite of material to be used for recording media 

application and substitution of Co-Zn ions causes a non-linear increment in Hc. The nature of 

this variation can be explained by the support of intrinsic and extrinsic factors. The initial 

increment observed in 𝐻𝑐 from F1 (2035 Oe) to F2 (3035 Oe), is caused by Ha. The Ha is 

mainly determined by the magnetic moments of the Fe3+ ions at the 2b and 4f2 sites as 

discussed before. 

Table 4.20  Magnetic parameters 𝐌𝐬, 𝐇𝐜, Hₐ, 𝐌𝐫, 𝒏𝑩 and 𝐌𝐫/𝐌𝐬 value of all hexaferrite 

samples. 

 

A larger anisotropy field results in a higher coercivity value, indicating a large amount 

of energy is needed to reverse the magnetic moment of hexaferrite. Furthermore, a decrease 

in 𝐻𝑐 from F2 (3035 Oe) to F3 (2028 Oe) may be predicted to be caused by good shape 

anisotropy as shown in the micrograph (Fig. 4.52). The coercivity is influenced by shape 

anisotropy and magnetocrystalline anisotropy (Fig. 4.52). Sample F3 exhibited a significant 

no. of platelet-shaped hexagonal grains compared to F2. This causes enhancement in shape 

anisotropy of the F3 sample due to the high diameter/thickness ratio and is ascribed to the 

reduction in coercivity as seen in SEM micrographs of F3 (Fig. 4.52) [274]. Further 

substitution of Co-Zn ions at F4 and F5 decreases Ha, whilst 𝐻𝑐 gradually increases to 4159 

Oe. This predicted behavior can be ascribed to the existence of grain clusters (aggregation of 

small grains) along with large non-porous pits that cause demagnetizing fields as seen in 

SEM micrographs of F5 (figure 13). As a result, it requires more field to get magnetized and 

causes high coercivity. The Bohr magneton [calculated from equation (3.14)] is closely 

Sample Name 𝐌𝐬 (emu/g) 𝐇𝐜 (Oe) Hₐ (kOe) 𝐌𝐫 (emu/g) 𝒏𝑩 (𝝁𝑩) 𝐌𝐫/𝐌𝐬 

F1 75.26 2035 28.55 26.95 14.37 0.358 

F2 75.36 3035 32.29 31.83 14.46 0.422 

F3 75.71 2028 26.60 34.00 14.59 0.449 

F4 77.57 3511 26.90 48.98 15.02 0.631 

F5 80.72 4159 22.65 59.12 15.70 0.732 
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related to saturation magnetization and molecular weight (M.W). As the level of substitution 

increases, the value of the Bohr magneton increases and it can be observed in Table 4.20. 

 

Fig. 4.61. Hysteresis loops of all F-series hexaferrite. 

4.3.4 Mössbauer analysis  

Fig. 4.59 presents the analysis of the Mössbauer spectra of F-series synthesized 

samples of SrM hexaferrite substituted with cobalt and zinc cations at room temperature. The 

summarized values of the quadrupole splitting relative area, isometric shift, and hyperfine 

field are presented in Table 4.21. The observed spectra were fitted to 5 distinct sextets 

corresponding to trigonal-bipyramidal (2b), tetrahedral (4f1), octahedral (12k, 4f2, and 2a) 

sites, which are linked to the existence of Fe3+ ions in different lattice sites of hexaferrite. The 

Mössbauer spectra of F1 and F2 samples exhibit a sixth sextet, which is evident by the 

parameters of isomer shift and quadrupole splitting, belonging to the hematite impurity phase. 

The content of the impurity phase does not exceed 5% and does not significantly affect the 

structural and functional properties of these samples. This impurity phase has been not 

observed in XRD. On the contrary, the spectra of F3 and F4 samples expressed five sextets of 

iron cations clearly which makes it possible to attribute them to structural positions of Fe3+ in 

magnetoplumbite structure. The absence of one of the sextets in the F5 sample is apparently 

due to the broadening of spectral lines and the inability to separate some of them properly. In 

addition, a doublet is present in all spectra, which is characteristic of strontium hexaferrite 

and was repeatedly encountered in previously published works [289], [290]. 

 The isomer shift determined in the synthesized samples can be attributed to factors 

such as variation in nuclear radius, chemical environment, and the interaction between the 

surrounding s-electron cloud and charge density. It has been observed that the value of 
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isomer shift remains relatively constant with Co-Zn substitution for all lattice sites, except for 

the 2a site. This may indicate that the substitution of Co-Zn ions causes more impact on the s-

electron density of 𝐹𝑒3+ 𝑖𝑜𝑛𝑠 on the 2a site than others. Quadrupole splitting provides 

valuable information about crystal symmetry and local distortion in the synthesized samples. 

The appearance of quadrupole is due to the interaction between the electric quadrupole 

moment of Fe3+ ion and the electric gradient field. The small variation observed in the value 

of quadrupole splitting of 4f1 and 2a lattice sites indicates a small perturbation in the vicinity 

of these sites with Co-Zn substitution. The hyperfine field is a result of the interaction 

between the nucleus and the internal magnetic field of the synthesized sample, which arises 

from its dipole properties. The value of the hyperfine field is observed to be relatively 

constant across all lattice sites from F1 to F5. The Mössbauer spectra of samples can assess 

the site occupancy of Co-Zn ions [244]. In the F1 sample, the relative area of 12k, 4f1, and 2b 

sites are quite close to the predicted relative area of SrM hexaferrite [245], while the 4f2 is 

populated and 2a has less occupancy as seen in Table 4.21. It has been determined from Fig. 

4.59 that no significant change is observed in the total relative area of 12k-2a-2b (spin-up) 

and 4f1-4f2 (spin-down) sites, which validates that the substituents tend to concurrently 

occupy both spin-up and down sites from F1 to F5 samples. This result supports a feeble 

change observed in the value of MS with Co-Zn substitution [291]. 

Table 4.21 Isometric shift, hyperfine field, and quadrupole splitting of spectral components 

of all F-series hexaferrite samples 

Sample Site IS (mm/s) QS (mm/s) Heff (mm/s) RA (%) 

F1 12k 0.35(9) -0.37(5) 41.44(9) 48.7(2) 

4f1 0.36(0) -0.30(2) 51.81(9) 15.1(4) 

4f2 0.25(1) 0.01(5) 49.95(4) 11.0(5) 

2a 0.19(3) -0.16(2) 48.91(8) 11.9(8) 

2b 0.33(9) -0.45(9) 35.93(5) 4.7(4) 

Hematite 0.51(3) 0.00(2) 49.71(2) 6.7(6) 

Doublet -0.02(7) 0.54(3) - 1.6(2) 

F2 12k 0.35(4) -0.37(8) 41.53(4) 18.6(7) 

4f1 0.36(2) -0.30(2) 51.85(3) 7.9(9) 

4f2 0.23(3) -0.19(8) 49.08(2) 11.8(2) 

2a 0.11(6) 0.44(1) 31.56(1) 1.1(9) 

2b 0.40(3) -0.26(9) 39.68(1) 53.8(7) 

Hematite 0.38(4) 0.00(7) 50.77(8) 4.6(2) 

Doublet 1.56(3) 2.80(3) - 1.8(4) 
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F3 12k 0.36(6) -0.32(9) 41.59(1) 15.6(9) 

4f1 0.38(8) -0.23(2) 51.83(0) 5.2(1) 

4f2 -0.20(8) -0.74(6) 48.33(9) 1.3(7) 

2a 0.25(7) -0.17(6) 49.51(8) 6.5(2) 

2b 0.32(2) 0.00(1) 39.21(2) 62.8(2) 

Doublet 0.31(9) 1.22(4) - 8.3(8) 

F4 12k 0.31(0) 0.30(4) 38.88(4) 4.5(7) 

4f1 -0.40(1) -0.34(0) 47.20(0) 0.8(1) 

4f2 0.29(6) 0.07(2) 43.37(4) 9.5(4) 

2a 0.25(2) -0.11(0) 40.97(3) 15.5(1) 

2b 0.01(8) 34.84(7) 64.2(2) 0.31(9) 

Doublet 0.35(9) -0.37(5) - 48.7(2) 

      F5 12k 0.35(7) -0.34(4) 41.54(1) 13.0(3) 

4f1 0.38(2) -0.19(7) 51.56(1) 5.6(5) 

2a 0.14(4) -0.40(4) 49.49(0) 5.3(1) 

2b 0.33(4) 0.06(7) 35.80(1) 62.5(4) 

Doublet 0.30(5) 0.96(2) - 13.4(8) 

 

 

Fig. 4.62. 57Fe Mössbauer spectra of all F-series hexaferrite samples. 
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4.3.5 Electromagnetic Analysis 

Fig. 4.60(a) and 4.60(b) illustrated the curves of dielectric constant (𝜀′)/loss (𝜀′′) and 

permeability (𝜇′)/ magnetic loss ( 𝜇′′) of all synthesized samples, respectively. All four 

parameters stay stable over the entire frequency range of 12.4 – 18 GHz. The substitution of 

Co-Zn ions causes (i) a non-monotonic decrease in 𝜀′ and 𝜇′, (ii) a non-linear increment in 𝜀′′ 

values (iii) a non-linear decrease in 𝜇′′ at high-frequency region. Sample F5 reflects the 

maximum 𝜀′/𝜀′′ value over the entire frequency range. This can be explained through the 

microstructure of the F5 sample (Fig. 4.52), wherein substitution causes the agglomeration of 

grains (results in large size grain) which offers less hindrance to the applied field, leading to 

increment in  𝜀′/𝜀′′. 

        

Fig. 4.63. (a) Complex permittivity and (b) permeability plots of F-series samples in 12 to 18 

GHz. 

The microwave absorption phenomena are investigated by examining REL plots as a 

function of frequency for different simulated thicknesses. Fig. 4.61(a, c, e), 4.62(a, c, e), 

4.63(a, c), 4.64(a, c) and 4.65(a, c) illustrate the REL plots of all synthesized samples and can 

be utilized to deduce parameters such as bandwidth/frequency range for REL of -10 dB (90% 

absorption) /-20 dB and matching frequency/thickness, as listed in Table 4.22. For better 

visualization 3D REL plots are depicted in Fig. 4.66. Substitution of Co-Zn ions improves the 

microwave absorption properties of the synthesized sample from F1 to F3 and then decreases. 

The highest dip in REL, measuring -47.2 dB (> 99 % absorption),  is observed in the F2 

sample [Fig. 4.62(c)], occurring at a frequency of 18 GHz and a thickness of 3.3 mm. The 

plots illustrate the shift of REL peaks towards lower frequency ranges as the thickness 

increases, affirming the existence of a quarter wavelength mechanism. 
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Fig. 4.64. (a, c, e) Dependence of REL on frequency in F1 sample. (b, d, f) dm
sim and dm

c 

versus frequency for 5λ/4 and 9λ/4 in the F1 sample. 

Using equation 3.22, Reflection loss (REL) is computed using both the simulated 

thickness (dm
sim) and the calculated thickness (dm

c), which is determined through equation 

3.24 by substituting values of n = 1, 3, 5, and so forth. The purpose is to establish a 

relationship between the quarter wavelength mechanism and  REL peaks. Fig 4.61(a, c, e), 

4.62(a, c, e), 4.63(b, d), 4.64(b, d) and 4.65(b, d) depicts plots of a calculated thickness (nλ/4) 

within the frequency range. To compare the simulated thickness (dm
sim) with the calculated 

thickness (nλ/4), vertical lines are drawn from REL peaks to the thickness-frequency plots. 
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Fig. 4.65. (a, c, e) REL dependence on frequency in the F5 sample. (b, d, f) dm
sim and dm

c 

versus frequency for λ/4, 5λ/4 and 9λ/4 in the F5 sample. 
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Fig. 4.66. (a, c) REL dependence on frequency in the F3 sample. (b, d) dm
sim and dm

c versus 

frequency for 5λ/4 and 9λ/4 in the F3 sample. 
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Fig. 4.67. (a, c) REL dependence on frequency in the F4 sample. (b, d) dm
sim and dm

c versus 

frequency for λ/4 and 5λ/4 in the F4 sample. 

(ii) For the F2 sample, REL values vary from -10. 70 dB to -47.26 dB and thickness 

ranges from 1.4 mm to 6.3 mm, over the entire frequency region. The value of REL increases  
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for 1.4 mm to 3.3 mm thickness and reaches a  RELmax = -47.2 dB observed at 3.3mm 

of frequency 18 GHz, and afterward, it gradually decreases. The plots display quarter-

wavelength mechanism (nλ/4) for n=1, 5, and 9 values, with a narrow (0.36 GHz)  and a wide 

(2.99 GHz) at 6.3 mm and  1.4 mm thickness, respectively, as shown in Table 4.21. 

 

 

 

Fig. 4.68.  (a, c) REL dependence on frequency in the F5 sample. (b, d) dm
sim and dm

c versus 

frequency for λ/4 and 5λ/4 in the F5 sample. 
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(iii) For the F3 sample, REL is maximum (-23.51 dB) at 4.1 mm thickness of 

frequency 17.88 GHz. The value of REL varies from -10.23 dB to -21.84 dB for the 

remaining thickness of 3.9 mm to 7.6 mm over the frequency range of 12.4 to 18 GHz. The 

plots satisfy the quarter-wavelength mechanism (nλ/4) for n= 5 and 9 values, with a narrow 

(0.34 GHz)  and a wide (1.84 GHz) at 7.6 mm and  4.3 mm thickness, respectively, as shown 

in Table 4.21. 

(iv) For the F4  and F5 samples, several thicknesses ranging from 1.3 mm to 4.7 mm 

exhibit REL > -10 dB /-20 dB over a frequency range of 12.4 to 18 GHz. As the thickness 

increases, REL reaches a maximum value of -33.7 dB and -30.2 dB both at 1.9 mm of 

frequency 13.55 GHz and 12.4 GHz for F4 and F5 samples, respectively. The plots indicate 

that the quarter wavelength mechanism is envisaged in F4 and F5 samples where the 

calculated thickness is λ/4 and 5λ/4 with n = 1 and 5. In the F4 sample, both -10 dB and -20 

dB broad bandwidth of 3.3 GHz and narrow bandwidth of 0.91 GHz are observed from 

12.78-16.08 GHz and 15.58-16.49 GHz with a matching thickness of 1.6 mm and 4.7 mm, 

respectively. Conversely, F5 shows a narrow bandwidth of 0.53 GHz from 14.84-15.37 GHz 

and a broad bandwidth of 2.29 GHz from 12.40-14.69 GHz with a matching thickness of 4.5 

mm and 1.7 mm, respectively.  

Table 4.22 Absorption Parameters (REL > -10/-20 dB). 

Sample 

Name 

Matchin

g 

Thickne

ss (mm) 

Maximu

m REL 

(dB) 

Matching 

frequency 

(GHz) 

Frequency 

Band for 

REL > -10 

dB (GHz) 

Bandwidt

h for 

REL > -

10 dB 

(GHz) 

Frequency 

Band REL > 

-20 dB (GHz) 

Bandwidt

h for 

REL > -

20 dB 

(GHz) 

BTR  PBW 

(%) 

F1 2.9 -13.46 18 -- -- -- -- -- -- 

 3.0 -23.72 18 -- -- -- -- -- -- 

 3.1 -24.27 17.68 -- -- -- -- -- -- 

 3.2 -26.07 17.26 -- -- 16.41-18 1.59 5E-04 9.21 

 3.3 -31.37 16.82 -- -- 15.95-17.61 1.66 5.37E-

04 

9.86 

 3.4 -38.70 16.36 -- -- 15.58-17.19 1.61 5.3E-

04 

9.84 

 3.5 -33.29 15.95 -- -- 15.22-16.81 1.59 5.32E-

04 

9.96 

 3.6 -38.10 15.56 -- -- 14.76-16.35 1.59 5.49E-

04 

10.21 

 3.7 -40.53 15.22 -- -- 14.40-15.80 1.4 4.98E-

04 

9.19 

 3.8 -29.87 14.69 -- -- 14.05-15.55 1.5 5.42E- 10.21 
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04 

 3.9 -30.58 14.42 -- -- 13.72-15.22 1.5 5.52E-

04 

10.40 

 4.0 -32.19 14.06 -- -- 13.37-14.84 1.47 5.55E-

04 

10.45 

 4.1 -31.33 13.78 -- -- 13.06-14.46 1.4 2E-03 10.15 

 4.2 -26.21 13.46 -- -- 12.75-14.11 1.36 5.39E-

04 

10.10 

 4.3 -25.23 13.12 -- -- 12.48-13.79 1.31 5.31E-

04 

9.98 

 4.4 -23.88 12.87 -- -- -- -- -- -- 

 4.5 -21.89 12.62 -- -- -- -- -- -- 

 4.6 -19.65 12.43 -- -- -- -- -- -- 

 5.1 -15.78 17.85 -- -- -- -- -- -- 

 5.2 -15.93 17.65 -- -- -- -- -- -- 

 5.3 -15.63 17.39 16.82-17.96 1.14 -- -- 2.13E-

04 

6.55 

 5.4 -15.14 17.16 16.54-17.69 1.15 -- -- 2.18E-

04 

6.70 

 5.5 -14.48 16.94 16.27-17.49 1.22 -- -- 2.33E-

04 

7.20 

 5.6 -13.81 16.6 16.01-17.18 1.17 -- -- 2.27E-

04 

7.04 

 5.7 -13.72 16.29 15.73-16.91 1.18 -- -- 2.33E-

04 

7.24 

 5.8 -13.98 16.00 15.55-16.60 1.05 -- -- 2.10E-

04 

6.56 

 5.9 -13.89 15.76 15.34-16.30 0.96 -- -- 1.95E-

04 

6.09 

 6.0 -13.67 15.61 15.12-16.04 0.92 -- -- 1.89E-

04 

5.89 

 6.1 -13.29 16.39 14.87-15.79 0.92 -- -- 1.92E-

04 

5.61 

 6.2 -12.74 15.15 14.66-15.60 0.94 -- -- 1.98E-

04 

6.20 

 6.3 -12.20 14.86 14.41-15.36 0.95 -- -- 2.04E-

04 

6.39 

 6.4 -12.16 14.61 14.21-15.13 0.92 -- -- 2E-04 6.29 

 6.5 -12.15 14.36 14.02-14.84 0.82 -- -- 1.81E-

04 

5.71 

 6.6 -12.26 14.18 13.83-14.60 0.77 -- -- 1.73E-

04 

5.43 

 6.7 -12.33 13.99 13.66-14.39 0.73 -- -- 1.66E-

04 

5.21 
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 6.8 -12.33 13.83 13.84-14.17 0.33 -- -- 7.4E-

05 

2.38 

 6.9 -12.01 13.64 13.30-14.00 0.7 -- -- 1.6E-

04 

5.13 

 7.0 -11.35 13.46 13.12-13.81 0.69 -- -- 1.6E-

04 

5.12 

 7.1 -11.49 13.27 12.97-13.63 0.66 -- -- 1.57E-

04 

4.97 

 7.2 -11.48 13.10 12.80-13.41 0.61 -- -- 1.48E-

04 

4.65 

 7.3 -11.37 12.94 12.66-13.23 0.57 -- -- 1.39E-

04 

4.40 

 7.4 -11.15 12.78 12.54-13.06 0.52 -- -- 1.28E-

04 

4.06 

 7.5 -10.85 12.62 12.07-12.43 0.36 -- -- 9.59E-

05 

2.85 

 7.6 -10.52 12.59 -- -- -- -- -- -- 

F2 1.4 -12.77 14.16 13.25-15.34 2.99 -- -- 2.2E-

03 

21.11 

 1.5 -13.77 12.4 -- -- -- -- -- -- 

 1.6 -22.74 12.4 -- -- -- -- -- -- 

 1.7 -18.70 12.43 -- -- -- -- -- -- 

 1.8 -12.23 12.43 -- -- -- -- -- -- 

 3.2 -14.07 18 -- -- -- -- -- -- 

 3.3 -47.26 18 -- -- -- -- -- -- 

 3.4 -29.68 17.55 -- -- -- -- -- -- 

 3.5 -26.52 17.05 -- -- 16.30-17.83 1.53 4.51E-

04 

8.97 

 3.6 -25.62 16.67 -- -- 15.99-17.47 1.48 4.41E-

04 

8.87 

 3.7 -22.59 16.37 -- -- 15.66-17.03 1.37 4.16E-

04 

8.36 

 3.8 -20.16 16.10 -- -- 15.33-16.67 1.34 4.13E-

04 

8.32 

 3.9 -16.43 15.80 14.93-16.37 1.44 -- -- 4.53E-

04 

9.11 

 4.0 -13.59 15.59 14.59-16.07 1.48 -- -- 4.73E-

04 

9.49 

 4.1 -12.68 15.14 14.14-15.73 1.59 -- -- 5.23E-

04 

10.5 

 4.2 -11.74 14.39 13.86-15.20 1.34 -- -- 4.54E-

04 

9.31 

 4.3 -11.37 13.93 -- -- -- -- -- -- 

 4.4 -11.71 13.60 -- -- -- -- -- -- 
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 4.5 -11.34 13.52 -- -- -- -- -- -- 

 5.4 -11.56 18 -- -- -- -- -- -- 

 5.5 -12.91 18 -- -- -- -- -- -- 

 5.6 -12.38 17.76 -- -- -- -- -- -- 

 5.7 -11.90 17.44 17.01-17.87 0.8 -- -- 1.48E-

04 

4.58 

 5.8 -11.68 17.17 16.75-17.57 0.82 -- -- 1.44E-

04 

4.77 

 5.9 -11.72 16.90 16.57-17.30 0.73 -- -- 1.29E-

04 

4.31 

 6.0 -11.56 16.72 16.40-17.02 0.62 -- -- 1.1E-

04 

3.70 

 6.1 -11.24 16.47 16.22-16.76 0.54 -- -- 9.76E-

05 

3.27 

 6.2 -10.96 16.32 16.07-16.55 0.48 -- -- 8.73E-

05 

2.94 

 6.3 -10.70 16.12 15.97-16.33 0.36 -- -- 6.57E-

05 

2.23 

F3 3.9 -12.41 18 -- -- -- -- -- -- 

 4.0 -19.60 18 -- -- -- -- -- -- 

 4.1 -23.51 17.88 -- -- -- -- -- -- 

 4.2 -20.75 17.31 -- -- -- -- -- -- 

 4.3 -21.84 16.94 -- -- 16.15-17.99 1.84 4.4E-

04 

10.86 

 4.4 -21.01 16.60 -- -- 15.85-17.55 1.7 4.1E-

04 

10.24 

 4.5 -19.93 16.27 15.57-17.06 1.49 -- -- 3.7E-

04 

9.15 

 4.6 -19.66 16.00 15.30-16.75 1.45 -- -- 3.6E-

04 

9.06 

 4.7 -18.63 15.74 15.04-16.43 1.39 -- -- 3.59E-

04 

8.83 

 4.8 -17.88 15.45 14.77-16.13 1.36 -- -- 3.56E-

04 

8.80 

 4.9 -17.11 15.25 14.53-15.85 1.32 -- -- 3.50E-

04 

8.65 

 5.0 -16.01 14.98 14.32-15.60 1.28 -- -- 3.4E-

04 

8.54 

 5.1 -15.04 14.76 14.11-15.34 1.23 -- -- 3.3E-

04 

8.33 

 5.2 -14.71 14.50 13.95-15.12 1.17 -- -- 3.2E-

04 

8.06 

 5.3 -14.37 14.27 13.77-14.87 1.1 -- -- 3E-04 7.70 

 5.4 -13.92 14.09 13.61-14.62 1.01 -- -- 2.81E- 7.16 
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04 

 5.5 -13.55 13.93 13.46-14.39 0.93 -- -- 2.6E-

04 

6.67 

 5.6 -12.96 13.78 13.31-14.19 0.88 -- -- 2.49E-

04 

6.38 

 5.7 -12.14 13.68 13.14-13.99 0.85 -- -- 2.43E-

04 

6.21 

 5.8 -11.20 13.62 13.11-13.84 0.73 -- -- 2.08E-

04 

5.35 

 6.7 -11.46 18 -- -- -- -- -- -- 

 6.8 -11.57 18 -- -- -- -- -- -- 

 6.9 -10.92 17.76 -- -- -- -- -- -- 

 7.0 -10.61 17.31 16.94-17.78 0.84 -- -- 1.19E-

04 

4.85 

 7.1 -10.76 16.96 16.77-17.40 0.63 -- -- 9.12E-

05 

3.71 

 7.2 -10.82 16.85 16.59-17.14 0.55 -- -- 8.05E-

05 

3.26 

 7.3 -10.70 16.70 16.41-16.93 0.52 -- -- 7.69E-

05 

3.11 

 7.4 -10.47 16.49 16.26-16.72 0.46 -- -- 6.85E-

05 

2.78 

 7.5 -10.36 16.26 16.04-16.46 0.42 -- -- 6.3E-

05 

2.58 

 7.6 -10.32 16.10 15.92-16.26 0.34 -- -- 5.18E-

05 

2.11 

 7.7 -10.23 15.96 -- -- -- -- -- -- 

F4 1.4 -10.89 17.22 15.15-17.43 2.28 -- -- 1.8E-

03 

13.24 

 1.5 -12.49 16.38 13.97-16.71 2.74 -- -- 2.3E-

03 

16.72 

 1.6 -14.93 15.52 12.78-16.08 3.3 -- -- 3E-03 21.26 

 1.7 -19.54 14.68 -- -- -- -- -- -- 

 1.8 -26.25 14.08 -- -- -- -- -- -- 

 1.9 -33.74 13.55 -- -- -- -- -- -- 

 2.0 -21.83 12.92 -- -- -- -- -- -- 

 2.1 -17.77 12.41 -- -- -- -- -- -- 

 2.2 -13.50 12.4 -- -- -- -- -- -- 

 2.3 -10.77 12.4 -- -- -- -- -- -- 

 3.9 -11.86 18 -- -- -- -- -- -- 

 4.0 -14.30 18 -- -- -- -- -- -- 

 4.1 -14.53 17.85 -- -- -- -- -- -- 

 4.2 -13.82 17.56 -- -- -- -- -- -- 
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 4.3 -13.06 17.17 16.48-17.95 1.47 -- -- 3.4E-

04 

8.56 

 4.4 -12.64 16.85 16.21-17.57 1.36  -- 3.2E-

04 

8.07 

 4.5 -12.09 16.6 15.99-17.19 1.2 -- -- 2.9E-

04 

7.22 

 4.6 -11.57 16.23 15.75-16.85 1.1 -- -- 2.7E-

04 

6.77 

 4.7 -11.20 16.02 15.58-16.49 0.91 -- -- 2.2E-

04 

5.68 

F5 1.3 -11.60 17.26 16.39-17.98 1.59 -- -- 1.2E-

03 

7.06 

 1.4 -12.93 16.23 15.20-17.22 2.02 -- -- 1.6E-

03 

12.44 

 1.5 -14.25 15.03 14.14-16.27 2.13 -- -- 1.8E-

03 

14.17 

 1.6 -15.39 14.30 13.13-15.39 2.26 -- -- 2E-03 15.80 

 1.7 -18.52 13.49 12.40-14.69 2.29 -- -- 2.2E-

03 

16.97 

 1.8 -22.78 13.00 -- -- -- -- -- -- 

 1.9 -30.22 12.4 -- -- -- -- -- -- 

 2.0 -16.05 12.4 -- -- -- -- -- -- 

 2.1 -10.82 12.4 -- -- -- -- -- -- 

 3.6 -11.92 18 -- -- -- -- -- -- 

 3.7 -13.34 18 -- -- -- -- -- -- 

 3.8 -12.97 17.55 -- -- -- -- -- -- 

 3.9 -12.46 17.17 16.58-17.78 1.2 -- -- 3.1E-

04 

6.98 

 4.0 -12.10 16.83 16.22-17.36 1.14 -- -- 3E-04 6.77 

 4.1 -11.53 16.35 15.89-16.97 1.08 -- -- 2.9E-

04 

6.60 

 4.2 -11.28 16.09 15.59-16.55 0.96 -- -- 2.6E-

04 

5.96 

 4.3 -10.91 15.74 15.31-16.14 0.83 -- -- 2.3E-

04 

5.27 

 4.4 -10.70 15.31 15.05-15.71 0.66 -- -- 1.9E-

04 

4.31 

 4.5 -10.48 15.12 14.84-15.37 0.53 -- -- 1.5E-

04 

3.50 

 4.6 -10.64 14.86 -- -- -- -- -- -- 

 

Table 4.22 enumerates the value of BTR and PBW for various thicknesses in different 

compositions and both parameters increase non-monotonically with Co-Zn substitution. F2 
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and F4 samples exhibit maximum BTR values of 2.13 and 2.06, respectively. The PBW 

values range from 2.23 to 21.11 for all samples and is a maximum of 21.26 in the F4 sample. 

         

             

 

Fig. 4.69. 3D representation of REL plots over the entire range of frequency at various 

thicknesses. 

Table 4.23 enlists Zin/Z0 and Zreal/Zimg values associated with the REL peak of the 

synthesized composite materials and these impedance values are determined using equation 

3.21. The significance of impedance matching between the absorber and free space, resulting 

in Zin/ ZO ≅ 1 (Zreal ≅1 and Zimg ≅ 0), has been extensively discussed in section 4.1.5. When 

the impedance of MAMs does not align with that of free space, incoming EM waves are 

strongly reflected at the interface. Therefore, regardless of their intrinsic attenuation 
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capabilities, they fail to deliver appropriate MWA performance. Sample F2 stands out, 

achieving the highest REL= -47.2 dB at a thickness of 3.3 mm and a frequency of 18 GHz 

with a Zin/ ZO value is approximately 0.993, wherein Zreal = 0.993 (close to 1) and Zimg = -

0.005 (nearly 0). It is notable in all synthesized samples, that optimal REL is exhibited by 

those thicknesses where Zreal ≅1 and Zimg ≅ 0. Due to more offset Zreal/Zimg values from 1 

and/or zero, the remaining thickness of all synthesized samples exhibits relatively low REL 

values. The value of Zin/ ZO changes with Co-Zn ions substitution. Fig. 4.67 presents that Co 

varies as the frequency increases, indicating the non-existence of eddy current loss. 

 

Table 4.23 Reflection loss peak’s impedance parameters at different thicknesses. 

Sample 

Name 

Thickness 

(mm) 

Max. 

REL (dB) 

Matching 

frequency 

(GHz) 

Zin/Z0  Zreal  Zimg  

F1 3.4 -38.70 16.36 1.023 1.023 -0.004 

 3.6 -38.10 15.56 1.025 1.025 0.0008 

 3.7 -40.53 15.22 0.983 0.983 -0.009 

 4.0 -32.19 14.06 0.952 0.952 0.0023 

 4.1 -31.33 13.78 0.948 0.948 -0.0115 

F2 3.2 -14.07 18 0.907 0.842 0.3356 

 3.3 -47.26 18 0.993 0.993 -0.005 

 3.4 -29.68 17.55 0.9399 0.9397 -0.0204 

 3.5 -26.52 17.05 0.9104 0.9103 0.0096 

 3.6 -25.62 16.67 0.9006 0.9005 0.0094 

F3 4.0 -19.60 18 0.8987 0.8842 0.1605 

 4.1 -23.51 17.88 0.8766 0.8764 -0.02 

 4.2 -20.75 17.31 0.8339 0.8335 0.0237 

 4.3 -21.84 16.94 0.8503 0.8503 0.0043 

 4.4 -21.01 16.60 0.8345 0.8343 -0.017 

 4.5 -19.93 16.27 0.8175 0.8174 0.0129 

F4 1.7 -19.54 14.68 1.202 1.195 0.124 

 1.8 -26.25 14.08 1.093 1.093 0.041 

 1.9 -33.74 13.55 0.9706 0.9703 -0.0275 

 2.0 -21.83 12.92 0.868 0.865 -0.0691 

 2.1 -17.77 12.41 0.7875 0.7796 -0.111 

F5 1.7 -18.52 13.49 1.253 1.250 0.092 
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Fig. 4.70. Co-dependence on frequency for all samples. 

Conclusively, the unlike ionic radii of substituted Co2+ (0.72 Å) and Zn2+ (0.84 Å) 

ions than host Fe3+ (0.64 Å) ions and atomic mass of Co, Zn, and Fe 58.93, 65.38 and 55.84 

amu, respectively, attributed to heterogeneity in the crystal structure. This heterogeneity 

causes a non-linear trend in complex permittivity/permeability values with substitution. It can 

be observed in the SEM micrographs (Fig. 4.52) that substitution leads to grain 

agglomeration along with porosity between them, which results in a reduction in 

permittivity/permeability, as consistent with porosity calculated from XRD (Table 4.19). The 

porosity, analogous to non-magnetic pores, induces a demagnetizing field, hindering the field 

and discouraging polarization. All these factors lead to REL > -20 dB (more than 99% 

absorption) in all synthesized samples. 

 

 

 

 

  

 1.8 -22.78 13.00 1.151 1.150 -0.041 

 1.9 -30.22 12.4 1.059 1.058 -0.023 

 2.0 -16.05 12.4 0.956 0.909 -0.291 
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4.4 Co2+-Cd2+ substituted Sr𝑪𝒐𝒛𝑪𝒅𝟎.𝟓𝒛𝑭𝒆𝟏𝟐−𝟐𝒛𝑶𝟏𝟗 hexaferrite. 

Table 4.24 displays the assignment of sample names/codes for a different level of 

substitution for Sr𝐶𝑜𝑧𝐶𝑑0.5𝑧𝐹𝑒12−2𝑧𝑂19. 

Table 4.24 Assignment of sample name for a different level of substitution of 

Sr𝑪𝒐𝒛𝑪𝒅𝟎.𝟓𝒛𝑭𝒆𝟏𝟐−𝟐𝒛𝑶𝟏𝟗 hexaferrite. 

 

 

 

 

 

 

 

 

4.4.1 Structural Analysis 

4.4.1.1 X-ray Analysis  

The XRD pattern of Co-Cd doped SrM hexaferrite powder calcined at 1100⁰C for 5h 

has been presented in Fig. 4.68. The diffraction peaks observed in all synthesized samples are 

indexed to the magnetoplumbite structure of SrFe12O19 - P63/mmc (ICDD# 80-1197). These 

synthesized samples manifest a composite phase with the M-type hexaferrite as the major 

phase and spinel ferrite, namely CdFe2O4 - Fd-3m:1 (ICDD# 001-1087) and CoFe2O4 - R-3m: 

H (ICDD# 22-1086), serving as secondary phases [268] [269]. The XRD patterns were 

subjected to Rietveld refinement using MAUD software for all samples (Fig. 4.69). The 

prominent peaks (107) and (114) of M-type hexaferrite are dominating in C1, C2, and C3 

samples, whereas their intensity decreases in the remaining samples. Moreover, a successful 

substitution of Co-Cd ions can be explained by the slight shift and change in the intensity of 

peaks. The lattice constant (a, c), height-to-width ratio (c/a), the volume of the unit cell (V), 

FWHM (β), the crystallite size (D), and lattice strain (𝜺) of all incorporated specimens are 

calculated using equations 3.1, 3.2, 3.3, 3.4, and 3.5 listed in Table 4.25. Substitution of Co-

Cd ions causes a slight change in the lattice parameter ‘a’ compared to lattice constant ‘c’. 

This can be elucidated that the c-axis, which is easily magnetized, expands more than the a-

axis [163]. The value of unit cell volume (V) ranges from 690.91 Å³ – 689.55 Å. 

Sr𝑪𝒐𝒛𝑪𝒅𝟎.𝟓𝒛𝑭𝒆𝟏𝟐−𝟐𝒛𝑶𝟏𝟗 Sample Name 

z = 0.2 C1 

z = 0.4 C2 

z = 0.6 C3 

z = 0.8 C4 

z = 1.0 C5 
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Furthermore, the height-to-width or c/a ratio of all incorporated samples is found to be less 

than 3.98, which affirms the formation of the magneto plumbite structure of hexaferrite [126].  

Table 4.25 depicts that the slight variation observed in LA and LB values [calculated 

using Equations (3.5) and (3.6)] may be attributed to small ionic radii of Fe3+ ions compared 

to Co2+ and Cd2+ ions. The greater atomic masses of Co (58.93 u) and Cd (112.411 u) than Fe 

(55.84 u) may account for the increase in X-ray density with substitution. The bulk density 

and porosity (Table 4.26) exhibit a non-monotonic trend with the Co2+ and Cd2+ ions 

substitution.  

Table 4.25 Values of structural parameters (a, c, c/a, V), the crystallite size (D), hopping 

length (LA and LB), dislocation density (𝜹), and lattice strain (𝜺) are listed below: 

Sample name C1 C2 C3 C4 C5 

a (Å) 5.882 5.880 5.881 5.881 5.879 

c (Å) 23.06 23.03 23.04 23.06 23.06 

c/a 3.920 3.916 3.917 3.921 3.922 

V (Å³) 690.91 689.55 690.08 690.68 690.21 

D(nm) 124.4 143.3 132.8 117.6 111.4 

LA (nm) 2.547 2.546 2.546 2.546 2.545 

LB (nm) 2.079 2.078 2.078 2.078 2.078 

χ2 0.315 0.310 0.289 0.318 0.383 

 

Table 4.26 Calculated values of bulk density (𝝆𝒃𝒖𝒍𝒌), XRD density (𝝆𝒙), porosity (P) and 

surface area (S) are listed below: 

Sample Name Density (g/cm³) Porosity (%) 

 Bulk density (𝜌𝑏𝑢𝑙𝑘) XRD density (𝜌𝑥) 

C1 2.72 5.13 46.9 

C2 2.26 5.17 56.2 

C3 3.05 5.20 41.3 

C4 2.63 5.23 49.7 

C5 2.50 5.26 47.5 
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Fig. 4.71. XRD pattern of prepared specimen C1 to C5 hexaferrite. 
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Fig. 4.72. Refinement of C1, C2, C3, C4, and C5 samples. 

4.4.1.2 FTIR analysis 

The mid-region infrared spectroscopy comprehensively analyzed the attached 

functional groups, located molecular bands, and identified the existing chemical bonds. The 

FTIR spectra of incorporated specimen Sr𝐶𝑜1.5𝑧𝐶𝑑0.5𝑧𝐹𝑒12−2𝑧𝑂19 (z = 0.2, 0.4, 0.6, 0.8, and 
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1.0) were measured in the IR range from 400-4000 𝑐𝑚−1 at room temperature as shown in 

Fig. 4.70. Two distinct absorption peaks were observed in the 400-600 𝑐𝑚−1 a range that 

depicts the stretching vibration of Fe-O in tetrahedral and octahedral sites [292]. The two 

characteristics absorption band obtained near 582.42𝑐𝑚−1 (ν΄΄) and 422.35 𝑐𝑚−1 (ν΄) 

undergo a gradual blue shift with increasing the level of substitution. The frequency band at 

1038.83 𝑐𝑚−1 is assigned to the Fe-O-Fe stretching vibrations which may be caused by the 

Fe-O anti-symmetric stretching vibration and Fe-O stretching vibration. The intensity of this 

band decreases from C1 to C5 sample with Co-Cd substitution. Moreover, FTIR spectra of 

the incorporated specimen (Fig. 4.70) exhibit a weak broad absorption band in the range of 

2000-2500 𝑐𝑚−1, which may give us a suggestion of the existence of CO2 [293]. There is no 

absorption band in the 2500-4000 cm-1 range, indicating the non-existence of the citric acid 

hydroxyl group (O-H) [294]. 

1 

Fig. 4.73. FTIR spectra in 400-4000 𝒄𝒎−𝟏 range of all hexaferrite samples. 

4.4.1.3 SEM analysis  

The change in the morphology of strontium hexaferrite powders synthesized with 

various additions of cobalt and cadmium substitute cations is shown in Fig. 4.71. All 

synthesized samples are micron agglomerates with tens of microns in size, consisting of 

nanoparticles, the size of which varies depending on the chemical composition of the final 

product [295]. It should be noted that the entire synthesized series can be conditionally 
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divided into two groups according to the features of their morphology. The first group 

includes C1 and C2 samples, wherein large no. of small grains is engaged with one another 

over long distances by involving several voids, as seen in Fig. 4.72. For C3, C4, and C5 

samples, substitution causes agglomeration of grains in the form of large-sized grains with 

uneven size distribution. Furthermore, an increment in the degree of substitution from C3 to 

C5 causes densification in grains. It refers to an increment in interparticle contact, resulting in 

a more compact and closely packed grain structure. This variation affects the functional 

properties of the synthesized samples [296].  

 

 

 

Fig. 4.74. SEM micrographs of C1, C2, C3, C4, and C5 hexaferrite samples. 
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Fig. 4.75. Enlarged view of C1 sample 

Energy-dispersive spectra (EDX) of synthesized doped strontium hexaferrite are 

shown in Fig. 4.73. According to the data obtained, all synthesized compositions correspond 

to the calculated composition within the error of the determination method. In the C4 sample, 

there is an insignificant deviation of the actual content of cobalt and chromium from the 

calculated one, which, can be associated with the presence of an impurity phase of cobalt 

ferrite in these samples. 

         

Fig. 4.76. EDX spectra of the C1 and C4 samples. 

 

4.4.2 Electrical Analysis 

4.4.2.1 Dielectric study 

It has been noted that among all samples of the C-series only C1, C3, C4 and C5 

exhibit the electrical characteristics due to uncertainty observed in the rest of the samples of 
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the C-series. Fig. 4.74(a) and 4.74(b) reveals the variation of dielectric constant (𝜀′) and loss 

(𝜀′′) of C1, C3, C4 and C5 as a function of frequency at room temperature. It can be seen 

[Fig. 4.74(a)] that the value of 𝜀′ is high at low applied frequencies, which gradually 

decreases and is constant at higher frequencies. This dispersion shows a normal behavior of 

dielectric materials, caused by interfacial polarization. Samples C1, C3, and C4 exhibit the 

lowest frequency dependence dielectric dispersion as compared to sample C5. This behavior 

can be attributed to the availability of ferrous ions at octahedral sites. Due to the availability 

of multiple Fe2+ ions at octahedral sites, the value of 𝜀′ increases with Co-Cd substitution 

from C1 to C5. This could be due to the tendency of Co-Cd ions to occupy tetrahedral sites, 

which enhances the no. of Fe ions responsible for polarization, thus increasing the dielectric 

constant [297]. 

             

Fig. 4.77. (𝐚) 𝛆′  (b) 𝛆′′ variation with frequency of C1, C3, C4 and C5 hexaferrite. 

Fig. 4.75 illustrates how the dielectric loss tangent (tan𝛿) changes in response to the 

frequency at room temperature. It can be seen (Fig. 4.75) that as the frequency of the 

alternating field increases, the value of the tan𝛿 decreases. The initial drop in tan𝛿 with 

increasing frequency can be explained by Koop’s phenomenological theory of dielectrics. At 

lower frequencies, the resistivity of the material is higher due to the presence of grain 

boundaries. Substitution of Co-Cd ions introduces heterogeneity in the synthesized samples 

and results in more interface polarization. The tan𝛿 value linearly decreases from C1 to C4, 

and afterward, a sudden increment. A relatively weak broad relaxation in the C5 sample 

suggests the hopping frequency of charges between Fe2+ ⇆ Fe3+ cations at the octahedral 

position matches with the applied frequency. 
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Fig. 4.78. Loss tangent variation with frequency of C1, C3, C4 and C5 hexaferrite. 

4.4.2.2 AC conductivity 

Fig. 4.76 displays the increase in ac conductivity (𝜎) of C1, C3, C4, and C5 samples 

as the applied frequency increases. It also reveals that at low- frequency, 𝜎 shows frequency-

independent behavior and sharply increases at a higher-frequency region (>104 Hz). This 

ubiquitous rise in 𝜎 value with increasing frequency is the general behavior of hexaferrite 

explained by Verway’s hopping mechanism. The introduction of Co-Cd ions causes an 

increment in conductivity value and this elucidates an enrichment in the concentration of Fe3+ 

ions at the octahedral sites, which facilitates the probability of hopping between Fe2+ and Fe3+ 

ions. The AC conductivity of prepared samples may also be affected by grain distribution and 

porosity in the material. The material with heterogeneous morphology, such as a large 

number of voids in a chain-like structure as seen in SEM of the C1 sample (Fig. 4.72) 

impedes the movement of charge carriers, resulting in a lower conductivity value.  

 

Fig. 4.79. 𝝈 variation with frequency of C1, C3, C4 and C5 hexaferrite. 
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4.4.2.3 Electric modulus 

Fig. 4.77(a) displays the changes in 𝑀′ with frequency and the plot shows a very low 

value of 𝑀′ at lower frequencies approaching zero implying no contribution of electrode 

polarization. With increasing frequency, 𝑀′ varies continuously and reaches an asymptotic 

value (𝑀′) which is maximum at the high-frequency range for all sintered hexaferrite. This 

pattern suggests that there is a lack of a restoring force controlling the movement of charge 

carriers in response to an induced electric field [25]. Also, it supports the concept that charge 

carriers have long-range mobility. Moreover, the value of 𝑀′ increases sigmoidally with 

increased frequency, eventually reaching a value (𝑀∞) for all sintered hexaferrite. This 

increment may be ascribed to the conduction phenomena resulting from the short-range 

mobility of carriers, especially ions. This variation is similar to the behavior observed in 𝜎, 

discussed in the previous section. However, the substitution of Co-Cd ions decreases the 

value of 𝑀′ at high-frequency range. 

Fig. 4.77(b) illustrates the variation of 𝑀′′ with frequency. The value of 𝑀′′ is related 

to the dissipation of energy during an irreversible conduction process.  The nature of 

𝑀′′spectrum can be discussed via (i) an appearance of an asymmetrical peak at a certain 

frequency, (ii) a shift in the peaks toward a higher frequency with the substitution of Co-La, 

(iii) a broadening and narrowing peak. As the substitution level of Co-Cd ions increases, a 

noticeable shift is observed in the peak towards the higher frequencies. The asymmetric shape 

of the plot for the peak maxima and the width of the peaks on either side of the maxima 

indicate a non-Debye behavior of the material, caused by the distribution of relaxation time 

[26], [27].  

                       

Fig. 4.80. (a) 𝐌′ (b) 𝐌′′ variation with frequency of C1, C3, C4 and C5 hexaferrite 

Fig. 4.77 illustrates the Cole-Cole plot (𝑀′′ vs 𝑀′) of C1, C3, C4, and C5 sintered 

hexaferrite. The obtained curves demonstrate a deformed semicircle instead of a perfect 

semicircle with the center lying below the x-axis. This signifies that the relaxation is 
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distributed over different time constants and is not of the Debye-type. The existence of a 

single semicircle in the C1 sample confirms the relaxation due to grain boundaries alone. 

This variation is consistent with SEM micrographs (Fig. 4.72) of the C1 sample, wherein a 

large no. grains boundaries can be visualized and interlinked with one another over long 

distances. However, C3, C4, and C5 samples show a segment of an arc instead of perfect 

semicircles. This suggests that the grain boundary effect decreases, and the effect of grains 

increases as frequency increases. Substitution causes the formation of grain clusters, and this 

can also be visualized in the SEM micrographs (Fig. 4.71). 

 

Fig. 4.81. Cole-Cole plots (𝐌′′ vs 𝐌′) variation with frequency of C1, C3, C4 and C5 

hexaferrite. 

4.4.2.4 Complex impedance analysis 

The fall observed in both Z' and Z'' with increasing frequencies is shown in Fig. 

4.79(a) and Fig. 4.79(b), respectively. As the frequency increases, both Z' and Z'' decreases, 

suggesting an increment in the material’s conductivity due to the increase in electron hopping 

between the localized ions [29] At higher frequencies, the reduction in Z' could be explained 

through the Maxwell-Wagner model [30].  
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Fig. 4.82. (a) 𝐙′(b) 𝐙′′ variation with frequency of C1, C3, C4 and C5 hexaferrite. 

 

Fig. 4.80 shows the Cole-Cole plots (Z'' vs Z') of C1, C3, C4, and C5 sintered 

hexaferrite at room temperature. Instead of a complete semicircular arc, only a segment of a 

semicircular arc has been observed for all. It is also noted that as the substitution increases, 

the depression of the arc decreases from C1 to C4, and then increases for C5. This depression 

suggests that the impedance mechanism at low frequency explicitly depends on the dielectric 

polarization that occurs at grain boundaries, also referred to as the Maxwell-Wagner effect. 

 

Fig. 4.83. Cole-Cole plots (𝐙′′ vs 𝐙′) variation with frequency of MC1, MC2, MC3 and MC4 

hexaferrite. 

4.4.3 Magnetic analysis  

The electronegativity of cations influences their occupancy in the crystallographic 

sites, with more electronegative ions preferring octahedral sites which are larger than 

tetrahedral positions. Thus, Cd2+ (1.69) being less electronegative than Co2+ (1.88) preferably 
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choose to occupy tetrahedral sites [298]. The site occupancy of cations can also be ascribed 

by d-configuration and the nature of the cations involved. Co2+ ions tend to occupy 

octahedral sites with a d7 configuration, and Cd2+ have no site preference due to their d0 

configuration. It has been reported that Co2+ ions preferentially occupy the 4f1, 4f2, and 2b 

sites. Additionally, both Cd2+ (0.96 Å) and Co2+ (0.72 Å) ions have larger ionic radii than 

host Fe3+(0.64 Å) ions, so former both ions can occupy octahedral positions at the edges of 

the unit cell [299]. Fig. 4.81 illustrates the recorded M-H curves of C1, C2, C3, C4, and C5 

hexagonal ferrites by applying a field of 25kOe at room temperature. The derived magnetic 

parameters from M-H curves are enumerated in Table 4.27.  

 

Fig. 4.84. Hysteresis loops of C1, C2, C3, C4, and C5 hexaferrite. 

The variation in saturation magnetization (Ms) can be explained through the 

distribution of both substituents on crystallographic sites. The replacement of Fe3+ ions with 

diamagnetic ion (Zn2+) and weakly magnetic ion (Co2+) in the spin-up state results in a 

decrease in magnetization, while substituting in the spin-down state leads to an increase in 

net magnetization.          

𝑀𝑠 = 𝑀𝑎 (2a + 12k + 2b) (↑) – 𝑀𝑏 (4f₁ + 4f₂) (↓)                                                      

The remanence ratio (Mr/Ms) is a measure of the retention of magnetization after 

removing an applied field, and it’s usually high in M-type hexaferrite, indicating high 

remanence. In the present work, Mr/Ms  value of C2, C3, and C5 samples turns out to be 

greater than 0.5, which depicts the single-domain nature of particles within the material. On 

the other hand, C1 and C4 indicate the existence of multi-domains in the material with 

𝑀𝑟/𝑀𝑠 < 0.5. Table 4.27 and Fig.4.81 show that the value of Ms gradually increases from 

C1 to C3 samples with the substitution of Co-Cd ions [297]. This could be attributed to the 
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occupancy of spin-down sites by these substituents. This can also be confirmed through the 

Mössbauer spectroscopy results (discussed in the next section), wherein a significant decrease 

is observed in the net RA of spin-down (4f₁ + 4f₂) sites with Co-Cd substitution. Furthermore, 

the value of Ms decreases from C3 to C4 and thereafter is found to be maximum for C5. This 

behavior of saturation magnetization can be explained through the SEM micrographs (Fig. 

4.71) and squareness ratio (Mr/Ms).  SEM micrograph of the C4 sample depicts the existence 

of a large number of grain boundaries between individual crystalline grains. These grain 

boundaries impede the movement and alignment of magnetic domains, resulting in lower 

saturation magnetization. Moreover, in the C5 sample, the densification of grains reduces the 

defects and grain boundaries within the material. It improves the alignment of magnetic 

moments of atoms present within the grains.  

Table 4.27 Magnetic parameters 𝐌𝐬, 𝐇𝐜, Hₐ,𝐌𝐫 and 𝐌𝐫/𝐌𝐬 value of all hexaferrite samples. 

 

 So, when a field is applied to the material then a large number of magnetic moments 

easily align itself in a particular direction strengthening the overall magnetization of the 

material, thus resulting in high Ms. However, in the low-applied field, a slow rise in 

magnetization is observed in the C1 sample (Fig. 4.81). This can be explained with SEM 

micrographs (Fig. 4.72) and anisotropy field (Table 4.27) of the C1 sample, wherein a small 

grain forms a chain-like structure with distinct pores and causes shape anisotropy. Such 

grains take a longer time to reorient themselves in response to a low-applied field with 

pronounced Ha. 

 The anisotropy field (Ha) mainly depends on the 2b and 4f2 sites of magnetoplumbite 

structure, but the 4f2 site prominently affects Ha more than the alone 2b site [300]. It is clear 

from the table that Ha decreases by 28 % from C1 to C5 and this can be explained through the 

Mössbauer spectra, where the net change in the relative area of the 2b site is more than the 

relative area of the 4f2 site. But, the contribution of the 2b site is less than the 4f2 site, 

Sample name C1 C2 C3 C4 C5 

Ms (emu/g) 67.51 74.58 77.69 69.83 82.13 

Hc (Oe) 2379.98 4273.50 3612.63 2255.13 4551.28 

Ha (kOe) 27.24 13.50 8.99 15.90 19.61 

Mr (emu/g) 19.2 50.15 47.73 30.95 55.96 

Mr/Ms 0.290 0.669 0.614 0.443 0.681 

𝒏𝑩 (𝝁𝑩) 12.91 14.31 15.04 13.60 16.09 
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therefore despite the large change in 2b site occupancy, the overall Ha decreased by the same 

amount of 29%. 

The non-linear increase observed in the value of Hc, with Co-Cd substitution, can be 

estimated through grain size distribution and the occurrence of porosity in the synthesized 

samples. In the present studies, the Hc value of C2, C3, and C5 samples is quite higher than 

C1 and C4.  The increment in Hc can be understood with the porosity value calculated from 

XRD data (Table 4.25), wherein largely porous samples lead to higher values of Hc. The 

Bohr magneton (calculated from equation 3.14) is closely related to saturation magnetization 

and molecular weight (M.W). As the level of substitution increases, the value of the Bohr 

magneton increases, and it can be observed in Table 4.27. 

4.4.4 Mössbauer analysis  

Mössbauer spectroscopy was employed to determine the impact of Co-Cd substitution 

on the local chemical structure of SrM hexaferrite, by varying the level of substitution. Fig. 

4.82 illustrates the Mössbauer spectra of synthesized samples and Table 4.28 enlists the 

quadrupole splitting (QS), isomer shift (IS), hyperfine field (Heff), and relative areas values 

obtained from fitting of the Mössbauer spectra of SrM hexaferrite substituted with cobalt and 

cadmium cations at room temperature. All the obtained spectra show five main sextets of iron 

cations related to the structural positions of magnetoplumbite (12k, 4f1, 4f2, 2a, 2b) and one 

sextet, the appearance of which, is associated with the presence of the cobalt ferrite phase in 

the samples. The content of the impurity phase varies depending on the chosen ratio x and is 

in the range of values from 5 to 10%. 

The isomer shift (IS) provides information about the chemical bonding, including the valence 

state of 𝐹𝑒3+ ions in magnetically ordered materials. From the previous reports, the value of 

isomer shift for Fe2+, Fe3+, and Fe4+ ions should lie between 0.6 to 1.7 mm/s, 0.05 to 0.5 

mm/s, and 0.15 to 0.05 mm/s respectively [301]. In this case of the prepared samples, the 

observed isomer shift values for all sites fall within the range of 0.246 to 0.461, indicating 

that the Fe ions are in a ‘+3’ oxidation state. Furthermore, the isomer shift values of 4f2, 4f1, 

and 12k sites relatively remain constant, while 2b and 2a sites slightly vary with substitution. 

This may suggest the variation in the s-electron density around the Fe3+ ions at the 2b and 2a 

sites. The quadrupole splitting gives knowledge about the local distortion and symmetry of 

the crystal lattice. As the 57Fe atom has transitioned from 3/2 to ½ states, it is expected to 

exhibit quadrupole splitting. All the sextets exhibit QS values ranging from 0 to 1 mm/s 

which indicates a spherical charge distribution, except the C1 sample. Throughout the 
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substitution of Co-Cd ions, the QS values of the 12k site remain nearly constant, indicating 

an insignificant change in the distribution of charges at these sites upon substitution. For the 

4f1 and 4f2 sites, the QS slightly increases, reaching a maximum at the C3 sample, and then 

decreases slightly. However, the QS for the 2a and 2b sites reduces at C3 and then slightly 

increases. This paradoxical behavior can be described as follows: the Co-Cd substitution 

leads to an increase in the density of cations around the 4f1 and 4f2 sites and results in slight 

distortion [302]. The decrement in QS value for the 2b and 2a sites at the C3 sample indicates 

that the octahedra becomes more symmetric with Co-Cd ions substitution at these particular 

sites 0[303]. The hyperfine field is observed to be relatively constant across all lattice sites 

from C1 to C5, except the 2b site. 

In the C1 sample, the relative area of 12k and 2b sites are quite close to the predicted relative 

area of SrM hexaferrite, while the 4f1, 4f2, and 2a have less occupancy as seen in Table 4.28. 

From C1 to C5, the total relative area of 4f1 and 4f2 sites decreases by 37.38%, which 

signifies that Co-Cd ions tend to occupy these sites. Whilst, the total relative area of 12k-2a-

2b sites increases by 31%, suggesting that some of the Fe ions migrated towards these sites. 

The obtained results assured that Co-Cd ions tend to occupy 4f1 - 4f2 spin-down sites. 

 

Fig. 4.85.  57Fe Mössbauer spectra of C1, C2, C3, C4, and C5 hexaferrite samples. 
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Table 4.28 Isometric shift, hyperfine field, and quadrupole splitting of spectral components 

of all hexaferrite samples. 

Sample Site IS (mm/s) QS (mm/s) Heff (mm/s) Area (%) 

C1 12k 0.362 -0.370 41.464 49.67 

4f1 0.355 -0.308 51.912 13.94 

4f2 0.299 -0.156 49.080 13.80 

2a 0.046 -0.222 33.218 4.36 

2b 0.333 -0.038 51.126 8.08 

Ferrite? 0.140 -0.037 48.870 10.15 

C2 12k 0.361 0.366 41.443 43.57 

4f1 0.369 0.299 51.838 12.81 

4f2 0.246 0.183 49.063 28.57 

2a 0.441 0.073 46.875 4.13 

2b 0.017 0.098 31.703 5.14 

Ferrite? 0.348 0.001 50.996 5.79 

C3 12k 0.362 0.368 41.460 46.11 

4f1 0.461 0.387 50.945 13.70 

4f2 0.389 0.236 48.079 12.01 

2a 0.343 0.047 50.411 9.20 

2b 0.032 0.068 49.178 13.49 

Ferrite? 0.016 0.025 32.248 5.49 

C4 12k 0.355 0.379 41.477 47.08 

4f1 0.367 0.262 51.794 13.86 

4f2 0.418 0.148 46.348 8.26 

2a 0.273 0.175 49.191 15.37 

2b 0.333 0.100 34.894 6.24 

Ferrite? 0.210 0.030 46.709 9.19 

C5 12k 0.355 0.372 41.505 47.58 

4f1 0.358 0.248 51.698 12.83 

4f2 0.407 0.144 46.651 9.74 

2a 0.280 0.155 49.103 14.72 

2b 0.388 0.091 35.328 5.31 

Ferrite? 0.217 0.027 47.018 9.82 
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4.4.5 Electromagnetic Analysis 

Fig. 4.83(a, b) demonstrated the variation of dielectric constant (𝜀′)/loss (𝜀′′) of C1, 

C2, C4, and C5 samples in the frequency range of 8.2 to 12 GHz, and C3 from 12.4 to 18 

GHz. The introduction of Co-Cd ions causes a feeble change in 𝜀′/𝜀′′ values. In frequency 

spectra (8.2 -12.4 GHz), sample C1 remain constant, while C2, C4, and C5 show resonance 

peak from 8.5 to 9.5 GHz and does not vary too much in the remaining frequency spectra. 

Conversely, the C3 sample exhibits small fluctuation from the 12 to 18 GHz frequency 

regime. Whenever the applied frequency of the microwave coincides with the hopping 

frequency of electrons, the phenomena of dielectric resonance occur. Fig. 4.84(a, b) depicts 

the plots of permeability (𝜇′)/ magnetic loss (𝜇′′) of C1, C2, C4, and C5 samples in a 

frequency range of 8.2 to 12 GHz, and C3 from 12.4 to 18 GHz. The maximum value of 𝜇′′ 

as observed at resonance frequencies are 0.30 at 10.26 GHz for C1, 0.33 at 10.28 GHz for 

C2, 0.20 at 14.01 GHz for C3, 2.06 at 10.57 GHz for C4, and 1.31 at 10.29 GHz for C5. The 

introduction of the weak magnetic moment of Co and Cd ions than Fe ions ascribed the non-

linearly increase in   𝜇′′ values. Fig. 4.81 contributes to magnetic loss in synthesized samples. 

 

       

Fig. 4.86. (a) Complex permittivity of C1, C2, C4, and C5 samples (b) Complex permittivity 

of C3 sample. 

The microwave absorption phenomena are investigated by examining REL vs 

frequency plots for different simulated thicknesses. Fig. 4.85(a), 4.86(a, c), 4.87(a, c, e), 

4.88(a, c), and 4.89(a, c, e, g) illustrate the REL plots of all synthesized samples and can be 

utilized to deduce parameters such as bandwidth/frequency range for REL of -10 dB (90% 

absorption) /-20 dB and matching frequency/thickness, as listed in Table 4.29. For better 

visualization 3D REL plots are depicted in Fig. 4.90. The insertion of Co-Cd ions initially 
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increases the microwave absorption of the synthesized sample from C1 to C2 and further 

substitution decreases it non-linearly. 

         

Fig. 4.87. (a) Complex permeability of C1, C2, C4, and C5 samples (b) Complex 

permeability of C3 sample. 

The highest dip in REL, measuring -54.04 dB (> 99 % absorption),  is observed in the 

C2 sample [Fig. 4.86(a, c)], occurring at a frequency of 8.62 GHz and a thickness of 1.8 mm. 

The plots illustrate the shift of REL peaks towards lower frequency ranges as the thickness 

increases, affirming the existence of quarter wavelength mechanism described by equation 

3.24. Using equation 3.22, Reflection loss (REL) is computed using both the simulated 

thickness (dm
sim) and the calculated thickness (dm

c), which is determined through equation 

3.24 by substituting values of n = 1, 3, 5, and so forth. The purpose is to establish a 

relationship between the quarter wavelength mechanism and  REL peaks. Fig. 4.85(b), 

4.86(b, d), 4.87(b, d, f), 4.88(b, d), and 4.89(b, d, f, g) depicts plots of a calculated thickness 

(nλ/4) within the frequency range. To compare the simulated thickness (dm
sim) with the 

calculated thickness (nλ/4), vertical lines are drawn from REL peaks to the thickness-

frequency plots. 
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Fig. 4.88. (a) Dependence of REL on frequency in C1 sample. (b) dm
sim and dm

c versus 

frequency for 5λ/4 in the C1 sample. 

(i) For the C1 sample, REL values vary from -15.49 dB to -41.42 dB, and thickness 

ranges from 7.5 mm to 8.2 mm, and the plots display quarter-wavelength mechanism (nλ/4) 

for n= 5 values over the 8.2 to 12.4 frequency region. In C1, an optimal REL= -41.42 dB is 

observed at 10.10 GHz with an effective bandwidth of 1.18 GHz with a matching thickness 

of 7.8 mm Table 4.29. Furthermore, a dual REL peak (>-10 dB) is observed for all 

thicknesses of the C1 sample. 
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Fig. 4.89. (a, c) Dependence of REL on frequency in C2 sample. (b, d) dm
sim and dm

c versus 

frequency for 5λ/4 in the C2 sample. 

(ii) For the C2 sample, a maximum  REL of -54.04 dB was observed at 1.8 mm 

thickness of frequency 8.62 GHz and for 1.5 to 1.9 mm thickness multiple REL dip (>-10 

dB) over the 8.2 to 12.4 GHz frequency spectra. As the thickness increases decrease from 4.3 

mm to 5.9 mm,  reflection loss decreases. The obtained plots exhibit quarter-wavelength 

mechanism (nλ/4) for n= 1 and 5, with a narrow (0.29 GHz)  and a wide (3.41 GHz) at  4.4 

mm and  1.7 mm thickness, respectively, as shown in Table 4.29.  

(iii) For the C3 sample, several thicknesses exhibit REL > -10 dB /-20 dB over a 

frequency range of 12.4 to 18 GHz. As the thickness increases from 5.4 mm to 10 mm, REL 

increases non-linearly from -10.42 dB to -27. 17 dB. The plots exhibit a quarter-wavelength 

mechanism (nλ/4) for n=5 and 9 values, with bandwidth ranges from 0.65 GHz to 2.53 GHz, 

as shown in Table 4.29. In the C3 sample, for REL > -10 dB broad bandwidth of 2.17 GHz 

and a narrow bandwidth of 0.65 GHz is observed from 13.09-15.28 GHz and 15.93-16.58 

GHz with a matching thickness of 6.8 mm and 6.1 mm, respectively. Furthermore, for REL > 

-20 dB a wide bandwidth of 2.53 GHz from 12.48-15.01 at 7.0 mm thickness. 
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Fig. 4.90. (a, c, e) Dependence of REL on frequency in C3 sample. (b, d, f) dm
sim and dm

c 

versus frequency for 5λ/4 and 9λ/4 in the C3 sample. 
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Fig. 4.91. (a, c) Dependence of REL on frequency in C4 sample. (b, d) dm
sim and dm

c versus 

frequency for λ/4 and 5λ/4  in the C4 sample. 
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Fig. 4.92. (a, c, e, g) Dependence of REL on frequency in C5 sample. (b, d, f, h) dm
sim and dm

c 

versus frequency for λ/4, 5λ/4, 9λ/4 and 13λ/4 in the C5 sample. 

(iv) For the C4 sample, an optimal REL (-29.32 dB) is observed in a low thickness of 

1.7 mm at 10.47 GHz. The remaining thickness from 1.6 mm to 5.5 mm exhibits REL > -10 

dB/ -20 dB over the 8.2 to 10.5 GHz frequency spectra. The obtained REL plots satisfy the 

quarter-wavelength mechanism (nλ/4) for n=1 and 5 values. Moreover, in the C5 sample REL 

non-linearly increases from -11.07 dB to -31.68 dB for 1.3 mm to 10 mm thickness. The 

obtained REL plots satisfy the quarter-wavelength mechanism (nλ/4) for n=5, 9, and 13 

values. 

Table 4.29 Absorption Parameters (REL > -10/-20 dB). 

Sample 

Name 

Matchi

ng 

Thickn

ess 

(mm) 

Maximum 

REL (dB) 

Matchi

ng 

freque

ncy 

(GHz) 

Frequency 

Band for REL 

> -10 dB 

(GHz) 

Band

width 

for 

REL > -

10 dB 

(GHz) 

Frequency 

Band REL > -

20 dB (GHz) 

Bandw

idth 

for 

REL > -

20 dB 

(GHz) 

BTR  PBW 

(%) 

C1 7.5 -15.49 10.11 9.98-11.03 1.05 -- -- 3.8E-03 10.38 

 7.6 -19 10.10 9.94-11.04 1.10 -- -- 3.9E-04 10.89 

 7.7 -25.32 10.10 -- -- 9.87-11.02 1.15 4.1E-04 11.38 

 7.8 -41.42 10.10 -- -- 9.84-11.02 1.18 4.1E-04 11.68 
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 7.9 -25.41 10.81 -- -- 9.82-11.00 1.18 4.1E-04 10.91 

 8.0 -31.93 10.75 -- -- 9.83-10.97 1.14 3.9E-04 10.60 

 8.1 -33.40 10.74 -- -- 9.82-10.92 1.10 3.7E-04 10.24 

 8.2 -22.90 10.74 -- -- 9.83-10.92 1.09 3.7E-04 10.14 

C2 1.5 -14.46 11.47 -- -- -- -- -- -- 

 1.6 -27.75 11.32 -- -- -- -- -- -- 

 1.7 -39.29 8.89 -- -- 8.30-11.71 3.41 6.1E-03 38.35 

 1.8 -54.04 8.62 -- -- -- -- -- -- 

 1.9 -20.04 8.42 --  -- -- -- -- 

 4.3 -11.10 12.38 --  -- -- -- -- 

 4.4 -12.4 12.22 12.03-12.32 0.29 -- -- 1.3E-04 2.37 

 4.5 -11.57 12.22 11.92-12.27 0.35 -- -- 1.5E-04 2.86 

 5.5 -10.30 8.21 -- -- -- -- -- -- 

 5.6 -11.03 8.21 -- -- -- -- -- -- 

 5.7 -11.49 8.2 -- -- -- -- -- -- 

 5.8 -11.12 8.2 -- -- -- -- -- -- 

 5.9 -10.89 8.2 -- -- -- -- -- -- 

C3 5.4 -10.42 17.94 -- -- -- -- -- -- 

 5.5 -10.50 17.94 -- -- -- -- -- -- 

 5.6 -10.44 17.49 -- -- -- -- -- -- 

 5.7 -10.47 17.26 -- -- -- -- -- -- 

 5.8 -10.26 16.52 -- -- -- -- -- -- 

 5.9 -11.03 16.52 -- -- -- -- -- -- 

 6.0 -11.53 16.34 15.72-16.68 0.96 -- -- 1.8E-04 0.97 

 6.1 -11.47 16.18 15.93-16.58 0.65 -- -- 1.2E-04 0.61 

 6.2 -12.27 15.64 15.23-16.45 1.22 -- -- 2.3E-04 1.21 

 6.3 -12.91 15.64 14.77-16.19 1.42 -- -- 2.8E-04 1.40 

 6.4 -13.01 15.52 14.48-16.01 1.53 -- -- 3E-04 1.48 

 6.7 -16.10 14.69 13.57-15.51 1.94 -- -- 4.1E-04 1.90 

 6.8 -18.89 14.16 13.09-15.28 2.19 -- -- 4.8E-04 2.25 

 6.9 -22.05 14.16 -- -- 12.90-15.12 2.22 4.9E-04 2.25 

 7.0 -22.53 14.10 -- -- 12.48-15.01 2.53 5.7E-04 2.55 

 7.1 -19.82 14.10 -- -- -- -- -- -- 

 7.2 -19.12 13.29 -- -- -- -- -- -- 

 7.3 -20.46 13.21 -- -- -- -- -- -- 

 7.4 -20.15 13.15 -- -- -- -- -- -- 

 7.5 -21.14 12.68 -- -- -- -- -- -- 
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 7.6 -23.48 12.52 -- -- -- -- -- -- 

 7.7 -22.95 12.52 -- -- -- -- -- -- 

 7.8 -21.03 12.43 -- -- -- -- -- -- 

 7.9 -18.21 12.41 -- -- -- -- -- -- 

 8.0 -15.81 12.4 -- -- -- -- -- -- 

 8.1 -13.87 12.4 -- -- -- -- -- -- 

 8.2 -12.30 12.4 -- -- -- -- -- -- 

 8.3 -11.02 12.4 -- -- -- -- -- -- 

 8.6 -10.02 18 -- -- -- -- -- -- 

 8.7 -11.89 18 -- -- -- -- -- -- 

 8.8 -14.37 18 -- -- -- -- -- -- 

 8.9 -17.75 18 -- -- -- -- -- -- 

 9.0 -21.67 18 -- -- -- -- -- -- 

 9.1 -22.70 17.92 -- -- -- -- -- -- 

 9.2 -21.92 17.70 -- -- -- -- -- -- 

 9.3 -22.16 17.49 -- -- -- -- -- -- 

 9.4 -22.51 17.38 -- -- -- -- -- -- 

 9.5 -22.35 17.21 -- -- 16.37-17.99 1.62 1.7E-04 0.98 

 9.6 -21.04 17.07 -- -- 16.16-17.85 1.69 1.8E-04 0.99 

 9.7 -20.42 16.86 -- -- 16.00-17.68 1.68 1.8E-04 1.00 

 9.8 -21.99 16.66 -- -- 15.87-17.44 1.57 1.7E-04 0.96 

 9.9 -25.32 16.52 -- -- 15.69-17.35 1.66 1.8E-04 0.96 

 10 -27.17 16.37 -- -- 15.53-17.17 1.64 1.8E-04 0.90 

C4 1.6 -12.15 10.47 10.23-10.84 0.61 -- -- 1E-03 5.82 

 1.7 -29.32 10.47 -- -- -- -- -- -- 

 1.9 -22.34 8.83 -- -- -- -- -- -- 

 2.0 -26.52 8.67 -- -- -- -- -- -- 

 2.1 -21.44 8.34 -- -- -- -- -- -- 

 2.2 -15.18 8.25 -- -- -- -- -- -- 

 5.4 -11.94 9.01 -- -- -- -- -- -- 

 5.5 -15.08 9.02 -- -- -- -- -- -- 

C5 1.3 -14.26 9.28 -- -- -- -- -- -- 

 1.5 -16.71 9.96 -- -- -- -- -- -- 

 1.6 -16.32 8.98 -- -- -- -- -- -- 

 1.7 -27.67 8.85 -- -- -- -- -- -- 

 1.8 -24.98 8.78 -- -- -- -- -- -- 

 1.9 -23.36 8.2 -- -- -- -- -- -- 
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 2.0 -15.75 8.2 -- -- -- -- -- -- 

 2.1 -11.83 8.2 -- -- -- -- -- -- 

 4.0 -29.95 9.26 -- -- -- -- -- -- 

 4.3 -21.14 9.17 -- -- -- -- -- -- 

 4.4 -31.23 9.14 -- -- -- -- -- -- 

 4.5 -19.90 9.14 -- -- -- -- -- -- 

 4.6 -15.6 9.14 -- -- -- -- -- -- 

 4.7 -16.89 9.06 -- -- -- -- -- -- 

 4.8 -14.74 9.11 -- -- -- -- -- -- 

 4.9 -11.07 9.11 -- -- -- -- -- -- 

 7.1 -14.92 9.18 -- -- -- -- -- -- 

 7.2 -15.31 9.17 -- -- -- -- -- -- 

 7.3 -12.69 9.15 -- -- -- -- -- -- 

 7.4 -11.55 9.14 -- -- -- -- -- -- 

 7.5 -10.36 9.14 -- -- -- -- -- -- 

 10 -31.68 9.19 -- -- -- -- -- -- 

 

Table 4.29 enumerates the value of BTR and PBW of all synthesized samples 

calculated using equations 3.25 and 3.26.  The BTR is highest in the C2 sample with values 

of 6.1E-03 and PBW (38.3 %) at 8.89 GHz and REL = -39.2 dB at 1.7 mm thickness.  

Table 4.30 presents the Zin/Z0 and Zreal/Zimg values corresponding to the REL peak of 

the synthesized composite materials. These impedance values are calculated using equation 

3.21. Impedance matching plays an indispensable role of absorbing the incoming EM waves. 

When Zin/ ZO ≅ 1 i.e., Zreal ≅1 and Zimg ≅ 0, the incoming EM wave can effectively penetrate 

the absorbing material and be attenuated by dielectric and magnetic losses. Sample C2 

demonstrates the highest REL= -54.04 dB at a thickness of 1.8 mm and a frequency of 8.62 

GHz, with a Zin/ ZO value is approximately 1.003, wherein Zreal = 1.003 (close to 1) and Zimg 

= 2E-05 (nearly 0). On the contrary, when the value of Zin/ ZO deviates significantly from 1; a 

substantial portion of the incoming waves is reflected, regardless of their intrinsic attenuation 

capability, they fail to provide appropriate MWA performance. It is essential to note that 

while Zin/ ZO ≅ 1 may be the case, Zreal/ Zimg is far away from 1 and or/0, and an effective 

reflection loss is not observed. As the Zreal/Zimg values deviate further from 1 and/or zero, the 

remaining thickness of all synthesized samples exhibits relatively low REL values. The value 

of Zin/ ZO changes with Co-Cd ions substitution. 
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Fig. 4.93. 3D plots of REL at various thicknesses and frequencies for all samples. 
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Table 4.30 Reflection loss peak’s impedance parameters at different thicknesses. 

 

Sample 

Name 

Thickness 

(mm) 

Max. 

REL (dB) 

Matching 

frequency 

(GHz) 

Zin/Z0  Zreal  Zimg  

C1 7.7 -25.32 10.10 0.970 0.965 0.100 

 7.8 -41.42 10.10 0.987 0.987 -0.010 

 7.9 -25.41 10.81 1.096 1.094 0.060 

 8.0 -31.93 10.75 1.009 1.008 0.050 

 8.1 -33.40 10.74 0.973 0.973 -0.032 

 8.2 -22.90 10.74 0.951 0.943 -0.127 

C2 1.5 -14.46 11.47 1.194 1.129 0.389 

 1.6 -27.75 11.32 1.081 1.081 -0.026 

 1.7 -39.29 8.89 0.988 0.988 0.018 

 1.8 -54.04 8.62 1.003 1.003 2E-05 

 1.9 -20.04 8.42 1.055 1.035 -0.200 

C3 6.9 -22.05 14.16 1.152 1.149 0.080 

 7.0 -22.53 14.10 1.154 1.153 -0.048 

 7.6 -23.48 12.52 1.135 1.134 0.047 

 7.7 -22.95 12.52 1.133 1.131 -0.076 

 9.3 -22.16 17.49 1.163 1.162 0.043 

 9.4 -22.51 17.38 1.161 1.161 -0.012 

 9.5 -22.35 17.21 1.164 1.164 -0.016 

C4 1.7 -29.32 10.47 1.002 1.000 0.068 

 1.9 -22.34 8.83 1.142 1.137 0.102 

 2.0 -26.52 8.67 1.096 1.095 -0.036 

 2.1 -21.44 8.34 1.135 1.128 -0.127 

 2.2 -15.18 8.25 1.102 1.039 -0.365 

C5 1.7 -27.67 8.85 1.002 0.998 0.082 

 1.8 -24.98 8.78 0.921 0.9168 -0.071 

 1.9 -23.36 8.2 0.911 0.907 -0.090 

 4.0 -29.95 9.26 0.956 0.955 0.043 

 4.3 -21.14 9.17 1.191 1.191 0.009 

 4.4 -31.23 9.14 0.761 0.723 0.238 

 10 -31.68 9.19 1.018 1.017 -0.049 
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Conclusively, in all Co- Cd substituted samples more than 99 % absorption has been 

observed such as REL = -41.4 dB, -54 dB, -27.17 dB, -29.32 dB, and -31.68 dB of C1, C2, 

C3, C4, and C5 samples, respectively. Several factors are responsible for the adequate 

absorption performance of synthesized samples, such as atomic mass and ionic radii of 

substituted and host ions, porosity, magnetic loss, and dipole polarization. It can be seen (Fig. 

4.72) in the C2 sample, wherein large no. of small grains are engaged with one another over 

long distances by involving several voids. These voids contribute to demagnetizing the field 

and impediment to the applied field, resulting in a dilution in permeability. For C3, C4, and 

C5 samples, substitution causes agglomeration of grains in the form of large-sized grains with 

uneven size distribution. Furthermore, an increment in the degree of substitution and the 

existence of secondary phase from C3 to C5 causes densification in grains, which enhances 

the complex permeability/permittivity parameters at a certain frequency. Substitution 

enhances the dielectric/ magnetic loss in C4 and C5 samples around 9-10 GHz, but RELmax is 

observed in the C2 sample, and this behavior can be well understood with impedance 

matching and quarter wavelength mechanism.  

4.5 Sr𝑪𝒐𝟏.𝟓𝒛𝑳𝒂𝟎.𝟓𝒛𝑭𝒆𝟏𝟐−𝟐𝒛𝑶𝟏𝟗 (80%) + Fe3O4 (20%) ferrite composites 

A physical blending method has been utilized to synthesize hexaferrite composites. In 

this study, we comprehensively analyzed structural, morphological, magnetic, electrical, and 

microwave absorption properties. Table 4.31 displays the assignment of sample names/codes 

for a different level of substitution for Fe3O4/Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19. 

Table 4.31 Assignment of sample name for a different level of substitution of 

Fe3O4/Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19 ferrite composites. 

Sample Composition 

Fe3O4/Sr𝑪𝒐𝟏.𝟓𝒛𝑳𝒂𝟎.𝟓𝒛𝑭𝒆𝟏𝟐−𝟐𝒛𝑶𝟏𝟗 

Sample Code 

(DM-series) 

z = 0.0 DM1 

z = 0.1 DM2 

z = 0.2 DM3 

z = 0.3 DM4 

z = 0.4 DM5 

z = 0.5 DM6 
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4.5.1 Structural Analysis 

4.5.1.1 X-ray Analysis  

The diffraction pattern of the synthesized composites as a function of Co-La ions is 

presented in Fig. 4.91. XRD affirms the co-existence of both SrM hexaferrite (ICDD# 80-

1197) and Fe3O4 (ICDD# 65-3107) in the vicinity of each other. The refinement analysis 

using MAUD software affirms the existence of both SrM hexaferrite (ICDD# 80-1197) and 

Fe3O4 (ICDD# 65-3107) in the vicinity of each other, as seen in Fig. 4.92 [304].  It also 

indicates an insignificant impurity phase (minor phase) of hematite (𝛼-Fe2O3) in the DM1 

sample and this phase disappears as the content of Co-La increases. This gives evidence that 

blending in mortar pestle is an appropriate approach for preparing composite without any 

distortion in the intrinsic structure. The crystallite size and lattice parameters of both 

hexaferrite and spinel ferrite have been calculated by Rietveld refinement analysis and 

tableted in Table 4.32 [305]. The change observed in the intensity of the peaks and the lattice 

size at the transition from DM1 to DM6 indicates the successful substitution of 𝐶𝑜2+ –𝐿𝑎3+ 

ions at crystallographic sites [306] [126].  

Table 4.32 Values of the lattice constant of M-type hexagonal and spinel ferrite 

 

The value of the ‘c’ parameter ranges from 23.05 to 23.03 Å, while the lattice 

parameter ‘a’ varies from 5.884 to 5.880 Å as the degree of substitution increases. These 

results clearly show that the expansion in the lattice parameter ‘a’ is lesser than that of the 

parameter ‘c’ which is consistent with the conventional behavior of SrM hexaferrite[307]. 

This can be elucidated that the c-axis, which is easily magnetized, expands more than the a-

Sample 

name 

χ2 

(Goodness of fit) 

M-type Hexaferrite  Spinel ferrite  

 a=b (Å) c (Å) D 

(nm) 

a=b=c (Å) D (nm) 

DM1 0.711 5.884 23.059 49.39 8.398 11.82 

DM2 1.816 5.880 23.040 31.54 8.395 12.25 

DM3 0.812 5.882 23.045 21.75 8.396 14.34 

DM4 1.075 5.882 23.039 18.55 8.396 10.42 

DM5 1.028 5.883 22.039 20.97 8.395 18.44 

DM6 0.757 5.883 23.036 11.09 8.396 10.03 
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axis. Whereas the lattice parameter of spinel ferrite feebly changes with Co-La substitution. 

The average crystallite size has been calculated using Scherrer’s Eq. 3.3. and it ranges from 

49.39 to 11.09 nm for M-type hexaferrite, while the crystallite size of spinel ferrite is in the 

range of 18.34 to 10.03 nm. 

 

Fig. 4.94. XRD pattern of DM1, DM2, DM3, DM4, DM5 and DM6 ferrite composites. 
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Fig. 4.95. Rietveld refinement of all DM-series samples. 

 

4.5.1.2 FTIR analysis  

The FTIR spectra of prepared DM-series samples were meticulously examined across 

the IR range, spanning from 3000 to 400 cm-1, as illustrated in Fig. 4.93. To elucidate the 

position of absorption bands achieved in the IR spectrum within the 600-400 cm-1 range, for 

different levels of substitution refer to Table 4.33. Notable there are no absorption bands in 

between 1300 to 3000 cm-1 range, signifying the absence of nitrates, C-H bending vibration, 

and O-H vibrations. Within the range of 400-800 cm-1, a distinctive set of resolved absorption 

bands is observed as listed in Table 4.33. The observed bands lie in the range of 500-

600𝑐𝑚−1 representing mode ν΄΄ and are owed to stretching vibrations of 𝐹𝑒3+- 𝑂2− at 

tetrahedral sites. Other absorption bands from 400-450 cm-1 represent mode ν' and are due to 

vibrations of 𝐹𝑒3+- 𝑂2− at octahedral crystallographic sites of crystal structure. Furthermore, 

the substitution of 𝐶𝑜2+ and 𝐿𝑎3+ ions alter the band position of tetrahedral and octahedral 

sites towards a higher frequency side and confirm the successful substitution of  𝐶𝑜2+ –𝐿𝑎3+ 

ions in crystallographic sites. 
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Table 4.33 FTIR spectra details of DM1, DM2, DM3, DM4, DM5 and DM6 ferrite 

composites. 

 

 

Fig. 4.96. FTIR spectra of DM-series ferrite composites. 

4.5.1.3 FESEM analysis 

The FESEM micrographs in Fig. 4.94 exhibit hexagonal platelet-shaped particles 

along with randomly oriented and small cubical-shaped grains for all samples [308]. In the 

DM1 sample, fine particles with well-defined grain boundaries in the form of local clusters 

are observed, while larger particles display soft agglomeration due to interactions between 

neighboring particles [309]. This result is consistent with the crystallized size obtained from 

XRD, wherein the crystallite size of M-type hexaferrite is larger than spinel ferrite, as seen in 

Table 4.32. The insertion of Co-La ions into ferrite composites leads to an insignificant 

difference in the morphology of M-type hexagonal and spinel ferrites. This can also be 

confirmed through the crystallite size calculated from XRD data. The magnetic 

Sample name Fe – O vibrations at 

Octahedral sites (400-

450𝑐𝑚−1) 

Tetrahedral sites (500-600𝑐𝑚−1) 

DM1 420 539 580 

DM2 422 542 584 

DM3 421 545 583 

DM4 420 545 582 

DM5 421 546 582 

DM6 422 547 583 
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agglomeration causes tiny crystals to merge and form larger particles. Substitution of Co-La 

ions improves the inter-grain connectivity and also increases the porosity. A magnified view 

of FESEM images affirms the formation of stacking layers of grains. Due to the finite 

separation between the layers, they do not significantly contribute to the polarization and 

conductivity phenomena of the synthesized samples. The EDX spectra and elemental 

mapping envisaged the stoichiometry of hard/soft (20% Fe3O4 of Sr𝐶𝑜0.3𝐿𝑎0.1𝐹𝑒11.6𝑂19) 

hexaferrite composite is shown in Fig. 4.95. The preparation method pertinent to synthesized 

hard/soft hexaferrite composite is worthwhile due to the existence of Sr, La, Co, Fe, and O 

elements in EDX spectra. Fig. 4.96  shows the schematic diagram of changing the individual 

phase to the composite phase. 

  

  

  

 Fig. 4.97. FESEM micrographs of DM1, DM2, DM3, DM4, DM5 and DM6 ferrite 

composites. 
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Fig. 4.99. Schematic showing morphology changes from individual hard and soft phases to 

composites. 

 

 

 

Fig. 4.98. EDX spectra and elemental mapping of DM3 ferrite composite. 
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4.5.2 Electrical Analysis 

4.5.2.1 Dielectric constant 

Fig. 4.97(a) illustrates the dispersion of ε', as a function of frequency and composition 

in the frequency range 100Hz to 2MHz. At lower frequencies, the relative dielectric constant 

changes with a frequency that affirms the existence of electrode interfacial polarization 

processes, and it becomes frequency-independent at higher frequencies (>105 Hz). It can be 

well explained with Koop’s phenomenological and Maxwell-Wagner models (discussed in 

section 4.1.2.1). Fig. 4.97(a) illustrates a non-linear increment in ε' value of synthesized 

hexaferrite composites from DM1 to DM6 samples. The lowest frequency dependence of 

dielectric dispersion is observed in   DM4 and DM6 samples. This can be determined by the 

availability of Fe2+ ions at octahedral sites. The increment in ε' value of DM2, DM3, and 

DM5 with Co2+ and La3+ substitution can be explained by the electrons hopping between 

octahedral positions. However, due to larger ionic radii of Co2+ and La3+ ions than Fe3+ ions, 

and diamagnetic behavior of La3+ (due to 0𝝁𝑩 magnetic moment), they tend to occupy 

octahedral lattice sites, which indicates a reduction in electron hopping. While large no. of 

Fe3+ ions are relocating at octahedral from a tetrahedral position due to the substitution of 

Co2+ ions (tendency to occupy both tetrahedral and octahedral lattice sites), La3+ ions can also 

occupy tetrahedral sites (due to less electronegativity). Hence, the Co-La substitution 

observes an overall non-linear variation in ε' values. The behavior of ε'' as a function of 

frequency is depicted in Fig. 4.97(b). The plotted curves of DM3, DM4, and DM5 samples 

show a similar profile to that of ε', with lower ε'' values observed in the lower frequency 

range, which become frequency-independent beyond a specific limiting frequency [310]. On 

the other hand, DM1, DM2, and DM6 samples exhibit a peak in a certain frequency range, 

which indicates the presence of a resonance or relaxation phenomenon in the material. 

Materials with heterogeneous structures or interfaces, such as composites or materials with 

layered structures, can exhibit peaks in the ε'' plots with frequency. These peaks are related to 

interfacial polarization effects, where energy is dissipated as charges redistribute across the 

interfaces.  
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Fig. 4.100. (a) ε' variation and (b) ε'' variation with frequency of DM1, DM2, DM3, DM4, 

DM5 and DM6 ferrite composites. 

 

4.5.2.2 Loss tangent 

Fig. 4.98 displays the frequency-dependent tan𝛿 curves for the synthesized hexaferrite 

composites. The substitution of Co-La ions contributes to a non-linear change in tan𝛿 values. 

This could be explained by the site occupancy of Co-La ions in crystallographic lattice sites, 

which increase or decrease the no. of Fe3+ ions at the octahedral position [283]. A dielectric 

relaxation peak in a certain frequency range is observed for all, indicating a distribution of 

relaxation times. Substitution promotes heterogeneity in the synthesized composites, which 

results in multi-interfacial relaxation in DM3 and DM4 samples. The relative change in the 

peak height and peak broadening is attributed to oxygen vacancies created during 

substitution. The synthesized ferrite composites contain both hard/soft ferrite (20% Fe3O4 of 

Sr𝐶𝑜1.5𝑧𝐿𝑎0.5𝑧𝐹𝑒12−2𝑧𝑂19), the exchange coupling between these two phases can alter the 

overall dielectric constant and loss tangent of the individual ferrite phases. Depending on the 

ratio of these phases, the overall dielectric constant can be higher or lower than that of the 

constituent materials. The addition of Fe3O4 ferrite offers both Fe2+ and Fe3+ ions in the 

synthesized samples. Indeed, Fe2+ ions are highly polarizable which promotes polarization 

and plausibly enhances dielectric constant and loss tangent. 
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Fig. 4.101. tan 𝜹 variation with frequency of DM1, DM2, DM3, DM4, DM5 and DM6 ferrite 

composites. 

4.5.2.3 AC conductivity 

Fig. 4.99 displays the increase in ac conductivity (𝜎) of hexaferrite composites as the 

applied frequency increases. The replacement of Fe3+ ions with Co-La ions causes a reduction 

in conductivity value and is maximum for the DM5 sample. This reduction elucidates a 

decrement in the concentration of Fe3+ ions at an octahedral position, which restricts the 

probability of hopping between Fe2+ and Fe3+ ions [311]. The decrement observed in the 

value of  𝜎𝑎𝑐 at higher frequency region with substitution of Co-La ions can be easily 

explained through the FESEM micrographs of synthesized composites (Fig. 4.94). The 

maximum value of 𝜎 in the DM5 sample is due to the good inter-grain connectivity between 

large and small-sized grains, over other substituted composites. It can also be due to the 

synergistic effect caused by adding Fe3O4, which is suppressed at DM6 (due to the 

substitution of Co-La ions) despite the same concentration of Fe3O4.  

 

Fig. 4.102. 𝝈 variation with frequency of DM1, DM2, DM3, DM4, DM5 and DM6 ferrite 

composites. 
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4.5.2.4 Complex electric modulus analysis 

Fig. 4.100(a) delineates the variation of 𝑀′ as a function of frequency, The 𝑀′values 

of all synthesized hexaferrite composites approach zero at lower frequencies, indicating a 

maximum dipolar polarization force and minimal electrode polarization distribution and 

conductivity [187]. However, as the frequency increases, the 𝑀′ values gradually increase 

and eventually level off at a saturation point (represented by 𝑀∞). This suggests increased 

conduction and short-range mobility of charge carriers, with less restoring force acting on 

them [312]. This behavior aligns with the AC conductivity described in the previous section 

4.2.2.3, wherein conductivity is lowest and highest in low and high-frequency regions, 

respectively. The addition of Fe3O4 promotes a synergistic effect in the DM5 sample, as seen 

(Fig. 4.99), resulting in the maximum value of AC-conductivity, but the value of 𝑀′ is 

maximum for DM4. Since AC-conductivity involves the real part (R) of the impedance (Z = 

R+jX), the electric modulus owes the effect of polarization. So, this causes a difference 

between 𝜎𝑎𝑐 and 𝑀′. This maximum value of 𝑀′in DM4 can be also explained by the 

densely/closely packed small grains with uniform distribution as seen in FESEM (Fig. 4.94).  

Fig. 4.100(b) illustrates the variation of the imaginary component of electric modulus (𝑀′′) 

with frequency. The broad nature of peaks is associated with a wide distribution of relaxation 

times and it is attributed to an increase in heterogeneity accompanied by more interfaces with 

substitution and Fe3O4. Substitution of Co-La ions causes a non-linear variation in the 

relaxation frequency and is the minimum for the DM6 sample. It is clear [Fig. 4.100(c)] that 

all hexaferrite composites exhibit small diameter curves, except the DM4 sample. Among all 

synthesized composites, the DM6 sample shows a smaller peak height which is attributed to 

the weak inter-grain connectivity, occurrence of porosity (Fig. 4.94), and effect of grain 

boundaries due to substitution. In the DM4 sample, a maximum peak height with a larger 

diameter elucidates the existence of dense/closely packed grain clusters, as seen in FESEM 

(Fig. 4.94). These wide-range dense grain clusters contribute to different relaxation processes 

with a wide distribution of relaxation times, leading to a larger diameter and peak height in 

DM4. Moreover, the behavior of the DM4 sample can also be explained due to the 

synergistic effect caused by the insertion of Fe3O4 [278]. Substitution of Co-La ions 

suppressed this effect despite the same concentration of Fe3O4 in DM5 and DM6. As a result, 

the DM4 sample turns out to be the optimum composite for conductivity relaxation, among 

all. 
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Fig. 4.103.  (a) 𝑴′, (b) 𝑴′′, and (c) Cole-Cole plot (𝑴′′ vs 𝑴′) variation with frequency of 

DM1, DM2, DM3, DM4, DM5 and DM6 ferrite composites. 

4.5.2.5 Complex impedance analysis  

The frequency-dependent behavior of 𝑍′ and 𝑍′′ of synthesized hexaferrite 

composites are shown in Fig. 4.101(a) and 4.101(b). As the frequency increases, both Z' and 

Z'' decreases, suggesting an increment in the material’s conductivity due to the increment in 

electron hopping between the localized ions. The curves demonstrated a fall in Z'' values with 

increasing Co-La substitution due to a decrease in polarization. 

Fig. 4.101(c) displays the Cole-Cole (Z'' vs Z') plots of synthesized hexaferrite 

composites. These plots demonstrate that the relaxation is of the non-Debye-type having 

incomplete semi-circular arcs with the center not located on the real axis. It is also noted that 

with Co-La ion substitution, the depression of the arc DM1, DM3, DM4, and DM5 decreases, 

and it can be ascribed to the distribution of grains. An increment in the arc depression owes to 

the contribution of grains, which can be visualized in FESEM (Fig. 4.94) of DM2 and DM6 

samples. The depression of arcs in the high-frequency region is associated with large-size 

grains, which promotes conductivity and reduces reactance. Moreover, the DM4 sample 

exhibits maximum dielectric relaxation in the high-frequency region and is caused by the 
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synergistic effect due to the insertion of Fe3O4. As the substitution level increases, the 

substitution phenomena dominate over the synergistic effect (due to the same concentration 

of Fe3O4), and this results in a decrease in the dielectric relaxation of DM5 and DM6 in the 

high-frequency region. 

            

 

Fig. 4.104. (a) Z', (b) Z'', and (c) (Z'' vs Z') variation with frequency of DM1, DM2, DM3, 

DM4, DM5 and DM6 hexaferrite composites. 

4.5.3 Magnetic Analysis 

Fig. 4.102(a) shows the hysteresis loops of all synthesized composites at room 

temperature. The saturation magnetization (Ms), anisotropy field (Ha), remanence 

magnetization (Mr), remanence ratio (Mr/Ms), coercivity (Hc), and maximum energy product 

(BH)max values derived from the M-H loop are enumerated in Table 4.34. It can be deduced 

that with an increase in the level of substitution, the value of Ms first increases from DM1 to 

DM2 samples and is followed by a decrement thereafter [312]. 

Table 4.34 shows that Ms initially increases from DM1 (55.41 emu/g) to DM2 (73.29 

emu/g) and is followed by a gradual decrease to DM6 (47.74 emu/g). The initial 32% 

increment in Ms is plausibly due to the replacement of both Co-La ions with Fe ions at spin-
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down sites. As discussed earlier (section 4.1.3), this envisaged behavior can also be explained 

with ligand field theory and electronegativity parameters. From DM3 to the DM4 sample, an 

insignificant change in Ms value indicates a feeble effect of Co-La ions on saturation 

magnetization. However, the further substitution of Co-La ions disrupts the magnetic 

collinearity and debilitates the superexchange interaction among various crystallographic 

sites. A gradual decrease in Ms value (DM4 to DM6) could be explained by the fact of 

replacing Fe³⁺ (5𝜇𝐵) ions with non-magnetic (𝐿𝑎3+) and weakly magnetic (Co²⁺) cations at 

octahedral sites. This replacement reduces the no. of Fe³⁺ ions on spin-up positions, which 

results in the conversion of 𝐹𝑒3+ ions to Fe2+  ions to maintain electrical neutrality. It 

reduces the strength of the superexchange interactions and leads to a decline in magnetic 

moment, thus resulting in a decrease in Ms. It is clear from Fig. 4.102(b), that the M-H curve 

of the DM1 sample is smooth and convex-shaped, whereas other samples show a stepped 

loops indicating uncoupled behavior of hard and soft phases. This is attributed to incomplete 

exchange coupling between soft and hard ferrite phases [308], [313]. 

The remanent magnetization (Mr) endows a similar trend of Ms, increasing from 16.55 

emu/g (DM1) to 27.78 emu/g (DM2) and decreasing to 17.15 emu/g (DM6), as seen in Table 

4.34. The lowest value of Coercivity (607.79 Oe), and remanent magnetization (16.55 emu/g) 

are observed in the DM1 sample, which is associated with the absence of substituent cations 

in the crystal lattice. The increment observed in Hc from DM1 (607.79 Oe) to DM3 (3084.73 

Oe) followed by a decrease, thereafter to DM6 (1589.40 Oe), is caused by Ha. A larger 

anisotropy field leads to higher coercivity, i.e., more energy is required to reverse the 

magnetic moment of the hexaferrite. Due to the inverse nature of Hc with grain size, the 

reduction observed in Hc at a higher level of substitution can be accompanied by the 

increment in grain size (as seen in Fig. 4.94). The calculated value of 𝑀𝑟/𝑀𝑠 is enlisted in 

Table 4.34 and it turns out to be less than 0.5 for all synthesized ferrite composites, which 

depicts the multi-domain nature of particles within the material. However, the DM3 sample 

shows the largest Hc of 3084.73 Oe, resulting in a significant enhancement of 90% of (BH)max 

from DM1, suggesting the maximum amount of energy stored by the magnet per unit volume. 

Table 4.34 Values of various magnetic parameters of ferrite composites. 

Sample Name DM1 DM2 DM3 DM4 DM5 DM6 

𝐌𝐬(emu/g) 55.41 73.29 63.73 63.47 53.79 47.74 

𝐇𝐜(Oe) 607.79 2414.87 3084.73 2916.79 1697.60 1589.40 

Hₐ(kOe) 12.56 16.36 16.61 16.80 15.46 14.75 
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Fig. 4.105. (a) M-H plots (b) Enlarged view of M-H plots of DM1, DM2, DM3, DM4, DM5 

and DM6 ferrite composites. 

The investigation of switching field distribution (dM/dH against H) plots is often used 

to determine the exchange-coupling effect between hard/soft ferrite composites [179], as seen 

in Fig. 4.103. The inset of Fig. 4.103 depicts that the DM1 sample exhibits a single narrower 

peak in the switching field distribution attributed to a strong exchange coupling between M-

type (hard) and spinel (soft) magnetic phases. On the contrary, DM2, DM3, DM4, DM5, and 

DM6 samples exhibit a single peak with a shoulder peak, and the intensity of the shoulder 

peak decreases with Co-La substitution. The first single peak attributed to reversible 

susceptibility results from the movement of domain walls in a reversible manner, while the 

shoulder peak ascribed the involvement of an irreversible part or a contribution from the 

switching field [314]. This concludes that a strong exchange coupling is assessed in the DM1 

sample. From DM2 to DM6, the insertion of Co-La ions dilutes the effect of exchange 

coupling between hard/soft phases [315]. 

𝐌𝐫(emu/g) 16.55 27.78 26.50 25.72 19.46 17.15 

𝐌𝐫/𝐌𝐬  

(BH)max 

(kGOe) 

0.298 

17.48 

0.379 

128.3 

0.415 

193.47 

0.405 

171.79 

0.361 

72.40 

0.359 

61.17 
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Fig. 4.106. dM/dH against H plots of DM1, DM2, DM3, DM4, DM5 and DM6 ferrite 

composites. 

4.5.4 Electromagnetic analysis  

Fig. 4.104(a, b) demonstrated the variation of dielectric constant (𝜀′)/loss (𝜀′′) of 

DM1, DM2, DM3, DM4, and DM6 samples in a frequency range of 8.2 to 12 GHz, and DM5 

from 12.4 to 18 GHz. The values of  𝜀′/𝜀′′ slightly increase with increasing frequency and 

non-monotonically increase with Co-La substitution, despite the same concentration of 

Fe3O4. The behavior of 𝜀′′ is relatively similar for DM1, DM2, DM3, DM4, and DM6 

samples, while it shows broad resonance around 9.5 and 11.5 GHz. In contrast, DM5 exhibits 

resonance around 16 GHz and remains relatively constant over the remaining frequency 

spectra. The resonance peaks are mainly due to the interfaces between Fe3O4 and substituted 

SrM hexaferrite. The intrinsic resonance peak of substituted SrM hexaferrite and Fe3O4 move 

towards one another and eventually merge into a broad peak around 9.5 GHz for all samples 

in the frequency spectra 8.2 to 12.4 GHz. 

Fig. 4.105(a, b) displays the variation of permeability (𝜇′)/ magnetic loss ( 𝜇′′) of 

DM1, DM2, DM3, DM4, and DM6 samples in the frequency range of 8.2 to 12 GHz, and 

DM5 from 12.4 to 18 GHz. It is found that 𝜇′ values of DM2, DM3, DM4, and DM6 slightly 

decrease with increasing frequency. The  𝜇′′ values of DM1 suddenly increase to 0.6 around 

8.25 GHz and it decreases within 8.5 to 12.4 GHz. This behavior may be attributed to the 

natural resonance of Fe3O4, which occurs at approximately 2-8 GHz. In DM1, the value of 𝜇′′ 

barely changes at higher frequencies, suggesting that the natural resonance frequency of SrM 

hexaferrite occurs greater than 12 GHz. There is no such type of resonance observed in the 

substituted SrM/Fe3O4 composites, which may be due to the introduction of Co-La ions 
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(suppressed the exchange coupling effect). Furthermore, the 𝜇′′ and 𝜀′′  values of DM1 are 

maximum of 0.6 and 0.5, respectively. Thus, the contribution of magnetic loss is somewhat 

more than dielectric loss and results in large microwave absorption in the DM1 sample. In 

contrast, from 8.2 – 8.5 GHz the 𝜀′′ decreases 𝜇′′  rises, evidently decreasing the difference 

between μ″ and ε″ and so enhancing the impedance match. Further substitution of Co-La ions 

enhanced the dielectric loss (ε″ increases with Co-La content) and decreased the magnetic 

loss of composites [119]. 

 

     

Fig. 4.107. (a) Complex permittivity of DM1, DM2, DM3, DM4, and DM6 samples (b) 

Complex permittivity of DM5 sample. 

 

       

Fig. 4.108. (a) Complex permeability of of DM1, DM2, DM3, DM4, and DM6 samples (b) 

Complex permittivity of DM5 sample. 
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Fig. 4.106(a, c), 4.107(a), 4.108(a), 4.109(a), and 4.110(a) illustrate REL peaks of all 

investigated samples. For better visualization, 3D plots of REL as a function of frequency and 

thickness are illustrated in Fig. 111. The measurements revealed that samples DM1, DM2, 

DM4, and DM6 absorb EM radiation (REL ≥ -10 dB) in the 8.2-12.4 GHz frequency range, 

whereas DM5 exhibits REL ≥ -10 dB in 12.4-18.5 GHz. There is no REL dip less than -10 

dB (90% absorption) for the DM3 sample. The REL is higher in the DM1 sample (-32.96 dB) 

of thickness 8.9 mm at 8.32 GHz. The remaining samples owe REL ≥ -10 dB (90 % 

absorption) frequency ranges from 8.2 to 12 GHz and 12.4 to 18 GHz from 8 to 10 mm 

thicknesses, as shown in Table 4.35. For the DM5 sample, dual REL ≥ -10 dB peak is 

observed at 16.16 and 15.82 GHz of thickness 8.1 mm. The REL plots exhibit the shift 

towards lower frequency region as the thickness increases. This trend reflects the quarter 

wavelength mechanism described by Eq. 3.24, where frequency and thickness are inversely 

related. 

 Fig. 4.106(a, c) demonstrated the absorption properties of the DM1 sample with a 

layer of thickness of 2.6 -10 mm in the 8.2-8.4 GHz frequency range. The REL of the DM1 

sample greater than -10 dB/-20 dB within the thickness ranges from 2.6-10 mm. The RELmax 

(-32.96 dB) is observed for 8.9 mm thickness, while the remaining thicknesses of this sample 

show REL ≥ -10 dB/-20 dB at 8.32 GHz.  For DM2 and DM4 samples, Fig. 4.107(a) and 

4.108(a) reveal REL ≥ -10 dB across thickness ranging from 9.1-9.4 mm and 8.2-8.4 mm, 

respectively, by covering a frequency range of 9.2 to 10.1 GHz. Fig. 4.109(a) and Table 4.35 

are notable for the DM5 sample, as it exhibits REL > -10 dB (more than 90% absorption) 

with a wide (0.48 GHz) and narrow (0.18 GHz) absorption bandwidth from 15.76-16.24 GHz 

and 15.76-15.94 GHz with matching thicknesses 8.2 and 8.3 mm, respectively. In the DM6 

sample [Fig. 4.110(a)], an effective REL ≥ -10 dB was observed from 8.3 to 10 mm 

thicknesses with a broad absorption bandwidth of 0.60 GHz (9.57-10.14 GHz) and narrow 

bandwidth of 0.15 GHz (8.19-8.34 GHz) at 8.6 mm and 9.9mm, respectively.  
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Fig. 4.109. (a, c) Dependence of REL on frequency in DM1 sample. (b, d) dm
sim and dm

c 

versus frequency for λ/4 and 5λ/4 in DM1 sample. 
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Fig. 4.110. (a) Dependence of REL on frequency in DM2 sample. (b) dm
sim and dm

c versus 

frequency for 5λ/4 in the DM2 sample. 

 

Fig. 4.111. (a) Dependence of REL on frequency in DM4 sample. (b) dm
sim and dm

c versus 

frequency for 5λ/4 in the DM4 sample. 
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Fig. 4.112. (a) Dependence of REL on frequency in DM5 sample. (b) dm
sim and dm

c versus 

frequency for 9λ/4 in the DM5 sample. 

 

 

Fig. 4.113. (a) Dependence of REL on frequency in DM6 sample. (b) dm
sim and dm

c versus 

frequency for 5λ/4 in the DM6 sample. 
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Table 4.35 Absorption Parameters (REL> -10/-20 dB). 

Samp

le 

Name 

Matchin

g 

Thicknes

s (mm) 

Maxim

um REL 

(dB) 

Matchin

g 

frequenc

y (GHz) 

Frequency 

Band for REL 

> -10 dB 

(GHz) 

Bandw

idth 

for REL 

> -10 

dB 

(GHz) 

Freque

ncy 

Band 

REL > -

20 dB 

(GHz) 

Bandwi

dth for 

REL > -

20 dB 

(GHz) 

BTR PBW (%) 

DM1 2.6 -10.53 8.342 -- -- -- -- -- -- 

 2.7 -11.53 8.342 -- -- -- -- -- -- 

 2.8 -12.40 8.342 -- -- -- -- -- -- 

 2.9 -13.77 8.351 -- -- -- -- -- -- 

 3.0 -15.32 8.351 -- -- -- -- -- -- 

 3.1 -16.45 8.351 -- -- -- -- -- -- 

 3.2 -16.52 8.351 -- -- -- -- -- -- 

 3.3 -15.49 8.351 -- -- -- -- -- -- 

 3.4 -15.36 8.359 -- -- -- -- -- -- 

 3.5 -14.66 8.359 -- -- -- -- -- -- 

 3.6 -13.34 8.359 -- -- -- -- -- -- 

 3.7 -11.88 8.359 -- -- -- -- -- -- 

 3.8 -10.50 8.359 -- -- -- -- -- -- 

 8.4 -14.69 8.326 -- -- -- -- -- -- 

 8.5   -16.75 8.326 -- -- -- -- -- -- 

 8.6 -19.53 8.326 -- -- -- -- -- -- 

 8.7 -23.68 8.326 -- -- -- -- -- -- 

 8.8 -31.47 8.326 -- -- -- -- -- -- 

 8.9 -32.96 8.326 -- -- -- -- -- -- 

 9.0 -24.39 8.326 -- -- -- -- -- -- 

 9.1 -20.01 8.326 -- -- -- -- -- -- 

 9.2 -17.14    8.326 -- -- -- -- -- -- 

 9.3 -15.04 8.326 -- -- -- -- -- -- 

 9.9 -10.55 8.351 -- -- -- -- -- -- 

 10 -10.43 8.351 -- -- -- -- -- -- 

DM2 9.1 -10.40 9.224 -- -- -- -- -- -- 

 9.2 -10.67 9.224 -- -- -- -- -- -- 

 9.3 -10.59 9.233 -- -- -- -- -- -- 

 9.4 -10.21 9.233 -- -- -- -- -- -- 

DM4 8.2 -10.26 10.09 -- -- -- -- -- -- 
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 8.3 -10.69 10.09 -- -- -- -- -- -- 

 8.4 -10.60 10.09 -- -- -- -- -- -- 

DM5 8.0 -10.17 16.163 -- -- -- -- -- -- 

 8.1 -11.68 16.163 15.99-16.27 0.28 -- -- 4E-05 1.73 

 8.2 -11.21 16.163 15.76-16.24 0.48 -- -- 6.9E-05 2.96 

 8.3 -10.66 15.827 15.76-15.94 0.18 -- -- 2.7E-05 1.13 

DM6 8.3 -11.81 10.098 9.93-10.28 0.35 -- -- 1.2E-04 3.46 

 8.4 -11.74 10.098 9.82-10.27 0.45 -- -- 1.6E-03 4.45 

 8.5 -11.67 10.098 9.68-10.27 0.59 -- -- 2.1E-04 5.84 

 8.6 -11.61 9.913 9.57-10.14 0.60 -- -- 2E-04 0.69 

 8.7 -11.76 9.754 9.49-9.98 0.49 -- -- 1.8E-04 5.02 

 8.8 -11.39 9.754 9.45-9.93 0.48 -- -- 1.7E-04 4.91 

 8.9 -11.35 9.846 9.43-9.79 0.36 -- -- 1.3E-04 3.65 

 9.0 -11.24 9.846 -- -- -- -- -- -- 

 9.1 -10.67 9.846 -- -- -- -- -- -- 

 9.9 -13.21 8.284 8.19-8.34 0.15 -- -- 6.6E-05 1.81 

 10 -14.04 8.284 8.19-8.34 0.15 -- -- 6.6E-05 1.81 

 

For effective absorption, impedance matching is essential which can be estimated by 

evaluating the relationship between reflection loss and quarter wavelength mechanism 

(discussed in section 4.1.5). Fig. 4.106(b, d), 4.107(b), 4.108(b), 4.109(b), and 4.110(b) 

display the plots of the calculated thickness (dm
c) (calculated using Eq. 3.24) within the 

frequency range. To compare the calculated thickness (nλ/4) with the simulated thickness 

(dm
sim), vertical lines are drawn from REL peaks to the thickness-frequency plots. Results 

indicate that the quarter wavelength mechanism is envisaged in  DM2 and DM6 where the 

calculated thickness is 5λ/4 with n = 5. Conversely, DM1 shows the occurrence of both λ/4 

and 5λ/4, while DM5 exhibits the presence of  9λ/4 values. Thus, synthesized samples with 

REL≥ -10 dB/-20 dB satisfy the quarter wavelength mechanism (nλ/4) at different values of 

n. 
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Fig. 4.114. 3D plots of REL as a function of thickness and frequency. 

 The significance of impedance matching, resulting in Zin/ ZO ≅ 1 when designing 

the absorber material and its application in microwave systems is already discussed in section 

4.1.5. Fig. 4.112(a, c), 4.113(a), 4.114(a), 4.115(a), and 4.116(a, c) illustrates the graphs of 

reflection loss and Zin/ ZO as a function of frequency for some considerable thicknesses of 

samples. Table 4.36 enumerates the Zin/ ZO values for these samples, obtained from Zin/ ZO 

plots illustrated in the mentioned figures. The values of Zin/ ZO are from 1.562 to 1.838 for 

DM2, 1.747 to 1.824 for DM4, and 1.576 for DM5 which are away from the characteristic’s 

impedance value Zin/ ZO = 1, as evident from low REL in these samples.  
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Table 4.36 Reflection loss peak’s impedance parameters at different thicknesses. 

Sample 

Name 

Thickness 

(mm) 

Max. 

REL (dB) 

Matching 

frequency 

(GHz) 

Zin/Z0  Zreal  Zimg  

DM1 2.7 -11.53 8.351 0.996 0.844 0.528 

 8.7 -23.68 8.326 0.996 0.988 0.129 

 8.8 -31.47 8.326 1.019 1.017 0.050 

 8.9 -32.96 8.326 1.030 1.030 -0.034 

 9.0 -24.39 8.326 1.031 1.024 -0.119 

 9.2 -17.14 8.326 0.999 0.961 -0.272 

DM2         9.1 -10.40 9.224 1.838 1.824 0.227 

 9.2 -10.67 9.224 1.814 1.807 -0.157 

 9.3 -10.59 9.224 1.711 1.643 -0.477 

 9.4 -10.21 9.224 1.562 1.406 -0.680 

DM4 8.2 -10.26 10.09 1.797 1.751 0.404 

 8.3 -10.69 10.09 1.824 1.824 -0.006 

 8.4 -10.60 10.09 1.747 1.702 -0.392 

DM5 8.0 -10.17 16.162 1.549 1.401 0.659 

 8.2 -11.21 16.162 1.576 1.498 -0.491 

DM6 8.9 -11.35 9.846 1.096 0.803 -0.745 

 9.0 -11.24 9.846 1.216 0.944 -0.760 

 9.1 -10.67 9.846 1.078 0.774 -0.751 

 9.9 -13.21 8.284 1.440 1.393 0.366 

 10.0 -14.04 8.284 1.470 1.461 0.163 

       

 

The issue lies in the DM1 sample, wherein a thickness of 9.2 mm shows REL of -17.14 dB at 

8.326 GHz, and the corresponding Zin/ ZO is 0.999 (as shown in Table 4.36 and Fig. 

4.112(c)), which is close to 1. On the contrary, a thickness of 8.9 mm shows a maximum REL 

of -32.96 dB at 8.326 GHz, and the value of Zin/ ZO (1.030) (Fig. 4.112(a)) is far away from 

characteristic value 1. Similarly, the DM6 sample exhibits Zin/ ZO =1.440 (close to 1) with 

REL -13.21 dB at 8.28 GHz of 9.9 mm thickness, as seen in Fig. 4.48(a). Conversely, in 

DM6 (Fig. 4.116(c)), at 10 mm thickness Zin/ ZO =1.470 (far from 1) exhibits REL = -14.04 

dB at 8.284 GHz.   
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Fig. 4.115. (a, c) Dependence of Zin and REL in frequency (b, d) Dependence of REL, Zreal, 

and Zimg on frequency for DM1 sample. 

      

Fig. 4.116. (a) Dependence of Zin and REL in frequency (b) Dependence of REL, Zreal, and 

Zimg on frequency for DM2 sample. 

 It is attributed to the complex nature of |Zin|, it involves Zreal (real) and Zimg 

(imaginary). The values of Zreal/Zimg are calculated using Eq. 3.21 and the curves of Zreal/Zimg 

and REL as a function of frequency are displayed in Fig. 4.112(b, d), 4.113(b), 4.114(b), 

4.115(b), and 4.116(b, d). It is evident from the mentioned figures that REL is the maximum 

for samples having Zreal /Zimg close to 1 and/or 0. Moreover, it can be seen in Table 4.36 that 

due to more offset of Zreal/Zimg values from 1 and/or zero, samples DM2, DM4, and DM5 

exhibited relatively low REL than other samples. 
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Fig. 4.117. (a) Dependence of Zin and REL in frequency (b) Dependence of REL, Zreal, and 

Zimg on frequency for DM4 sample. 

 

          

Fig. 4.118. (a) Dependence of Zin and REL in frequency (b) Dependence of REL, Zreal, and 

Zimg on frequency for DM5 sample. 
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Fig. 4.119. (a, c) Dependence of Zin and REL in frequency (b, d) Dependence of REL, Zreal, 

and Zimg on frequency for DM6 sample. 

In conclusion, M-type hexaferrite exhibit a moderate dielectric constant and lower dielectric 

losses due to their ceramic nature and layered structure. In contrast, Fe3O4 has a high 

dielectric constant and losses due to its semiconducting properties and the presence of 

Fe2+/Fe3+ ions, which contribute to polarization mechanisms [316]. Combining Co-La 

substituted SrM hexaferrite with Fe3O4 in a fixed ratio can affect the overall permittivity and 

permeability, thereby improving impedance matching, and resulting in effective microwave 

absorption. The efficacy of this combination depends on the volume fractions and 

interactions between SrM hexaferrite and Fe3O4. The maximum reflection loss (RELmax) of -

32.96 dB observed in the DM1 sample is attributed to polarization and conductivity losses. 

Dipolar polarization between SrFe12O19 and Fe3O4 resulting a significant reflection loss in 

DM1. However, the substitution of Co-La ions weakens the synergistic effect between the 

hard/soft ferrite phases, leading to REL of no more than -15 dB. Moreover, impedance 

matching and quarter wavelength mechanism also contributing to effective reflection loss. 

Furthermore, in all substituted hard/soft ferrite composites, the contribution of dielectric loss 

exceeds that of magnetic loss. 
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4.6 Sr𝑪𝒐𝒙𝒁𝒏𝒙𝑭𝒆𝟏𝟐−𝟐𝒙𝑶𝟏𝟗 (80%) + PANI (20%) ferrite composites 

A physical blending method has been utilized to synthesize hexaferrite composites. In 

this study, we comprehensively analyzed structural, morphological, magnetic, electrical, and 

microwave absorption properties. Table 4.37 displays the assignment of sample names/codes 

for a different level of substitution for PANI/ Sr𝐶𝑜𝑥𝑍𝑛𝑥𝐹𝑒12−2𝑥𝑂19. 

Table 4.37 Assignment of sample name for a different level of substitution of PANI/ 

Sr𝐶𝑜𝑥𝑍𝑛𝑥𝐹𝑒12−2𝑥𝑂19 hexaferrite. 

Sample composition 

20% PANI/ Sr𝑪𝒐𝒙𝒁𝒏𝒙𝑭𝒆𝟏𝟐−𝟐𝒙𝑶𝟏𝟗 

Sample code 

x = 0.0 FP1 

x = 0.4 FP2 

x = 0.8 FP3 

x = 1.2 

x = 1.6 

x = 2.0 

FP4 

FP5 

                                  FP6 

 

4.6.1 Structural Analysis 

4.6.1.1 X-ray analysis 

XRD technique was deployed to determine the crystalline structure and phase purity of 

synthesized FP hexaferrite composites. Fig. 4.117 delineates the XRD patterns of all 

synthesized FP hexaferrite composites, with all the reflection planes observed in the range of 

2𝜃 = 20⁰-60⁰. The observed peaks are well matched with (ICDD# 80-1197) and affirm the 

formation of magnetoplumbite SrM hexaferrite and with CoFe2O4 (ICDD# 22-1086) as a 

secondary peaks/phases [317]. A small trace of hematite (𝛼-Fe2O3) is observed in all samples, 

and it disappears with the increment of Co-Zn ions [318]. Instead of obtaining a sharp peak of 

PANI in the XRD pattern, a broad peak is observed in the range of 2𝜃 = 15⁰-25⁰. The 

Rietveld refinement of FP1 to FP6 samples was carried out using the Fullprof program (Fig. 

4.118) and was employed to calculate lattice parameters as listed in Table 4.38. The fitting 

was assessed by the goodness of fit and the low values of the reliable factor as included in 

Table 4.38. The successful substitution of Co-Zn ions at crystallographic sites can be 

determined through the change observed in the intensity of the peaks and lattice size at the 

transition from FP1 to FP6. The lattice constants span from 4.914047 to 5.880236 Å, whilst 
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‘c’ changes from 23.036865 – 28.141920 Å with Co-Zn substitution. This behavior owes to 

the larger ionic radii of Co2+ ion (0.72Å) and Zn2+ ion (0.82Å) than host 

𝐹𝑒3+ 𝑖𝑜𝑛 (0.645 Å).The average crystallite size has been calculated using (107) peak by 

applying Scherrer’s Eq. 3.3. The crystallite size of M-type hexaferrite ranges from 29.07-

67.43 nm. .The volume of the unit cell (Vcell) is estimated using the expression Vcell = 

0.8666a2c, and it ranges from 588.506 Å3 to 690.169 Å3. 

 

Table 4.38 Values of the lattice constant of M-type hexagonal ferrite. 

Sample 

codes 
FP1 FP2 FP3 FP4 FP5 FP6 

a=b (Å) 5.878378
 

5.879609
 

5.880236
 

5.878811
 

4.914047
 

5.716410
 

c (Å) 23.043200
 

23.036865
 

23.048105
 

23.042702
 

28.141920
 

23.274202
 

𝑽𝒄𝒆𝒍𝒍 (Å³) 689.586 689.685 690.169 689.673 588.506 658.646 

Rp (%) 38.2 25.8 32.2 31.9 33.3 34.9 

Rwp (%) 21.0 13.2 19.6 14.4 19.1 17.2 

GoF 0.83 0.5 0.78 0.55 1.1 1.0 

 

Fig. 4.120. XRD pattern of FP1, FP2, FP3, FP4, FP5, and FP6 ferrite composites. 
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Fig. 4.121.  Rietveld refinement of FP1 to FP6 samples. 

4.6.1.2 FTIR-analysis 

 Fig. 4.119 demonstrates the FTIR spectra of FP-hexaferrite composites, in the 

wavenumber range of 4000-380 cm-1, at room temperature. Two precise absorption band 

found near 536.07 cm-1 and 419.54 cm-1 owes to stretching vibrations of Fe-O at tetrahedral 

and octahedral sites of crystal structure, respectively. Furthermore, substitution alters the 

band position of crystallographic sites toward the lower frequency side. This manifests the 
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successful substitution of Co-Zn ions in M-type crystallographic sites. A weak absorption 

peak appears at 2361 cm-1, suggesting the occurrence of Co2. However, bands obtained nearly 

at 1111 cm-1 and 1565 cm-1 are attributed to the weak stretching vibration in the aromatic 

amine (C=N) and quinoid ring (C=N), respectively, and assured the occurrence of PANI in 

the synthesized composites.  

 

Fig. 4.122. FTIR spectra of of FP1, FP2, FP3, FP4, FP5, and FP6 ferrite composites. 

4.6.1.3 FESEM analysis 

Surface morphology analysis of composite particles is conducted using FESEM. The 

FESEM micrographs of Co-Zn substituted hexaferrite-polymer composites are presented in 

Fig. 4.120. FESEM micrographs of SrFe12O19 display the hexagonal platelet-like structure 

with irregular size distribution. The morphology depicts a disk flower/small tubular-like 

structure of PANI, which forms a network between induvial grains. The disk floret of PANI 

is embedded in platelet hexaferrite and affirms the encapsulation of PANI (amino group) with 

SrFe12O19 (oxygen). Furthermore, an agglomerate morphology as dense/closely packed 

particles is due to attractive forces among the molecules of ferric, cobalt, zinc, and strontium 

ions, because of the same concentration of PANI (minimizing the aggregation). The insertion 

of Co-Zn ions into ferrite-polymer composites leads to an increment in grain size and 

improves inter-grain connectivity. 
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Fig. 4.123. FESEM micrographs of ferrite composites. 

4.6.2 Electrical Analysis 

4.6.2.1 Dielectric constant  

Fig. 4.121 and 4.122 portrays the frequency-dependent behavior of 𝜀′ and 𝜀′′ it 

decreases with increasing the frequency of an applied field. It is the general dielectric 

behavior exhibited by all ferrite materials. The observed dispersion can be understood 

through the Maxwell-Wagner model. At low-frequency region, from FP1 to FP6 a non-linear 

variation is observed in ε' and 𝜀′′ value, and FP1 and FP3 samples become frequency-
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independent above 105 Hz, whereas FP5 and FP6 samples show this trend above 103 Hz. The 

relative dielectric constant of FP2 and FP4 samples continuously varies with frequency. This 

significant change in the dispersion rate of all synthesized composites can be ascribed to the 

availability of Fe2+ ions at octahedral sites. From previous reports, Co²⁺ (3𝝁𝑩) ions can 

occupy both the octahedral and tetrahedral crystallographic sites, while Zn2+ (0𝝁𝑩) tends to 

replace Fe3+ ions at tetrahedral sites [286]. The non-linear nature of occupying a specific 

crystallographic site leads to a non-linear variation in ε' and 𝜀′′value at low-frequency region 

with substitution.  The ε' and 𝜀′′ value is found to be maximum for FP1, FP3, and FP5 

samples as compared to FP2, FP4, and FP6 samples, despite the same concentration of PANI. 

This can be easily explained with FESEM micrographs (Fig. 4.120), where FP1, FP3, and 

FP5 samples exhibit small-size grains that are well interlinked with each other through grain 

boundaries (enhances interfacial polarization). However, Fig. 4.121 and 4.122 illustrate that 

the FP4 sample exhibits minimum ε' and 𝜀′′  values at low-frequency regions, suggesting 

heterogeneous structures or interfaces due to large areas covered with disk flower-like 

structures (PANI). The addition of PANI in the FP4 sample decreases the availability of Fe2+ 

ions at octahedral sites, thus resulting in a minimum dielectric constant. Fig. 4.122 delineates 

a small peak in a certain range of frequencies for the FP4 sample, suggesting the existence of 

a resonance or absorption phenomenon in the material. Materials with heterogeneous 

structures or interfaces, such as composites or materials with layered structures, can exhibit 

peaks in the ε'' plots with frequency. These peaks are related to interfacial polarization 

effects, where energy is absorbed as charges redistribute across the interfaces. Finding the 

exact mechanism behind this observation needs more investigation. 

 

Fig. 4.124. ε' variation with frequency of FP1, FP2, FP3, FP4, FP5, and FP6 ferrite 

composites. 
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4.6.2.2 Loss tangent  

Fig. 4.123 depicts the frequency-dependent variation of tan𝛿, it is high at low frequencies and 

it declines with increasing frequency. Various features involving sample stoichiometry, 

interfacial polarization, interface traps, sintering temperature, and  𝐹𝑒2+/𝐹𝑒3+ content 

affected tan𝛿. This can be well understood through Koop’s phenomenological theory. The 

tan𝛿 value is found to be the maximum for the FP5 sample among all in the low-frequency 

region, despite the same concentration of PANI. This may be attributed to the large no. of 

grain boundaries in FP5, which contain crystal imperfections, impurities, dangling bonds, and 

porosity, which act as insulating layers causing delayed polarization and increased energy 

consumption. Additionally, the tan𝛿 of the FP4 sample begins to exhibit a peak at a specific 

frequency in the high-frequency region. This can be ascribed to the occurrence of a relaxation 

phenomenon in the FP4 sample. 

 

Fig. 4.125. ε'' variation with frequency of FP1, FP2, FP3, FP4, FP5, and FP6 ferrite 

composites. 

When an externally applied field of varying frequency is given to the material, a 

resonance occurs because the frequency of charge hopping between cations 𝐹𝑒3+ 𝑎𝑛𝑑 𝐹𝑒2+at 

the octahedral sites matches the applied frequency. It can also be elucidated through the 

morphology of PANI in the FP4 sample. As shown in the figure, FP4 exhibited a large area 

covered with a disk-flower-like structure, despite the same concentration of PANI. This 

morphology of PANI assessed additional interfaces that cause more energy dissipation in the 

sample. 
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Fig. 4.126. tan𝛅 variation with frequency of FP1, FP2, FP3, FP4, FP5, and FP6 ferrite 

composites 

4.6.2.3 AC-conductivity  

Fig. 4.124 illustrates the variation of 𝜎 with increasing frequency. It depicts the 

frequency-independent behavior of 𝜎 at lower frequencies and sharply increases in the higher 

frequency region (>105 Hz). The replacement of Fe3+ ions with Co-Zn ions causes a non-

linear reduction in conductivity value at a higher frequency and is maximum for FP3. This 

reduction elucidates a decrement in the concentration of Fe3+ ions at an octahedral position, 

which restricts the probability of hopping between Fe2+ and Fe3+ ions. The maximum value of 

𝜎 in the FP3 sample is due to the good inter-grain connectivity between large and small-sized 

grains, over other substituted composites, as seen in Fig. 4.120. Furthermore, the FP3 sample 

exhibits a broad peak in the low-frequency region, indicating the suppression of electrode 

polarization. This variation is consistent with ε' plot obtained for the FP3 sample (Fig. 4.121). 

4.6.2.4 Complex electric modulus 

 Fig. 4.125(a) illustrates that 𝑀′ values are low in the lower frequency range, 

and it increases with increasing frequency. At lower frequencies, the 𝑀′ values for all 

synthesized samples tend to approach zero, indicating maximum restoring force 

depolarization and consequently the lowest conductivity and minimal electrode polarization. 

The low 𝑀′ value observed in the low-frequency region for all synthesized ferrite composites 

(except FP4), suggests the suppression of electrode polarization phenomena. 
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Fig. 4.127.  𝛔 variation with frequency of FP1, FP2, FP3, FP4, FP5, and FP6 ferrite 

composites. 

 In the FP4 sample, the disk-flower-like structure enhances the electrode 

polarization effect, as evident from the increment in 𝑀′ values at low frequencies in the FP4 

sample. The electrode polarization phenomenon arises due to the long-range mobility of 

charge carriers, governed by the restoring force under the influence of an induced electric 

field [277]. Furthermore, the value of 𝑀′increases with increasing frequency, showing that 

the conduction can be attributed to the short-range mobility of charge carriers. This variation 

is similar to the behavior observed in 𝜎, discussed in the previous section. However, the 

substitution of Co-Zn ions (forming grain clusters) causes an increment in 𝑀′ values of FP2, 

FP4, FP5, and FP6 samples in the high-frequency region, despite the same concentration of 

PANI.  

  

     

Fig. 4.128. (a) 𝐌′ (b) 𝐌′′variation with frequency of FP1, FP2, FP3, FP4, FP5, and FP6 

ferrite composites. 
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Fig. 4.125(b) displays the frequency-dependent behavior of 𝑴′′ for all ferrite 

composites at room temperature. The asymmetric shape of the plot for the peak maxima 

suggests non-Debye relaxation but exhibits characteristics of Cole-Cole relaxation. As the 

substitution level of Co-Zn ions increases, a non-linear variation is observed in the relaxation 

frequency. Fig. 4.125(b) delineates that substituting Co-Zn ions shifts the relaxation 

frequency from low to high-frequency region, indicating the contribution of grains.  

 

Fig. 4.129. Cole-Cole plot (𝐌′′ vs 𝐌′) variation with frequency of FP1, FP2, FP3, FP4, FP5, 

and FP6 ferrite composites. 

Fig. 4.126 depicts the Cole- Cole plots (𝑀′′ versus 𝑀′) of all synthesized ferrite 

composites at room temperature. The obtained curves demonstrate that their centers are 

situated below 𝑀′-axis. This suggests that the observed relaxations are of non-Debye type 

and distributed over different time constants. It can be seen (Fig. 4.120) that due to the 

different grain size distribution, the curve distribution (𝑀′′ versus 𝑀′) is also found to be 

distinct for all samples. It is clear (Fig. 4.126) that FP1, FP4, FP5, and FP6 composites 

exhibit a semicircle, FP3 results in a segment of a semicircular arc, and FP2 shows two weak 

relaxation approaches to the high-frequency region. Among all synthesized composites, the 

FP1 sample shows a smaller peak height which is attributed to the weak inter-grain 

connectivity, occurrence of porosity (Fig. 4.120), and effect of grain boundaries. Substitution 

causes a shift in the semicircular arc toward the higher-frequency region from FP1 to FP6. 

Moreover, it is seen in the figure that semi-circular arcs of all synthesized composites (except 

FP4) begin almost at the same point in the low-frequency region due to minimum 
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conductivity. While the curve distribution (𝑀′′vs 𝑀′) of these composites are different in the 

higher frequency region. This could be due to the maximum conductivity caused by different 

grain size distributions in all substituted composites, as seen in FESEM micrographs (Fig. 

4.120) 

 

4.6.2.5 Complex impedance study 

Fig. 4.127 and 4.128 illustrate the decreasing trend observed in both 𝑍′ and 𝑍′′ with 

increasing the frequency of an applied field, respectively. The declining behavior of both 𝑍′ 

and 𝑍′′ with increasing frequency, indicates an increment in the electron hopping between 

localized ions and results in an increase in ac conductivity. The reduction observed in 𝑍′ 

could be explained through the Maxwell-Wagner model at higher frequencies. The 

investigation of Z'' led to a better understanding of the relaxation process and space charge 

effect [280]. At low frequencies, the space charge effect dominates the impedance response 

and results in a larger value of 𝑍′′. However, at higher frequencies the charge carriers may 

not be able to respond rapidly to the alternating applied, leading to a decrement in the Z''. 

 

Fig. 4.130. Z' variation with frequency of FP1, FP2, FP3, FP4, FP5, and FP6 ferrite 

composites. 
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Fig. 4.131. Z'' variation with frequency of FP1, FP2, FP3, FP4, FP5, and FP6 ferrite 

composites. 

 

 

Fig. 4.132. (Z'' vs Z') variation with frequency of FP1, FP2, FP3, FP4, FP5, and FP6 ferrite 

composites. 

The Cole-Cole plot reveals the effect of morphology and polarization process on 

dielectric relaxation. Fig. 4.129 illustrates the Cole-Cole plots of all synthesized ferrite-

polymer composites at room temperature. In ferrites, the conduction process involves 
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contributions from both the grains and the grain boundaries [319]. The grain boundaries 

introduce resistance, leading to a deceleration of the conduction process, which is represented 

by the presence of broad semi-circles. It is clear in Fig. 4.121 that FP1 and FP2 samples do 

not form the complete semicircle but somewhat approach the shape suggesting the relative 

contribution of grains. In FP3, a complete semicircle in the low-frequency region with some 

portion of semicircle in the high-frequency region, indicating more contribution of grain 

boundary resistance than grain resistance.  

This behavior is analog to FESEM, wherein a large no. of small grains is distributed 

over large-sized grains. Further, FP4 exhibits a straight-line approach toward the low-

frequency region (maximum 𝑍′′), indicating the resistance is predominately due to the grain 

boundaries. This result is well consistent with FESEM micrographs, wherein a large area of 

the FP4 sample is covered with disk-flower structure (PANI), which promotes grain 

boundary resistance. Further substitution of Co-Zn ions in FP5 and FP6 samples, leads to a 

complete semicircle in the high-frequency region. This can be explained through the large-

sized grains contributing relatively more to resistance than grain boundaries, affirmed by 

FESEM (Fig. 4.120).  

4.6.3 Magnetic analysis 

Fig. 4.130 shows the M-H loops of synthesized ferrite-polymer composites. From 

previous reports, Co²⁺ (3𝝁𝑩) ions can occupy both the octahedral (4f₂) and tetrahedral (4f₁) 

crystallographic sites, while Zn2+ (0𝝁𝑩) tends to replace Fe3+ ions at the 4f1 site [286]. The 

insertion of PANI (non-magnetic polymer) in all ferrite-polymer composites may dilute the 

magnetic parameters such as Ms, Mr, Hc, anisotropy field (Hₐ), remanence ratio (𝑀𝑟/𝑀𝑠) and 

magnetic moment (𝑛𝐵)  values derived from the hysteresis loop are enumerated in Table 

4.39.                    

The magnetic moment of the incorporated specimen could be determined through the 

distribution of host and substituted cations over five crystallographic sites of hexagonal 

crystal structure using the following expression[287]: 

𝑀𝑠 = 𝑀𝑎 (2a + 12k + 2b) (↑) – 𝑀𝑏 (4f₁ + 4f₂) (↓)                                                                                          

The total magnetization increases by substituting non-magnetic ions or less magnetic at the 

(4f₁↓ + 4f₂↓)  lattice site, while magnetization shows decline behavior with the substitution of 

these ions at (2a↑ + 12k↑ + 2b↑) lattice sites[230]. Table and figure demonstrated a feeble 

change in the value of Ms from FP1 (50.53 emu/g) to FP3 (50.48 emu/g) and further 

substitution caused a gradual decrease of 24.30 % (FP3 to FP6). The simultaneous 
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replacement of Fe3+ ions by Co and Zn ions at spin-up and spin-down sites signifies a minor 

change observed in Ms (FP1 to FP3). From previous reports, Zn2+ ions have a strong tendency 

to occupy the 4f1 spin-down site and yield an increment in Ms, while Co2+ ions may replace 

Fe3+ ions present at 4f2 spin-down and 12k spin-up octahedral sites. A strong magnetic 

structure predominately depends on the arrangement of 12k sites of the crystal lattice and is 

disrupted by the presence of weak magnetic Co2+ ions at these sites, leading to a gradual 

breakdown of collinear octahedral-tetrahedral superexchange interactions at a higher level of 

substitution. Additionally, the localization of Co2+ ions in 4f2 sites causes local spin canting 

and contributes to magnetic alteration. Moreover, the remanence magnetization (Mr) is found 

to gradually decrease with substitution from FP1 (28.82 emu/g) to FP5 (4.62 emu/g) [320]. 

The calculated value of 𝑀𝑟/𝑀𝑠 is enlisted in the table and it turns out to be less than 0.5 for 

all synthesized composites, which depicts the multi-domain nature of particles within the 

material. 

The lowest value of coercivity (50.79 Oe) is observed in the FP1 sample, which is 

associated with the absence of substituent cations in the crystal lattice. The initial substitution 

of Co-Zn ions causes a pronounced increase in Hc value from FP1 (50.79 Oe) to FP2 (2293.5 

Oe), and later a gradual decrement to FP6 (60.76 Oe). The nature of this variation can be 

explained by the support of intrinsic and extrinsic factors. Intrinsic factors primarily depend 

on chemical composition, anisotropy field (Ha), and crystal structure[239]. On the other hand, 

extrinsic factors are associated with grain size, temperature, and magnetic field [238]. The 

increment observed in Hc value from FP1 to FP2, is caused by Ha. A larger anisotropy field 

leads to higher coercivity, i.e., more energy is required to reverse the magnetic moment of the 

hexaferrite. Due to the inverse nature of Hc with grain size, the reduction observed in Hc at a 

higher level of substitution can be accompanied by the increment in grain size.  

Table 4.39 Values of various magnetic parameters of ferrite composites. 

 

Sample Name FP1 FP2 FP3 FP4 FP5 FP6 

𝐌𝐬(emu/g) 50.53 53.39 50.48 47.65 39.42 38.21 

𝐇𝐜(Oe) 50.79 2293.5 1230.7 366.31 142.04 60.76 

Hₐ(kOe) 5.77 15.30 5.688 10.23 8.42 13.82 

𝐌𝐫(emu/g) 28.82 25.12 21.19 14.30 8.487 4.622 

𝐌𝐫/𝐌𝐬 0.570 0.470 0.419 0.300 0.215 0.120 
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Fig. 4.133. (a) M-H plots (b) Enlarged view of M-H plots of FP1, FP2, FP3, FP4, FP5, and 

FP6 ferrite composites. 

 

4.6.4 Electromagnetic Analysis  

Electromagnetic properties are often described by complex permittivity/permeability. 

Fig. 4.131(a, b) depicts the variation of dielectric constant (𝜀′)/loss (𝜀′′) of FP2, FP3, FP4 and 

FP6 samples in the frequency range of 8.2 to 12 GHz, FP1 and FP4 from 12.4 to 18 GHz. 

The inclusion of insulating hexagonal ferrite within the conductive matrix leads to the 

existence of additional interfaces, resulting in a heterogeneous system. This heterogeneity is 

due to the accumulation of space charge at these interfaces, which, in turn, contributes to 

enhanced microwave absorption in the composite material. A strong polarization effect 

occurs in PANI, due to the presence of polaron/bipolaron and other bound charges, resulting 

in a high 𝜀′/𝜀′′ . The 𝜀′/𝜀′′ values remain relatively stable for all samples. A large dispersion is 

observed in the FP1 sample and sample FP2 scales to the highest 𝜀′ amidst all samples and 

with substitution it decreases. Sample FP4 exhibits a comparatively strong resonance peak 

around 9 GHz than FP3 and FP6 samples, despite the same concentration of PANI. This can 

be explained by the substitution of Co-Zn ions. Fig. 4.131(a,b) demonstrated the variation of 

permeability (𝜇′)/ magnetic loss ( 𝜇′′) as a function of frequency. The small dispersion 

observed in  𝜇′′ of the FP1 sample from 12 to 18 GHz frequency range and is maximum 

among all, whereas 𝜇′ of all samples remains relatively constant over the entire frequency 

range. The behavior of 𝜇′′ is same for FP2, FP3, FP4, and FP6 sample and its value stays 

lower than 0.7. Conversely, the value of 𝜇′ remains less than 1.5 for all samples and is 

maximum for FP3 (1.42 at 12 GHz). The plots illustrate that the complex permittivity is more 

influential than the complex permeability within the compositions. The interaction between 

PANI and ferrite particles at the interface reduces the magnetic characteristics of the 
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composites, thereby hindering the flow of magnetic field among ferrite particles. 

Consequently, magnetic loss (as depicted in Fig.4.130) contributes minimally to microwave 

attenuation. 

             

Fig. 4.134. (a) Complex permittivity of FP2, FP3, FP4, and FP6 samples (b) Complex 

permittivity of FP1 and FP5 samples. 

  

 

             

Fig. 4.135. (a) Complex permeability of FP2, FP3, FP4, and FP6 samples (b) Complex 

permeability of FP1 and FP5 samples. 
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4.7 Sr(CoCr)xFe12-2xO19 (80%)+ CoFe2O4 (20%) ferrite composites 

A physical blending method has been utilized to synthesize hexaferrite composites. In 

this study, we comprehensively analyzed structural, morphological, magnetic, electrical, and 

microwave absorption properties. Table 4.40 displays the assignment of sample names/codes 

for a different level of substitution for CoFe2O4/Sr(CoCr)xFe12-2xO19. 

Table 4.40. Assignment of sample name for a different level of substitution of 

CoFe2O4/Sr(CoCr)xFe12-2xO19 hexaferrite. 

 

 

4.7.1 Structural analysis 

4.7.1.1 X-ray analysis 

Fig. 4.133 depicts the XRD pattern of the hard/soft composites as a function of Co-Cr 

ions. XRD study affirms the existence of both SrM hexaferrite (ICDD# 80-1197) and 

CoFe2O4 (ICDD# 22-1086) in the vicinity of each other, without any secondary phase. This 

indicates that mixing in a mortar pestle is an appropriate method for synthesizing ferrite 

composite without disrupting the magnetoplumbite structure of M-type hexaferrite. The 

structural parameters ‘c’ and ‘a’ are determined using Eq. 3.1 for M-type hexaferrite and a = 

dhkl (ℎ2 + 𝑘2 + 𝑙2)1/2 for spinel ferrite, involving the Miller indices h,k,l . During the 

transition from BS1 to BS6, the change observed in lattice size and peak intensity elaborates 

the successful substitution of Co-Cr ions in hard/soft ferrite composites. The lattice 

parameters of M-type hexaferrite and spinel ferrite are summarized in Table 4.41. The lattice 

constant of M-type hexagonal and spinel ferrite decreases with the substitution of large ionic 

radii Co2+-Cr3+ ions than host Fe3+ ions. Debye Scherre’s Eq. 3.3 was used to determine the 

average crystallite size from (M-phase, 107) and (spinel phase, 311) XRD peaks. Substitution 

Sample Composition 

20% CoFe2O4/Sr(CoCr)xFe12-2xO19 

Sample Code 

(BS-series) 

x= 0.0 BS1 

x = 0.2 BS2 

x = 0.4 BS3 

x = 0.6 BS4 

x = 0.8 BS5 

x = 1.0 BS6 
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causes non-linear decrement in M-type hexaferrite and spinel ferrite crystallite size from 51.7 

to 44.4 nm and 57.5 to 44.2 nm, respectively. 

Table 4.41 Values of the lattice constant of M-type hexagonal and spinel ferrite. 

 

4.7.1.2 FTIR analysis 

Fig. 4.134 displays the IR spectra of BS-series samples in the wavenumber range of 

2000-380 cm-1. The absorption peaks around 400-600 cm−1 determines the stretching and 

bending vibration of metal-oxygen at tetrahedral as well as octahedral sites. This gives us a 

suggestion for the formation of M-type hexagonal ferrites. The absorption band in the range 

of 500-600 cm−1 and 400-450 governs the Fe – O stretching through Fe - 𝑂4 and Fe – O 

bending due to Fe - 𝑂4 as well as Fe - 𝑂6, respectively [321]. The 584.1 cm-1 absorption peak 

observed in all composites is attributed to Fe-O stretching/CoFe2O4 bending modes. There is 

no other absorption peak in the remaining range. This indicates the nonexistence of metal 

carbonates (in the form of remaining carbon), N𝑂3 stretching vibrations and residual water in 

all sintered hexaferrite. It is attributed to completely burnt-off carbon, nitrates, and residual 

water through the self-ignition process during the preparation of ferrite [35]. 

4.7.1.3 FESEM analysis 

Fig. 4.135 presents the FESEM micrographs of BS-series composites. All the 

micrographs disclosed the co-existence of hexagonal platelet-like particles of M-type 

hexaferrite and small spherical-shaped particles of spinel ferrite. A high agglomeration 

phenomenon is observed between M-type and spinel ferrite. The insertion of Co-Cr ions 

improves the inter-grain connectivity between large and small-sized grain. 

 

 

Sample name M-type Hexaferrite  Spinel ferrite  

 a=b (Å) c (Å) D (nm) a=b=c (Å) D (nm) 

BS1 5.892 23.086 51.7 8.395 57.5 

BS2 5.884 23.039 45.5 8.385 48.5 

BS3 5.888 23.033 45.7 8.399 54.8 

BS4 5.873 22.979 44.4 8.385 44.2 

BS5 5.881 22.987 46.2 8.395 52.5 

BS6 5.873 22.940 45.5 8.376 48.6 
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Fig. 4.136. XRD pattern of BS1, BS2, BS3, BS4, BS5, and BS6 composites. 

 

 

Fig. 4.137. FTIR spectra of BS1, BS2, BS3, BS4, BS5, and BS6 composites 
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Fig. 4.138. FESEM micrographs of BS1, BS2, BS3, BS4, BS5, and BS6 composites. 

4.7.2 Electrical analysis 

4.7.2.1 Dielectric constant 

In 100 Hz to 2 MHz frequency range, Fig. 4.136(a) depicts the dispersion of ε' as a 

function of frequency/composition. Koop’s phenomenological and Maxwell-Wagner models 

can explain it well. Fig. 4.136(a) illustrates a non-linear increment in the ε' value of 

synthesized ferrite composites from BS1 to BS6. The lowest frequency dependence dielectric 
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dispersion is observed in BS3 and BS6. This can be governed by the availability of Fe2+ ions 

at octahedral sites. Substitution of Co-Cr ions causes an increment in ε' value of BS2, BS4, 

and BS5 samples, explained by the electrons hopping between octahedral positions. Fig. 

4.136(b) determines the behavior of ε'' as a function of frequency. The plotted curves of BS1, 

BS3, BS4, and BS6 samples exhibit a similar profile to that of ε', with lower values observed 

in the lower frequency range, and it becomes frequency independent beyond a particular 

limiting frequency. On the contrary, BS2 and BS5 samples show a peak in a specific 

frequency band, indicating the presence of a resonance or relaxation phenomena in the 

material. Materials with heterogeneous structures or interfaces, such as composites or 

materials with layered structures, can exhibit peaks in the ε'' plots with frequency. These 

peaks are related to interfacial polarization effects, where energy is dissipated as charges 

redistribute across the interfaces. The frequency-dependent tan𝛿 curves for the synthesized 

ferrite composites are shown in Fig. 4.136(c). The introduction of Co-Cr ions results in a non-

linear change in tan𝛿 values due to the site occupancy of these ions toward the octahedral 

sites. All synthesized composites exhibit dielectric relaxation peaks in a certain frequency 

range, suggesting a distribution of relaxation times. A multi-interfacial relaxation peak 

observed in BS3 and BS4 samples attributed to heterogeneity caused by substitution. The 

relative change in peak broadening and peak height is ascribed to oxygen vacancies formed 

during Co-Cr substitution.  
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Fig. 4.139. (a) ε' variation and (b) ε'' variation with frequency (c) tan𝜹 of BS1, BS2, BS3, 

BS4, BS5, and BS6 composites. 

4.7.2.2 AC conductivity 

Fig. 4.137 illustrates the plots of ac conductivity (𝜎) which exhibits frequency-

independent behavior up to 104 Hz and increases thereafter. The replacement of Fe3+ ions 

with Co-Cr ions causes an increment in conductivity value at high -frequency and is 

maximum for the BS6 sample. This increment elucidates an increase in the concentration of 

Fe3+ ions at an octahedra position, which facilitates the hopping between Fe3+ and Fe2+ ions. 

The rise in 𝜎 value can also be understood through the FESEM micrographs of synthesized 

composites (Fig. 4.135), wherein the inter-grain connectivity between large and small-sized 

grains improves with substitution, despite the same concentration of CoFe2O4. 

 

Fig. 4.140. variation with frequency of BS1, BS2, BS3, BS4, BS5, and BS6 composites. 
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4.7.2.3 Complex electric modulus 

The frequency-dependent behavior of 𝑀′ and 𝑀′′ are demonstrated in Fig. 4.138(a) 

and 4.138(b). The low value of 𝑀′ in low-frequency regions suggesting maximum 

polarization which increases as the frequency increases. This increment may be attributed to 

the conduction phenomena resulting from the mobility of charge carriers of short range. 

Conversely, the asymmetric shape of 𝑀′′ plots indicate a non-Debye behavior of the material. 

Substitution of Co-Cr ions result a decrement in peak height and a shift toward the high-

frequency side. Fig. 4.138(c) display Cole-Cole (𝑀′′ vs 𝑀′) plots of synthesized composites. 

Instead of obtaining a perfect semicircle, a deformed semicircle has been observed with the 

center lying below the axis. The semicircular arc observed at low and high-frequency regions 

reflected grain boundary and grain relaxation, respectively.  

         

 

Fig. 4.141. (a) 𝑴′, (b) 𝑴′′, and (c) Cole-Cole plot (𝑴′′ vs 𝑴′) variation with frequency of 

BS1, BS2, BS3, BS4, BS5, and BS6 composites. 
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4.7.2.4 Complex impedance analysis 

Frequency-dependent behavior of both Z' and Z'' are depict in Fig. 4.139(a) and 

4.139(b), respectively. The decrement observed in Z' as moving from low to high frequency 

indicates an increase in the material’s conductivity due to electron hopping between localized 

ions and is well explained through the Maxwell-Wagner model. However, the delayed 

response of charge carriers to an applied field at high frequencies leads to a decrease in Z''. 

Fig. 4.139(c) illustrates the Cole-Cole (Z'' vs Z') plots of synthesized hexaferrite composites. 

The observed plots depict non-Debye relaxation by demonstrating incomplete semicircles 

with the center not located on the real axis. In the high-frequency region, the substitution of 

Co-Cr ions causes an increment in arc depression elucidating the contribution of grains. 

             

 

Fig. 4.142. (a) Z', (b) Z'', and (c) (Z'' vs Z') variation with frequency of BS1, BS2, BS3, BS4, 

BS5, and BS6 composites. 
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4.7.3 Magnetic analysis 

Fig. 4.140 illustrates the M-H loops of BS-series composites. It affirms the exchange 

coupling between SrFe12O19 (hard) and CoFe2O4 (soft) ferrites through a smooth second 

quadrant of magnetization curves. Derived magnetic parameters from the M-H loop are listed 

in Table 4.42. The maximum value of Ms (103.2 emu/g) and Hc (4932 Oe) is observed for the 

BS1 sample and is attributed to pure SrFe12O19/CoFe2O4 composites and the insertion of 

Co2+-Cr3+ ions decrease the Ms and Hc of composites. This can be explained through the site 

occupancy of Co-Cr ions on the spin-up and down sites. It has been reported that the 

octahedral positions are occupied via more electronegative ions [222] and Co²⁺ (1.88) ions are 

more electronegative than Cr³⁺ (1.66)ions. Thus, it can choose to occupy 12k (↑) − 2𝑎(↑) −

4𝑓₂(↓) octahedral sites.  Based on ligand field theory, Cr³⁺ ions having d³ orbitals prefer to 

occupy 4f₁ (↓) tetrahedral sites, while Cobalt (Co²⁺) ions with d⁷ orbitals can occupy 

octahedral sites. Furthermore, Co2+ ions can occupy 4𝑓₂(↓), 4f₁ (↓), and 2b sites. The 

competition between aforementioned factors results in Ms ranges from 60.92 emu/g to 68.76 

emu/g. It is known that the anisotropy field (𝐻𝑎) primarily depends on 4f₂ sites and alone 2b 

sites. Co²⁺-C𝑟³⁺ substitution causes a non-monotonic decrease in 𝐻𝑎 from BS1 to BS6 sample 

owing to the site occupancy mechanism discussed in  𝑀𝑠. Table shows that substituted ferrite 

composites have lower Hc than the undoped composites and the addition of Co-Cr ions results 

in a non-monotonic increase in Hc from BS2 to BS4 and afterward it gradually decreases. An 

irregular variation in Hc is attributed to the non-linear variation in Ha, as well as the grain size 

distribution. Furthermore, the squareness ratio of all synthesized composites is listed in Table 

4.42 and is found to be more than 0.5, indicating the existence of single-domain particles in 

all composites. 

Table 4.42 Magnetic parameters𝑀𝑠, 𝐻𝑐, 𝑀𝑟 , 𝑀𝑟/𝑀𝑠 and Hₐ of BS-series sample. 

Sample 

name 

𝑴𝒔(emu/g) 𝑯𝒄(Oe) 𝑴𝒓(emu/g) 𝑴𝒓/𝑴𝒔 𝑯𝒂(kOe) 

BS1 103.28 4932 53.14 0.514 23.97 

BS2 60.92 3499 36.30 0.595 24.74 

BS3 61.66 2634 33.39 0.541 18.44 

BS4 68.76 4326 54.85 0.797 11.16 

BS5 66.78 3774 53.58 0.802 14.54 

BS6 64.33 3666 45.38 0.703 14.80 
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Fig. 4.143. M-H plots of BS1, BS2, BS3, BS4, BS5, and BS6 composites. 

Fig. 4.141 demonstrates the effect of exchange coupling between hard/soft ferrites 

through the investigation of switching field distribution. The inset of Fig. 4.141 depicts that 

the BS2, BS3, and BS5 samples exhibit a single narrower peak in the switching field 

distribution attributed to a strong exchange coupling between M-type and spinel magnetic 

phases. On the contrary, BS1, BS4, and BS6 samples show a single peak with shoulder peaks, 

and the intensity of these peaks is less. This concludes that a strong exchange coupling is 

assessed in the BS2, BS3, and BS5 samples. The insertion of Co-Cr ions may or may not 

dilute the exchange coupling effect between hard/soft phases depending on the concentration 

of dopants. 

 

Fig. 4.144. dM/dH against H plots of BS1, BS2, BS3, BS4, BS5, and BS6 composites 
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4.7.4 Electromagnetic Analysis 

  Fig. 4.1142(a) illustrates the dependence of dielectric constant (𝜀′)/loss (𝜀′′) on 

frequency. The introduction of Co-Cr ions causes a non-monotonic increase in 𝜀′ values from 

BS1 to BS5 in low-frequency regions (8.2 to 10 GHz). This may be due to the occupancy of 

Co-Cr ions on tetrahedral positions, which moves a large no. of Fe ions responsible for 

polarization toward the octahedral sites, thus increasing the  𝜀′. The dielectric constant 

(𝜀′)/loss (𝜀′′) remains relatively constant with increasing frequency for BS1, BS5 and BS6 

samples. Sample BS2 acquires the highest value of 𝜀′/ 𝜀′′ over the 8.2 to 10 GHz frequency 

range, while BS3 and BS4 exhibit a resonance above 11 GHz. In detail, the 𝜀′ curve of BS3 

and BS4 is stable at 8.2 - 11 GHz, then it suddenly dispersed above 11 GHz. Fig. 4.142(b) 

demonstrated the dependence of permeability (𝜇′)/ magnetic loss ( 𝜇′′) as a function of 

frequency and it does not vary too much over the entire frequency range for BS1, BS5, and 

BS6 samples. Substitution causes an insignificant change in the value of 𝜇′/ 𝜇′′ in the low-

frequency regions.  The 𝜇′ value of BS2, BS3, and BS4 shows large dispersion from 10.5 to 

12.4 GHz. Sample BS2 owes minimum  𝜇′ from 8.2 to 10.5 GHz and is maximum from 10.5 

to 12.4 GHz. Furthermore, from 9.5 to 11 GHz the 𝜀′′ rises and 𝜇′′ decreases for BS2, while 

in BS3 and BS4 𝜀′′rises and  𝜇′′  decreases from 11GHz to 12.4 GHz, evidently decreasing 

the difference between ε″ and μ″, enhancing the impedance match. 

 

         

Fig. 4.145. (a) Complex permittivity and (b) permeability plots of BS-series samples in 8.2-

12.4 GHz. 

Fig. 4.143(a), 4.144(a), 4.145(a), 4.146(a), and 4.147(a) illustrate the REL plots of all 

synthesized samples and can be utilized to deduce parameters such as bandwidth/frequency 
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range for REL of -10 dB (90% absorption) /-20 dB and matching frequency/thickness, as 

listed in Table 4.43. For better visualization, 3D REL plots of all composites as a function of 

thickness and frequency are illustrated in Fig . 4.148. Substitution of Co-Cr ions improves the 

microwave absorption properties of the synthesized sample from BS1 to BS6. The highest dip 

in REL, measuring -29.9 dB (> 99 % absorption),  is observed in the BS5 sample [Fig. 

4.146(a)], occurring at a frequency of 9.157 GHz and a thickness of 8.5 mm. In Table 4.43, 

the remaining compositions exhibit REL values ranging from -10 to -29.6 dB, spanning 

frequencies between 8 and 12.4 GHz, and thicknesses between  7.4 and 9.5 mm. The plots of 

BS1 and BS5 samples illustrate the shift of REL peaks towards lower frequency ranges as the 

thickness increases. This trend aligns with the mechanism of quarter-wavelength described by 

Eq. 3.24, which states that thickness and frequency are related inversely. 

Fig. 4.143(a) demonstrated the absorption characteristics of the BS1 sample within 

the examined frequency range. Reflection loss remains at or above -10 dB, with REL peaks 

spanning the 8.2 to 12.4 GHz frequency spectrum from 7.4 to 8.7 mm thickness. Sample BS2 

exhibits REL < -10 dB (less than 90% absorption), which is not of interest. For BS3 and BS4 

samples, Fig. 4.144(a) and 4.145(a) reveal REL peaks with values > -10 dB across thickness 

ranging from 8.4 to 8.7 mm and 8.5 - 8.6 mm, at 9.66 GHz and 9.32 GHz, respectively. Fig. 

4.146(a) is notable for the BS5 sample, as it exhibits multiple REL peaks with values greater 

than -10 dB/-20 dB over a frequency range from 9 to 9.5 GHz and a thickness ranging from 

8.0 to 8.5 mm.  Fig. 4.147(a) for BS6 sample display peaks with REL ≥ -10 dB/-20 dB across 

thickness ranging from 8.6 to 9.3 mm, at 9.157 GHz.  
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Fig. 4.146. (a) Dependence of REL on frequency in BS1 sample. (b) dm
sim and dm

c versus 

frequency for 5λ/4 in the BS1 sample. 

 

 

Fig. 4.147. (a) Dependence of REL on frequency in BS3 sample. (b) dm
sim and dm

c versus 

frequency for 5λ/4 in the BS3 sample. 
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Fig. 4.148. (a) Dependence of REL on frequency in BS4 sample. (b) dm
sim and dm

c versus 

frequency for 5λ/4 in the BS4 sample. 

 

 

Fig. 4.149. (a) Dependence of REL on frequency in BS5 sample. (b) dm
sim and dm

c versus 

frequency for 5λ/4 in the BS5 sample. 
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Fig. 4.150.  (a) Dependence of REL on frequency in BS6 sample. (b) dm
sim and dm

c versus 

frequency for 5λ/4 in the BS6 sample. 

 

Table 4.43 Parameters calculated for microwave absorption (REL more than -10/-20 dB). 

Sample 

Name 

Matchin

g 

Thicknes

s (mm) 

Maximu

m RL 

(dB) 

Matchin

g 

frequenc

y (GHz) 

Frequency 

Band for 

RL > -10 

dB (GHz) 

Bandwi

dth for 

RL > -

10 dB 

(GHz) 

Frequency 

Band RL > -

20 dB 

(GHz) 

Bandw

idth 

for RL 

> -20 

dB 

(GHz) 

BTR  PBW 

(%) 

BS1 7.4 -11.02 10.980 -- -- -- -- -- -- 

 7.5 -11.50 10.980 -- -- -- -- -- -- 

 7.6 -11.16 10.980 -- -- -- -- -- -- 

 8.5 -10.54 9.199 -- -- -- -- -- -- 

 8.6 -11.21 9.199 -- -- -- -- -- -- 

 8.7 -11.40 9.199 -- -- -- -- -- -- 

BS3 8.4 -11.43 9.661 -- -- -- -- -- -- 

 8.5 -12.20 9.661 -- -- -- -- -- -- 

 8.6 -12.22 9.661 -- -- -- -- -- -- 

 8.7 -11.57 9.661 -- -- -- -- -- -- 

BS4 8.5 -10.72 9.325 -- -- -- -- -- -- 

 8.6 -11.19 9.325 -- -- -- -- -- -- 
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BS5 8.0 -10.51 9.317 -- -- -- -- -- -- 

 8.1 -12.47 9.308 9.01-9.67 0.66 -- -- 2.8E-04 7 

 8.2 -14.96 9.308 8.94-9.66 0.72 -- -- 3.1E-04 7.7 

 8.3 -18.38 9.308 8.88-9.64 0.76 -- -- 3.2E-04 9.1 

 8.4 -23.22 9.308 -- -- 8.86-9.63 0.77 3.2E-05 8.2 

 8.5 -29.92 9.157 -- -- 8.79-9.61 0.82 3.4E-04 8.9 

BS6 8.6 -10.34 9.157 -- -- -- -- -- -- 

 8.7 -11.87 9.157 9.03-9.39 0.36 -- -- 1.5E-04 3.9 

 8.8 -13.77 9.157 8.95-9.51 0.56 -- -- 2.2E-04 6.1 

 8.9 -16.23 9.157 8.88-9.55 1 -- -- 2.7E-04 10.9 

 9.0 -19.59 9.157 8.87-9.55 0.68 -- -- 2.7E-04 7.4 

 9.1 -24.41 9.157 -- -- 8.80-9.58 0.78 3.1E-04 8.5 

 9.2 -29.60 9.157 -- -- 8.79-9.55 0.76 3E-04 8.2 

 9.3 -25.06 9.157 -- -- 8.80-9.55 0.75 2.9E-04 8.1 

 

Using Eq. 3.22, Reflection loss (REL) is computed using both the simulated thickness (dm
sim) 

and the calculated thickness (dm
c), which is determined through Eq. 3.24 by substituting 

values of n = 1, 3, 5, and so forth. The purpose is to establish a relationship between the 

quarter wavelength mechanism and  REL peaks. Fig. 4.143(b), 4.144(b), 4.145(b), 4.146(b), 

and 4.147(b) depicts plots of a calculated thickness (nλ/4) within the frequency range. To 

compare the simulated thickness (dm
sim) with the calculated thickness (nλ/4), vertical lines are 

drawn from REL peaks to the thickness-frequency plots. Results indicate that the quarter 

wavelength mechanism is envisaged in BS1 and BS6 samples where the calculated thickness 

is 5λ/4 with n = 5.  

Furthermore, the highest value of REL is elucidated for the BS5 sample at -29.9 dB and a 

thickness of 8.5 mm with an EAB of 0.82 GHz from 8.79-9.61 GHz. It can be depicted from 

Table 4.43, that BS6 owes REL> -10 dB with a wide absorption bandwidth of 1 GHz and 

narrow bandwidth of 0.36 GHz from 8.88-9.55 GHz and 9.03-9.39 GHz with matching 

thicknesses of 8.9 and 8.7 mm, respectively.  

Table 4.43 enumerates the value of BTR and PBW of all synthesized samples calculated 

using Eq. 3.25 and 3.26.  The BTR is highest in the BS5 sample with values of 3.4E-04 and 

PBW (8.9 %) at 9.15 GHz and REL = -29.92 dB at 8.5 mm thickness.  
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Fig. 4.151. 3D plots of REL at various thicknesses and frequencies. 

 

Section 1.1.3 discusses the significance of achieving impedance matching between the 

absorber and free space, resulting in Zin/ ZO ≅ 1 during the design of absorber material for 

microwave systems.  Fig. 149(a, c) and 150(a, c) illustrate the graphs showcasing the 

reflection loss and Zin/ ZO as a function of frequency for some considerable thicknesses of 

samples. Table 4.44 enumerates a comprehensive list of Zin/ ZO values for these samples, 

derived from Zin/ ZO plots in the figures. Notably, the Zin/ ZO for BS1 ranges from 1.74 to 

2.42, BS3 ranges from 1.33 to 1.71, while for BS4 values lie between 1.73 to 1.78. These 

values are far away from the characteristic impedance value of Zin/ ZO = 1 is evident due to 

the low reflection loss observed in these samples. 
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In some instances, Zin/ ZO values come close to 1 without experiencing significant 

reflection loss. For instance, consider the BS5 sample with thicknesses of 8.3 mm and 8.4 

mm, exhibiting Zin/ ZO values of 1.12 and 1.12 (close to 1), respectively. At a frequency of 

9.308 GHz, they demonstrate REL dips of -18.38 dB and -23.22 dB, respectively (Table 

4.43). Interestingly, despite similar Zin/ ZO values at both thicknesses, yield different REL 

results. A similar anomaly is observed in the BS6 case, where at respective thicknesses of 9.0 

mm and 9.1 mm, REL of -19.59 dB and -24.41 dB, and Zin/ ZO of 1.08 at 9.157 GHz. It can 

be explained by assuming the complex nature of |𝑍𝑖𝑛|, which comprises both the real (Zreal) 

and imaginary (Zimg) components. Fig. 144(b, d) and 145(b, d) illustrate the curves of Zreal/ 

Zimg and REL value follows patterns where Zreal ≈ 1 and Zimg ≈ 0, the Zreal/ Zimg value of BS5 

in 8.4 thickness and 9.1 mm thickness of BS6 are very close to 1 and/or zero. These 

variations in Zin/ ZO value are attributed to the influence of Co-Cr ion substitutions. 

Table 4.44 Reflection loss peak’s impedance parameters at different thicknesses. 

Sample 

Name 

Thickness 

(mm) 

Max. 

REL (dB) 

Matching 

frequency 

(GHz) 

Zin/Z0 Zreal Zimg 

BS1 7.4 -11.02 10.980 1.762 1.751 0.1900 

 7.5 -11.50 10.980 1.688 1.671 -0.239 

 7.6 -11.16 10.980 2.402 0.989 -2.189 

 8.5 -10.54 9.199 1.766 1.711 0.436 

 8.6 -11.21 9.199 1.803 1.802 0.058 

 8.7 -11.40 9.199 1.746 1.717 -0.315 

BS3 8.4 -11.43 9.661 1.713 1.704 0.175 

 8.5 -12.20 9.661 1.629 1.619 -0.176 

 8.6 -12.22 9.661 1.489 1.426 -0.426 

 8.7 -11.57 9.661 1.330 1.204 -0.564 

BS4 8.5 -10.72 9.325 1.781 1.739 0.383 

 8.6 -11.19 9.325 1.731 1.760 -0.023 

BS5 8.0 -10.51 9.317 1.003 0.841 0.546 

 8.1 -12.47 9.308 1.061 0.949 0.474 

 8.2 -14.96 9.308 1.104 1.041 0.368 

 8.3 -18.38 9.308 1.125 1.101 0.233 

 8.4 -23.22 9.308 1.121 1.117 0.086 
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Fig. 4.152. (a, c) Dependence of Zin and REL in frequency (b, d) Dependence of REL, Zreal, 

and Zimg on frequency for BS5 sample. 

 

 8.5 -29.92 9.157 1.092 1.091 -0.054 

BS6 8.6 -10.34 9.157 0.947 0.785 0.529 

 8.7 -11.87 9.157 0.999 0.874 0.483 

 8.8 -13.77 9.157 1.042 0.956 0.414 

 8.9 -16.23 9.157 1.073 1.023 0.323 

 9.0 -19.59 9.157 1.088 1.066 0.215 

 9.1 -24.41 9.157 1.086 1.081 0.098 

 9.2 -29.60 9.157 1.066 1.066 -0.014 

 9.3 -25.06 9.157 1.033 1.026 -0.115 



247 
 

        

          

Fig. 4.153. (a, c) Dependence of Zin and REL in frequency (b, d) Dependence of REL, Zreal, 

and Zimg on frequency for BS6 sample. 

 

Conclusively, when SrM hexaferrite is combined with highly dielectric CoFe2O4, the overall 

dielectric constant of the composites increases. The efficacy of this combination depends on 

the volume fractions and interactions between SrM hexaferrite and CoFe2O4. The reflection 

loss dip values range from BS1 (-11.40 dB) to BS6 (29.60 dB). Several factors contribute to 

the more 90% absorption performance observed in all composites, including (i) high 

dielectric loss (Fig. 4.137) (ii) hysteresis loss (Table 4.41) (iii) defects and voids caused by 

substituents, as seen in micrographs (Fig.4.130). Dipolar polarization between SrFe12O19 and 

CoFe2O4 results in significant reflection loss in all synthesized composites.  The Substitution 

of Co-Cr ions in hard/soft ferrite composites enhances the synergistic effect between the 

hard/soft ferrite phases, leading to effective REL values of more than -10 dB in all 

composites. Additionally, impedance matching and quarter wavelength mechanism also 

contributing to effective reflection loss. Furthermore, in all substituted hard/soft ferrite 

composites, the contribution of dielectric loss exceeds that of magnetic loss.  
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4.8 Sr𝑪𝒐𝒛𝑪𝒅𝟎.𝟓𝒛𝑭𝒆𝟏𝟐−𝟐𝒛𝑶𝟏𝟗 (80%) + PANI (20%) ferrite composites 

A physical blending method has been utilized to synthesize hexaferrite composites. In 

this study, we comprehensively analyzed structural, morphological, magnetic, electrical, and 

microwave absorption properties. Table 4.45 displays the assignment of sample names/codes 

for a different level of substitution for PANI/ Sr𝑪𝒐𝟏.𝟓𝒛𝑪𝒅𝟎.𝟓𝒛𝑭𝒆𝟏𝟐−𝟐𝒛𝑶𝟏𝟗. 

Table 4.45 Assignment of sample name for a different level of substitution of PANI/ 

Sr𝑪𝒐𝟏.𝟓𝒛𝑪𝒅𝟎.𝟓𝒛𝑭𝒆𝟏𝟐−𝟐𝒛𝑶𝟏𝟗 ferrite composites. 

 

 

 

 

 

 

 

 

 

 

4.8.1 Structural Analysis 

4.8.1.1 XRD and FTIR Analysis 

Fig. 4.151 demonstrates the XRD pattern of CP ferrite composites, wherein all 

reflection planes observed in the 2𝜃 = 10°- 70° with a step size of 0.02° at room temperature. 

A formation of magnetoplumbite structure of M-type hexaferrite as major phase and CoFe2O4 

(secondary phase) has been confirmed by matching observed XRD peaks with standard 

reference pattern ICDD# 80-1197 and ICDD# 22-1086, respectively through PowderX 

software. Instead of obtaining a sharp peak of PANI in the XRD pattern, a broad peak (hump) 

is observed in the range of 15⁰-25⁰. Table 4.46 summarizes the structural parameters of Co-

Cd substituted CP-series ferrite composites. The lattice constant ‘c’ (22.99 to 23.03 Å) 

exhibits more variation than lattice parameter ’a’ (5.869 to 5.877 Å) with substitution and 

calculated using Eq. 3.1. A successful substitution of Co-Cd ions can be explained by the 

slight shift and change in the intensity of peaks. This could be due to the large ionic radii of 

substituted Cd2+ ion (0.97Å) and Co2+ ion (0.72Å) than host Fe3+ ion (0.645 Å). The value of 

unit cell volume (V) decreases from 687.8 Å³ (CP1) – to 684.7 Å³ (CP3) and then increases 

to 689 Å³ (CP5). The crystallite size of M-type hexaferrite was calculated using Eq. 3.3 

Sample composition 

20% PANI/Sr𝑪𝒐𝟏.𝟓𝒛𝑪𝒅𝟎.𝟓𝒛𝑭𝒆𝟏𝟐−𝟐𝒛𝑶𝟏𝟗 

Sample Name 

z = 0.2 CP1 

z = 0.4 CP2 

z = 0.6 CP3 

z = 0.8 CP4 

z = 1.0 CP5 
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ranges from 33.45 to 46.26 nm. Fig. 4.152 illustrates the FTIR of CP-series composites 

exhibit two strong absorption bands at 425 cm-1 and 542 cm-1, typical Fe-O band of M-type 

hexaferrite. The absorption peak observed at 587.4 cm-1 is associated with the Sr-O stretching 

vibrations. The additional peaks observed at 1072 cm-1, 1548 cm-1, and 2356 cm-1 are 

attributed to weak stretching vibration in the aromatic amine (C=N), quinoid ring (C=N) (due 

to PANI), and Co2, respectively.  

Table 4.46 Structural parameters of CP series composites. 

Sample name a=b (Å) c (Å) 𝑽𝒄𝒆𝒍𝒍 (Å³) c/a D (nm) 

CP1 5.877 22.99 687.8 3.91 40.16 

CP2 5.877 22.97 687.2 3.90 46.26 

CP3 5.869 22.94 684.7 3.90 36.72 

CP4 5.877 23.03 689.0 3.91 40.93 

CP5 5.877 23.03 689.0 3.91 33.45 

 

 

Fig. 4.154. X-ray diffraction pattern of CP series composites. 
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Fig. 4.155.  FTIR spectra of CP series composites. 

4.8.1.2 FESEM analysis 

FESEM micrographs of the CP-series are displayed in Fig. 4.153 Composites exhibit 

platelet-like hexagonal structures of M-type hexaferrite and disk flower-like structures of 

PANI. The entanglement between M-type hexaferrite and PANI is visualized in CP2 and CP4 

composites. Substitution of Co-Cd ions cause agglomeration of grains due to interaction 

between magnetic elements. 
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Fig. 4.156. FESEM micrographs of CP series composites. 

4.8.2 Electrical Analysis 

4.8.2.1 Dielectric constant and Loss tangent 

It has been noted that all samples of the CP series exhibit the electrical characteristics, 

except CP5. Fig. 4.154 and 4.155 illustrate the dependence of 𝜀′ and 𝜀′′ on frequency. Both 

𝜀′ and 𝜀′′ curves show dispersion with increasing frequency and become frequency-

independent above 103 Hz. It is a general dielectric behavior shown by all hexaferrites and 

explained through the Maxwell-Wagner model.  At low frequencies, both 𝜀′ and 𝜀′′ values 

increase non-linearly from CP1 to CP4 and are attributed to the availability of multiple Fe2+ 

ions (responsible for polarization) on octahedral sites. It can also be explained through the 

site occupancy of Co-Cd ions because both substituents tend to occupy tetrahedral sites. The 

frequency dependent response of tan𝛿 is demonstrated in Fig. 4.156 and can be well 

understood through Koop’s phenomenological theory. According to this theory, the resistivity 

of material is due to grain boundaries and grains at low and high frequencies, respectively. 

Despite the same concentration of PANI, the substitution of Co-Cd ions introduces 

heterogeneity in the composites and results in more interfacial polarization. A strong broad 
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relaxation in CP2 and a weak relaxation in CP1 indicate that the hopping frequency of 

charges between  𝐹𝑒3+ 𝑎𝑛𝑑 𝐹𝑒2+ ions match with applied frequency at octahedral sites. 

 

Fig. 4.157 𝛆′variation with frequency of CP1, CP2, CP3 and CP4 composites. 

 

 

Fig. 4.158. 𝛆′′ variation with frequency of CP1, CP2, CP3 and CP4 composites. 
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Fig. 4.159. Loss tangent variation with frequency of CP1, CP2, CP3 and CP4 composites. 

4.8.2.2 AC conductivity  

Fig. 4.157 reveals the frequency-independent behavior of 𝜎 at lower-frequency 

regions and it sharply increases with increasing frequency. The insertion of Co-Cd ions 

increases the conductivity value and is ascribed to the enrichment of Fe ions at the B- sites. 

The maximum value of 𝜎 in the CP4 sample is due to the good inter-grain connectivity 

between large and small-sized grains, over other substituted composites. 

 

Fig. 4.160. 𝝈 variation with frequency of CP1, CP2, CP3 and CP4 composites. 

4.8.2.3 Complex Electric Modulus 

Fig. 4.158(a) depicts the variation of 𝑀′ with frequency for all composites. The plots 

show a low value of 𝑀′ at low frequency and it increases continuously with increasing 

frequency and reaches a maximum value of 𝑀′.  The variation shows that conduction is 

ascribed to the mobility of charge carriers of short-range. The substitution of Co-Cd ions 
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causes a decrease in 𝑀′ values from CP1 to CP4 (high-frequency region). The 𝑀′′ value is 

related to the dissipation of energy during an irreversible conduction process and Fig. 

4.158(b) illustrates the variation of 𝑀′′ with frequency. The Cole-Cole plot (𝑀′′ vs 𝑀′) of CP 

series composites are shown in Fig. 4.159. Instead of obtaining a perfect semicircle, a 

deformed semicircle or a segment of an arc is observed. This enunciates that the relaxation is 

distributed over different time constants and is not of the Debye type. The existence of a 

single semicircle in the CP2 and CP3 composite confirms that the relaxation is prominently 

due to grain boundaries. However, CP1 and CP4 composites show a segment of an arc, 

suggesting more contribution of grains than grain boundaries. 

         

Fig. 4.161. (a) 𝐌′ (b) 𝐌′′variation with frequency of CP1, CP2, CP3 and CP4 composites. 

 

Fig. 4.162. Cole-Cole plot (𝑴′′ vs 𝑴′) variation with frequency of CP1, CP2, CP3 and CP4 

composites. 

4.8.2.4 Complex Impedance Analysis 

Fig. 4.160 and 4.161 shows the decreasing trend in  𝑍′ and 𝑍′′ with increasing 

frequency of an applied field, respectively. With increasing frequency, the declining behavior 
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of both parameters suggests an increase in electron hopping between localized ions, which 

leads to a rise in ac conductivity. At higher frequencies, the observed decrease in 𝑍′ could be 

explained using the Maxwell-Wagner model. The study of 𝑍′′ led to a better understanding of 

the relaxation process and the space charge effect. The space charge effect dominates the 

impedance response at low frequencies, resulting in a greater value of 𝑍′′. However, at higher 

frequencies, the charge carriers may be unable to respond quickly to the applied field, 

resulting fall in 𝑍′′. Fig. 4.162 presents the Cole-Cole plots of all CP series composites at 

room temperature. Sample CP1, CP2, and CP4 approaches to the shape of semicircle suggest 

the relative contribution of grains. Whereas, CP2 shows a straight-line approach toward the 

lower-frequency region indicating grain boundary resistance 

 

Fig. 4.163. Z' variation with frequency of CP1, CP2, CP3, and CP4 composites. 

 

 

Fig. 4.164. Z'' variation with frequency of CP1, CP2, CP3, and CP4 composites. 
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Fig. 4.165. (Z'' vs Z') variation with frequency of CP1, CP2, CP3 and CP4 composites. 

 

4.8.3 Magnetic Analysis 

Fig. 4.163 presents the magnetic response of CP series composites by applying a field 

of 15kOe at room temperature and the derived parameters are listed in Table 4.47. The 

insertion of PANI (non-magnetic polymer) in all ferrite-polymer composites may dilute the 

magnetic parameters. The highest value of Hc (2620 Oe) is observed for the CP1 sample and 

gradually decreases with increasing the substitution. The gradual decrement observed in the 

coercivity values is caused by a gradual decrease in Ha (Hc is directly related to Ha). It can 

also be due to the existence of secondary phase (CoFe2O4), which reduces the coercivity. 

The occupancy of weak magnetic ions on spin-up sites (12k, 2a, and 2b) and spin-down sites 

(4f1 and 4f2) results in a decrease and increase of saturation magnetization, respectively. The 

insertion of weak magnetic (Co2+ = 3𝝁𝑩) and diamagnetic (Cd2+ = 0𝝁𝑩) ions instead of host 

Fe3+ (5 𝝁𝑩) ions and site occupancy of Co2+ (tend to occupy both octahedral and tetrahedral 

sites) - Cd2+ (occupy tetrahedral sites) ions results in a non-monotonous increase of Ms in the 

composites. The minimum Ms in CP1 is likely a result of an increased number of substituted 

ions residing on spin-up sites. Conversely, in CP5, the higher Ms is attributed to a greater 

occupancy of Co-Cd ions on the 4f1-4f2 sites. The remanent magnetization (Mr) displays a 

nonlinear increase within the composite material, ranging from 5.97 – 25.47 emu/g. The 

squareness ratio of CP1 (0.52) and CP2 (0.50) is close to 0.5, while the remaining 

composition exhibits less than 0.5 (multi-domain particles). 
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Table 4.47  Hysteresis parameters derived from M-H loop. 

 

 

Fig. 4.166. M-H loop of CP series composites. 

4.8.4 Electromagnetic Analysis 

The dependence of 𝜀𝑟/𝜇𝑟 as a function of frequency is shown in Fig. 4.164 (a) and 

4.164(b) Introducing Co-Cd ions causes (i) a non-linear decrease in 𝜇′ and 𝜀′ (ii) non-

monotonic increment in 𝜇′′ and 𝜀′′ values. The non-linear fashion of complex 

permittivity/permeability values is governed by several factors such as unlike atomic mass, 

ionic radii, and magnetic moments of Co-Cd ions than Fe ions, electron spin, porosity, and 

polarization in the microwave regime. The dielectric response of CP-series composites to an 

external electric field is dominantly influenced by dipolar polarization. The crystal structure 

SrM hexaferrite is highly complex, consisting of various positive and negative valence ions 

connected by bonds of differing orientations and lengths. This variation can result in 

dielectric dipole moments can collectively induce dipolar polarization in the SrM 

hexaferrites. Additionally, PANI also contribute to the overall dipolar polarization. 

Sample 

name 

𝑴𝒔(emu/g) 𝑯𝒄(Oe) 𝑴𝒓(emu/g) 𝑴𝒓/𝑴𝒔 𝑯𝒂(kOe) 

CP1 11.44 2620 5.97 0.521 13.50 

CP2 50.87 1830 25.47 0.500 12.83 

CP3 45.41 1608 21.22 0.467 12.49 

CP4 45.63 1127 18.76 0.411 11.46 

CP5 54.56 745 18.80 0.344 10.71 
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According to Debye dipolar mechanism, the conversion of electrical energy into the thermal 

energy occurs when the induced dipoles in the SrM and PANI lag behind the applied 

oscillating electric field. Such heterogeneity forms defects/vacancies and results in an 

increase in polarization.  

At low frequencies, the value of 𝜀′ initially increases from CP1 to CP2, then decreases 

non-linearly. This decrease is due to the presence of secondary phase at higher levels of Co-

Cd ions substitution, which reduces the availability of Fe2+ ions responsible for polarization, 

resulting in a non-linear reduction in 𝜀′ value. At higher frequencies, dipole polarizations lag 

behind the applied frequency, causing the incident microwave energy to be converted into 

heat through relaxation mechanism. Conversely, 𝜀′′ values increase non-linearly, due to the 

non-linear increment in dipolar relaxation with increasing Co-Cd substitution. Despite the 

high dielectric and magnetic losses, the samples did not exhibit an effective reflection loss 

value. This phenomenon can be understood through impedance mismatching, where Zin / Zo 

≅ 1. 

          

Fig. 4.167. (a) Complex permittivity and (b) permeability plots of CP-series samples in 12-18 

GHz. 
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Correlation between substituted M-type hexaferrite and its composites. 

A) Hard/Soft ferrite composites  

The present study affirms the successful synthesis of (a) Co-La substituted SrM hexaferrite 

(D-series) and its composites with Fe3O4 (DM-series), (b) Co-Cr substituted SrM hexaferrite 

(B-series) and its composites with CoFe2O4 (BS-series). In the DM and BS series hard/soft 

ferrite composites are garnering significant technical interest. This interest arises not only 

from the combination of high magnetization spinel ferrite and the high coercivity of 

hexaferrite magnetic material but also from the exceptional exchange-coupling behavior 

between hard and soft magnetic phases. 

 

a) Fig. 4.1 demonstrates the XRD pattern of Co-La substituted SrM hexaferrite (D-

series), with M-type hexaferrite as the major phase. The XRD pattern in Fig. 4.91 

shows distinct diffraction peaks for both SrM hexaferrite and Fe3O4 in the DM -series, 

indicating the successful synthesis of hard/soft ferrite composites. Similarly, the XRD 

pattern in Fig. 4.28 confirms the substitution of Co-Cr ions in SrM hexaferrite (B-

series). The XRD analysis affirms the presence of both SrM hexaferrite and CoFe2O4 

in the vicinity of each other without any secondary phase as shown in Fig. 4.133. 

b) Fig. 4.4 (D-series) shows that the substitution of Co2+ -La3+ ions improves the inter-

grain connectivity of particles. As the proportion of substituents increases in the 

composition of the synthesized samples, there is no significant change in morphology 

is observed. Fig. 4.94 exhibits hexagonal platelet-shaped particles along with 

randomly oriented and small cubical-shaped grains for all samples in the DM series. 

The particles tend to agglomerate due to magnetic dipole interactions between the 

magnetic hard and soft nanoparticles.  The magnetic dipoles of the hard and soft 

particles are parallel to each other, and their mutual attraction results in the 

agglomeration of the particles. Besides the magnetic dipole interaction, the 

aggregation of particles also occurs due to the high magnetic static interaction. A 

magnified view of FESEM images affirms the formation of stacking layers of grains 

in DM composites. Due to the finite separation between the layers, they do not 

significantly contribute to the polarization and conductivity phenomena of the 

synthesized samples. Similarly, in the BS -series (Fig. 4.135), all the micrographs 

reveal the co-existence of hexagonal platelet-like particles of M-type hexaferrite and 

small spherical-shaped particles of spinel ferrite. A high degree of agglomeration is 
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observed between M-type and spinel ferrite particles. The insertion of Co-Cr ions 

improves the inter-grain connectivity between large and small-sized grains. Whereas, 

in B-series most of the grains of substituted samples are distributed non-uniformly 

over the surface and are of different shapes and sizes (Fig. 4.30). 

c) Among the various fabricated hard/soft ferrite composites, few samples exhibit 

decreased saturation magnetization and coercivity than substituted SrM hexaferrite. 

The increment in Hc value is attributed to the dominance of the exchange coupling 

effect over dipolar interaction in their structure. The M-H curves of the DM1 and BS3 

samples are smooth and convex-shaped, whereas other samples display stepped loops, 

indicating the uncoupled behavior of hard and soft phases. This is due to incomplete 

exchange coupling between soft and hard ferrite phases. Furthermore, in the dM/dH 

versus H plots, a single peak with a shoulder peak indicates weak exchange coupling 

behavior in the samples. This demonstrates that the dipolar interaction between 

hard/hard and soft/soft phases significantly competes with the hard/soft exchange-

coupling interaction, resulting in reduced magnetic properties. 

d) The decrease in permittivity/permeability values of hard/soft composites can be 

attributed to less effective polarization due to mismatched lattice structures and 

inadequate dipole alignment. Additionally, the presence of both hard and soft phases 

in composites often results in incomplete or weak exchange coupling. The interactions 

between hard and soft ferrite particles may lack robustness, causing a reduction in 

overall magnetic permeability. Dipolar interactions within each phase may dominate 

over the exchange interactions between phases, further diminishing the effective 

permeability. Despite these reductions, the composite still achieves more than 90 % 

absorption, an 860 MHz absorption bandwidth for REL > -10 dB, and improved 

impedance matching. These results are highly desirable for practical applications.  

B) Ferrite/polymer composites 

In the present study, we successfully synthesized (a) Co-Zn substituted SrM 

hexaferrite (F-series) and its composites with polyaniline (FP-series). Co-Cd 

substituted SrM hexaferrite (C-series) and its composites with polyaniline (CP-series). 

The combination of M-type hexaferrite with PANI enhanced the overall dielectric 

constant/loss of the composite. The high dielectric constant of PANI enhances the 

polarization mechanisms within the composite, leading to improved permittivity. 

a) Fig. 4.49 demonstrates the XRD pattern of Co-Zn substituted SrM hexaferrite (F-

series), whereas FP-series (Fig. 4.117) shows a broad peak (hump) due to PANI in 
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the range of 15⁰-25⁰. This indicates the successful synthesis of ferrite/polymer 

composites. Similarly, the XRD pattern in Fig. 4.68 confirms the substitution of 

Co-Cd ions in SrM hexaferrite (C-series). In the CP series, the presence of both 

SrM hexaferrite and PANI is shown in Fig. 4.151. 

b) Fig. 4.52 (F-series) shows that the substitution of Co-Zn ions results in grain 

clusters containing hexagonal, platelet-shaped particles with distinct geometric 

shapes. In contrast, the morphology of the FP-series (Fig. 4.120) depicts a disk 

flower/small tubular-like structure of PANI, forming a network between 

individual grains. The disk floret of PANI is embedded in the platelet hexaferrite, 

confirming the encapsulation of PANI (amino group) with SrFe12O19 (oxygen). 

Similarly, in Co-Cd substituted hexaferrite (C-series), numerous small grains 

interact over long distances, involving several voids. The substitution leads to 

agglomeration, forming large-sized grains with uneven size distribution (Fig. 

4.71). In the CP series, the entanglement between M-type hexaferrite and PANI is 

visualized (Fig. 4.153). 

c) The saturation magnetization and coercivity of all ferrite/polymer composites (FP 

and CP-series) are lower than those of substituted SrM hexaferrites (F and C-

series). The diamagnetic nature of PANI can counteract the magnetic fields within 

the composite, leading to a net decrease in the measured magnetic parameters. 

Furthermore, poor dispersion can lead to agglomeration of hexaferrite particles, 

creating non-uniform magnetic domains and reducing the overall magnetic 

response. Additionally, changes in the size and shape of the hexaferrite particles 

during the composite formation process can also affect the magnetic parameters. 

Coating ferrite particles with PANI reduces magnetic anisotropy. In FP and CP 

series composites, the charge transfer between ferrite and PANI affects the 

electronic spin mechanisms, leading to decreased domain wall movement in the 

magnetic particles. Consequently, the coercivity of the composites is lowered. 

d) The complex permittivity value of ferrite/polymer composites (FP and CP-series) 

is higher than that of substituted SrM hexaferrites (F and C-series), largely due to 

the high dielectric constant of PANI. However, in ferrite-polymer composites, a 

decrease in coercivity and an increase in dielectric and magnetic loss are observed 

which are desirable characteristics for effective absorption. Nonetheless, these 

composites exhibit poor impedance-matching properties. Further investigation is 

required to understand the anomalous behavior of these materials. 
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 Table 4.47 illustrates the comparison between the absorption characteristics of all 

synthesized samples. We must choose an optimum concentration of dopants and the weight 

ratio of spinel/PANI in pure strontium hexaferrite to obtain adequate absorption 

characteristics. All the substituted SrM hexaferrite and its composites exhibit greater than 90 

% absorption. In-between substituted hexaferrite samples, the C2 sample of C-series exhibits 

a maximum reflection loss of -54.04 dB for a small thickness of 1.8 mm at 8.62 GHz 

frequency with a wide-absorption bandwidth of 3.41 GHz and better impedance matching 

results i.e., (Zreal (0.997) and Zimg (0.010), very close to 1 and/or zero, respectively. However, 

the BS5 composite shows a REL dip of -29.92 dB for 8.5 mm thickness at 9.157 GHz 

frequency with an EAB of 820 MHz. 

Table 4.48 Comparison of absorption characteristics of all synthesized samples. 

 

 

 

Sample 

name 

REL (dB)    dm Matching 

frequency 

(GHz) 

Band 

Width 

(REL> -10 

dB) 

(GHz) 

Zreal/Zimg 

D3 -45.61 8.1 8.98 0.87 0.997/0.010 

B5 -36.70 8.4 9.23 0.91 1.022/0.019 

F2 -47.26 3.3 18 2.99 0.993/-0.005 

C2 -54.04 1.8 8.62 3.41 1.003/2E-05 

DM1 -32.96 8.9 8.32 -- 1.030/-0.034 

BS5 -29.92 8.5 9.15 0.82 1.091/-0.054 
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CHAPTER 5 

SUMMARY AND CONCLUSION 

D-series hexaferrite samples are structurally characterized using XRD and FTIR, and their 

morphology was assessed using SEM. The EDX checks the existence of every element in an 

experiment. Substitution does not alter the magneto plumbite structure, as displayed in XRD 

analysis. The insertion of Co-La ions improves the inter-grain connectivity of hexagonal 

grains and significantly affects the electrical characteristics of all prepared samples. In the 

low-frequency region, the value of 𝜀′ and tan𝛿 decreases with substitution. The VSM analysis 

reveals the maximum value of Ms (103.29 emu/g) and Hc (5026.24 Oe) in the D1 sample. The 

tendency of Co-La ions to occupy particular lattice sites of crystal structure causes a non-

linear decrement in Mr from 103.29 emu/g to 67.96 emu/g and a gradual decrease in Hc from 

5026.24 Oe to 862.47 Oe. The REL values below -10 dB were achieved in all samples of the 

D-series by carefully choosing a thickness between 1.5 to 9.9 mm within the frequency range 

of 8.2 to 12 GHz. Sample D1, due to its low level of Co-La substitution, demonstrated both 

the highest BTR (2.5E-03) and the greatest PBW (15.9 %) among all synthesized samples. 

Sample D1 exhibits a wide bandwidth of -10 dB with a width of 1.79 GHz at 1.7 mm 

thickness. All samples of the D-series, except D6, primarily followed the quarter-wavelength 

mechanism for various thicknesses. Sample D3 displayed the optimal values for Zreal (0.997) 

and Zimg (0.010), resulting in the highest REL (-45. 61 dB). It’s worth noting that the 

absorber’s properties can be adjusted by fine-tuning the electromagnetic parameters and the 

composite thickness. 

 

In this section, we have fabricated the single-phase B-series hexaferrite with different levels 

of substitution via sol-gel combustion methodology. XRD pattern confirms the establishment 

of the magnetoplumbite phase without the presence of any secondary phases. FTIR also 

signifies the substitution of cations in hexaferrite. The dielectric results exhibit an increase in 

dielectric constants from 79.61 to 84.77 and loss tangent from 5.85 to 9.78 with substitution 

at 1MHz frequency. The electric modulus spectroscopy shows maximum conductivity 

relaxation in the B3 sample that endorses the involvement of grain/grain boundaries in the 

mechanism of conduction. The substitution of Co²⁺- Cr³⁺ ions causes a non-linear decrease in 

coercivity, remnant magnetization, and anisotropy field. Moreover, a large reduction in 
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coercivity is observed from 3767 Oe to 727 Oe which depicts the transition of ferrite from 

hard to soft, indicating it is suitable for various magnetic applications. The maximum REL of 

Co-Cr substituted SrM hexaferrite of B5 sample with 8.4 mm was -36.7 dB at 9.23 GHz with 

an effective absorption bandwidth (EAB) of 0.79 GHz. Moreover, altering the Co-Cr ions 

content and thickness improves the absorption performance of SrM hexaferrite. 

 

Sol-gel synthesized F-series hexaferrite calcined at 1100 °C/5h led to the formation of a 

secondary phase (CoFe2O4) along with a magnetoplumbite structure. A structural phase 

transition occurs from F4 to F5 and results in rapid decrement of lattice parameters. As the 

Co-Zn content increased, the crystal size increased to 48 nm for the F5 sample. FTIR spectra 

revealed the existence of two absorption bands at 435.15 and 597.98 cm-1, which were 

predicted to be due to Fe-O vibrations. Hexagonal platelet-shaped particle thicknesses are in 

nano-scale and micro-scale in diameter and can be visualized in SEM micrographs. The F3 

sample shows the minimum value of AC conductivity 3.95×10-5 Ω-1m-1, which can be 

explained by the availability of Fe3+ ions at octahedral positions. Co-Zn substitution led to a 

gradual increment in MS and Mr from 75.26 emu/g to 80.72 emu/g and 26.95 to 59.12 emu/g, 

respectively, while non-monotonically in Hc from 2035 Oe to 4159 Oe. The squareness ratio 

of F4 (0.631) and F5 (0.732) affirms the presence of single-domain particles. Substitution 

results in a maximum REL of -47.26 dB with 3.3 mm at 18 GHz for the F2 sample and REL 

ranges from -10 to -40.53 dB for remaining samples over 12 to 18 GHz. Furthermore, both 

F2 and F4 samples (REL > -10 dB) show maximum PBW values of 21.11 and 21.26 and 

BTR values of 2.06 and 2.13 with an effective absorption bandwidth of 2.99 GHz and 3.3 

GHz, respectively. 

 

C-series hexaferrites successfully synthesized via sol-gel combustion methodology. A 

magnetoplumbite crystal structure with a secondary phase of CoFe2O4 was seen in the XRD 

pattern of prepared samples. The calculated crystallite size of incorporated samples decreases 

non-linearly from 46.46 to 40.75 nm with Co-Cd substitution. FTIR spectra corroborated the 

absorption band at 400- 600 cm-1 supporting the formation of a magnetoplumbite structure. 

Substitution improves the inter-particle contact between the grains through the agglomeration 

of grains. Mössbauer’s analysis explained the occupancy of iron cations at spin-down sites 

from C1 to C3. Hysteresis results exhibited a Ms and Hc in the range of 67.51 emu/g ≤ Ms ≤ 

82.13 emu/g and 2255 Oe ≤ Hc ≤ 4551 Oe, respectively. According to VNA results, the 
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maximum REL of each sample is in the range of – 23.4 dB to -54 dB. Sample C2 reveals an 

optimal REL dip of -39.29 dB at a minimal thickness of 1.7 mm at 8.89 GHz frequency with 

a wide absorption bandwidth of 3.41 GHz (8.30-11.71 GHz), maximum BTR and PBW 

values of 1.84 and 38.35, respectively. 

 

Co-La substituted hard/soft ferrite composites of DM-series with different levels of 

substitution were effectively prepared using the physical blending method. XRD analysis 

revealed the formation of a single-phase magnetoplumbite structure with peaks of spinel 

ferrite. This result affirms that this is the appropriate method of preparing composites. The 

crystallite size of M-type hexaferrite ranges from 38.70-50.54 nm, while the crystallite size of 

spinel ferrite is in the range of 25.80-46.94 nm. Substitution increases inter-grain connectivity 

and porosity in the synthesized composites. For all synthesized composites, a single peak is 

observed in tan𝛿 plots and is attributed to electron hopping, which dissipates maximum 

energy. The value of Ms and Mr of ferrite composites initially increased from DM1 to DM2, 

and further addition of Co-La ions caused a gradual decrease in parameters. The behavior of 

Hc is in harmony with Ha despite the substitution of Co-La ions. The single narrow peak in 

the dM/dH vs. H plot is attributed to the strong exchange coupling for DM1. When z = 0.0 

(SrFe12O19/Fe3O4), a maximum REL of -32.96 dB (8.9 mm) at 8.326 GHz and an absorption 

bandwidth of 0.60 GHz for REL > -10 dB are attained. As a result, this study provides a 

suitable candidate for solving EM wave pollution problems. 

 

Cobalt and Zinc substituted SrM hexaferrite and their composite with PANI (in 1:5 by wt%) 

are successfully synthesized. Powder XRD pattern indicates the formation of 

magnetoplumbite structure with PANI. This result affirms that this is the appropriate method 

of preparing composites. The crystallite size ranges from 29.07 to 67.5 nm. FESEM study of 

synthesized composites reveals that disk flower-like PANI particle is well encapsulated on 

platelet-shaped hexaferrite. Dielectric results show a single peak in tan𝛿 plots and are 

attributed to maximum energy dissipation, agreed with FESEM results. The electric modulus 

spectroscopy shows maximum conductivity relaxation in the x = 0.8 sample that endorses the 

involvement of grain/grain boundaries in the mechanism of conduction. The value of Ms, Hc, 

and Mr of ferrite composites initially increased and reached maximum limits of 53.39 emu/g, 

2293.5 Oe, and 15.3 kOe, respectively for FP2 sample, further addition of Co-Zn ions caused 

a gradual decrease in parameters. The insertion of Co-Zn ions into ferrite composites can 
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non-linearly increase the dielectric and magnetic losses, but it does not effectively contribute 

to reflection loss. The impedance mismatch between the Zin and Zo values of the synthesized 

composites results in reflection loss not exceeding -7 dB. 

 

Composites of BS-series ferrites were produced by the physical blending method by a weight 

ratio of 1:5. We found that XRD shows peaks of both spinel and M-type hexagonal ferrite. 

The crystallite size of both M-type hexaferrite and spinel ferrite non-linearly decreases from 

BS1 to BS6 and it ranges from 51.7 to 44.4 Å and 57.5 to 44.2 Å, respectively. The platelet-

shaped hexagonal ferrites were encapsulated with spherical-shaped spinel ferrites. As the 

level of substitution increases, both conductivity and dielectric relaxation endorses the 

involvement of grains. The value of Ms (103 emu/g) and Hc (4932 Oe) is the maximum for 

the BS1 sample and it falls with Co-Cr substitution. Several factors are responsible for the 

maximum absorption of -29.9 dB (8.5 mm) at 9.15 GHz and the effective bandwidth of 820 

MHz for REL > -10 dB. Notably, the absorption performance of composites is considerably 

higher than previously published reports. The synthesizing materials showed promising 

properties for various high-frequency applications. 

 

Composite materials comprising Sr𝐶𝑜𝑧𝐶𝑑0.5𝑧𝐹𝑒12−2𝑧𝑂19 and PANI were effectively 

synthesized using physical blending technique. XRD analysis confirmed the existence of both 

the M-type phase and the PANI broad peak within the composites. FESEM shows an 

entanglement between platelet-shaped particles (M-type hexaferrite) and disk flower-shaped 

particles (PANI).  Substitution of Co-Cd ions reinforces dielectric constant and loss and shifts 

the relaxation contribution from grain boundary to grains. VSM results gradual decrease in 

coercivity from 2620 Oe (CP1) to 745 Oe (CP5), a non-monotonic increase in Ms 11 emu/g 

(CP1) to 54.5 emu/g (CP5), and linear fall in Ha 13.50 kOe (CP1) to 10.71 kOe (CP5). The 

insertion of Co-Cd ions in ferrite/PANI composites results non-linear increase in the 

dielectric and magnetic losses. The impedance mismatch between the Z in and Zo values of the 

synthesized composites results in reflection loss not exceeding -5 dB. 
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6 Future Scope 

• Innovations in manufacturing techniques, such as advanced processing methods can 

impact the cost-effectiveness and scalability of M-type hexaferrite for practical 

applications.  

• The suitable design of a multi-functional EM absorber based on M-type hexaferrite 

with other desirable properties, such as mechanical strength, lightweight structures, or 

thermal stability. 

• Studies may focus on tailoring dielectric/magnetic characteristics of M-type 

hexaferrite composites through substitution, varying synthesis methods, or controlling 

grain size and morphology to achieve optimal microwave absorption performance in 

high-frequency regions X (8-12 GHz), Ku (12-18 GHz), K (18-26 GHz), or Ka (26-40 

GHz) band. 
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