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ABSTRACT 

With the massive development of technologies like wireless information transfer, 

worldwide navigation, and radar (radio detection and ranging) communication, high-frequency 

electromagnetic radiation is having a detrimental effect on the environment. Therefore, a 

thorough search is being conducted for microwave absorption materials (MAMs) that are both 

extremely effective and inexpensive to produce. The efficacy of the solution depends not only 

on its quality, but also on its price, sustainability, and device portability. A recent study indicates 

that around 23 percent of engineering research focuses on ferrites, which improves the 

manufacture of microwave devices and reduces their cost. Ferrites are iron-based ferrimagnetic 

oxides that possess both magnetic and insulating characteristics. They let electromagnetic (EM) 

waves to pass through the material and, because to their high dielectric constant, increase 

dielectric loss, hence expanding the range of applications for high-frequency devices. In this 

dissertation, the characteristics of nanostructures based on transition metal oxides are examined 

in depth. With previous knowledge of the excellent microwave absorption qualities of 

manganese ferrite (MnFe2O4, MnFO) nanohollowspheres, this material is selected to 

synthesize bilayer by depositing highly effective materials to improve electromagnetic wave 

absorption capabilities. Initially, a comparative investigation is conducted to determine the 

impact of covering MnFO nanohollowspheres (NHSs) with a magnetic (CoFe2O4, CFO) and 

a nonmagnetic but highly dielectric (SiO2) material on the electromagnetic characteristics. In 

order to attain ideal thicknesses at which electromagnetic wave absorption is greatest, the 

thicknesses of the coated materials are further changed. Detailed investigations suggest that the 

MnFO@CFO-35 sample with a 35 nm coating thickness of CFO (out of 15 nm, 35 nm, and 50 

nm) exhibits a reflection loss (𝑅𝑅𝑅𝑅) of -66.48 dB (shielding > 99.999 percent) at 6.01 GHz with 

only 20 wt.% filler concentration in an epoxy matrix and a composite length of 4.46 mm. The 

MnFO@CFO-35 NHS has an effective total bandwidth of about 1.88 GHz (𝑅𝑅𝑅𝑅 < −10 dB). A 

sample with a coating thickness of 35 nm of SiO2, MnFO/SiO-35 exhibits 𝑅𝑅𝑅𝑅 values as high 

as -61.02 dB at 11.7 GHz with only a 20 wt.% filler concentration in an epoxy matrix and a 

composite length of 4.40 mm. Total effective bandwidth (𝑅𝑅𝑅𝑅 < −10 dB) for MnFO/SiO-35 

NHS becomes 3.10 GHz. It is inferred that the existence of magnetic characteristics in CFO 

coating as opposed to non-magnetic SiO2 is the fundamental explanation for the greater 

reflection loss seen in CFO-coated MnFO NHSs. In addition, it is proven that an optimum layer 

of CFO on MnFO NHS has enhanced EM wave absorption capabilities significantly. Similarly, 

a research is conducted on ferroelectric sodium bismuth titanate, Srx(Na0.5Bi0.5)1–xTiO3, with 
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different doping concentrations of strontium, SNBT(x*100) (0.25 ≤ x ≤ 0.75), to achieve a high 

dielectric constant at ambient temperature, which is required for strong microwave absorption. 

Due to the diamagnetic nature of SNBT materials, a layer of CFO is deposited to increase the 

microwave absorption through implementation of magnetic parameters. It is observed that the 

magnitudes of 𝜀𝜀𝑚𝑚
′ , the maximum value of dielectric constant and 𝑇𝑇𝑚𝑚, the temperature 

corresponding to 𝜀𝜀𝑚𝑚
′  are decreased with an increase of Sr2+ ion in the materials. Investigation 

of microwave absorption characteristics of the SNBT materials with increasing Sr2+ doping 

concentration demonstrates that SNBT50 (x = 0.5) is a more promising material for microwave 

applications than the other two SNBT materials with high ferroelectricity at room temperature 

and a decent permittivity value. The CFO coating applied to SNBT50, SNBT50@CFO, 

increases the composites' permittivity and adds permeability and magnetic loss. CFO being a 

good MAM due to its optimal permittivity and permeability properties, due to interfacial 

polarization, the synergistic effect between the core and shell, and the introduction of magnetic 

loss in the sample, the electromagnetic absorption properties of SNBT50@CFO composite 

with a length as short as 2.7 mm exhibit a reflection loss of -20.19 dB with an increased 

effective absorption bandwidth of 4.56 GHz. In addition, it exhibits a constant attenuation that 

rises constantly over the observed frequency range. Due to its increased EM wave absorption 

capabilities and significant ferroelectricity at room temperature, SNBT50@CFO is a 

particularly attractive alternative for high-frequency multi-disciplinary applications. In the 

final study, metallic Ni nanoparticles, a soft magnetic material, are coated with CFO, a hard 

magnetic material to accomplish efficient exchange coupling by effectively synthesizing the 

core-shell nanostructure. The single-phase nature of the hysteresis loop revealed by the 

Ni@CFO core-shell structure, together with higher saturation and residual magnetization, and 

a coercivity with a value between that of Ni and CFO, provides evidence for exchange coupling 

between the magnetic spins of Ni and CFO. The thickness-dependent electromagnetic wave 

absorption characteristics of Ni@CFO exchange-coupled core-shell nanostructures and its 

shell material as a CFO nanoparticle are studied comprehensively. As a consequence of the 

urchin-like structure of metallic Ni nanoparticles, the real part of dielectric permittivity is 

enhanced and eddy current loss mostly contributes to the magnetic loss. Ni@CFO core-shell is 

discovered to have a minimal reflection loss (𝑅𝑅𝑅𝑅) of -84.01 dB at 9.57 GHz and the overall 

effective bandwidth measured for 𝑅𝑅𝑅𝑅 < −10 dB is 6.25 GHz. The outstanding EM wave 

absorption of Ni@CFO makes it a mass-efficient and economically beneficial EMA material 

for a number of high-frequency applications. 
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সারাংশ 

েবতার তথ্য �ানা�র, িব�ব্যাপী েনিভেগশন এবং রাডার (েরিডও সনা�করণ এবং েরি�ং) েযাগােযােগর মেতা �যুি�র ব্যাপক 

িবকােশর সােথ, উচ্চ কম্পাে�র তিড়ৎেচৗ�কীয় িবিকরণ পিরেবেশর উপর �িতকারক �ভাব েফেল। অতএব, অত্য� কাযর্করী 

উৎপাদন�ম এবং ��মূল্য মাইে�াতর� েশাষক পদােথর্র (MAMs) একিট পু�ানুপ�ু অনুস�ান আবশ্যক। এই সমাধােনর 

কাযর্কািরতা �ধুমা� এর মােনর উপর নয়, এর মূল্য, �ািয়� এবং যে�র �াম্যমাণ েযাগ্যতার ওপরও িনভর্র কের। একিট সাম্�িতক 

সমী�া ইি�ত কের েয �ায় ২৩ শতাংশ �েকৗশল গেবষণা হয় েফরাইট েযৗগ�িলেক েকন্� কের, যা মাইে�াতর� সমি�ত য��িলর 

উৎপাদনেক উ�ত কের এবং তােদর খরচ কমায়। েফরাইট হল েলৗহিভি�ক েফিরেচৗ�কীয় অ�াইড যা েচৗ�কীয় এবং অ�রক 

উভয় ৈবিশে�্যর অিধকারী। এই পদাথর্�িল তিড়ৎেচৗ�কীয় তর�েক িনেজেদর মেধ্য �হণ কের এবং এেদর উচ্চ অ�রক ��বেকর 

কারেণ অ�রক �য় বৃি� হয়, ফেল এিট উচ্চ কম্পা� সমি�ত যে�র ব্যবহািরক পিরসর �সািরত কের। এই গেবষণায়, র�পা�র 

ধাতব অ�াইেডর উপর িভি� কের ন্যােনা গঠেনর ৈবিশ�্য�িল গভীরভােব পরী�া করা হেয়েছ। ম্যা�ািনজ েফরাইেটর (MnFe2O4, 

MnFO) ন্যােনা ফাঁপা েগালেকর উৎকৃ� মাইে�াতর� েশাষেণর �ণাবলীর পবূর্বত� �ােনর ওপর িভি� কের এই পদাথর্িটেক 

তিড়ৎেচৗ�কীয় তর� েশাষণ �মতা আরও উ�ত করার জন্য অত্য� উপযু� পদােথর্র �েলপ িদেয় �ী-�র সংে�িষত করার জন্য 

িনবর্াচন করা হেয়েছ। �াথিমকভােব, MnFO ন্যােনা ফাঁপা েগালেকর (NHS) ওপর তিড়ৎেচৗ�কীয় ৈবিশে�্যর উপর িভি� কের 

একিট েচৗ�কীয় (CoFe2O4, CFO) এবং একিট অেচৗ�কীয় িক�ু অত্য� অ�রক (SiO2) পদাথর্ িদেয় আবরেণর �ভাব 

িনধর্ারেণর জন্য একিট তুলনামূলক তদ� করা হয়। সেবর্াচ্চ তিড়ৎেচৗ�কীয় তর� েশাষণ �মতার জন্য আদশর্ েবধ েপেত �িল� 

পদােথর্র েবধ আরও পিরবতর্ন করা হয়। িবশদ তদে� েদখা েগেছ েয, একিট ৩৫  ন্যােনািমটার (nm) পরু� CFO (১৫ nm, ৩৫ 

nm, এবং ৫০ nm এর মেধ্য) এর আবরণ িদেয় ৈতরী MnFO@CFO-৩৫ নমুনািট ৬.০১ িগগাহাজর্ (GHz) কম্পাে� ইেপাি� 

রজেনর ছােঁচ মা� ২০ ওজন শতাংশ পদােথর্র ঘন�িবিশ� একিট েযৗিগক েশাষেকর ৪.৪৬  িমিলিমটার এর ৈদেঘর্্য -৬৬.৪৮ েডিসেবল 

(dB) এর মেতা �িতফলন �য় (RL) �দশর্ন কের (র�ণ > 99.999 শতাংশ)। MnFO@CFO-৩৫ NHS-এর কাযর্কর েমাট 
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ব্যা�উইথ �ায় ১.৮৮ GHz (RL <-১০ dB)। SiO2 এর ৩৫ nm পরু� আবরণ সহ একিট নমুনা, MnFO@SiO-৩৫ ইেপাি� 

রজেনর ছােঁচ �ধুমা� ২০ ওজন শতাংশ পদােথর্র ঘন�িবিশ� এবং ৪.৪০ িমিলিমটার দীঘর্ েযৗিগক েশাষেক ১১.৭ GHz এ RL এর 

মান -৬১.০২ dB পযর্� �দশর্ন কের। MnFO@SiO-৩৫ NHS-এর জন্য েমাট কাযর্কর ব্যা�উইথ (RL <-১০ dB) হয় ৩.১০ 

GHz। অেচৗ�কীয় SiO2 এর িবর�ে� CFO আবরেণর েচৗ�কীয় ৈবিশে�্যর অি�� CFO �িল� MnFO NHS-এ েদখা বৃহ�র 

�িতফলন �েয়র জন্য েমৗিলক ব্যাখ্যা িহেসেব অনুমান করা যায়। উপর�ু, এিট �মািণত হয় েয MnFO NHS-এ CFO-এর 

একিট যথাযথ �র EM তর� েশাষণ �মতােক উে�খেযাগ্য ভােব বৃি� কেরেছ। একইভােব, শি�শালী মাইে�াতর� েশাষেণর জন্য 

�েয়াজনীয় পিরেবি�ত তাপমা�ায় উচ্চ অ�রক ��বক অজর্েনর জন্য েফেরাৈবদু্যিতক েসািডয়াম িবসমাথ টাইটােনট, 

Srx(Na0.5Bi0.5)1–xTiO3 এ �িন্টয়ােমর িবিভ� েডািপং ঘন� যু� SNBT(x*১০০) (০.২৫ ≤ x ≤ ০.৭৫) িনেয় একিট 

গেবষণা পিরচািলত হয়, যা । েযেহতু SNBT পদােথর্র ডায়ােচৗ�কীয় ৈবিশ� আেছ, তাই এেত েচৗ�কীয় পরািমিত সম্পাদেনর 

মাধ্যেম মাইে�াতর� েশাষণ বাড়ােনার জন্য CFO-এর একিট �েরর �েলপ েদওয়া হয়। এটা েদখা যায় েয, অ�রক ��বেকর সেবর্াচ্চ 

মান 𝜀𝜀𝑚𝑚
′  এবং 𝜀𝜀𝑚𝑚

′  এর সােথ সংি�� তাপমা�া 𝑇𝑇𝑚𝑚পদােথর্ Sr2+ আয়েনর বৃি�র সােথ �াস েপেয়েছ। �মবধর্মান Sr2+ এর েডািপং 

ঘনে�র সােথ SNBT পদাথর্�িলর মাইে�াতর� েশাষেণর ৈবিশে�্যর তদ� �মাণ কের েয মাইে�াতরে�র ব্যবহািরক িবষেয় ঘেরর 

তাপমা�ায় উচ্চ েফেরািবদু্যৎ এবং তিড়ৎেভদ্যতার উপযু� মান সহ অন্য দুিট SNBT পদােথর্র তুলনায় SNBT50 (x = ০.৫) 

একিট েবিশ �িত��িতশীল পদাথর্। SNBT৫০ এর ওপর CFO এর আবরণ িদেয় ��ুত করা SNBT৫০@CFO-এ েযৗিগক 

পদাথর্িটর তিড়ৎেভদ্যতা বাড়ায় এবং েচৗ�ক�েবশ্যতা ও েচৗ�কীয় �িত েযাগ হয়। CFO এর যথাযথ তিড়ৎেভদ্যতা এবং 

েচৗ�ক�েবশ্যতা ৈবিশে�্যর কারেণ একটা ভােলা MAM হওয়ায়, অ�প�ৃীয় সমবতর্ন, অ��ল ও েখালেকর মেধ্য অিত�ীয় �ভাব 

এবং নমুনায় েচৗ�কীয় �েয়র �বতর্েনর কারেণ �ু� ২.৭  িমিলিমটার ৈদেঘর্্যর েযৗিগক পদাথর্ SNBT৫০@CFO বিধর্ত কাযর্করী 

েশাষণ ব্যা�উইডথ ৪.৫৬ GHz সহ -২০.১৯ dB �িতফলন �য় �দশর্ন কের। উপর�ু, এিট পযর্েবি�ত কম্পাে�র পিরসের উপশম 

��বেকর �মাগত বৃি� �দশর্ন কের যা। এর বিধর্ত EM তর� েশাষণ �মতা এবং ঘেরর তাপমা�ায় উে�খেযাগ্য েফেরািবদু্যৎ 
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েযাগ্যতার কারেণ, SNBT৫০@CFO উচ্চ কম্পাে�র িবিভ� অ�িবর্ষিয়ক ব্যবহািরক �েয়ােগর জন্য একিট িবেশষ আকষর্ণীয় 

িবক�। চূড়া� গেবষণায়, কাযর্কর িবিনময় সংেযাজন সম্প� করার জন্য একিট নরম েচৗ�কীয় পদাথর্ ধাতব িনেকল (Ni) ন্যােনাকণা 

েক একিট শ� েচৗ�কীয় পদাথর্ CFO িদেয় �িল� কের কাযর্করভােব অ��ল-েখালক ন্যােনাগঠন সংে�ষ করা হয়। উচ্চতর 

সম্প�ৃ ও অবিশ� েচৗ�কীয়করণ এবং Ni ও CFO এর মাঝামািঝ েচৗ�কীয় বাধ্যকারীতার মান সহ, Ni@CFO অ��ল- 

েখালক কাঠােমা �ারা �কািশত িহে�েরিসস লেুপর একক দশা Ni ও CFO-এর ঘূণর্েকর মেধ্য িবিনময় সংেযাজেনর �মাণ েদয়। 

Ni@CFO িবিনময় সংেযািজত অ��ল- েখালক ন্যােনাগঠন এবং েখালক উপাদান িহেসেব CFO ন্যােনাকণার পরু��-িনভর্র 

তিড়ৎেচৗ�কীয় তর� েশাষেণর ৈবিশ�্য�িলর গভীরভােব পরী�া করা হয়। ধাতব Ni-এর কাঁঠাল সদৃশ কাঠােমার ফল�র�প অ�রক 

তিড়ৎেভদ্যতার বা�িবক অংশিট উ�ত হয় এবং এিড তিড়ৎ�বােহর �য় েবিশরভাগ েচৗ�কীয় �েয় অবদান রােখ। Ni@CFO 

অ��ল-েখালেক ৯.৫৭ GHz এ -৮৪.০১ dB-এর নূ্যনতম �িতফলন �য় খুেঁজ পাওয়া েগেছ এবং RL <-১০ dB-এর জন্য 

সামি�ক কাযর্কর ব্যা�উইথ ৬.২৫ GHz পিরমাপ করা হেয়েছ। Ni@CFO এর অসামান্য EM তর� েশাষণ এিটেক অেনক�িল 

উচ্চ কম্পাে�র ব্যবহািরক কােজর জন্য একিট ব্যাপক কাযর্�ম এবং অথর্ৈনিতকভােব উপকারী EMA উপাদান িহেসেব গেড় তুেলেছ। 
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CHAPTER 1 

INTRODUCTION 

This introduction chapter includes a 
comprehensive literature review, 
theoretical background, and motivation to 
work in this specific topic, as well as a quick 
overview of the whole project. 
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1.1 IMPORTANCE OF MICROWAVE STUDY 

The microwave region of electromagnetic spectrum ranges from 1 GHz to 300 GHz (or 30 

cm to 1 mm in wavelength) [1], [2]. Although Hertz produced and studied microwaves for the 

first time in 1886, their practical application required the invention of suitable generators, such 

as the klystron and magnetron. Microwaves are the primary medium for high-speed data 

transmissions between earth-based stations, satellites, and space probes. A system of 

synchronous satellites approximately 36,000 kilometres above the Earth is utilised for 

international broadband communications of all types, including television and telephone.  

Antennas for microwave transmitters and receivers are of parabolic dish shape [3]. They 

generate microwave radiation with a spreading angle proportional to the ratio of the wavelength 

of the constituent waves to the dish's diameter. Thus, the beams can be directed similar to a 

searchlight. Radar rays comprise of brief microwave pulses. The distance of an aircraft or ship 

can be determined by measuring the time it takes for a radar pulse to travel to the object and, 

after reflection, back to the radar dish antenna. In addition, the velocity of objects can be 

measured by utilising the change in frequency of the reflected wave pulse caused by the 

Doppler effect. Therefore, microwave radar is extensively utilised for guiding aircraft and 

vessels and detecting speeding commuters. Since microwaves can penetrate smoke clouds but 

are dispersed by water particles, they are utilised for mapping meteorological disturbances and 

forecasting the weather. Microwaves perform an expanding function in food heating and 

preparation. They are absorbed by the water and lipids in foods (such as in the tissue of 

proteins) and generate heat from the inside. In most instances, this reduces cooking time by a 

factor of one hundred. In contrast, dried objects such as glass and ceramics are not heated 

during the procedure, and metal foils are not pierced at all.  

Multiple varieties of microwave generators and amplifiers have been created. Vacuum-

tube devices, such as the klystron and the magnetron, continue to be widely utilised, 

particularly for high-power applications. Magnetrons have been adopted for radar systems and 

microwave cookers, whereas klystrons are predominantly utilised as amplifiers in radio relay 

systems and for dielectric heating. Multiple devices capable of producing, amplifying, 

detecting, and controlling microwaves have been created by solid-state technology. Notable 

examples include the Gunn and tunnel (or Esaki) diodes. The maser (short for "microwave 

amplification by stimulated emission of radiation") has proven useful in radio astronomy, 

microwave radiometry, and long-distance communications, among other fields. 
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1.2 RELEVANCE OF NANOTECHNOLOGY 

Physicist Richard P. Feynman initially introduced the concept of nanotechnology in his 

lecture titled "There is plenty of space at the bottom," in which he underlined the need for 

nanoscale materials to create better and smaller devices. Norio Taniguchi coined the word 

"nanotechnology" in 1974 to describe the study of the characteristics and uses of diverse 

materials with very small dimensions, in the range of 1 to 100 nm. These size restrictions shown 

by nanostructures (NSs) often result in qualitatively distinct behaviour compared to their bulk 

equivalent. For instance, Cox and his colleagues discovered that bare Rhodium (Rh) clusters 

have a non-zero magnetic moment for fewer than 60 atoms, indicating either ferro- or 

ferrimagnetic ordering despite the fact that Rh in bulk is a Pauli paramagnet at all temperatures 

[4]. When the size of these functional nanomaterials (NMs) is equivalent to specific physical 

length scales, such as the carrier mean free path, superconducting coherence length, magnetic 

domain wall width, and spin diffusion length, etc., [5] these unique features emerge. Moreover, 

the reduction in size of materials confines them in confinement zones where quantum 

phenomena play a significant role, resulting in the density of states (DOS) of electrons in the 

material changing from a continuous function (𝐷𝐷 ∝ 𝐸𝐸1/2) to a delta function as we move from 

bulk to nanoscale, as depicted in Fig. 1.1 [6]. Since the ratio of surface area (𝐴𝐴) to volume (𝑉𝑉)  

in nanoscale greatly increases with size reduction (𝐴𝐴/𝑉𝑉 ∝ 1/𝑟𝑟  for spherical particles), a 

greater amount of material can come into contact with surrounding materials, thereby 

influencing properties such as transition temperatures, fluorescence, electronic excitation, 

electrical conductivity, magnetic permeability, and chemical reactivity [7]–[11]. 

Figure 1.1. Change in density of states (DOS) with decreasing size: from bulk to quantum dots 
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The ability to modify and alter the characteristics and characteristic parameters of 

engineered nanomaterials makes them even more intriguing, since variations in nanoscale lead 

to their diverse uses [8], [12]–[19]. In this regard, size, shape, content, and functionalization of 

nanomaterials are presented as potential techniques [15], [20], [21]. The synthesis and 

characterisation of nanostructures of various functional materials is crucial and difficult due to 

the need to precisely regulate their defect states, nanoscale architectures, and consequently their 

characteristics [22]. For example, reducing the size of ferrites to a particular level induces 

superparamagnetism, making them more appropriate as biosensors [23], [24]. Although Iron 

(Fe), Cobalt (Co), and Nickel (Ni) are all ferromagnetic, the replacement of Co or Ni cations 

in typical magnetite creates hard magnetic and soft magnetic substances, respectively [11], 

[25]. Due to surface modification and charge transfer, magnetic or non-magnetic layer capping 

on nanostructures also has a dramatic influence on their characteristics [26], [27]. 

Nanotechnology is significantly enhancing and even revolutionizing several fields, 

including information technology, health, transportation, energy, and environmental research. 

Nanomaterials are employed everywhere [14], [28], [29], from components in high frequency 

devices to the biomedical area and even the production of "smart textiles" to "anti-friction 

fluids." In addition, their lightweight, space-efficient, low-cost, but effective nature enables the 

Figure 1.2. Schematic illustration of potential nanostructure tuning methods and their applications 
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creation of superior and productive technologies. Fig. 1.2 is a schematic representation of 

nanomaterial tuning and applications in many sectors. Even if a number of commercial 

applications have been successfully implemented, research on nanoscale materials is not at yet 

saturated and remains tremendously enthusiastic.  

 

1.3 NANOSTRUCTURES 

The nanohollowspheres (NHSs), nanocubes, core-shell, and nanorods morphologies of 

polymer, carbon, and other nanomaterials are shown in Fig. 1.3 [30]–[32]. Despite having 

identical building components, these nanostructures display distinct thermodynamic, physical, 

and mechanical characteristics [22], [33] owing to changes in boundary restrictions, defect 

states, etc. For instance, Ba and Y co-doped bismuth ferrite nanoparticles show stronger 

ferromagnetism and spontaneous ferroelectricity than its bulk counterpart [34].  

1.3.1 NANO-HOLLOW SPHERES 

In the past few years, nanostructure researchers have gravitated toward the fabrication of 

nano hollow spheres (NHSs) due to their hollow interior, which increases their effective surface 

area while their density is much lower than that of their dense solid counterparts [33], [35]. 

Due to their high saturation magnetization (𝑀𝑀𝑆𝑆 ), large surface area and pore volume, low 

density, and ability to withstand volume changes due to temperature and pressure, NHSs are 

able to be used in a wide variety of applications in the fields of biomedical research [8], high 

frequency magnetic devices [36], energy storage [13], ferro-fluids [14], Hydrogen evolution 

reaction [20], supercapacitors [15], and chemical sensors [17]. Large void space and the outer 

surface of NHSs may be used for the encapsulation and controlled release of pharmaceuticals 

[37], [38]. Moreover, numerous internal reflections of EM waves in the inner hollow core of 

NHS lengthen their overall path length and enhance their absorption, hence enhancing EM 

wave shielding [39]. 

Figure 1.3. Different nanostructure morphologies (a) nano-hollow spheres (b) nanocubes (c) etching core-shell 
structure (d) nanorods 
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Despite the fact that, by definition, 

nanomaterials must have dimensions ≤100 nm, 

NHS with sizes >100 nm behave similarly to 

nanomaterials since their shell thickness is less 

than 100 nm; this feature relaxes their nanoscale 

range and expands their application space [27], 

[40]. Possibilities of different configurations of 

hollow spheres, such as single-shell, multi-shell, 

yolk-shell, and rattle-type, among others, also 

contribute to the growth of this morphology as a 

study area [35]. 

1.3.2 TRANSITION METAL OXIDE 

BASED MATERIALS 

It is well-known that traditional iron oxide, 

Fe3O4, also known as 'loadstone' from ancient period, is a versatile substance that is utilized 

extensively as an MRI contrast agent for early-stage cancer diagnosis and production of 

metamaterials [41], [42]. Ferrites are excellent in high frequency components due to their very 

high DC electrical resistivity and thus minimal loss [43]. In addition, recently reported 

phenomena such as enormous magnetoresistance rely on magnetic nanoparticles. Ferrites with 

considerably superior permittivity (𝜀𝜀) and permeability (𝜇𝜇) provide broader bandwidth (BW), 

greater impedance matching, and EM wave absorption compared to conventional EM wave 

absorbing materials, such as carbon-based materials and metal powders [44], [45]. Due to their 

adjustable absorption bands, EM wave absorbing materials (EMA) are extensively employed 

in both military and civilian applications, including stealth technologies, anti-radiation sheets, 

and anechoic chambers. Both dielectric and magnetic losses are important sources, and large 𝜀𝜀 

and 𝜇𝜇 values reduce the needed thickness (𝑡𝑡) of EMA, hence enhancing its space-efficiency 

[46]. Consequently, a comprehensive investigation of the structural, magnetic, dielectric, and 

microwave absorption characteristics of transition metal-based materials is crucial.  

Bismuth sodium titanate (Na0.5Bi0.5TiO3, often known as NBT) is an additional fascinating 

material to explore owing to its high dielectric constant. It possesses a perovskite R3c structure 

at room temperature, however beyond 225 °C it changes to a tetragonal phase. In the past, solid 

solutions of NBT containing a large number of perovskites were studied in an attempt to get 

Figure 1.4. Crystal structure of NBT system 
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features suitable for technological applications [47]–[55]. Due to the high Curie temperature 

of NBT and the other perovskite materials used for the solid solution, the bulk of the 

compounds eventually possess high Curie temperatures [56]. SrTiO3, which possesses a cubic-

to-tetrahedral phase transition temperature of 105 K, is employed to generate the solid solution 

and reduce the Curie temperature to an appropriate level for technological purposes [57]–[60]. 

Sr2+, whose ionic radii are between those of Na1+ and Bi3+, settles in the Na/Bi sites of the 

NBT-ST solid solution at room temperature and changes the crystal structure of NBT [61]. As 

a result, varying the concentration of this ion makes it interesting to study to achieve a transition 

temperature that is sufficiently near to room temperature (300 K at 3 kHz) and a high enough 

dielectric constant at low frequency [47].  

1.3.3 CORE-SHELL STRUCTURES 

Core–shell nanoparticles are a form of biphasic material that consists of an inner core 

structure and an outside shell composed of various substances. As a result of the unique features 

that might result from the mix of core and shell material, shape, and design, these particles are 

of interest. In addition, they have been engineered such that the shell material may increase the 

reactivity, thermal stability, or oxidative stability of the core material, or so that a cheap core 

material can support a thin, more costly shell material. Consequently, they have found 

widespread use in domains such as biomedicine, electrical and semiconducting materials, and 

catalysts. 

There are several core-shell nanostructure geometries [Fig. 1.5][62]–[64], including (a) 

spherical core/shell nanoparticles; (b) hexagonal core/shell nanoparticles; (c) numerous tiny 

core materials covered by single shell material; (d) nanomatryushka material; and (e) moveable 

core inside hollow shell material. 

The qualities of nanoparticles are not only proportional to their size, but also to their form. 

For instance, the blocking temperature, magnetic saturation, and permanent magnetization of 

magnetic nanocrystals are all dependent on particle size, while the coercivity of the 

nanocrystals is entirely reliant on particle shape due to surface anisotropy effects. Other 

nanoparticle physical and chemical features, including catalytic activity and selectivity, 

electrical and optical properties, sensitivity to surface-enhanced Raman scattering (SERS), 

plasmon resonance, and melting temperature, are also significantly shape-dependent.  

Importance of Core-shell nanostructures[65]–[67]:  

 Core/shell nanoparticles are modified materials with excellent functionality. 
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 Due to the shell material coating, the core particle's attributes such as reactivity 

reduction or thermal stability may be adjusted, hence increasing the core particle's overall 

particle stability and dispersibility. 

 The coating on the core particle serves several purposes, including surface 

modification, the capacity to boost functionality, stability, and dispersibility, controlled release 

of the core, and decrease in precious material consumption, among others. 

 As micro-vessels, catalytic supports, adsorbents, lightweight structural materials, and 

thermal and electrical insulators, nano- and micro-sized hollow particles are employed for a 

variety of functions. 

Nickel is magnetically softer than Cobalt ferrite, because of which exchange coupled 

Nickel core with Cobalt Ferrite shell nanostructures provide us with additional control over the 

magnetic features of the material which is beneficial for high microwave absorption. The 

formation of core-shell structure having MnFe2O4 nanohollowspheres as core and highly 

anisotropic CoFe2O4 and highly dielectric SiO2 as shell is expected to effectively modify the 

dielectric and magnetic properties of the materials as a result of increased number of interfaces, 

and increased dielectric and magnetic losses.  Therefore, the study of the optimization of 

thickness of these coatings with materials having different properties are extremely interesting 

and promising for application.  

 

Figure 1.5. Different core/shell nanoparticles 
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1.4 CRYSTAL STRUCTURE 

In general, based on structural properties there are three kinds of ferrites: (i) Spinels, (ii) 

Garnets, and (iii) Hexaferrites. Spinel ferrites with the formula TFe2O4 (T = transition metal 

ion) are 3d transition metal-based ferrites with space group 𝐹𝐹𝐹𝐹3𝑚𝑚. As illustrated in Fig. 1.6, 

the cubic unit cell is composed of 56 atoms, 32 oxygen anions arranged in a cubic close-packed 

structure, and cations occupying 8 of the 64 available tetrahedral sites (𝐴𝐴 sites) and 16 of the 

32 available octahedral sites (𝐵𝐵 sites). The limit of atomic radii included in the 𝐴𝐴-site is 0.30 

Å, whereas the limit for the 𝐵𝐵-site is 0.55 Å. The structure may expand or shrink depending on 

the cationic radii positioned in the sites. Furthermore, in an oxygen closed pack shape 

comprised of intervening face-centered cubic (𝑓𝑓𝑓𝑓𝑓𝑓) lattices, anions occupy the cube's corners 

and the cation occupies the space formed by these anions. The structural formula for the 

fundamental spinel compound TFe2O4 is [68] 

[𝑇𝑇(1−𝑖𝑖)𝐹𝐹𝐹𝐹𝑖𝑖]𝐴𝐴[𝑇𝑇𝑖𝑖𝐹𝐹𝐹𝐹(2−𝑖𝑖)]𝐵𝐵𝑂𝑂4    (1.1) 

where the amounts in brackets represent the average occupancy of 𝐴𝐴- and 𝐵𝐵- sites and 𝑖𝑖 is the 

inversion parameter. 

The distribution of cations in 𝐴𝐴- and 𝐵𝐵 -sites is primarily determined by crystal field 

stabilization energy (CFSE) and relative cation size. The greater CFSE value of component 

cations determine their preference for a higher co-ordination site, i.e., the B-site; hence, Fe3O4, 

Figure 1.6. Crystal structure of a spinel ferrite, TFe2O4 
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CoFe2O4, NiFe2O4, and CuFe2O4 have inverted spinel structures [69]. However, in ZnFe2O4, 

Zn2+ with a 𝑑𝑑0configuration and in MnFe2O4, both Fe3+ and Mn2+ with a 𝑑𝑑5 state exhibit no 

preference for certain locations. MnFe2O4 and ZnFe2O4 thus have the potential to form a 

normal, inverse, or mixed spinel structure. In conjunction with CFSE, grain size reduction to 

less than 6.8 nm resulted in the transition of the majority of inverted spinel ferrite molecules to 

the regular spinel structure. Changes in cation distribution between tetrahedral ( 𝐴𝐴 ) and 

octahedral (𝐵𝐵 ) sites may have an effect on their structural characteristics, which in turn 

influence their magnetic and dielectric properties. Similar to Zn-doped Fe3O4, at a specific 

concentration of the non-magnetic element Zn, cation distribution fluctuates so that magnetic 

exchange interaction at the 𝐵𝐵-site increases the overall magnetic moment of the ferrite [70]. 

1.4.1 NORMAL SPINEL FERRITE 

On the basis of cation distribution, a spinel ferrite can be of types normal, inverse, or 

mixed. In a normal spinel structure, 8 divalent cations are all located in tetrahedral sites and 16 

trivalent cations are all located in octahedral sites; hence the inversion parameter (𝑖𝑖) becomes 

0 (schematically illustrated in Fig. 1.7(a)). In general, this type of distribution takes place in 

bulk zinc ferrites, 𝑍𝑍𝑍𝑍2+[𝐹𝐹𝐹𝐹3+𝐹𝐹𝐹𝐹3+]𝑂𝑂4
2−. 

1.4.2 INVERSE SPINEL FERRITE 

T2+ ions, unlike regular spinels, occupy the octahedral voids, whereas half of the Fe3+ ions 

occupy the tetrahedral voids and the other half occupy the 𝐵𝐵 sites. Therefore, the result of the 

inversion parameter (𝑖𝑖) is 1. It is denoted by the formula 𝐹𝐹𝐹𝐹3+[𝑇𝑇2+𝐹𝐹𝐹𝐹3+]𝑂𝑂4
2−. Inverse spinel 

structure is shown by Fe3O4, CoFe2O4, and NiFe2O4. In this kind of ferrites, the magnetic 

contribution from Fe3+ ions are cancelled out by inter-lattice super-exchange, leaving only the 

contribution from T2+ ions. This kind of spinel is shown schematically in Fig. 1.7(b). 

1.4.3 MIXED SPINEL FERRITE 

Figure 1.7. Cations distribution in (a) normal, (b) inverse, (c) mixed spinel ferrites 
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Mixed spinel structure or partially inverse spinel is formed when cations T2+ and Fe3+ are 

distributed in both 𝐴𝐴 - and 𝐵𝐵 - sites, and the structural formula of this ferrite is 

𝑇𝑇(1−𝑖𝑖)
2+ 𝐹𝐹𝐹𝐹𝑖𝑖

3+[𝑇𝑇𝑖𝑖
2+𝐹𝐹𝐹𝐹(2−𝑖𝑖)

3+ ]𝑂𝑂4
2−, where 𝑖𝑖 is the degree of inversion (shown schematically in Fig. 

1.7(c)). This structure is often represented by MnFe2O4, which has an inversion degree of 𝑖𝑖 = 

0.2 and the structural formula 𝑀𝑀𝑀𝑀0.8
2+𝐹𝐹𝐹𝐹0.2

3+[𝑀𝑀𝑀𝑀0.8
2+𝐹𝐹𝐹𝐹1.8

3+]𝑂𝑂4
2−. 

 

1.5 MAGNETIC PROPERTIES 

This section will focus on the magnetic characteristics of nanostructures, notably spinels, 

in 𝑑𝑑𝑑𝑑  and 𝑎𝑎𝑎𝑎  magnetic fields, as well as their consequential importance. Spin and orbital 

angular momentum of electrons and nuclei are closely associated with the genesis of 

magnetism. Types of magnetism include paramagnetism, which is caused by the spin and 

angular momentum of individual electrons, diamagnetism, which is caused by the electron's 

orbital angular momentum, and ferromagnetism, which is caused by an internal field induced 

magnetic order in the spins giving rise to the formation of domains with a large number of 

aligned spins in each domain. Fig. 1.8 illustrates the magnetic behaviour of materials under the 

influence of an applied field, including the typical locations, saturation magnetization (𝑀𝑀𝑆𝑆, 

maximum induced magnetization), remanent magnetization (𝑀𝑀𝑅𝑅 , remaining magnetization 

after an applied field is removed), and coercivity (𝐻𝐻𝐶𝐶 , magnetic field needed to demagnetize 

the sample). In terms of a material's susceptibility (𝜒𝜒), ferromagnets have 𝜒𝜒 ≫ 0. Spinel ferrites 

with anti-parallel distribution of divalent and trivalent cations in 𝐴𝐴- and 𝐵𝐵-sites are typically 

ferrimagnetic in nature, and the material exhibits anti-ferromagnetism if the magnetic moment 

of cations in anti-parallel distribution becomes equal. Individually, tetrahedral and octahedral 

sites exhibit direct exchange interactions between spins. Exchange Hamiltonian is given as 

𝐻𝐻𝑒𝑒𝑒𝑒 = −2𝐽𝐽𝑒𝑒 ∑ 𝑆𝑆𝑖𝑖 . 𝑆𝑆𝑗𝑗𝑗𝑗 , where 𝑆𝑆  represents the spin operator and 𝐽𝐽𝑒𝑒  represents the isotropic 

exchange integral [71]. Apart from this direct exchange, there are systems with indirect 

exchange, e.g. (1) Ruderman–Kittel–Kasuya–Yosida (RKKY) exchange, where the metallic 

ions are coupled via itinerant electrons, (2) super-exchange, here the exchange is mediated via 

different non-magnetic ions, (3) anisotropic exchange interaction (also known as 

Dzyaloshinskii-Moriya interaction), where the spin-orbit interaction plays a major role and 

often leads to canting of spins by small angle [71]. The super exchange mechanism couples the 

unpaired spins of inter-site cations via shared oxygen ions in spinels. This exchange constant 

(𝐽𝐽) between 𝐴𝐴- and 𝐵𝐵-sites may be calculated using Bloch's theorem [43], which will be 
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addressed in further detail later. Consequently, for inverse spinel ferrites, TFe2O4 (T2+ = 

divalent ions such as Fe, Co, and Ni), ferromagnetic interactions are created when T2+ ions 

contain unpaired electrons. The size of NSs has a significant impact on their magnetic 

behaviour. Due to surface spin canting, the 𝑀𝑀𝑆𝑆  of nanoparticles can be less than that of bulk 

particles [72]. In addition, at bulk sizes, the temperature dependence of 𝑀𝑀𝑆𝑆  is observed to 

adhere to Bloch's 𝑇𝑇3/2 law, but tiny nanoparticles exhibit a divergence from this 𝑇𝑇3/2 nature, 

with a 𝑇𝑇2 trend [43], [73]. In ferromagnetic materials, magnetic domains (10-1000 nm) are 

often divided by domain walls that contain energy associated with their development and 

continued presence. The domain-wall widths (wall energies) for hard magnetic materials range 

between 5 nm (50 mJ/m3) and 100 nm (0.1 mJ/m3) [74]. If the magnetic domain structure is 

well understood, analysing the magnetic hysteresis behaviour of ferro/ferrimagnets is made 

easier. Possible domain structures can be investigated using the Day plot, which is a graphical 

mapping of 𝑀𝑀𝑅𝑅𝑅𝑅 /𝑀𝑀𝑆𝑆  vs. 𝐻𝐻𝐶𝐶𝐶𝐶 /𝐻𝐻𝐶𝐶 , where 𝐻𝐻𝐶𝐶𝐶𝐶  is the field value at which the 𝑀𝑀 − 𝐻𝐻  loop 

exhibits a remanence of 𝑀𝑀𝑅𝑅= 0.5𝑀𝑀𝑅𝑅𝑅𝑅 [75]. Naturally occurring hard magnets with a larger 

exchange interaction constant exhibit high magnetostriction and magneto-crystalline 

anisotropy [25]. When crystal grains are equivalent in size to magnetic domains, magnetic 

domains are trapped by crystal grain boundaries and exhibit significant inertia to an applied 

magnetic field. In addition, when the crystal size just reaches the single domain (SD) dimension 

from the multi-domain (MD) dimension upon scaling down the particle size of a ferromagnetic 

material, all the spins align to each other and only rotation of spins is possible, so 

demagnetization becomes more difficult as the 𝐻𝐻𝐶𝐶  value increases [43]. Further particle size 

reduction results in the superparamagnetic character of ferro/ferrimagnetic NPs. In this 

situation, the NPs act as paramagnets in the absence of a magnetic field, and as strong 

ferromagnets without hysteresis loss in the presence of a magnetic field; this feature of NPs is 

widely used in switching devices and bio-medicine [31].  

Moreover, magnetic characteristics are temperature dependant. As temperature increases, 

ferromagnetic crystals grow and spin-spin exchange weakens. Above a particular temperature, 

the Curie temperature ( 𝑇𝑇𝐶𝐶 ), super-exchange totally disappears and the material becomes 

paramagnetic [76]. The freezing of spins on the surface of nanostructures as the temperature 

drops, increases the coercivity and magnetism of the material. The typical temperature for 

antiferromagnetism is known as the Néel temperature (𝑇𝑇𝑁𝑁). Above the temperature known as 

the Blocking temperature ( 𝑇𝑇𝐵𝐵 ), both ferro and ferrimagnetic nanoparticles display 

superparamagnetic behaviour characterized by fast and random magnetization reversals that 
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result in a zero time-average magnetic moment [24]. Magnetic property parameters are heavily 

influenced by anisotropy of the material, exchange interactions, and even measurement 

frequency. Therefore, detailed explanations of these events are provided below. 

1.5.1 MAGNETIC ANISOTROPY 

Magnetic anisotropy is the directional dependence of a material's magnetic moment in the 

absence of an external magnetic field. Magnetic anisotropy in a material may result from the 

crystalline lattice's symmetry or the nano-structured material's particular form. 

1.5.1.1 MAGNETOCRYSTALLINE ANISOTROPY 

Magnetocrystalline anisotropy is an inherent feature of the material and the major 

contributor to magnetic anisotropy, which is created by the spin-orbit interaction of electrons. 

Strong ties exist between the spatial arrangement of electron orbitals and the crystallographic 

structure. Therefore, when electron spins interact, they compel each other to align along well-

defined, unidirectional crystallographic axes. The magnetic anisotropy is described by two 

models: (a) the Néel model, which states that magnetic anisotropy results from magnetic spin 

Figure 1.8. Magnetic behaviour of materials under the influence of an applied field 
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pair interactions, and (b) the Single-ion or crystal field model, which describes crystal field 

interactions with atoms that are not fundamentally magnetic [71], [72]. As the 

magnetocrystalline energy is associated with the relative orientation of the total magnetization 

with respect to the magnetic easy axis of the crystal, i.e., 𝜃𝜃. The magnetocrystalline anisotropy 

energy can be expressed as, 

𝐸𝐸𝑘𝑘 = 𝑉𝑉𝐾𝐾𝑛𝑛 sin2𝑛𝑛 𝜃𝜃                           (1.2) 

Where, 𝐾𝐾𝑛𝑛(𝑛𝑛 = 0, 1, 2 …) are the magnetocrystalline anisotropy constants. For a single 

crystallite, considering small 𝜃𝜃 value, from magnetocrystalline anisotropy energy expression, 

magnetization (𝑀𝑀𝐻𝐻) at any applied magnetic field (𝐻𝐻) can be written (neglecting higher order 

terms) as, 

𝑀𝑀𝐻𝐻 = 𝑀𝑀𝑆𝑆 �1 − 𝑎𝑎
𝐻𝐻

− 𝑏𝑏
𝐻𝐻2� + 𝜒𝜒𝜒𝜒           (1.3) 

Néel attribute the constant, 𝑎𝑎  to the effect of inhomogeneity and defects inside the 

crystallites or grain boundary and 𝑏𝑏 to the stress due to anisotropy in the material [61]. The 𝑏𝑏 

value is experimentally determined to be (0.07619 𝐴𝐴2/𝑚𝑚2 ) and this law of approach to 

magnetic saturation (LAS) is used most effectively for measurement of the magnetocrystalline 

anisotropy on polycrystalline specimens [77], [78]. 

1.5.1.2 SHAPE ANISOTROPY 

The magnetic dipolar anisotropy, or shape anisotropy, is mediated by the dipolar 

interaction of free magnetic poles causing stray or demagnetization fields. This interaction 

tends to direct magnetic moments parallel to the surfaces to minimize the magneto-static 

energy. The interaction is long range and hence its contribution is dependent upon the shape of 

the sample. Shape anisotropy becomes important in thin films and often produces in-plane 

alignment of moments. Due to shape anisotropy, demagnetization factor is 0 for long cylinders, 

1/3 for spheres and 1 for plates [72]. 

1.5.1.3 SURFACE ANISOTROPY 

Surface anisotropy, which was initially described by Néel, relates to the surface and 

interfaces of nanostructures and is most often exhibited in materials with complex structures 

and morphologies, such as metal films, multilayer, rough surfaces, and tiny particles. 

Generally, the surface anisotropy of nanoparticles is substantially greater than the bulk value, 
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as a result of the greater proportion of surface ions in smaller particles [79]. This surface spins 

are disordered because they reside in an uncompensated coordination sphere due to broken 

bonds, vacancies, and the formation of bonds with certain organic molecules. Thus, surface 

anisotropy makes the surface layer of a nanoparticle more magnetically resistant than the core 

area. The effective anisotropy energy (𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒) of a spherical particle may be expressed as 𝐾𝐾𝑒𝑒𝑒𝑒𝑒𝑒 =

𝐾𝐾𝑉𝑉 + 6
𝐷𝐷

𝐾𝐾𝑆𝑆 , where 𝐾𝐾𝑉𝑉  and 𝐾𝐾𝑆𝑆  are the bulk (or volume) and surface anisotropy constants, 

respectively, and 𝐷𝐷 is the particle's diameter. 

1.5.2 SUPER-EXCHANGE INTERACTION & BLOCH’S THEOREM 

In spinel ferrites, the intra-site interactions (𝐴𝐴 − 𝐴𝐴 and 𝐵𝐵 − 𝐵𝐵) are direct exchange type, 

but inter-site interaction (𝐴𝐴 − 𝐵𝐵) interaction is of super-exchange type, with the interaction 

between 3𝑑𝑑  cations mediated through 2𝑝𝑝  spins of non-magnetic oxygen anions. 

Experimentally, the exchange constant (𝐽𝐽𝐴𝐴𝐴𝐴) between tetrahedral (𝐴𝐴) and octahedral (𝐵𝐵) sites 

may be determined by fitting Bloch’s law to temperature vs. 𝑀𝑀𝑆𝑆 curves. 

According to the spin wave theory, demagnetization of a ferromagnetic material from 

𝑀𝑀𝑆𝑆(0) (𝑀𝑀𝑆𝑆  at T = 0 K) with temperature is caused by the excitation of spin waves with long 

wavelengths, and the excitation energy 𝜀𝜀𝑘𝑘 of the spin waves may be expressed as [23], [43],  

𝜀𝜀𝑘𝑘 = 𝐷𝐷𝑘𝑘2 + 𝐸𝐸𝑘𝑘4 + 𝑔𝑔𝜇𝜇𝐵𝐵(𝐻𝐻0 + 𝐻𝐻𝐴𝐴 + 𝐻𝐻𝐷𝐷)                (1.4) 

Here 𝐷𝐷 is the spin-wave stiffness coefficient, 𝐻𝐻0 is the externally applied field, 𝐻𝐻𝐴𝐴 is the 

anisotropy field, and 𝐻𝐻𝐷𝐷 is the demagnetization field. Bloch's law describes the temperature 

dependence of saturation magnetization at temperatures much below 𝑇𝑇𝐶𝐶 . 

𝑀𝑀𝑆𝑆(𝑇𝑇) = 𝑀𝑀𝑆𝑆(0)(1 − 𝐵𝐵𝑇𝑇𝑏𝑏)                   (1.5) 

where 𝐵𝐵 is the Bloch constant proportional to the inverse of exchange constant (𝐽𝐽) and 𝑏𝑏 

is the Bloch exponent for a three-dimensional system, which is 3/2 [79]. At low temperatures, 

it is possible to witness a distinct divergence from Bloch's rule in nanoparticles owing to the 

existence of magnons with wavelengths greater than the particle size, which cannot be 

stimulated. Bloch exponent is discovered to be highly dependent on particle size, chemical 

content, and synthesis technique, but independent of nanoparticle structure. The exchange 

constant between 𝐴𝐴- and 𝐵𝐵- sites (𝐽𝐽𝐴𝐴𝐴𝐴) may be computed using the following equation [23], 

[43]: 
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𝐽𝐽𝐴𝐴𝐴𝐴 = 16𝑘𝑘𝐵𝐵(𝑆𝑆𝐵𝐵1+𝑆𝑆𝐵𝐵2−𝑆𝑆𝐵𝐵)
11𝑆𝑆𝐴𝐴(𝑆𝑆𝐵𝐵1+𝑆𝑆𝐵𝐵2)

[ 0.05864
4𝐵𝐵(𝑆𝑆𝐵𝐵1+𝑆𝑆𝐵𝐵2−𝑆𝑆𝐴𝐴)

]2/3               (1.6) 

where 𝑆𝑆𝐴𝐴 and 𝑆𝑆𝐵𝐵1 are the spins of Fe3+ and equal 5/2 for magnetite. 𝑆𝑆𝐵𝐵2 corresponds to the 

spin of Fe2+ ions in the octahedral location of the Fe3O4 lattice which is equal to 2. 

1.5.3 SUPERPARAMAGNETISM 

Below a certain critical diameter (𝑑𝑑𝑐𝑐), a single domain ferromagnetic material becomes 

superparamagnetic. 𝑑𝑑𝑐𝑐  may be computed using this equation: 𝑑𝑑𝑐𝑐 ≈ √𝐽𝐽𝐽𝐽
𝜇𝜇0𝑀𝑀𝑆𝑆

2 , where 𝐾𝐾  is the 

anisotropy constant, 𝐽𝐽 is the exchange constant, 𝜇𝜇0 is the free-space permeability, and 𝑀𝑀𝑆𝑆 is the 

saturation magnetization. Magnetostatic energy equals domain wall energy and magnetic 

anisotropy energy in a single domain. Below 𝑑𝑑𝑐𝑐 and above 𝑇𝑇𝐵𝐵, thermal energy is sufficient to 

overcome the anisotropy barrier and reverse the spin orientation [24]. With the presence of an 

externally applied field, the magnetic moments of superparamagnetic nanoparticles acquire fast 

random saturation magnetization. As a result, superparamagnetic NPs provide more control 

over the application of their magnetic characteristics due to their high field response.  

1.5.4 MAGNETIC RELAXATION 

After the magnetic field is removed from nanoscale particles, the spin flips to a random 

location, and the reversal duration relies on external characteristics such as temperature and 

measurement frequency as well as internal parameters such as anisotropy energy, striction, etc. 

The average time between magnetization reversals is described by the Arrhenius-like Néel-

Brown formula 𝜏𝜏 = 𝜏𝜏0𝑒𝑒( 𝐾𝐾𝐾𝐾
𝑘𝑘𝐵𝐵𝑇𝑇), where 𝜏𝜏0 is between 10-9 and 10-13 s, 𝐾𝐾 is the anisotropy constant, 

and 𝑉𝑉  is the particle's volume [80]. The magnetic relaxation curves ( 𝑀𝑀  versus time) of 

permanent magnetic materials are fascinating to analyse in order to evaluate their capacity to 

retain magnetization over time. Magnetization is observed to decline exponentially with time 

based on Brownian and Néel spin-spin relaxation, 𝑀𝑀(𝑡𝑡) = 𝑀𝑀0𝑒𝑒−𝑡𝑡
𝜏𝜏, where 𝑀𝑀(𝑡𝑡) and 𝑀𝑀0 are the 

magnetizations of the sample at time 𝑡𝑡 and 𝑡𝑡 =  0 and 𝜏𝜏 is the relaxation time constant. 

1.5.5 DYNAMIC MAGNETIZATION 

Ferrites are non-conducting oxides that, unlike metals, permit the whole penetration of 

electromagnetic fields, and their use in high-frequency applications such as 
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telecommunications and radar systems is on 

the rise [81]. At such high frequencies, 

domain  walls are unable to follow the field 

(average domain wall dispersion occurs at 10 

GHz), and spin dynamics absorb microwave 

radiation [21]. To decrease Zeeman energy, 

magnetic spins precess about their 

equilibrium orientation in response to a 

torque at the frequency of an external field (as 

shown in Fig. 1.9). The Landau-Lifshitz-

Gilbert (LLG) equation of motion [82] 

describes the overall behaviour of dynamic 

magnetization. Torque (𝑇𝑇) associated with an 

electron spin ( 𝑆𝑆 ) is given by 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 𝑇𝑇 =

𝑀𝑀 × 𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒, where 𝑀𝑀(= −𝛾𝛾𝛾𝛾) is the magnetic 

moment of an electron and 𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒  is the 

effective applied magnetic field. The 

magnetization's equation of motion with extra damping components looks like this:  

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝛾𝛾�𝑀𝑀 × 𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒� + 𝛼𝛼
𝑀𝑀𝑆𝑆

(𝑀𝑀 × 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

)    (1.7) 

Here, 𝛼𝛼 is the Gilbert damping coefficient, 𝛾𝛾 = 𝑔𝑔𝑔𝑔/2𝑚𝑚𝑚𝑚 is the gyromagnetic ratio, and 

𝐻𝐻𝑒𝑒𝑒𝑒𝑒𝑒 is the total spin field (external and internal). This equation of motion's solution reproduces 

Globus' connection for the static case and demonstrates that the dispersion frequency (𝑓𝑓𝑟𝑟 ) 

changes as ~𝐷𝐷−1 (𝐷𝐷 = grain diameter) for small grains and as ~𝐷𝐷−2 (𝐷𝐷 = grain diameter) for 

larger grains [83]. 

 

1.6 DIELECTRIC PROPERTIES 

To build high-frequency circuits, one must have a comprehensive grasp of the electrical 

characteristics of materials, particularly the dielectric constant and loss tangent under working 

circumstances. On the basis of their conductivity, materials may be classified as conductors, 

semiconductors, or insulators, and as dielectric, paraelectric, or ferroelectric depending on their 

Figure 1.9. The precessional motion of the 
magnetization around the effective magnetic field 
direction when damping is included 
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polarizability [84]. Typically, ferrites are classified as semiconductors and dielectrics. The 

measurement of complicated dielectric characteristics of materials at radio frequency (RF) and 

microwave frequency is crucial in the study disciplines of material science, communication, 

and microwave circuit design [85]. Moreover, measurements at AC frequency offer insight into 

the microscopic nature of the ionic conducting process, while the technically more difficult DC 

measurements provide less information about the sample's overall dynamic behaviour. Thus, 

AC methods are utilized to determine material parameters such as bulk conductivity, surface, 

grain boundary effect, ionic transport, and double layer development at the electrode/sample 

interface, etc. [86]. Dielectric qualities relevant to polarization behaviour, conduction, and 

relaxation processes of a material are dependent on both external and internal factors such as 

frequency, temperature, and pressure, as well as sample orientation, composition, and molecule 

structure. Important concerns relevant to the dielectric characteristics of a material are explored 

in the section that follows. 

1.6.1 IMPEDANCE SPECTROSCOPY 

It is well known that impedance spectroscopy is an effective technique for exploring the 

dielectric characteristics of materials, such as conductivity (σ), dielectric constant (ɛ), transport 

processes, interfacial capacitance, mobility of charges and their equilibrium concentration, etc. 

When an AC signal with electric field intensity much below breakdown voltage is applied to a 

system, the system’s impedance follows Ohm's law as the ratio of voltage (𝑉𝑉) to current (𝐼𝐼) in 

the time domain, 

𝑉𝑉(𝑡𝑡) = 𝑉𝑉0exp (𝑗𝑗𝑗𝑗𝑗𝑗)       (1.8) 

𝐼𝐼(𝑡𝑡) = 𝐼𝐼0exp (𝑗𝑗𝑗𝑗𝑗𝑗 − 𝜃𝜃)           (1.9) 

𝑍𝑍(𝜔𝜔) = |𝑍𝑍|𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 − 𝑗𝑗|𝑍𝑍|𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑍𝑍′ − 𝑗𝑗𝑗𝑗′′ = 1
𝑗𝑗𝑗𝑗𝑗𝑗

           (1.10) 

Here, 𝑍𝑍′ and 𝑍𝑍′′ represent the real and imaginary components of the complex impedance 

( 𝑍𝑍 ), 𝜔𝜔 (= 2𝜋𝜋𝜋𝜋)  or the angular frequency of the signal, and 𝐶𝐶  represents the complex 

capacitance of the dielectric sample. As the relative dielectric constant or permittivity (𝜀𝜀) of 

the material is proportional to the capacitance, 𝜀𝜀 = 𝐶𝐶 𝐶𝐶0⁄ , it may be determined from the 

impedance using the following formula, 

𝜀𝜀 = 1
𝑗𝑗𝑗𝑗𝐶𝐶0𝑍𝑍

= 𝜀𝜀′ − 𝑗𝑗𝜀𝜀′′       (1.11) 



Chapter 1 
 

20 | P a g e  
 

Where, capacitance of free space, 𝐶𝐶0 = 𝜀𝜀0𝐴𝐴
𝑑𝑑

, 𝜀𝜀0 , 𝐴𝐴 , and 𝑑𝑑  represent the free space 

permittivity (8.854×10-12 F/m), active region area, and sample thickness, respectively. By 

expanding Eq. (1.11), the real and imaginary components of the dielectric constant may be 

expressed in terms of impedance as follows: 

𝜀𝜀′ = 𝑍𝑍′′

𝜔𝜔𝐶𝐶0(𝑍𝑍′ 2+𝑍𝑍′′ 2)
     (1.12) 

𝜀𝜀′′ = 𝑍𝑍′

𝜔𝜔𝐶𝐶0(𝑍𝑍′ 2+𝑍𝑍′′ 2)
      (1.13) 

In addition, the real component of conductivity may be calculated using the formula 𝜎𝜎 =

𝜔𝜔𝜔𝜔0𝜀𝜀′′[87]. Permittivity values reflect the interaction between an external field and the electric 

dipole moments of a sample. The 𝜀𝜀′ indicates the amount of dipole or charge alignment (both 

induced and permanent) as a result of polarization, whereas 𝜀𝜀′′ quantifies the energy necessary 

to align the dipoles or move the ions. Loss tangent (tan 𝛿𝛿𝜀𝜀 = 𝜀𝜀′′

𝜀𝜀′ ) is a measurement of the energy 

lost by a substance owing to an external electric field. Generally, with rising temperatures, 𝜀𝜀 

increases in dielectric material with an increase in participating dipoles or ions. According to 

the ideal Debye’s dispersion equation, the frequency dependence of 𝜀𝜀′  is, 

𝜀𝜀′ = 𝜀𝜀∞
′ + (𝜀𝜀0

′ −𝜀𝜀∞
′ )

1+(𝜔𝜔𝜔𝜔)2      (1.14) 

  𝜀𝜀′′ = (𝜀𝜀0
′ −𝜀𝜀∞

′ )𝜔𝜔𝜔𝜔
1+(𝜔𝜔𝜔𝜔)2                  (1.15) 

Where, 𝜀𝜀∞
′  and 𝜀𝜀0

′  are the permittivity values at high and low frequency respectively, and 

𝜏𝜏 is relaxation time constant. Due to the trailing of dipoles behind the field, 𝜀𝜀′ decreases with 

increasing frequency, whereas  𝜀𝜀′′  reaches its maximum at 𝜔𝜔 = 1 𝜏𝜏� , where the oscillating 

charges are linked with the oscillating field and absorb the most electrical energy. Numerous 

materials have a non-Debye dielectric behaviour defined by a wider asymmetric loss peak when 

several ions are responsible for dielectric dispersion [88]. Havriliak-Negami [89] provided the 

Cole-Cole, Davidson-Cole, and empirical expressions to characterise the non-Debye behaviour 

of a material. Electric modulus (𝑀𝑀), which is defined as the inverse of relative permittivity, is 

used to analyse dielectric behaviour at comparatively higher temperatures, where 𝜀𝜀 becomes 

normally quite high owing to electrode polarization and carrier transport. 
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1.6.2 POLARIZATION  

The cations in ferrites are surrounded by tightly packed oxygen anions and are thus 

regarded to be isolated. Therefore, the electrons or holes associated with a certain ion will stay 

isolated, resulting in the creation of a potential well. The transition to an adjacent lattice site 

for a trapped carrier charge at a lattice site in such a deep well might be induced by thermal 

activation or at a higher frequency. This trapped charge, known as a small polaron, is caused 

by the crystal lattice defect and, when an electric field is applied, polarization is generated [90]. 

The positioning of cations in 𝐴𝐴 or 𝐵𝐵 sites of ferrites have a substantial effect on the movement 

of charge carriers and the defining aspects of their dielectric properties. In addition, the 

interaction of electron hopping between cations produces dipole pairs in ferrites, which 

contribute to dipolar polarization [85]: 

𝑇𝑇2+ + 𝐹𝐹𝐹𝐹3+ ↔ 𝑇𝑇3+ + 𝐹𝐹𝐹𝐹2+ + 𝐸𝐸𝑎𝑎           (1.16) 

Where 𝐸𝐸𝑎𝑎 is the activation energy necessary for electron transfer from 𝑇𝑇2+  to 𝐹𝐹𝐹𝐹3+  and 

vice versa. Based on the source of origination, there are several kinds of polarization: 

Figure 1.10. Dielectric response with varying frequency 
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 Electronic Polarization: When an external field is present, the electron cloud travels in 

relation to the nucleus. Electronic polarization is predominant at 1012 Hz; therefore, its 

negligible contribution at low frequencies is enhanced at optical frequencies. The reaction 

time of this polarisation is ~ 10-15 s. 

 Atomic Polarization: Atomic polarization takes place when neighbouring positive and 

negative ions "stretch" in response to an applied electric field. This form of polarization is 

effective at THz and microwave frequencies, in addition to having a reaction time of 10-13 

s and operating at frequencies between 109 Hz and 1012 Hz. In addition to dielectric 

relaxation, high frequency dielectric systems exhibit a resonance-type dielectric response. 

Also, Tang et al. discussed the inertial effects in charge movement or anomalous dispersion 

[91]. 

 Dipolar Polarization: Dipolar or orientation polarization refers to the alignment of dipoles 

in an electric field by orientation. Orientation polarization typically takes about 10-9 s and 

predominates between 103 Hz - 109 Hz [92].  

 Space Charge Polarization: Interfacial polarization is caused by the build-up of space 

charge at the structural interfaces of an inhomogeneous dielectric material. This process 

involves the trapped charge carriers, and as the temperature rises, more carriers are 

activated by thermal agitation which in turn increases the space charge polarization. Its 

operating frequency range is less than 107 Hz at room temperature, and lies between the 

microwave and radio-wave frequency bands. 

As frequency rises, slower processes disappear, leaving only quicker mechanisms to 

contribute to value. A schematic dielectric constant, 𝜀𝜀 , versus frequency curve exhibiting 

several forms of polarization is given in Fig. 1.10. The Maxwell-Wagner grain-grain boundary 

model for ferrites and the Cole-Cole plot may be used to describe this dielectric relaxation. 

1.6.3 MAXWELL-WAGNER MODEL AND COLE-COLE PLOT 

Conducting grains and grain boundary layers of ferrite material may be interpreted as an 

inhomogeneous polycrystalline dielectric structure established by Maxwell and Wagner, 

according to a theory provided by Koops[93]. When an external electric field is introduced, 

charge carriers travel easily from the grain and accumulate (space charge) at the grain's resistive 

boundaries. This method may generate a large polarization and a high 𝜀𝜀′ at low frequencies. In 

the presence of charge movement inertia, dipoles would relax relative to the polarizing field, 
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resulting in a limited phase difference with the field. After a distinctive cut-off frequency that 

is sufficiently high, the phase lag in the carriers becomes evident, leading 𝜀𝜀′ to diminish. At 

these frequencies, conductive grains become more active and electron hopping takes place, 

which increases the conductivity of the material. 

The Cole-Cole plot is essentially a simple real part of impedance (𝑍𝑍′) versus imaginary 

part of impedance (𝑍𝑍′′) plot that can represent the Maxwell-Wagner two-layer model and the 

electrical processes happening inside the system, and the relaxation mechanism. At a certain 

temperature, a Debye-type material displays a perfect semi-circular plot, but a non-Debye-type 

material displays a deformed semi-circle and an electrode-sample interface displays an inclined 

line plot.  

Fig. 1.11 depicts the equivalent circuit of a grain and grain boundary model of a material, 

which may be used to analyse the resistive and capacitive components of the material’s 

complex impedance (𝑍𝑍). The analogous circuit depicts the grain and grain boundaries with 

resistances, 𝑅𝑅𝑔𝑔 and 𝑅𝑅𝑔𝑔𝑔𝑔 and capacitances, 𝐶𝐶𝑔𝑔 and 𝐶𝐶𝑔𝑔𝑔𝑔, respectively. Components of resistance 

and capacitance are linked in parallel, whereas the grains and grain boundaries are connected 

in series. 

Therefore, the equivalent impedance may be calculated as, 

𝑍𝑍 = 𝑍𝑍𝑔𝑔 + 𝑍𝑍𝑔𝑔𝑔𝑔                   (1.17) 

Here, 𝑍𝑍𝑔𝑔is the complex impedance of the grain and 𝑍𝑍𝑔𝑔𝑔𝑔is the complex impedance of the 

grain boundary. 

Figure 1.11. Equivalent circuit of grain and grain boundary resistances and capacitances in a material 
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Therefore, 

1
𝑍𝑍𝑔𝑔

= 1
𝑅𝑅𝑔𝑔

+ 𝑗𝑗𝑗𝑗𝐶𝐶𝑔𝑔           (1.18) 

𝑍𝑍𝑔𝑔 = 𝑅𝑅𝑔𝑔

1+𝑗𝑗𝑗𝑗𝐶𝐶𝑔𝑔𝑅𝑅𝑔𝑔
             (1.19) 

And,  

1
𝑍𝑍𝑔𝑔𝑔𝑔

= 1
𝑅𝑅𝑔𝑔𝑔𝑔

+ 𝑗𝑗𝑗𝑗𝐶𝐶𝑔𝑔𝑔𝑔            (1.20) 

𝑍𝑍𝑔𝑔𝑔𝑔 = 𝑅𝑅𝑔𝑔𝑔𝑔

1+𝑗𝑗𝑗𝑗𝐶𝐶𝑔𝑔𝑔𝑔𝑅𝑅𝑔𝑔𝑔𝑔
            (1.21) 

Substituting these expressions in Eq. 1.17, we get, 

     𝑍𝑍 = 𝑍𝑍𝑔𝑔 + 𝑍𝑍𝑔𝑔𝑔𝑔 = 𝑅𝑅𝑔𝑔

1+𝑗𝑗𝑗𝑗𝐶𝐶𝑔𝑔𝑅𝑅𝑔𝑔
+ 𝑅𝑅𝑔𝑔𝑔𝑔

1+𝑗𝑗𝑗𝑗𝐶𝐶𝑔𝑔𝑔𝑔𝑅𝑅𝑔𝑔𝑔𝑔
                   (1.22) 

    𝑍𝑍′ − 𝑗𝑗𝑍𝑍′′ = 𝑅𝑅𝑔𝑔(1−𝑗𝑗𝑗𝑗𝐶𝐶𝑔𝑔𝑅𝑅𝑔𝑔)
1+𝜔𝜔2𝐶𝐶𝑔𝑔

2𝑅𝑅𝑔𝑔
2 + 𝑅𝑅𝑔𝑔𝑔𝑔(1−𝑗𝑗𝑗𝑗𝐶𝐶𝑔𝑔𝑔𝑔𝑅𝑅𝑔𝑔𝑔𝑔)

1+𝜔𝜔2𝐶𝐶𝑔𝑔𝑔𝑔
2 𝑅𝑅𝑔𝑔𝑔𝑔

2         (1.23) 

𝑍𝑍′ − 𝑗𝑗𝑍𝑍′′ = � 𝑅𝑅𝑔𝑔

1+𝜔𝜔2𝐶𝐶𝑔𝑔
2𝑅𝑅𝑔𝑔

2 + 𝑅𝑅𝑔𝑔𝑔𝑔

1+𝜔𝜔2𝐶𝐶𝑔𝑔𝑔𝑔
2 𝑅𝑅𝑔𝑔𝑔𝑔

2 � − 𝑗𝑗𝑗𝑗 � 𝐶𝐶𝑔𝑔𝑅𝑅𝑔𝑔
2

1+𝜔𝜔2𝐶𝐶𝑔𝑔
2𝑅𝑅𝑔𝑔

2 +
𝐶𝐶𝑔𝑔𝑔𝑔𝑅𝑅𝑔𝑔𝑔𝑔

2

1+𝜔𝜔2𝐶𝐶𝑔𝑔𝑔𝑔
2 𝑅𝑅𝑔𝑔𝑔𝑔

2 �          (1.24) 

Equating the real and imaginary parts from both sides of the above equation, 

𝑍𝑍′ = � 𝑅𝑅𝑔𝑔

1+𝜔𝜔2𝐶𝐶𝑔𝑔
2𝑅𝑅𝑔𝑔

2 + 𝑅𝑅𝑔𝑔𝑔𝑔

1+𝜔𝜔2𝐶𝐶𝑔𝑔𝑔𝑔
2 𝑅𝑅𝑔𝑔𝑔𝑔

2 �                                  (1.25) 

𝑍𝑍′′ = � 𝜔𝜔𝜔𝜔𝑔𝑔𝑅𝑅𝑔𝑔
2

1+𝜔𝜔2𝐶𝐶𝑔𝑔
2𝑅𝑅𝑔𝑔

2 +
𝜔𝜔𝐶𝐶𝑔𝑔𝑔𝑔𝑅𝑅𝑔𝑔𝑔𝑔

2

1+𝜔𝜔2𝐶𝐶𝑔𝑔𝑔𝑔
2 𝑅𝑅𝑔𝑔𝑔𝑔

2 �         (1.26) 

1.6.4 CONDUCTION  

In dielectric ferrites, when the frequency of the applied field rises, the conductive grains 

become more active by promoting the hopping of electrons and holes between Fe2+ and T3+ 

ions and vice versa, hence speeding the hopping rate. As the frequency of the applied field rise, 

it is possible to witness a progressive increase in conductivity accompanied by a reduction in 

polarization. Jonscher's power law offers a simple formula for the frequency dependence of 

conductivity [94], [95], 

        𝜎𝜎𝑎𝑎𝑎𝑎(𝜔𝜔, 𝑇𝑇) = 𝜎𝜎𝑑𝑑𝑑𝑑(𝜔𝜔, 𝑇𝑇) + 𝐴𝐴𝜔𝜔𝑆𝑆(𝑇𝑇)                    (1.27) 
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Here, 𝜎𝜎𝑑𝑑𝑑𝑑 is the material’s DC conductivity, 𝐴𝐴 is material-dependent constant, and 𝑠𝑠 is a 

temperature-dependent parameter that fluctuates between 0 and 1 depending on the conduction 

mechanism. Even though grain boundaries are resistive and may hamper ionic transport, a high 

defect density in the interfacial areas adds to the high conduction path. Thermal excitation 

increases charge hopping by increasing charge carrier mobility and concentration. Fitting the 

Arrhenius equation of conductivity to ln(𝜎𝜎𝑎𝑎𝑎𝑎)  vs. 1 𝑘𝑘𝐵𝐵𝑇𝑇⁄  plot at low frequency yield the 

activation energy (assuming it is thermally activated) for 𝑑𝑑𝑑𝑑 conduction (𝐸𝐸𝑑𝑑𝑑𝑑). 

 

1.7 MICROWAVE PROPERTIES 

With the extensive growth of technology, such as wireless information transmission, 

global navigation, and radar (radio detection and ranging) communication, the need for ferrites 

for high-frequency applications is fast increasing [96]–[98]. A recent study suggests that 

around 23 percent of engineering research focuses on ferrites, which enhances production and 

decreases the cost of microwave devices [99]. Ferrites are iron-based ferrimagnetic oxides that 

combine magnetic material and electrical insulator properties [100]. They allow 

electromagnetic (EM) waves to permeate the material and, because to their high resistivity, 

minimize eddy current loss, hence broadening the spectrum of applications for high-frequency 

devices. In non-reciprocal devices such as circulators, fast sensors with ferrite properties such 

as strong anisotropy, low FMR (ferromagnetic resonance) bandwidth, and low loss are required 

[100]–[102]. For microwave absorbers, on the other hand, lossy material with a large resonance 

bandwidth and a good matching of relative permittivity (𝜀𝜀 = 𝜀𝜀′ − 𝑗𝑗𝜀𝜀′′) and permeability (𝜇𝜇 =

𝜇𝜇′ − 𝑗𝑗𝜇𝜇′′) are required. 

Electromagnetic Interference (EMI) has become a serious issue recent years due to the 

proliferation of high-frequency devices [91]. Multiple forms of electromagnetic interference 

cause misunderstanding of transported information, noise, and thus a slowdown of electronic 

devices. Furthermore, this undesired wave pollution is harmful to the environment and human 

health. Electromagnetic absorbers (EMA) are thus essential for reducing and shielding harmful 

electromagnetic radiation [103], [104]. Films of EMA materials may be employed as 

frequency-selective band pass filters in circuit components. In addition, since the 19th century, 

the military has used EMA materials extensively in 'stealth technology' to render aircrafts and 

ships radar-invisible [105], [106]. Despite ferrite's prevalence in high-frequency devices, its 

weight is their principal disadvantage; for practical applications, thin, light, and affordable 
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microwave absorbers are expected to be most effective [96], [103], [107]. EMA materials based 

on ferrite inhibit the reflection of EM waves and transform the bulk of their energy into heat. 

In regard to this heat dissipation and material’s temperature increase, ferrites with their lower 

thermal coefficient and stability may function satisfactorily up to 200 °C owing to their thermal 

resistance. For research and application purposes, ferrite fillers are typically disseminated and 

precisely formed inside a suitable polymer matrix. Numerous techniques for measuring 

permeability and permittivity have evolved throughout time. These approached include free-

space methods, open-ended coaxial probe techniques, cavity resonators, full-body resonance 

techniques, and transmission-line techniques [108]. Each approach has its own application 

range and intrinsic constraints. For example, cavity-based approaches are accurate but not 

wideband [108]. Transmission line techniques are the straightforward and precise methods for 

measuring the defining characteristics of materials. In the next sections, transmission line 

method and electromagnetic wave theory are presented in depth in relation to microwave 

absorption. 

1.7.1 RELATED ELECTROMAGNETIC THEORY 

Electric and magnetic processes and electromagnetic wave propagation at the macroscopic 

level are described by Maxwell's equations, published in 1873, set the framework for the 

practical uses of guided waves and transmission lines. Following are the Maxwell's equations 

for a material: 

    ∇.���⃗ 𝐷𝐷��⃗ = 𝜌𝜌                                (1.28) 

    ∇.���⃗ 𝐵𝐵�⃗ = 0                                (1.29) 

∇��⃗ × 𝐸𝐸�⃗ = − 𝜕𝜕𝐵𝐵�⃗

𝜕𝜕𝜕𝜕
                          (1.30) 

∇ ×������⃗ 𝐻𝐻��⃗ = 𝐽𝐽 + 𝜕𝜕𝐷𝐷��⃗

𝜕𝜕𝜕𝜕
          (1.31) 

Here, 𝐷𝐷��⃗ = 𝜀𝜀0𝐸𝐸�⃗ + 𝑃𝑃�⃗ = 𝜀𝜀𝐸𝐸�⃗ , represents electric displacement, 𝐵𝐵�⃗ = 𝜇𝜇0(𝐻𝐻��⃗ + 𝑀𝑀��⃗ ) , magnetic 

flux density, 𝜌𝜌, free charge density and 𝐽𝐽 = 𝜎𝜎𝐸𝐸�⃗ , current density in the material. Fig. 1.12 depicts 

the orientation of the 𝐸𝐸�⃗ , 𝐻𝐻��⃗ , and 𝑘𝑘�⃗ = 𝑘𝑘𝑛𝑛� vectors for a generic plane wave. 𝐻𝐻��⃗  can be expressed 

in terms of 𝐸𝐸�⃗  as, 

   𝐻𝐻��⃗ = − 1
𝑗𝑗𝑗𝑗𝜇𝜇0

∇��⃗ × (𝐸𝐸�⃗ 0𝑒𝑒−𝑗𝑗𝑘𝑘�⃗ .𝑟𝑟)           (1.32) 
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     = 1
𝜔𝜔𝜇𝜇0

k�⃗ × 𝐸𝐸�⃗ 0𝑒𝑒−𝑗𝑗𝑘𝑘�⃗ .𝑟𝑟                                   (1.33) 

     = �
𝜀𝜀0
𝜇𝜇0

(𝑛𝑛� × 𝐸𝐸�⃗ )                      (1.34) 

Considering wave equation, 𝐸𝐸�⃗ = 𝐸𝐸0cos (𝜔𝜔𝜔𝜔 + 𝜑𝜑)𝑥𝑥� , Maxwell’s equations are in phasor 

form, 

   ∇.���⃗ 𝐷𝐷��⃗ = 𝜌𝜌             (1.35) 

   ∇.���⃗ 𝐵𝐵�⃗ = 0             (1.36) 

        ∇ ×������⃗ 𝐸𝐸�⃗ = −𝑗𝑗𝑗𝑗𝐵𝐵�⃗                         (1.37) 

      ∇ ×������⃗ 𝐻𝐻��⃗ = 𝐽𝐽 + 𝑗𝑗𝑗𝑗𝐷𝐷��⃗                         (1.38) 

The propagation of alternating EM waves shows that the permittivity of a material is 

complex in nature. In this situation, Eq. 1.38 takes the form below and dielectric loss tangent 

is defined as follows, 

∇��⃗ × 𝐻𝐻��⃗ = 𝑗𝑗𝑗𝑗(𝜀𝜀′ − 𝑗𝑗𝜀𝜀′′)𝐸𝐸�⃗ + 𝜎𝜎𝐸𝐸�⃗            (1.39) 

        tan 𝛿𝛿𝜀𝜀 = (𝜎𝜎+𝜔𝜔𝜀𝜀′′)
𝜀𝜀′                       (1.40) 

Figure 1.12. Orientation of the 𝑬𝑬��⃗ , 𝑯𝑯���⃗ , 𝒌𝒌��⃗ = 𝒌𝒌𝒏𝒏�  vectors for a general plane wave 
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Solving for 𝐸𝐸�⃗  or 𝐻𝐻��⃗  from 1.37 and 1.38 gives Helmholtz wave equations: 

          ∇��⃗ × ∇��⃗ × 𝐸𝐸�⃗ = −𝑗𝑗𝑗𝑗𝑗𝑗∇��⃗ × 𝐻𝐻��⃗ = 𝜔𝜔2𝜇𝜇𝜇𝜇𝐸𝐸�⃗              

       ∇2𝐸𝐸�⃗ + 𝜔𝜔2𝜇𝜇𝜇𝜇𝐸𝐸�⃗ = 0            (1.41) 

A constant 𝑘𝑘 = 𝜔𝜔√𝜇𝜇𝜇𝜇 is defined as the propagation constant (also known as the phase 

constant, or wave number) of the medium. The resulting wave equation for 𝐸𝐸�⃗  for plane waves 

in a general lossy (with finite conductivity σ) medium is: 

∇2𝐸𝐸�⃗ + 𝜔𝜔2𝜇𝜇𝜇𝜇(1 − 𝑗𝑗 𝜎𝜎
𝜔𝜔𝜔𝜔

)𝐸𝐸�⃗ = 0                  (1.42) 

Then a complex propagation constant for the medium is defined as, 

𝛾𝛾 = 𝛼𝛼 + 𝑗𝑗𝑗𝑗 = 𝑗𝑗𝑗𝑗√𝜇𝜇𝜇𝜇�1 − 𝑗𝑗 𝜎𝜎
𝜔𝜔𝜔𝜔

           (1.43) 

where 𝛼𝛼 is the attenuation constant and 𝛽𝛽 is the phase constant.  

The expression of complex propagation constant, 𝛾𝛾 , consists of real part, 𝛼𝛼 , known as 

attenuation constant and imaginary part, 𝛽𝛽, known as phase constant. 

From Fig. 1.12 and considering modified Helmholtz equation, relation between magnetic 

and electric field transforms to, 

𝐻𝐻��⃗ = 𝛾𝛾
𝑗𝑗𝑗𝑗𝑗𝑗

𝐸𝐸�⃗            (1.44) 

The intrinsic impedance of the conducting medium is denoted by, 𝜂𝜂 = 𝑗𝑗𝑗𝑗𝑗𝑗
𝛾𝛾

 . As the skin-

depth, 𝛿𝛿 = 1 𝛼𝛼� = �2 𝜔𝜔𝜔𝜔𝜔𝜔�  decreases for strongly conducting materials, such as metal (high 

σ), EM waves do not enter the substance. The average power (𝑃𝑃𝑙𝑙) lost in a lossy medium with 

volume 𝑉𝑉 due to conductivity, dielectric, and magnetic losses is, 

𝑃𝑃𝑙𝑙 = 𝜎𝜎
2 ∫ 𝐸𝐸2𝑑𝑑𝑑𝑑 + 𝜔𝜔

2 ∫(𝜀𝜀′′𝐸𝐸2 + 𝜇𝜇′′𝐻𝐻2)𝑑𝑑𝑑𝑑           (1.45) 

However, magnetic hysteresis and domain wall resonance become less important at low 

fields and high frequencies ( 𝑓𝑓 > 100 MHz for ferrites), but typical FMR and eddy current loss 

become more pronounced in the gigahertz region [109], [110].  
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When a 𝑧𝑧-propagating EM wave reaches a media interface, part of the energy is reflected 

and some is transmitted through the medium. Assuming normal incidence (as shown in Fig. 

1.13), the expressions for incident waves (𝐸𝐸𝑖𝑖 , 𝐻𝐻𝑖𝑖), reflected (𝐸𝐸𝑟𝑟 , 𝐻𝐻𝑟𝑟) and transmitted (𝐸𝐸𝑡𝑡 , 𝐻𝐻𝑡𝑡) 

will be,  

(at 𝑧𝑧 < 0) 

𝐸𝐸�⃗ 𝑖𝑖 = 𝑥𝑥�𝐸𝐸0𝑒𝑒−𝑗𝑗𝑘𝑘0𝑧𝑧            (1.46) 

𝐻𝐻��⃗ 𝑖𝑖 = 𝑦𝑦� 1
𝜂𝜂0

𝐸𝐸0𝑒𝑒−𝑗𝑗𝑘𝑘0𝑧𝑧            (1.47) 

𝐸𝐸�⃗ 𝑟𝑟 = 𝑥𝑥�𝛤𝛤𝐸𝐸0𝑒𝑒𝑗𝑗𝑘𝑘0𝑧𝑧            (1.48) 

𝐻𝐻��⃗ 𝑖𝑖 = −𝑦𝑦� 𝛤𝛤
𝜂𝜂0

𝐸𝐸0𝑒𝑒𝑗𝑗𝑘𝑘0𝑧𝑧            (1.49) 

(at 𝑧𝑧 > 0) 

𝐸𝐸�⃗ 𝑡𝑡 = 𝑥𝑥�𝑇𝑇𝑇𝑇0𝑒𝑒−𝛾𝛾𝛾𝛾            (1.50) 

𝐻𝐻��⃗ 𝑡𝑡 = 𝑦𝑦� 𝑇𝑇
𝜂𝜂

𝐸𝐸0𝑒𝑒−𝛾𝛾𝛾𝛾            (1.51) 

Here, 𝛤𝛤 represents the reflection coefficient, 𝑇𝑇, represents the transmission coefficient and 

𝜂𝜂0 , represents the inherent impedance of free space (~ 377 Ω). Since the tangential field 

components must be continuous at 𝑧𝑧 = 0, the resulting equations are as follows, 

1 + 𝛤𝛤 = 𝑇𝑇             (1.52) 

1 − 𝛤𝛤
𝜂𝜂0

= 𝑇𝑇
𝜂𝜂

             (1.53) 

Solving the equations, 𝛤𝛤 and 𝑇𝑇 can be expressed as,  

𝛤𝛤 = 𝜂𝜂−𝜂𝜂0
𝜂𝜂+𝜂𝜂0

            (1.54) 

      𝑇𝑇 = 2𝜂𝜂
𝜂𝜂+𝜂𝜂0

= 1 + 𝛤𝛤             (1.55) 

Reflection loss (𝑅𝑅𝑅𝑅) relating to the reflected power of an EM wave from a material is 

described as 𝛤𝛤 value as, 𝑅𝑅𝑅𝑅 (in dB) = −20log |𝛤𝛤|. According to convention, the sign for 𝑅𝑅𝑅𝑅 is 

assumed to be negative (−) in this thesis. 

Different transverse modes are associated with an EM wave confined inside a waveguide, 

optical fibre, or resonator dependent on the transmission line boundary conditions. The topic 

will continue the subsequent section.  
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1.7.2 TRANSMISSION LINE ANALOGY 

Typically, transmission lines consist of many conducting lines. Circuit components 

connected with such conductors include series resistance (𝑅𝑅) for their length, series inductance 

(𝐿𝐿 ) from conductors, shunt capacitance (𝐶𝐶 ) from parallelly arranged conductors, and an 

additional shunt conductance (𝐺𝐺) from added load [111]. Along the length of a transmission 

line, the amplitude and phase of voltages and currents can vary dramatically. Since these 

transmission lines are small, inexpensive, and can be easily integrated with active circuit 

devices; they are of tremendous importance in the study of microwave circuits and devices 

[112]. Transmission lines with multiple conductors can only sustain transverse electromagnetic 

(TEM) waves, since longitudinal field components are missing. Waveguides with a single 

conductor support transverse electric (TE) and/or transverse magnetic (TM) waves, which are 

distinguished by the existence of longitudinal magnetic or electric field components, 

respectively. According to the Maxwell equations, fields with their transverse components are 

[113],  

𝐸𝐸�⃗ (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = [𝐸𝐸0����⃗ (𝑥𝑥, 𝑦𝑦) + 𝑧̂𝑧𝐸𝐸𝑧𝑧(𝑥𝑥, 𝑦𝑦)]𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗   (1.56) 

𝐻𝐻��⃗ (𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = [𝐻𝐻0����⃗ (𝑥𝑥, 𝑦𝑦) + 𝑧̂𝑧𝐻𝐻𝑧𝑧(𝑥𝑥, 𝑦𝑦)]𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗                (1.57) 

 

And,  

𝐻𝐻𝑥𝑥 = 𝑗𝑗
𝑘𝑘𝑐𝑐

2 �𝜔𝜔𝜔𝜔 𝜕𝜕𝐸𝐸𝑧𝑧
𝜕𝜕𝜕𝜕

− 𝛽𝛽 𝜕𝜕𝐻𝐻𝑧𝑧
𝜕𝜕𝜕𝜕

�            (1.58) 

𝐻𝐻𝑦𝑦 = − 𝑗𝑗
𝑘𝑘𝑐𝑐

2 �𝜔𝜔𝜔𝜔 𝜕𝜕𝐸𝐸𝑧𝑧
𝜕𝜕𝜕𝜕

+ 𝛽𝛽 𝜕𝜕𝐻𝐻𝑧𝑧
𝜕𝜕𝜕𝜕

�                    (1.59) 

𝐸𝐸𝑥𝑥 = − 𝑗𝑗
𝑘𝑘𝑐𝑐

2 �𝛽𝛽 𝜕𝜕𝐸𝐸𝑧𝑧
𝜕𝜕𝜕𝜕

+ 𝜔𝜔𝜔𝜔 𝜕𝜕𝐻𝐻𝑧𝑧
𝜕𝜕𝜕𝜕

�                    (1.60) 

𝐸𝐸𝑦𝑦 = 𝑗𝑗
𝑘𝑘𝑐𝑐

2 �−𝛽𝛽 𝜕𝜕𝐸𝐸𝑧𝑧
𝜕𝜕𝜕𝜕

+ 𝜔𝜔𝜔𝜔 𝜕𝜕𝐻𝐻𝑧𝑧
𝜕𝜕𝜕𝜕

�            (1.61) 

where 𝑘𝑘𝑐𝑐 = �𝑘𝑘2 − 𝛽𝛽2, is cut-off wave number. Solution for TE mode characterized by 

𝐸𝐸𝑧𝑧 = 0 and 𝐻𝐻𝑧𝑧 ≠ 0, from 𝐻𝐻𝑧𝑧(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = ℎ𝑧𝑧(𝑥𝑥, 𝑦𝑦)𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗 and reduced Helmholtz wave equation, 

� 𝜕𝜕2

𝜕𝜕𝑥𝑥2 + 𝜕𝜕2

𝜕𝜕𝑦𝑦2 + 𝜕𝜕2

𝜕𝜕𝑧𝑧2� ℎ𝑧𝑧 = 0            (1.62) 

For rectangular waveguide with breadth ‘𝑎𝑎’ and width ‘𝑏𝑏’, general solution of 1.62 gives, 

ℎ𝑧𝑧(𝑥𝑥, 𝑦𝑦) = 𝑋𝑋(𝑥𝑥)𝑌𝑌(𝑦𝑦) 
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   ℎ𝑧𝑧(𝑥𝑥, 𝑦𝑦) = (𝐴𝐴 𝑐𝑐𝑐𝑐𝑐𝑐𝑘𝑘𝑥𝑥𝑥𝑥 + 𝐵𝐵 𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘𝑥𝑥𝑥𝑥)(𝐶𝐶 𝑐𝑐𝑐𝑐𝑐𝑐𝑘𝑘𝑦𝑦𝑦𝑦 + 𝐵𝐵 𝑠𝑠𝑠𝑠𝑠𝑠𝑘𝑘𝑦𝑦𝑦𝑦)         (1.63) 

Considering the following boundary conditions on the electric field components tangential 

to the waveguide walls, 

𝑒𝑒𝑥𝑥(𝑥𝑥, 𝑦𝑦) = 0 𝑎𝑎𝑎𝑎 𝑦𝑦 = 0, 𝑏𝑏 

𝑒𝑒𝑦𝑦(𝑥𝑥, 𝑦𝑦) = 0 𝑎𝑎𝑎𝑎 𝑥𝑥 = 0, 𝑎𝑎 

The final solution for 𝐻𝐻𝑧𝑧 is, 

        𝐻𝐻𝑧𝑧(𝑥𝑥, 𝑦𝑦, 𝑧𝑧) = 𝐴𝐴𝑚𝑚𝑚𝑚𝑐𝑐𝑐𝑐𝑐𝑐 𝑚𝑚𝑚𝑚𝑚𝑚
𝑎𝑎

𝑐𝑐𝑐𝑐𝑐𝑐 𝑛𝑛𝑛𝑛𝑛𝑛
𝑏𝑏

𝑒𝑒−𝑗𝑗𝑗𝑗𝑗𝑗  (1.64) 

Where, the propagation constant for 𝑇𝑇𝑇𝑇𝑚𝑚𝑚𝑚  mode is 𝛽𝛽 = �𝑘𝑘2 − 𝜋𝜋2 ��𝑚𝑚
𝑎𝑎

�
2

+ �𝑛𝑛
𝑏𝑏

�
2

�. The 

associated cut-off frequency is given by 𝑓𝑓𝑐𝑐𝑚𝑚𝑚𝑚 = 1
2𝜋𝜋√𝜇𝜇𝜇𝜇

𝜋𝜋2 ��𝑚𝑚
𝑎𝑎

�
2

+ �𝑛𝑛
𝑏𝑏

�
2

�. The dominant mode 

is the mode with the lowest cut-off frequency, which is TE10 mode in this case. At a given 

operating frequency 𝑓𝑓 only those modes having 𝑓𝑓 > 𝑓𝑓𝑐𝑐 will propagate, modes with 𝑓𝑓 < 𝑓𝑓𝑐𝑐 will 

lead to an imaginary 𝛽𝛽 (or real 𝛼𝛼), that means all field components will decay exponentially 

from the source of excitation. Such modes are referred to as evanescent modes, which can lead 

Figure 1.13. Plane wave reflection from an arbitrary medium: normal incidence 
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to overmodulation; as a result, signal noise can be generated. 

Transverse electromagnetic (TEM) waves are characterized by 𝐸𝐸𝑧𝑧 = 𝐻𝐻𝑧𝑧 = 0. Here, from 

Equations 1.58-1.61, both 𝑘𝑘 and 𝛽𝛽 equals to 𝜔𝜔√𝜇𝜇𝜇𝜇. The cut-off wave number, 𝑘𝑘𝑐𝑐 = �𝑘𝑘2 − 𝛽𝛽2, 

is thus zero for TEM waves. When a gradient of a scalar potential, 𝜑𝜑(𝑥𝑥, 𝑦𝑦) arises between two 

conductors in a waveguide, TEM mode can propagate. Solving Laplace’s equation between the 

two conductors,  

∇𝑡𝑡
2ℎ(𝑥𝑥, 𝑦𝑦) = 0             (1.65) 

     𝐸𝐸�⃗ (𝑥𝑥, 𝑦𝑦) = ∇𝑡𝑡����⃗ 𝜑𝜑(𝑥𝑥, 𝑦𝑦)              (1.66) 

With an understanding of wave mode propagation in transmission lines, the voltage (𝑣𝑣) 

and current (𝑖𝑖) definitions of a two-wire line are derived through circuit analysis. Fig. 1.14 

depicts the schematic representation of a transmission line and its components. 

From the circuit diagram, Kirchhoff’s voltage and current laws can be applied to give, 

𝑣𝑣(𝑧𝑧, 𝑡𝑡) − 𝑅𝑅∆𝑧𝑧𝑧𝑧(𝑧𝑧, 𝑡𝑡) − 𝐿𝐿∆𝑧𝑧 𝜕𝜕𝜕𝜕(𝑧𝑧,𝑡𝑡)
𝜕𝜕𝜕𝜕

− 𝑣𝑣(𝑧𝑧 + ∆𝑧𝑧, 𝑡𝑡) = 0           (1.67) 

   𝑖𝑖(𝑧𝑧, 𝑡𝑡) − 𝐺𝐺∆𝑧𝑧𝑧𝑧(𝑧𝑧 + ∆𝑧𝑧, 𝑡𝑡) − 𝐶𝐶∆𝑧𝑧 𝜕𝜕𝜕𝜕(𝑧𝑧+∆𝑧𝑧,𝑡𝑡)
𝜕𝜕𝜕𝜕

− 𝑖𝑖(𝑧𝑧 + ∆𝑧𝑧, 𝑡𝑡) = 0         (1.68) 

For the steady-state condition, the above equations can be simplified into their phasor 

forms,  

𝑑𝑑𝑑𝑑(𝑧𝑧)
𝑑𝑑𝑑𝑑

+ (𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗)𝐼𝐼(𝑧𝑧) = 0       (1.69) 

𝑑𝑑𝑑𝑑(𝑧𝑧)
𝑑𝑑𝑑𝑑

+ (𝐺𝐺 + 𝑗𝑗𝑗𝑗𝑗𝑗)𝑉𝑉(𝑧𝑧) = 0               (1.70) 

Comparing these with wave equations for 𝑉𝑉(𝑧𝑧) and 𝐼𝐼(𝑧𝑧), with propagation constant, 𝛾𝛾 =

�(𝑅𝑅 + 𝑗𝑗𝑗𝑗𝑗𝑗)(𝐺𝐺 + 𝑗𝑗𝑗𝑗𝑗𝑗),  

𝑉𝑉(𝑧𝑧) =  𝑉𝑉0
+(𝑒𝑒−𝛾𝛾𝛾𝛾 + 𝛤𝛤𝑒𝑒𝛾𝛾𝛾𝛾)            (1.71) 

𝐼𝐼(𝑧𝑧) =  𝑉𝑉0
+

𝑍𝑍0
(𝑒𝑒−𝛾𝛾𝛾𝛾 − 𝛤𝛤𝑒𝑒𝛾𝛾𝛾𝛾)            (1.72) 

where the 𝑒𝑒−𝛾𝛾𝛾𝛾 term represents wave propagation in the +𝑧𝑧 direction, and the 𝑒𝑒𝛾𝛾𝛾𝛾 term, 

wave propagation in the −𝑧𝑧 direction. Characteristic impedance (𝑍𝑍0) of the circuit is defined 

as,  
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      𝑍𝑍0 = 𝑉𝑉0
+

𝐼𝐼0
+ = �𝑅𝑅+𝑗𝑗𝑗𝑗𝑗𝑗

𝐺𝐺+𝑗𝑗𝑗𝑗𝑗𝑗
            (1.73) 

For a coaxial line with inner diameter (𝑎𝑎) and outer diameter (𝑏𝑏), geometry dependent 

characteristic impedance is related to intrinsic or wave impedance in the way,  

    𝑍𝑍0 =
𝐸𝐸𝜌𝜌ln (𝑏𝑏

𝑎𝑎)

2𝜋𝜋𝐻𝐻𝜑𝜑
= �𝜇𝜇

𝜀𝜀

ln (𝑏𝑏
𝑎𝑎)

2𝜋𝜋
= 𝜂𝜂

ln (𝑏𝑏
𝑎𝑎)

2𝜋𝜋
                  (1.74) 

When transmission line is terminated in an arbitrary load impedance 𝑍𝑍𝐿𝐿 , at load point, 𝑍𝑍𝐿𝐿 =
𝑉𝑉
𝐼𝐼

= 𝑉𝑉0
++𝑉𝑉0

−

𝑉𝑉0
+−𝑉𝑉0

− 𝑍𝑍0. Therefore, solving for 𝑉𝑉0
− gives,  

𝑉𝑉0
−

𝑉𝑉0
+ = 𝑍𝑍𝐿𝐿−𝑍𝑍0

𝑍𝑍𝐿𝐿+𝑍𝑍0
= 𝛤𝛤           (1.75) 

At a distance 𝑧𝑧 = −𝑙𝑙 from the load, the input impedance (𝑍𝑍𝑖𝑖𝑖𝑖) seen looking toward the 

load is (from equations 1.71, 1.72, and 1.75), 

𝑍𝑍𝑖𝑖𝑖𝑖 = 𝑉𝑉(−𝑙𝑙)
𝐼𝐼(−𝑙𝑙)

= 𝑍𝑍0
𝑍𝑍𝐿𝐿+𝑍𝑍0 tanh 𝛾𝛾𝛾𝛾
𝑍𝑍0+𝑍𝑍𝐿𝐿 tanh 𝛾𝛾𝛾𝛾

          (1.76) 

As a special case of this transmission line impedance equation, a line is terminated in a 

short circuit, i.e., 𝑍𝑍𝐿𝐿 = 0, input impedance takes the form, 

𝑍𝑍𝑖𝑖𝑖𝑖 = 𝑍𝑍0 tanh 𝛾𝛾𝛾𝛾            (1.77) 

Figure 1.14. Equivalent circuit for an incremental length of transmission line 
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1.7.2.1 RECTANGULAR WAVEGUIDE  

The simplest and most dominant mode of propagation in a rectangular waveguide with 

breadth (𝑎𝑎) and width (𝑏𝑏) (𝑎𝑎 >  𝑏𝑏) is the so-called TE10 mode, which is dependent on longer 

side ‘𝑎𝑎’. Even though TM mode may travel via this waveguide, its cut-off frequency is much 

greater than that of TE mode. Being a closed conductor, it cannot sustain TEM waves, as the 

static potential in such a region would be either zero or a constant. Rectangular waveguides are 

often used to transport large quantities of microwave power at high frequencies, and exact 

material characteristics may be determined using this kind of waveguide. Fig. 1.15 depicts a 

schematic representation of a rectangular waveguide and its field propagation.  

Figure 1.15. Geometry of a rectangular waveguide and field lines for TE10 mode 

Figure 1.16. Geometry of a coaxial line and field lines for TEM mode 
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1.7.2.2 COAXIAL AIRLINE 

Though TE and TM modes may propagate across coaxial cable, the TEM mode with no 

cut-off frequency remains the dominant mode due to its lack of cut-off frequency. As coaxial 

cable has no frequency constraints, it is a wide band waveguide. In addition, coaxial line, like 

rectangular waveguide, is insulated and may be employed at high frequencies. The geometry 

of coaxial lines and field lines is seen in Fig. 1.16. 

1.7.3 ATTENUATION CONSTANT 

The 𝛾𝛾 can be expressed using the well-known formula[111]: 

   𝛾𝛾 = 𝑗𝑗𝑗𝑗√𝜇𝜇𝜇𝜇             (1.78) 

Where, 𝜇𝜇 is the complex permeability and 𝜀𝜀 is the complex permittivity. 

𝜇𝜇 = 𝜇𝜇0(𝜇𝜇′ − 𝑖𝑖𝜇𝜇′′)            (1.79) 

𝜀𝜀 = 𝜀𝜀0(𝜀𝜀′ − 𝑖𝑖𝜀𝜀′′)            (1.80) 

Where, 𝜀𝜀′, 𝜀𝜀′′ represent the real and imaginary components of complex permittivity, 𝜇𝜇′, 𝜇𝜇′′ 

represent the real and imaginary parts of the complex permeability, 𝜀𝜀0 and 𝜇𝜇0 reflect the free 

space permittivity and permeability respectively. 

Putting these expressions of 𝜇𝜇 and 𝜀𝜀 in 𝛾𝛾, 

𝛾𝛾 = 𝑗𝑗𝑗𝑗�𝜇𝜇0𝜀𝜀0[(𝜇𝜇′ − 𝑖𝑖𝜇𝜇′′)(𝜀𝜀′ − 𝑖𝑖𝜀𝜀′′)]1/2 

𝛾𝛾 = 𝑗𝑗𝑗𝑗�𝜇𝜇0𝜀𝜀0[(𝜇𝜇′𝜀𝜀′ − 𝜇𝜇′′𝜀𝜀′′) − 𝑖𝑖(𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)]1/2 

   𝛾𝛾2 = −𝜔𝜔2𝜇𝜇0𝜀𝜀0[(𝜇𝜇′𝜀𝜀′ − 𝜇𝜇′′𝜀𝜀′′) − 𝑖𝑖(𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)]             (1.81) 

Replacing, 𝑐𝑐2 = 1
�𝜇𝜇0𝜀𝜀0

 in Eq. 1.81: 

𝛾𝛾2 = 𝜔𝜔2

𝑐𝑐2 [(𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′) + 𝑖𝑖(𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)]                (1.82) 

Replacing, 𝛾𝛾 = 𝛼𝛼 + 𝑗𝑗𝑗𝑗 in Eq. 1.82: 

𝛼𝛼2 − 𝛽𝛽2 + 2𝑗𝑗𝑗𝑗𝑗𝑗 = 𝜔𝜔2

𝑐𝑐2 [(𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′) + 𝑖𝑖(𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)]                 (1.83) 

Equating, real and imaginary parts from both sides of Eq. 1.83: 
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𝛼𝛼2 − 𝛽𝛽2 = 𝜔𝜔2

𝑐𝑐2 (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′)                                 (1.84) 

2𝛼𝛼𝛼𝛼 =
𝜔𝜔2

𝑐𝑐2 (𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′) 

Or, 

          𝛽𝛽 = 𝜔𝜔2

2𝛼𝛼𝛼𝛼2 (𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)            (1.85) 

Replacing the expression of b in Eq. 1.84, 

𝛼𝛼2 −
𝜔𝜔4

4𝛼𝛼2𝑐𝑐4 (𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)2 =
𝜔𝜔2

𝑐𝑐2 (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′) 

𝛼𝛼4 −
𝜔𝜔4

4𝑐𝑐4 (𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)2 =
𝜔𝜔2

𝑐𝑐2 𝛼𝛼2(𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′) 

𝛼𝛼4 −
𝜔𝜔2

𝑐𝑐2 𝛼𝛼2(𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′) =
𝜔𝜔4

4𝑐𝑐4 (𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)2 

𝛼𝛼4 − 2. 𝛼𝛼2.
𝜔𝜔2

2𝑐𝑐2 (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′) =
𝜔𝜔4

4𝑐𝑐4 (𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)2 

𝛼𝛼4 − 2. 𝛼𝛼2.
𝜔𝜔2

2𝑐𝑐2 (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′) +
𝜔𝜔4

4𝑐𝑐4 (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′)2

=
𝜔𝜔4

4𝑐𝑐4 (𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)2 +
𝜔𝜔4

4𝑐𝑐4 (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′)2 

[𝛼𝛼2 −
𝜔𝜔2

2𝑐𝑐2 (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′)]2 =
𝜔𝜔4

4𝑐𝑐4 [(𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)2 + (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′)2] 

𝛼𝛼2 −
𝜔𝜔2

2𝑐𝑐2 (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′) =
𝜔𝜔2

2𝑐𝑐2 [(𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)2 + (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′)2]1/2 

𝛼𝛼2 =
𝜔𝜔2

2𝑐𝑐2 (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′) +
𝜔𝜔2

2𝑐𝑐2 [(𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)2 + (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′)2]1/2 

      𝛼𝛼 = 𝜔𝜔
√2𝑐𝑐

�(𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′) + �(𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)2 + (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′)2         (1.86) 

Replacing, 𝜔𝜔 = 2𝜋𝜋𝜋𝜋 

     𝛼𝛼 = √2𝜋𝜋𝜋𝜋
𝑐𝑐

�(𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′) + �(𝜇𝜇′𝜀𝜀′′ + 𝜇𝜇′′𝜀𝜀′)2 + (𝜇𝜇′′𝜀𝜀′′ − 𝜇𝜇′𝜀𝜀′)2         (1.87) 

1.7.4 EXPRESSION OF MAGNETIC TANGENT LOSS 

The permeability 𝜇𝜇, of a material, is defined as, 
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   𝐵𝐵�⃗ = 𝜇𝜇𝐻𝐻��⃗              (1.88) 

where 𝐵𝐵�⃗  is the flux density (T), 𝐻𝐻��⃗  is the magnetic field intensity (A/m), and 𝜇𝜇0  is the 

permeability of free space (4π x 10-7 H/m).  

Similarly, to how electric losses may be represented by a complex permeability, time-

varying magnetic field losses can be characterized by a complex relative permeability 

   𝜇𝜇 = 𝜇𝜇′ − 𝑖𝑖𝜇𝜇′′     (1.89) 

where 𝜇𝜇′ is the permeability and 𝜇𝜇′′  describes all the magnetic losses. An analogous 

magnetic loss tangent, tan 𝛿𝛿𝜇𝜇 can also be defined, 

tan𝛿𝛿𝜇𝜇 = 𝜇𝜇′′

𝜇𝜇′                (1.90) 

On the other hand, the power 𝑃𝑃, absorbed per unit volume (W/m3) of the sample at a given 

instant in time can be given by[114], 

𝑃𝑃 = 2𝜋𝜋𝜋𝜋𝜇𝜇0𝜇𝜇′′�𝐻𝐻��⃗ �
2

= 2𝜋𝜋𝜋𝜋𝜇𝜇0𝜇𝜇′tan𝛿𝛿𝜇𝜇�𝐻𝐻��⃗ �
2

                     (1.91) 

The absorbed power may be shown to vary linearly with frequency, permeability, loss 

tangent and the square of the magnetic field. 

The energy dissipation (𝑊𝑊) due to eddy current varies with sample shape, but always rises 

with the square of the frequency (𝑓𝑓), magnetic field (𝐵𝐵�⃗ ), sample dimension (𝑑𝑑) and linearly 

with conductivity (𝜎𝜎) [114]–[116].  

Thus, 

𝑊𝑊 ∝ 𝜎𝜎𝑓𝑓2�𝐵𝐵�⃗ �
2

𝑑𝑑2 = 𝑘𝑘𝑘𝑘𝑓𝑓2�𝐵𝐵�⃗ �
2

𝑑𝑑2           (1.92) 

Where, 𝑘𝑘 = proportionality constant. 

If the total magnetic loss is only due to Eddy current loss, then, 

Total loss (𝑃𝑃) ~ 𝑘𝑘𝑘𝑘𝑓𝑓2𝐵𝐵�⃗ 2𝑑𝑑2            (1.93) 

Substituting the expression of total loss from Eq. (1.91) in Eq. (1.93), we obtain, 

2𝜋𝜋𝜋𝜋𝜇𝜇0𝜇𝜇′tan𝛿𝛿𝜇𝜇�𝐻𝐻��⃗ �
2

~ 𝑘𝑘𝑘𝑘𝑓𝑓2�𝐵𝐵�⃗ �
2

𝑑𝑑2 
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2𝜋𝜋𝜋𝜋𝜇𝜇0𝜇𝜇′tan𝛿𝛿𝜇𝜇�𝐻𝐻��⃗ �
2

~ 𝑘𝑘𝑘𝑘𝑓𝑓2𝜇𝜇0
2𝜇𝜇′2�𝐻𝐻��⃗ �

2
𝑑𝑑2 

tan𝛿𝛿𝜇𝜇~ 
𝑘𝑘

2𝜋𝜋
𝜎𝜎𝜎𝜎𝜇𝜇0𝜇𝜇′𝑑𝑑2 

   𝜇𝜇
′′

𝜇𝜇′ ~ � 𝑘𝑘
2𝜋𝜋

� 𝜇𝜇0𝜇𝜇′(𝑑𝑑2𝜎𝜎)𝑓𝑓            (1.94) 

The formula derived above is the approximate expression of magnetic tangent loss when 

the loss generates only due to eddy current. 

1.7.5 SCATTERING PARAMETERS  

Incorporating EM field theory and circuit analysis, microwave network analysis provides 

a more easy and practical approach. A terminal pair must be properly specified since measuring 

voltage or current at microwave frequencies is challenging. Typical terminal or port values 

include impedance, admittance, and scattering matrices from circuit theory. This sort of 

representation leads to the creation of comparable circuits for arbitrary networks, which will 

be of considerable aid in the design of passive components such as couplers and filters. For a 

network with several ports, the impedance, admittance, and scattering characteristics in matrix 

form are as follows: 

[𝑉𝑉] = [𝑍𝑍][𝐼𝐼] 

[𝐼𝐼] = [𝑌𝑌][𝑉𝑉] 

[𝑉𝑉−] = [𝑆𝑆][𝑉𝑉+] 

Due to the absence of equipment to measure port current and voltage directly and the 

difficulties of achieving flawless opens/shorts, it is difficult to test Y or Z characteristics 

directly for transmission lines at high RF and microwave frequencies. Under these 

Figure 1.17. Schematic representation of a 2-port network 
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circumstances, the scattering matrix gives direct measurements for incident, reflected, and 

transmitted waves. A certain component of the scattering matrix is distinguished as, 

     𝑆𝑆𝑖𝑖𝑖𝑖 = 𝑉𝑉𝑖𝑖
−

𝑉𝑉𝑗𝑗
+ |𝑉𝑉𝑘𝑘

+=0,   𝑘𝑘≠𝑗𝑗            (1.95) 

In words, Eq. 1.95 states that 𝑆𝑆𝑖𝑖𝑖𝑖 is the ratio of the reflected or transmitted wave amplitude 

𝑉𝑉𝑖𝑖
− coming at port 𝑖𝑖 to the incident wave at port 𝑗𝑗 is voltage 𝑉𝑉𝑗𝑗

+. The two-port device has four 

𝑆𝑆-parameters: 𝑆𝑆11, 𝑆𝑆21, 𝑆𝑆12, and 𝑆𝑆22. Fig. 1.17 is a schematic illustration of the 𝑆𝑆-parameters of 

a 2-port network. Here, 𝑆𝑆11 and 𝑆𝑆22 are the forward and reverse reflection coefficients, whereas 

𝑆𝑆21 and 𝑆𝑆12 are the forward and reverse gains. 

The expression for 2-port S-parameters is shown below, 

   �𝑏𝑏1
𝑏𝑏2

� = �𝑆𝑆11 𝑆𝑆12
𝑆𝑆21 𝑆𝑆22

� �
𝑎𝑎1
𝑎𝑎2

�            (1.96) 

1.7.6 NICHOLSON-ROSS-WEIR ALGORITHM 

Fig. 1.18 depicts the reflection and transmission of incident waves in situations when a 

material under test (MUT) is enclosed inside a wave guide or coaxial cable. 

Transmission/Reflection line measurements entail placing a sample in a portion of waveguide 

or coaxial line and measuring the two-port complex scattering parameters using a vector 

network analyser (VNA). 𝑆𝑆-parameters are converted to complex permittivity and permeability 

by solving equations using different techniques. Nicholson-Ross-Weir (NRW) is the most used 

method for measuring the values of ferrite and other magnetic materials [117]. Typically, one 

solves a transcendental equation using the sample length, sample position, and reflection 

coefficient to find and values. The phases of the NRW approach are discussed in detail below.  

The first step is to determine the relationships between 𝜇𝜇  and 𝜀𝜀  values with 𝛤𝛤 . Some 

parameter expressions such as 𝛾𝛾, 𝑘𝑘𝑐𝑐 , 𝜂𝜂 are recalled, 𝛾𝛾2 = 𝑘𝑘𝑐𝑐
2 − 𝑘𝑘2 , 𝑘𝑘𝑐𝑐 = 2𝜋𝜋

𝜆𝜆𝑐𝑐
�  (𝜆𝜆𝑐𝑐  = cut-off 

wavelength), 𝑘𝑘 = 𝜔𝜔√𝜀𝜀𝜀𝜀 and 𝜂𝜂 = 𝑗𝑗𝑗𝑗𝑗𝑗
𝛾𝛾� . Reflection co-efficient, 𝛤𝛤 is written as, 

     𝛤𝛤 = 𝜂𝜂−𝜂𝜂0
𝜂𝜂+𝜂𝜂0

=
𝛾𝛾0
𝛾𝛾 𝜇𝜇−1

𝛾𝛾0
𝛾𝛾 𝜇𝜇+1

                  (1.97) 

Where, 𝛾𝛾0 is the complex propagation constant in the air. Solving for 𝜇𝜇,  
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𝜇𝜇 = (
1 + 𝛤𝛤
1 − 𝛤𝛤

)
𝛾𝛾
𝛾𝛾0

 

𝛾𝛾
𝛾𝛾0

=
�𝜔𝜔2𝜀𝜀𝜀𝜀

𝑐𝑐2 −(2𝜋𝜋
𝜆𝜆𝑐𝑐

)2

𝑗𝑗�(𝜔𝜔
𝑐𝑐 )2−(2𝜋𝜋

𝜆𝜆𝑐𝑐
)2

= 𝛾𝛾

𝑗𝑗2𝜋𝜋�
1

𝜆𝜆0
2− 1

𝜆𝜆𝑐𝑐2
                     (1.98) 

 Defining 1
𝛬𝛬

= 𝛾𝛾
𝑗𝑗2𝜋𝜋

 and from 1.97 and 1.98, 

     𝜇𝜇 = (1+𝛤𝛤
1−𝛤𝛤

) 1

𝛬𝛬�
1

𝜆𝜆0
2− 1

𝜆𝜆𝑐𝑐2
            (1.99) 

From, 𝛾𝛾2 = (2𝜋𝜋)2 � 1
𝜆𝜆0

2 − 𝜇𝜇𝜇𝜇
𝜆𝜆𝑐𝑐

2�, solving for 𝜀𝜀 gives, 

𝜀𝜀 =
𝜆𝜆0

2� 1
𝜆𝜆𝑐𝑐2

−� 𝛾𝛾
2𝜋𝜋�

2
�

𝜇𝜇
= 𝜆𝜆0

2

𝜇𝜇
� 1

𝜆𝜆𝑐𝑐
2 + 1

𝛬𝛬2�         (1.100) 

As seen in Fig. 1.18, the following phase tries to elucidate the relationship between 𝛤𝛤, 𝛾𝛾 

and the scattering matrix, which contains information about incident, reflected and transmitted 

waves. Assuming normal incidence in an isotropic medium (𝑆𝑆12  = 𝑆𝑆21), the total reflected 

fields (𝛤𝛤𝑖𝑖𝑖𝑖) at the interface is given by, 

Figure 1.18. Electromagnetic waves transmitting and reflecting from a sample in a transmission line 
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𝛤𝛤𝑖𝑖𝑖𝑖 = 𝛤𝛤12 + 𝑇𝑇12𝛤𝛤𝑖𝑖𝑖𝑖𝑇𝑇21𝑒𝑒−2𝛾𝛾𝛾𝛾 + 𝑇𝑇12𝛤𝛤21𝛤𝛤23
2 𝑇𝑇21𝑒𝑒−4𝛾𝛾𝛾𝛾 + ⋯ 

𝛤𝛤𝑖𝑖𝑖𝑖 = 𝛤𝛤12 + 𝑇𝑇12𝑇𝑇21𝛤𝛤23𝑒𝑒−2𝛾𝛾𝛾𝛾

1−𝛤𝛤21𝛤𝛤23𝑒𝑒−2𝛾𝛾𝛾𝛾       (1.101) 

Here 𝛤𝛤𝑖𝑖𝑖𝑖  and 𝑇𝑇𝑖𝑖𝑖𝑖  represent the reflection coefficient and transmission coefficient of the 

wave propagating from material ‘𝑖𝑖’ to material ‘𝑗𝑗’, respectively. In the traditional arrangement, 

materials 1 and material 3 are air. On the basis of 1.95 and 1.96, we may conclude, 

    𝛤𝛤12 = −𝛤𝛤21 = −𝛤𝛤23                             (1.102) 

In addition, using the boundary condition of continuity for the tangential component of 

electric fields at the contact, 

𝑇𝑇12 = 1 + 𝛤𝛤21                                (1.103) 

Defining 𝑧𝑧 = 𝑒𝑒−𝛾𝛾𝛾𝛾 and 𝛤𝛤 = 𝛤𝛤12, we obtain from 1.101, 

∑ 𝐸𝐸𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖
= 𝑆𝑆11 = 𝛤𝛤(1−𝑧𝑧2)

1−𝛤𝛤2𝑧𝑧2                  (1.104) 

In a similar manner, the transmission co-efficient results in, 

∑ 𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡
𝐸𝐸𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

=  𝑇𝑇32𝑇𝑇21𝑒𝑒−𝛾𝛾𝛾𝛾

1−𝛤𝛤21𝛤𝛤23𝑒𝑒−2𝛾𝛾𝛾𝛾 = (1−𝛤𝛤2)𝑧𝑧
1−𝛤𝛤2𝑧𝑧2 = 𝑆𝑆21                (1.105) 

To obtain expression of 𝛤𝛤 and 𝑧𝑧 in terms of 𝑆𝑆11 and 𝑆𝑆21, 

𝐾𝐾 =
𝑆𝑆11 − 𝑆𝑆21 + 1

2𝑆𝑆11
 

𝛤𝛤2 − 2𝛤𝛤𝛤𝛤 + 1 = 0 

      𝛤𝛤 = 𝐾𝐾 ± √𝐾𝐾2 − 1                            (1.106) 

There are two solutions to the quadratic equation. The physical constraint 𝛤𝛤 <  1 is used 

to identify the right solution for a passive medium. From 1.103, 1.104, and 1.105, 

𝑍𝑍 = 𝑆𝑆11+𝑆𝑆21−𝛤𝛤
1−(𝑆𝑆21+𝑆𝑆11)𝛤𝛤

= 𝑒𝑒−𝛾𝛾𝛾𝛾                 (1.107) 
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1.7.7 CORRECTIONS & POLYNOMIAL FIT MODEL 

The fundamental issue with the NRW approach is its phase ambiguity, which renders the 

solution not totally analytic. With these transmission line approaches for magnetic materials, 

numerical singularities may occur at frequencies that are integral multiples of a half wave 

length (𝜆𝜆/2). The most popular solution to this issue is to utilize a very small sample size. 

Moreover, air gaps and over-modification are two important difficulties encountered while 

measuring transmission lines [118]. The defects may generate evanescent waves close to the 

sample-material contact, resulting in noise in the output. Among the numerous solutions, the 

downside of the two-sample strategy is that it requires two samples of different lengths 

simultaneously. Polynomial fitting is a more recent methodology that implies a functional 

connection between material attributes and measurement frequency. It is assumed that the 

functional connection is a polynomial of nth order [119], 

𝑦𝑦𝑛𝑛 = ∑ 𝑎𝑎𝑛𝑛𝑥𝑥𝑛𝑛𝑛𝑛=∞
𝑛𝑛=0      (1.108) 

Here the 𝑎𝑎𝑖𝑖 terms are constants; 𝑛𝑛 is the order of the polynomial and the initial values and 

order of the polynomial are guessed before fitting. 

External surfaces of the sample that are in touch with the sample holder may be coated 

with a conducting paste to close any gaps between the sample holder and sample. Air gaps 

between surfaces may be seen as capacitor layers [118]. This method implies that the gaps 

between the transmission line and the sample may be accurately approximated by a series of 

capacitors. 

1
𝐶𝐶𝑚𝑚

= 1
𝐶𝐶1

+ 1
𝐶𝐶2

+ 1
𝐶𝐶3

     (1.109) 

For a coaxial line, 

Figure 1.19. Air gaps after a sample inserted in a (a) rectangular waveguide and (b) coaxial line 



Chapter 1 

43 | P a g e  
 

𝐶𝐶 = 2𝜋𝜋𝜋𝜋𝜋𝜋

ln𝑅𝑅2
𝑅𝑅1

     (1.110) 

Solving for 𝜀𝜀 provides, 

𝜀𝜀𝑐𝑐
′ = 𝜀𝜀𝑚𝑚

′ 𝐿𝐿2
𝐿𝐿3−𝜀𝜀𝑚𝑚

′ 𝐿𝐿1
    (1.111) 

𝜀𝜀𝑐𝑐
′′ = (𝜀𝜀𝑐𝑐

′ × 𝜀𝜀𝑚𝑚
′′

𝜀𝜀𝑚𝑚
′ ) 𝐿𝐿3

𝐿𝐿3−𝐿𝐿1𝜀𝜀𝑚𝑚
′ (1+[𝜀𝜀𝑚𝑚′′

𝜀𝜀𝑚𝑚′
]2)

   (1.112) 

Modelling transmission line as a series of inductors for the 𝐸𝐸-field gap,  

𝐿𝐿𝑐𝑐 = 𝐿𝐿𝑚𝑚 − 𝐿𝐿𝑎𝑎𝑎𝑎𝑎𝑎 

where 𝑐𝑐, 𝑚𝑚, and 𝑎𝑎𝑎𝑎𝑎𝑎 denote to corrected value, measured value and air space, respectively. 

For a coaxial line, 

𝐿𝐿 = 1
2𝜋𝜋

𝜇𝜇′ ln 𝐷𝐷3
𝐷𝐷2

      (1.113) 

Therefore, we can write for the corrected permeability, 

𝜇𝜇𝑐𝑐
′ = 𝜇𝜇𝑚𝑚

′ 𝐿𝐿3−𝐿𝐿1
𝐿𝐿2

     (1.114) 

𝜇𝜇𝑐𝑐
′′ = 𝜇𝜇𝑚𝑚

′′ 𝐿𝐿3
𝐿𝐿2

               (1.115) 

Where, 

𝐿𝐿1 = ln 𝐷𝐷2
𝐷𝐷1

+ ln 𝐷𝐷4
𝐷𝐷3

      (1.116) 

𝐿𝐿2 = ln 𝐷𝐷3
𝐷𝐷2

             (1.117) 

𝐿𝐿3 = ln 𝐷𝐷4
𝐷𝐷1

            (1.118) 

These formulae for gap correction may be easily obtained from Maxwell's equations. At 

higher frequencies, this adjustment should contain a frequency-dependent term. Considering 

same models and H-field gap for rectangular waveguide, the revised values for 𝜇𝜇 and 𝜀𝜀 are, 

𝜀𝜀𝑐𝑐
′ = 𝜀𝜀𝑚𝑚

′ 𝑑𝑑
𝑏𝑏−(𝑏𝑏−𝑑𝑑)𝜀𝜀𝑚𝑚

′      (1.119) 
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𝜀𝜀𝑐𝑐
′′ = 𝜀𝜀𝑐𝑐

′ (𝜀𝜀𝑚𝑚
′′

𝜀𝜀𝑚𝑚
′ ) 𝑏𝑏

𝑏𝑏−(𝑏𝑏−𝑑𝑑)𝜀𝜀𝑚𝑚
′            (1.120) 

𝜇𝜇𝑐𝑐
′ = 𝜇𝜇𝑚𝑚

′ �𝑏𝑏
𝑑𝑑

� − (𝑏𝑏−𝑑𝑑
𝑑𝑑

)        (1.121) 

𝜇𝜇𝑐𝑐
′′ = 𝜇𝜇𝑚𝑚

′′ 𝑏𝑏
𝑑𝑑

           (1.122) 

Fig. 1.19 depicts the possible placements of air gaps following insertion of a sample in a 

coaxial line and a rectangular waveguide, respectively. 

1.7.8 EMI SHIELDING FOR SINGLE LAYER ABSORBER 

Fig. 1.20 depicts the diagram of an electromagnetic wave ordinarily impinge on an 

absorber and probable material interactions. Shielding efficiency (𝑆𝑆𝑆𝑆) is a metric that estimates 

the amount of electromagnetic (EM) energy impeded by an absorbent material slab as it passes 

through. A regularly incoming electromagnetic wave (𝐸𝐸𝐼𝐼) is typically partly reflected at the 

air-absorber interface, designated as 𝐸𝐸𝑅𝑅  and detectable by 𝑆𝑆11−𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂 , partially penetrating 

through the layer, denoted as 𝐸𝐸𝑇𝑇  ( 𝑆𝑆21 ), and partially attenuated in the absorber, 𝐸𝐸𝐴𝐴 . 

Consequently, three distinct processes, namely reflection, absorption, and multiple internal 

reflections, contribute to the overall attenuation, which corresponds to shielding effectiveness 

Figure 1.20. Schematic diagram of reflected and transmitted waves when an EM wave is incident on a material 
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𝑆𝑆𝑆𝑆𝑅𝑅 , 𝑆𝑆𝑆𝑆𝐴𝐴 , and 𝑆𝑆𝑆𝑆𝑀𝑀 , respectively [39], [120]. Total shielding effectiveness (𝑆𝑆𝑆𝑆 ) may be 

represented as the total of contributions from reflection (𝑆𝑆𝑆𝑆𝑅𝑅), absorption (𝑆𝑆𝑆𝑆𝐴𝐴), and internal 

multiple reflections (𝑆𝑆𝑆𝑆𝑀𝑀).  

𝑆𝑆𝑆𝑆 (𝑑𝑑𝑑𝑑) = 10 log �𝑃𝑃𝑡𝑡
𝑃𝑃𝐼𝐼

� � = 𝑆𝑆𝑆𝑆𝐴𝐴 + 𝑆𝑆𝑆𝑆𝑅𝑅 + 𝑆𝑆𝑆𝑆𝑀𝑀  (1.123) 

Here, 𝑃𝑃𝑡𝑡  represents the transmitted power, and 𝑃𝑃𝐼𝐼  represents the incident power of EM 

wave. The 𝑆𝑆𝑆𝑆 components are defined as follows, 

𝑆𝑆𝑆𝑆𝑅𝑅 (𝑑𝑑𝑑𝑑) = 10 log(1 − 𝑅𝑅), [where, 𝑅𝑅 = |𝑆𝑆11|2]               (1.124) 

And, 

𝑆𝑆𝑆𝑆𝐴𝐴 (𝑑𝑑𝑑𝑑) = 10 log � 𝑇𝑇
1−𝑅𝑅

�, [where, 𝑇𝑇 = |𝑆𝑆21|2]             (1.125) 

Neglecting minute effects from multiple reflections (𝑆𝑆𝑆𝑆𝑀𝑀 = 20 log �1 − 10
𝑆𝑆𝑆𝑆𝐴𝐴

10 �) in a slab 

and putting 1.64 in 1.63, total 𝑆𝑆𝑆𝑆 results in, 

𝑆𝑆𝑆𝑆 (𝑑𝑑𝑑𝑑) = 20 log|𝑆𝑆21|           (1.126) 

𝑆𝑆𝑆𝑆𝑅𝑅  is proportional to the relative impedance mismatch between the surface of the 

shielding material and the EM waves, while absorption loss is caused by ohmic losses and 

heating of the material as a consequence of currents created in the medium. 

Absorber slab with a conducting metal backing follows Eq. 1.42 for impedance and rather 

than transmission; EM wave is completely reflected off absorber-metal surface. The 𝑅𝑅𝑅𝑅 

characteristics may then be directly measured using 𝑆𝑆11−SHORT , which coincides with the 

transmission line theory's [121] estimated value. At a thickness of a quarter wavelength, 

electromagnetic waves reflected from the first and second surfaces of the absorber are 180 

degrees out of phase, causing destructive interference. This matching thickness ( 𝑡𝑡𝑚𝑚 ) is 

essential for building the correct absorber thickness for maximal shielding, and it may be 

understood from the quarter wavelength (𝜆𝜆/4) model as follows: 

𝑡𝑡𝑚𝑚 = 𝑛𝑛𝑛𝑛
4𝑓𝑓𝑚𝑚√𝜀𝜀𝑟𝑟𝜇𝜇𝑟𝑟

 (𝑛𝑛 = 1, 3, 5, … )    (1.127) 
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 where for odd values of 𝑛𝑛, waves reflected from two absorber interfaces go out of phase. 

Consequently, 𝑅𝑅𝑅𝑅  may be tailored for certain frequencies by improving the material 

characteristics and thickness. 

1.7.9 BRIEF REVIEW ON AVAILABLE EMA 

Recent developments in electromagnetic wave-absorbent materials demonstrate the 

transition from dielectric carbon-based compounds to complex ferrite-dielectric quaternary 

compounds. Over the years, materials such as carbons, metal powders, ferrites, oxides, and 

polymers have been merged, coated, and doped into one another to get the desired properties, 

and various synthesis techniques have been used to alter their distinctive attributes. For 

Table 1.1 Microwave absorption properties of different possible EMA materials 

Material Thickness 

(mm) 

𝑹𝑹𝑹𝑹𝒎𝒎𝒎𝒎𝒎𝒎(dB) Peak frequency 

(GHz) 

BaCo0.9Zn1.1Fe16O27 [122] 2.0 -33.6 12.0 

FeSiAl [123] 4.0 -39.7 1.4 

SrZnCoFe16O17 [124] 2.6 -33.4 10.4 

rGO/MoS2 [125] 2.0 -33.2 13.0 

Fe3O4/C [126] 3.0 -34.7 11.6 

PEO/Graphene [127] 2.5 -37.8 16.4 

D1.43 μm Carbon Fibers [128] 3.0 -22.9 7.6 

Ni/MWNT 5 wt.%[129] 4.0 -23.1 8.0 

PPy/Fe3O4/PVDF [130] 2.5 -21.5 16.8 

Porous Flower Like Fe3O4 [131] 2.0 -28.31 13.2 

Fe nanowire/epoxy [132] 2.0 -47.0 9.4 

FeNi@C [133] 2.0 -47.6 3.17 

Fe3O4/SiO2/PVDF Nanorod [134] 2.5 -28.6 8.1 

Fe@NiFe2O4 [135] 1.5 -27.0 13 

Fe nanoflake@SiO2 [136] 3.6 -20.0 7.3 

NiFe2O4 Nanohollowspheres [137] 2.0 -59.2 11.7 

MnFe2O4 Nanohollowspheres [138]  5.1 -55.4 9.6 
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instance, Qiu et al. [45] examined microwave absorbing materials based on lightweight nano-

porous carbon produced from walnut shells, obtaining a maximum reflection loss of 42.4 dB 

at 8.88 GHz due to dielectric relaxation loss. Liu et al. [82] investigated ZnO-coated Fe 

nanocapsules and determined that an 𝑅𝑅𝑅𝑅 of -57.1dB at 7.8 GHz is best. Table 1.1 summarizes 

the microwave absorption capabilities of several types of EMA materials is shown. 

 

1.8 MOTIVE OF THE THESIS 

Due to the fast growth of technology, electro-magnetic (EM) wave pollution has become 

hazardous to human health, necessitating the use of EM wave absorbers (EMA) to protect the 

undesirable waves. In this context, ferrites are preferable to conventional dielectrics such as 

carbon-based materials or magnetic ultrafine metal powders due to their synergistic magnetic 

and dielectric capabilities. The high density of ferrites makes them cumbersome and difficult 

to employ in practical applications, despite their many benefits. Nano-hollow spheres (NHS) 

are a recent trend among nano-structures, as a result of the preference for lightweight and space-

efficient EMA materials. In addition, nano-structures have unique features compared to their 

bulk counterparts, which makes straightforward adjustment of their attributes crucial. This 

thesis introduces numerous strategies, including as chemical doping, hybridization of 

materials, morphology, and size control, to develop an effective broad-band EMA material.  

 

1.9 THESIS ORGANIZATION 

The entire thesis has been separated into seven chapters. The following is a brief summary of 

each chapter. 

 Chapter 1: This chapter provides a brief introduction to ferrite nanostructures, including 

their crystal structure, magnetic, electric, and microwave absorption characteristics. We 

have also explored the surface alteration of NSs and its repercussions. This 

chapter describes the frequency dependency of magnetic and electric characteristics, their 

origins, and their applications. In addition, the motivation for the thesis study and a 

summary of the work completed are presented. 

 Chapter 2: The second chapter focuses on procedures for synthesis, methodologies for 

characterisation, and measurements. 
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 Chapter 3: The third chapter covers the impact of coating manganese ferrite 

nanohollowspheres with silica and cobalt ferrite individually. Further research is conducted 

and reported on the optimization of layer thicknesses of the aforementioned material layers 

in order to acquire the most efficient microwave performance. 

 Chapter 4: The fourth chapter discusses the alteration of sodium bismuth titanate (NBT) 

and strontium titanate (STO) to get a Curie temperature close to room temperature and high 

dielectric constants. Cobalt ferrite is coated to further improve microwave properties by 

introducing magnetic characteristics. 

 Chapter 5: The fifth chapter explores the effective tuning of magnetic characteristics of 

soft magnetic material nickel nanoparticles by forming exchange-coupled core-shell 

structures using hard magnetic material, cobalt ferrite as the shell and enhancing the 

electromagnetic wave absorption properties as well. 

 Chapter 6: In the sixth chapter, conclusions are drawn and the scope of future study is 

discussed. 
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CHAPTER 2 

EXPERIMENTAL DETAILS 

This chapter briefly outlines a number of 
sample preparation techniques employed for this thesis 
study, including bulk and nanostructure samples (such 
as nanoparticles, nano hollow spheres and core-shell 
structures). A number of characterization techniques are 
also presented here to investigate the structural, 
magnetic, electric, and microwave properties of the 
materials. 
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2.1 PREAMBLE 

In this chapter, an overview of various experimental approaches, including wet-chemical, 

co-precipitation and solvothermal processes, that are utilized to synthesize different 

nanostructures (NSs) of ferrites such as nano-hollowspheres and core-shells is presented. In 

addition, the following experimental techniques applied in order to characterize the synthesized 

materials are also illustrated briefly. 

The structural phase and characteristics of the materials are investigated by powder X-ray 

diffraction (XRD) pattern using SmartLab automated multipurpose X-ray diffractometer and 

PANalytical X’Pert PRO equipped with Cu-Kα radiation. The size and morphology of 

nanostructures are studied using an FEI QUANTA FEG 250 field-emission scanning electron 

microscope (FESEM) (0.2–30 kV) and a FEG high-resolution transmission electron 

microscope (HRTEM) (80–200 kV). For elemental analysis of the materials, the Energy-

dispersive X-ray (EDX) spectrum is captured. Differential Scanning Calorimetry (DSC) and 

thermal gravimetric analysis (TGA) measurements are done in the temperature range from 

room temperature to 500 °C using Q-2000 unit. All the relevant magnetic measurements are 

carried out using a Vibrating Sample Magnetometer (VSM) (Lakeshore Cryotronics-7407), 

Physical Property Measurement System (PPMS) (Quantum Design, DYNACOOL). AC 

dielectric properties of NHSs are investigated using LCR meter (Hioki-3532-50; Japan and NF 

ZM2376 by National Instruments). Microwave properties of the samples for the frequency 

range 1–20 GHz are measured using Anritsu MS46122B Vector Network Analyzer (VNA). 

Each composite sample is properly inserted in port-1 end of a coaxial airline (Maury 

Microwaves−8043S6) and set-up calibration is performed using TOSLKF50A-20 kit for the 

measurements. Further analysis from measured 2-port scattering (S)-parameters is executed 

with polynomial fit model of Nicholson-Ross-Weir (NRW) algorithm based on transmission 

line technique [1].  

 

2.2 SYNTHESIS TECHNIQUES 

There are several approaches developed to manufacture nanomaterials with distinct 

structures and, therefore, characteristics. Top-down (i.e., bulk to nanoparticle) and bottom-up 

(i.e., atom to nanoparticle) methodologies may be used to describe these techniques [2]. 

Imperfections in the surface structures of NSs, which may have a substantial impact on their 

physical characteristics and surface chemistry, are the greatest downside of the top-down 

method. The bottom-up strategy, on the other hand, increases the likelihood of producing NSs 
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with fewer flaws, more chemical composition uniformity, and greater control over the 

positioning of individual atoms. 

Typically, nanostructures are generated in two steps: nucleation and growth (as seen in 

Fig. 2.1(a)) [3]. When nuclei develop consistently, homogeneous nucleation occurs, while 

heterogeneous nucleation happens when there is structural inhomogeneity. The parent phase 

condition for nucleation, known as supersaturation, may be attained by judicious management 

of reaction circumstances such as solvent, capping agents, and temperature, among others. In 

a chemical reaction, the minimum size of a stable particle is determined by the total free energy 

changes (∆𝐺𝐺) associated with the homogeneous nucleation process [4]. Eq. 2.1 relates the 

surface energy and the free energy of the bulk crystal ∆𝐺𝐺𝑣𝑣, to the total free energy ∆𝐺𝐺 for a 

spherical particle of radius, 𝑟𝑟. The crystal free energy, ∆𝐺𝐺𝑣𝑣, is dependent on the temperature 

(𝑇𝑇), Boltzmann's constant (𝑘𝑘𝐵𝐵), the supersaturation of the solution (𝑆𝑆), and its molar volume 

(𝑣𝑣), as shown in Eq. 2.2. 

∆𝐺𝐺 = 4𝜋𝜋𝑟𝑟2𝛾𝛾 + 4
3
𝜋𝜋𝑟𝑟3∆𝐺𝐺𝑣𝑣     (2.1) 

∆𝐺𝐺𝑣𝑣 = −𝑘𝑘𝐵𝐵𝑇𝑇 ln(𝑆𝑆)
𝑣𝑣

           (2.2) 

Due to the surface free energy always being positive and the crystal free energy always 

being negative, as shown in Fig. 2.1(b), it is possible to determine the maximum free energy 

through which a nucleus will pass to form a stable nucleus by differentiating ∆𝐺𝐺 with respect 

to 𝑟𝑟 and setting it to zero, 𝑑𝑑∆𝐺𝐺
𝑑𝑑𝑑𝑑

= 0. This gives a critical free energy and also a critical radius. 

Figure 2.1. (a) Nucleation and growth step in a classical synthesis, (b) Free-energy diagram for nucleation process. 
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Therefore, beyond a certain critical radius, the particles will form and expand, whereas below 

this radius they will disperse. The development of nanoparticles (NPs) is based on the diffusion 

of tiny particles into a solution and onto the surface of other particles. This growth process of 

NPs is often known as Ostwald ripening, which occurs owing to the size-dependent change in 

solubility of NPs [5]. Due to the high solubility and surface energy of smaller particles in 

solution, they redissolve, hence allowing the growth of bigger particles. For shape control, the 

widely accepted Gibbs–Curie–Wulff theorem proposes that the form of a crystal is defined by 

the surface free energy of individual crystallographic faces and that the final crystal shape is 

established in such a manner as to minimize the overall free energy of the system [4].  

2.2.1 WET CHEMICAL METHOD 

Wet chemical approach is primarily a "bottom-up" methodology for synthesizing 

nanoparticles by chemical reduction of metal salts, electrochemical procedure, or controlled 

breakdown of various meta-stable organic and metallic compounds [3]. This technique utilizes 

aqueous or non-aqueous solutions. This simple, affordable, modular, and scalable approach 

may be utilized to manufacture even metal oxides in the micrometer range with more control 

over nanostructure.  

This method can be used to grow a coating over some core materials. For coating, the 

already prepared core materials are needed to be dispersed in the solutions. The stoichiometry 

of the reagents in the solution and the shape, size and amount of the core materials are the 

important factors influencing the layer thickness over the core materials. 

The coating of CoFe2O4 over MnFe2O4 from Chapter 3 and the Nickel nanoparticles from 

chapter 5, are synthesised using this method. 

2.2.2 SOLVOTHERMAL METHOD 

Solvothermal technique is a method for producing different nanostructures of metals, 

semiconductors, ceramics, and polymers from aqueous or non-aqueous media by manipulating 

pressure, temperature, surfactant concentration, and reaction time [2], [4]. This method uses 

various polar (such as water, ethanol, etc.) or non-polar (such as benzene, ethylene glycol, etc.) 

solvents under high pressure and temperature (generally above the boiling point of the solvent) 

to facilitate the interaction of various precursor molecules during the synthesis procedure. This 

technique is quite similar to the hydrothermal process, with the exception that the precursor 

solution is often non-aqueous. 
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In this process, a sealed reaction vessel is used, and at a temperature over the boiling point 

of the solvent, an autogenous (i.e., self-developing and not externally applied) pressure is 

generated [2], [6]. This pressure inside the sealed container rises with temperature and also 

relies on other experimental variables, including the percentage of the vessel that is filled, the 

number of dissolved salts, and the quantity of capping agents. Pressure and temperature have 

a significant effect on the mobility of ions, viscosity of solvent, and dielectric characteristics, 

and this component also alters the solubility and activity of the reactants. This method begins 

with the dissolving of precursor solutes in the solvent at room temperature through magnetic 

stirring. The mixture is then transported into an autoclave chamber coated with Teflon, as seen 

in Fig. 2.2. The precursor solution is added to fill the chamber to 70% capacity, and the 

autoclave is then shut and heated to a predetermined temperature. This technique may be used 

to create several nanostructures, including cubes, hollow spheres, wires, rods, single crystals, 

and many more. In addition, the nanostructures produced by this method may be readily 

manipulated by adjusting the solvent supersaturation, concentration, and kinetic control. This 

process may also be used to create thermodynamically stable or metastable states of new 

materials that are difficult to produce by conventional means. Formation of NSs by 

solvothermal approach is significantly impacted by several thermodynamic and 

crystallographic variables, such as directed attachment at phases, selective ligand adsorption, 

and molecular template mechanism, among others. 

Figure 2.2. Schematic diagrams of an autoclave and a Teflon chamber used in solvothermal synthesis 
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The following is the synthesis technique for Fe3O4 nano hollow spheres: In a solution of 

40 ml Ethylene Glycol (EG) and 20 ml ethyl alcohol, 2.4 g of FeCl3, 6H2O is dissolved. The 

solution is stirred with a magnetic stirrer until the ferric chloride becomes completely miscible. 

Then, 1.06 grams of Urea and 2 ml oleylamine are added to the preceding solution in order to 

produce the particles. These solutions are stirred once more until they are fully transparent. The 

resulting solutions are then put in 80 ml teflon-lined stainless-steel autoclaves for the 

solvothermal procedure. The solvothermal treatment is carried out for 15 hours at 180 °C. After 

15 hours, the resulting black solutions are repeatedly washed in alcohol and then dried 

overnight at 60 °C.  

Here, the function of Ethylene Glycol (EG) is to partly convert Fe+3 ions to Fe+2 ions. Urea 

helps precipitate Fe+3 and Fe+2 to their corresponding hydroxides, where the hydroxyl group is 

derived from ammonium-hydroxide produced from urea and following heat treatment, both 

iron hydroxides forms Fe3O4 through removal of water. The possible chemical reaction is given 

below [7]: 

 

 

 

 

 

 

Here, from chapter 3, the MnFe2O4 nano hollow spheres, from chapter 4, the coating of 

CoFe2O4 over Sr0.5Na0.25Bi0.25TiO3, and from chapter 5, the coating of CoFe2O4 over Nickel is 

synthesized by this particular method.  

2.2.3 STÖBER PROCESS 

The Stöber process is a sol-gel technique for the production of monodisperse (uniform) 

spherical silica (SiO2) materials. The process affords microscopic particles of colloidal silica 

with diameters ranging from 50 to 2000 nm; particle sizes are fairly uniform with the 

distribution determined by the choice of conditions such as reactant concentrations, catalysts, 

and temperature. Larger particles are formed when the concentrations of water and ammonia 

are raised, but with a consequent broadening of the particle-size distribution. The initial 
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concentration of TEOS is inversely proportional to the size of the resulting particles; thus, 

higher concentrations on average lead to smaller particles due to the greater number of 

nucleation sites, but with a greater spread of sizes. Particles with irregular shapes can result 

when the initial precursor concentration is too high. 

In this method, Silica precursor tetraethyl orthosilicate ( 𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)4 , TEOS) is 

hydrolyzed in alcohol (usually methanol or ethanol) using ammonium hydroxide as a catalyst 

[8], [9]: 

𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)4 + 𝐻𝐻2𝑂𝑂 → 𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)3𝑂𝑂𝑂𝑂 + 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 

𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)4 + 2𝐻𝐻2𝑂𝑂 → 𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)2(𝑂𝑂𝑂𝑂)2 + 2𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 

The process generates ethanol and a mixture of ethoxysilanols (such as 𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)3𝑂𝑂𝑂𝑂, 

𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)2(𝑂𝑂𝑂𝑂)2) which can subsequently condense with TEOS or another silanol with the loss 

of alcohol or water: 

2𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)3𝑂𝑂𝑂𝑂 → (𝐸𝐸𝐸𝐸𝐸𝐸)3𝑆𝑆𝑆𝑆 − 𝑂𝑂 − 𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)3 + 𝐻𝐻2𝑂𝑂 

𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)3𝑂𝑂𝑂𝑂 + 𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)4 → (𝐸𝐸𝐸𝐸𝐸𝐸)3𝑆𝑆𝑆𝑆 − 𝑂𝑂 − 𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)3 + 𝐸𝐸𝐸𝐸𝐸𝐸𝐸𝐸 

𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)3𝑂𝑂𝑂𝑂 + 𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)2(𝑂𝑂𝑂𝑂)2 → (𝐸𝐸𝐸𝐸𝐸𝐸)3𝑆𝑆𝑆𝑆 − 𝑂𝑂 − 𝑆𝑆𝑆𝑆(𝑂𝑂𝑂𝑂𝑂𝑂)2𝑂𝑂𝑂𝑂 + 𝐻𝐻2𝑂𝑂 

Further hydrolysis of the ethoxy groups and subsequent condensation produces 

microscopic particles of colloidal SiO2 by crosslinking process.  

This technique may be used to develop a silica coating over certain core materials. For 

this, it is necessary to disperse the already-prepared core components in the precursor solution. 

Important parameters determining the layer thickness over the core materials include the 

stoichiometry of the reagents in the solution and the form, size, and quantity of the core 

material. 

 Using this approach, the SiO2 coating over MnFe2O4 from Chapter 3 is applied. 

2.2.4 SOLID STATE REACTION METHOD 

The usual solid state reaction method requires calcining the mixture at a very high 

temperature to enable cations to migrate amongst one another and mix the correct metallic 

oxides and carbonates over the course of hours. Using this method, the exceedingly slow 

chemical reaction is carried out by ion diffusions in solid states. Due to the fact that the reaction 

in this synthesis process occurs when the chemicals come into contact, an equal distribution of 
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components and proper mixing are essential. The reactions begin rapidly due to the short 

diffusion routes, but as they advance, they progressively slow down. As a consequence of the 

inhomogeneity of the mixture, this method may encounter uneven particle shape and size, loss 

of stoichiometry, formation of undesirable phases, etc. 

Sodium Bismuth Titanate-Strontium Titanate Solid Solution from chapter 4 is synthesized 

in this thesis using the conventional solid state reaction method.  

 

2.3 FABRICATION OF SAMPLES FOR MEASUREMENTS 

For various measurements, the as-synthesized powder ferrite samples should be given the 

relevant shapes and forms. For dielectric tests, powder samples are compressed into pellets and 

linked to wires using silver paste. For FTIR spectroscopy, where potassium bromide (KBr, 

spectroscopic grade) is generally employed as the window material, powder samples must also 

be pelletized. To pelletize the powder sample, about 25 MPa of pressure is applied using a 

Riken Pressure Gauge. For microwave measurements utilizing coaxial line and VNA, the 

material should have a toroidal form with an outside diameter of 3.5 mm and an inner diameter 

of 1.5 mm, per the coaxial line's dimensions. As seen in Fig. 2.3, composite samples for 

Figure 2.3. Teflon mould for sample preparation for study of Microwave properties 
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microwave measurements are formed by putting powder samples at various weight percents 

into an Epoxy Resin matrix and then molding this mixture in a precisely manufactured self-

made Teflon mold.  

 

2.4 CHARACTERIZATION TECHNIQUES 

2.4.1 X-RAY DIFFRACTION (XRD) 

X-ray diffraction (XRD) is a well-known method for analysing the crystal structures, 

phases, preferred crystal orientations, chemical compositions, and other structural properties 

of a material, such as the average grain size, lattice strain, and crystal defects. A cathode ray 

tube produces X-rays, which are then filtered to generate monochromatic radiation, collimated 

to concentrate, and directed towards the sample. When a monochromatic X-ray is impacted 

onto a material, the atoms in the material scatter the X-ray, as illustrated in Fig. 2.4, since the 

wavelength of X-rays is equivalent to the atomic size [10]. When Bragg's law is satisfied, these 

dispersed waves create constructive and destructive interferences. 

2𝑑𝑑ℎ𝑘𝑘𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑛𝑛𝑛𝑛      (2.3) 

Figure 2.4. Schematic diagram of diffraction of X-rays by a crystal 
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Where 𝑑𝑑ℎ𝑘𝑘𝑘𝑘  is the spacing between two planes, θ is the incident angle of X-Rays, 𝑛𝑛 is any 

integer number, and λ is the wavelength of the X-Rays. The Bragg’s law is portrayed in Figure 

2.3.  

X-ray powder diffraction (XRD) is a valuable analytical method frequently used for phase 

identification of crystalline materials. It may offer the following information on the 

investigated material: (a) Phase composition, (b) Crystallite size, (c) Quantitative phase 

analysis, (d) Unit cell lattice parameters, and (e) Micro-strain, etc.  

The phase and structure of the all samples reported in this thesis are investigated by X-ray 

diffraction (XRD) recorded at room temperature with Panalytical X’Pert Pro diffractometer 

and SmartLab automated multipurpose X-ray diffractometer using the Cu-Kα line (λ = 1.54 Å).  

2.4.2 FIELD EMISSION SCANNING ELECTRON MICROSCOPE (FESEM) 

The Field Emission Scanning Electron Microscope (FESEM) is a microscope that takes 

topographical images of objects using a focused electron beam [11], [12]. A significant 

electrical field gradient is used in FESEM to concentrate and accelerate an electron beam. As 

the beam bombards the target region of the object, secondary electrons are released. Angle and 

velocity of secondary electron emission are related to the surface structure of the object. The 

secondary electrons that are emitted are detected, and the resulting data is processed further to 

produce a digital picture. 

An FESEM mainly consists of parts discussed below [Fig. 2.5], 

 Electron Gun: In a conventional electron microscope, electrons are primarily produced by 

heating a tungsten filament to around 2800 °C using an electric current. In a field emission 

(FE) scanning electron microscope, there is no heating involved in the electron beam 

emission process. Instead, a cathode consisting of a very thin and sharp tungsten needle (tip 

diameter 10–7 –10-8 m) is put in front of a main anode to create a voltage in the range of 0.5 

to 30 kV. Since the electron beam generated by the FE source is 1,000 times smaller than 

that of a conventional microscope, the picture quality is significantly enhanced. 
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 Condenser lens: The primary purpose of condenser lenses is to alter the beam diameter. 

Low current results in a small diameter but poor signal-to-noise ratio or resolution, while 

high current has the opposite effect.  

 Scan coils: The scan coils direct the electron beam's deflection towards the item in a zigzag 

pattern. The scan movement and velocity influence the image's sharpness and refresh rate 

on the display. 

 The objective lens: The electron beam is focused on the item via the objective lens. For an 

item located near to the objective lens to deflect the electron beam, it must provide a greater 

Figure 2.5. Schematic presentation of the fundamental process for both FESEM and EDX 
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force. However, because to the lowest beam diameter, the highest resolution is achieved at 

short working distances.  

 Detector: The velocity of the secondary electrons released after the main probe bombards 

an item varies based on the level and angle of the object's surface from where they are 

emitted. The scintillators light up when the emitted secondary electrons collide with them. 

Depending on the characteristics of the secondary electrons, the lighting and its position 

vary. The signal is amplified and converted into a video signal in order to produce the 

digital picture. 

When an electron beam strikes a substance, electrons are expelled from the atoms, even 

those on the surface. At this time, an electron from a higher energy shell fills the vacancy and 

produces X-ray that is distinctive of the material and contains information about its constituent 

components. This method is known as EDAX or energy dispersive X-ray analysis. EDAX is 

used to identify the chemical components present on the surface of a sample. 

2.4.2.1 ENERGY DISPERSIVE X-RAY SPECTROSCOPY (EDX) 

Energy dispersive analysis of X-ray (EDX) is a method for determining the elemental 

makeup of a substance. During this procedure, the sample is blasted with high-energy electrons, 

which interact with the sample's electrons. During this process, the electrons from the inner 

shell of the atoms might be excited to higher energy levels, or they can be expelled, resulting 

in an electron shortage in the inner shell (hole). Eventually, the hole is filled with electrons 

from the outer shell's higher energy levels. Consequently, the energy difference between these 

two energy levels is expelled from the material as X-rays. A Si (or Li) detector is often 

employed as an energy dispersive spectrometer to count the quantity of X-rays emitted. Fig. 

2.5 depicts a schematic representation of the essential process for both FESEM and EDX. 

However, each element's atom emits X-rays with a distinct quantity of energy. Consequently, 

the elements included in the sample may be identified by calculating the amount of energy 

contained in the X-rays released by the sample. Typically, the peaks of an EDX spectrum 

correlate to the energy levels for which the most X-rays are received. These peaks are unique 

to an atom and so define a particular element. From the relative strengths of these peaks, the 

sample's atomic percentage may be calculated.  

2.4.3 TRANSMISSION ELECTRON MICROSCOPE (TEM) 

A transmission electron microscope (TEM) creates a picture by passing a high-energy 

electron beam through an extremely thin sample [13], [14]. Then, features such as particle size, 
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crystal structure, and chemical analysis are observed utilizing the electron-atom interactions. 

Transmission and scattering are the two primary interactions that occur when an electron beam 

touches a substance. 

 Imaging: As illustrated in Fig. 2.6, in order to get an image, the electron beam emitted by 

the electron gun must travel through the condenser lens, which concentrates the beam into 

a narrow, thin, coherent beam. The beam then strikes the specimen, where portions of it 

pass through the specimen. To increase contrast by preventing high-angle diffracted 

electrons, the transmitted beam is passed via a lens with an objective aperture. The beam is 

then enlarged by passing it via an intermediate lens and a projector lens. As the picture 

Figure 2.6. Schematic diagram of transmission electron microscope system 
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reaches the fluorescent screen, the image is visible to the user. The darker regions of the 

picture reflect regions of the sample through which fewer electrons may flow.  

2.4.3.1 HIGH-ANGLE ANNULAR DARK-FIELD (HAADF)  

In a scanning transmission electron microscope, annular dark-field imaging is a 

technique for mapping specimens (STEM). By capturing dispersed electrons using an annular 

dark-field detector, annular dark-field images are created. Conventional TEM dark-field 

imaging employs an objective aperture to gather only passing scattered electrons. In contrast, 

STEM dark-field imaging employs an annular detector to capture only the scattered electrons, 

as opposed to an aperture, to distinguish the scattered electrons from the main beam. As a 

result, the contrast processes between conventional dark field imaging and STEM dark field 

are distinct. 

High-angle annular dark-field imaging (HAADF) is a STEM method that creates an 

annular dark field picture using Rutherford scattered electrons from the atomic nucleus, as 

opposed to Bragg scattered electrons. This method is very sensitive to fluctuations in the atomic 

number (Z) of atoms present in the sample. For elements with a higher Z, increased electrostatic 

interactions between the nucleus and electron beam scatter more electrons at larger angles. As 

a consequence, the HAADF detector detects a stronger signal from atoms with a higher Z, 

which causes them to seem brighter in the final picture. This significant dependency on Z (with 

contrast roughly proportional to Z2) makes HAADF an effective method for identifying tiny 

portions of an element with a high Z in a matrix of material with a lower Z. Consequently, a 

typical use for HAADF is in heterogeneous catalysis research, where the assessment of the size 

and distribution of metal particles is crucial. 

2.4.4 VIBRATING SAMPLE MAGNETOMETER (VSM) 

The vibrating sample magnetometer (VSM) is often used to determine the magnetic 

characteristics of materials [15], [16]. It is capable of measuring magnetic moments as tiny as 

10-5 emu. The sample is first put into a constant magnetic field (𝐻𝐻). Next, the sample is vibrated 

sinusoidally to excite the pickup coils with the consequent fluctuation in magnetic flux. In 

accordance with Faraday's law of induction, an electromotive force (EMF) is created across the 

pickup coils with 𝑁𝑁 identical loops and an area of cross-section, 𝐴𝐴. The EMF is produced by, 

𝑉𝑉 =  −𝑁𝑁𝑁𝑁 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

          (2.4) 
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If the coil is placed in a constant magnetic field (𝐻𝐻), the magnetic flux (𝐵𝐵) is given by, 

𝐵𝐵 = 𝜇𝜇0𝐻𝐻       (2.5) 

Where µ0 is the free space permeability.  

If the sample possess a magnetization of 𝑀𝑀, then the magnetic flux around the vibrating sample 

is, 

𝐵𝐵 = 𝜇𝜇0(𝐻𝐻 + 𝑀𝑀)           (2.6) 

Therefore, the change in magnetic flux due to the presence of the sample is, 

∆𝐵𝐵 = 𝜇𝜇0𝑀𝑀      (2.7) 

The induced force on the pick-up coil is therefore given by, 

𝑉𝑉𝑉𝑉𝑉𝑉 =  −𝜇𝜇0𝑁𝑁𝑁𝑁𝑁𝑁          (2.8) 

This output signal is recorded and used to calculate the magnetic moment of the sample. 

The schematic diagram of a VSM unit is shown in Fig. 2.7. The parts that are used in VSM are,  

Figure 2.7. Schematic diagram of a vibrating sample magnetometer unit 
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 Water cooled electromagnet and power supply: In order to magnetize the sample, a water-

cooled electromagnet and power supply are utilized to provide a steady magnetic field. 

 Vibration unit and sample holder: The sample holding rod is coupled to the vibration 

exciter, and its end is positioned between the electromagnets in the middle area. The 

vibration unit moves the sample up and down at a particular frequency.  

 Pick-up coils: The EMF force generated by the vibrating sample induces an alternating 

current in the pickup coils with the same frequency as the sample's vibration frequency. 

The produced signal comprises information on the magnetization of the sample.  

A portion of the magnetic measurements presented in this dissertation are examined using 

a vibrating sample magnetometer (VSM, Lakeshore, model 7144). The model produces a 

maximum magnetic field of 1.6 T.  

Quantum Design's DYNACOOL Physical Property Measurement System (PPMS) is also 

utilized as per needs. The VSM attached to this system provides following features: 

 At 300K, noise levels of less than 6×10-7 emu at 300 K are reached by isolating the sample 

signal from external mechanical and electrical noise using a lock-in measurement 

technique. The magnetic sensitivity at 9 T is ±0.01% over 3 cm on axis. A superconducting 

magnet is used, oriented longitudinally which is reason behind strong magnetic field 

generated by the system.  

 A temperature sensor integrated within the coil set provides local sample thermometry via 

exchange gas coupling. The temperature range is typically 1.8 to 400 K at vibration 

frequency of 60Hz. The temperature (T) stability of the system is ±0.1% for T < 20 K and 

±0.02% for T > 20 K.  

 The optional Large Bore Coil Set enables an even wider variety of sample holders with 

minimal loss of sensitivity.  

2.4.6 DIELECTRIC MEASUREMENT 

A capacitance analyser or an LCR meter (Inductance (𝐿𝐿), Capacitance (𝐶𝐶), and Resistance 

(𝑅𝑅)) is a commonly used instrument for measuring the capacitance, inductance, and resistance 

of a sample. In this procedure, the inductance and capacitance of the material are not measured 

directly; rather, the material's impedance is measured and then translated into inductance and 

capacitance values. The LCR meter is used to measure impedance characteristics across a large 

frequency range, as well as the corresponding series resistance, capacitance, etc., and the 𝑄𝑄 

factor of an inductive sample.  
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The dielectric constant (𝜀𝜀𝑟𝑟) of a sample is calculated assuming a parallel plate capacitor 

setup, using the formula, 

𝜀𝜀𝑟𝑟 = 𝜀𝜀
𝜀𝜀0

= 𝐶𝐶𝐶𝐶
𝐴𝐴𝜀𝜀0

      (2.9) 

Where 𝐶𝐶 is the capacitance of the sample in Farad (F),  𝑑𝑑 is the thickness of the sample in meter 

(m), 𝐴𝐴 is the area of the electrode in square meter (m2), 𝜀𝜀0 is the free space permittivity (8.854 

× 10-12 F/m), and ɛ is the dielectric constant or relative permittivity of the sample.  

The sample or device under test (DUT) is exposed to an ac voltage using the function 

generator, as seen in Fig. 2.8. The analyser then analyses the voltage and current across the 

DUT. The impedance is calculated by dividing the observed voltage by the measured current. 

The phase angle of voltage and current is computed using the sample's equivalent inductance 

or capacitance and resistance.  

2.4.7 MICROWAVE MEASUREMENT TECHNIQUE - VECTOR NETWORK 

ANALYZER  

The vector network analyser (VNA) is necessary for analysing the characteristics of 

electrical networks since it evaluates both amplitude and phase features. Reflection and 

Figure 2.8. Schematic diagram of an LCR meter used to measure dielectric properties 
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transmission of electrical networks are easy and precise to measure at high frequencies; hence, 

network analysers commonly monitor S-parameters. VNAs may be used on networks with any 

number of ports, however this article will focus on a two-port network system [17]. The VNA, 

which is an automated network analyser, is often used for radio frequency (RF) and microwave 

design applications and characterizations for both passive and active networks in terms of 

network scattering characteristics, i.e., 𝑆𝑆 parameters.  

Fig. 2.9 depicts a simplified block diagram of a vector network analyser. This figure 

depicts the standard components of a 2-port VNA. Ports 1 (P1) and 2 (P2) are the two ports of 

the device being evaluated (DUT). PC1 and PC2 are the precision cables linked to the P1 and 

P2 ports, respectively, of the VNA. The RF test frequency is created by a source with 

changeable frequencies, and its power level is adjusted by an attenuator with variable 

resistance. The direction of switch SW1 influences the test signal's route through the DUT. 

Consider first that SW1 is at position 1, such that the test signal is incident at P1 on the DUT, 

and in that case S11 and S21 can be measured. The test signal is routed to the common port of 

splitter 1, with the reference channel feeding a P1 reference receiver (REF1) and the test 

channel connecting to P1 via directional coupler DC1 and cable PC1. The third connection of 

DC1 connects the power reflected from P1 to the test receiver 1 through PC1 (TEST1). 

Similarly, P2 signals are routed through PC2 and DC2 prior to reaching TEST2. Coherent 

Figure 2.9. Simplified schematic presentation of a vector network analyser (VNA) 
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receivers are REF1, TEST1, TEST2, and TEST2 because they share the same reference 

oscillator and can measure the amplitude and phase of a test signal at a certain frequency. All 

complicated receiver output signals are routed to a processor, which executes the required 

mathematical calculations and displays the parameters and format specified by the user. Even 

though the instantaneous value of phase comprises both temporal and spatial components, the 

former is avoided by using two test channels, one as a reference and the other for measurement. 

This instrument can quickly detect parameters such as standing wave ratio (SWR), return loss, 

group delay, impedance, etc., as well as the network's time-domain response. A calibration 

technique corrects flaws resulting from mismatched directional couplers, poor directivity, cable 

loss, and changes in the analyser system's frequency response. The most straightforward for 

this objective is SOLT, which stands for Short, Open, Load, and Through. Modern network 

analysers save information pertaining to devices in a calibration kit. 
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In this chapter, the manganese ferrite nano-

hollowspheres reported in earlier research are coated with 

a dielectric silica layer and a magnetic cobalt ferrite layer 

for comparative analysis. Afterward, the layer thicknesses 

of each layer are further optimized to improve microwave 

absorption. 
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3.1 Preamble 

The quest for a material that is capable of effectively absorbing electromagnetic (EM) 

waves and has key characteristics such as low cost, thinness, lightweight, and high microwave 

absorption has captivated researchers. 

Ferrite materials stand out as potentially favorable candidates in this scenario due to the 

magnetic and electric characteristics that they possess [1], [2]. In addition, changing the 

saturation magnetization (𝑀𝑀𝑆𝑆), coercivity (𝐻𝐻𝐶𝐶), permeability (𝜇𝜇), permittivity (𝜀𝜀), and 

conductivity (𝜎𝜎) of ferrites, among other properties of ferrites, can result in a wider effective 

bandwidth (𝐵𝐵𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒), improved impedance matching (i.e., |𝑍𝑍𝑖𝑖𝑖𝑖/𝑍𝑍0|~1), and therefore increased 

minimum reflection loss (𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚). For instance, Zhang et al. discovered that matching the EM 

parameters resulted in a considerable improvement in the amounts of EM energy that was 

absorbed [3]. 

Even though ferrites have many benefits, the high density of these materials brings 

down the overall mass efficiency of ferrite-based electromagnetic wave absorber (EMA) 

composites and limits how they may be employed in a practical application [4]. Utilization of 

ferrites featuring hollow morphologies is indeed a potential solution for this problem [4]–[6]. 

Its effectiveness as an EMA material is greater than that of its bulk or solid counterparts due to 

a lower density of nano-hollow spheres (NHSs), a higher dielectric loss due to dual interfacial 

area, a high surface-to-volume (STV) ratio, and a higher magnetic loss from its larger magnetic 

and surface anisotropy [7], [8]. All of these factors contribute to the material's ability to absorb 

more electromagnetic energy. In addition to this, multiple internal reflections of an 

electromagnetic wave from the hollow core of NHS and scattering from the outer surfaces both 

trap the wave, which increases its overall path length [7]–[9]. The transition metal-based spinel 

ferrite MnFe2O4 (MnFO) has the highest magnetization value of all the various spinel ferrites 

based on transition metals. This is because the manganese atom has the maximum number of 

unpaired electrons [10]–[12]. When the values of 𝜀𝜀 and 𝜇𝜇 in the NHS of MnFO are brought 

closer together, improved impedance matching can be achieved, resulting in better 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 and 

a broader total effective bandwidth (𝐵𝐵𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒) [4], [13]. In addition, it is preferred to have high 

values of both 𝜀𝜀 and 𝜇𝜇 to reduce the required thickness of the absorbing material [14], [15]. 

Some of the most common strategies for achieving this purpose include shape and size control, 

chemical doping, and the hybridization of several types of materials [10], [14], [16], [17]. For 

instance, graphene oxide functionalization was performed on MnFO nanoparticles, and size 
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tuning of the MnFO NHS was performed to improve EM wave attenuation [4,10]. Wu et al. 

developed Fe3O4/C composite flowers for high-performance electromagnetic wave absorption 

[16]. 

In this study, the deposition of dielectric SiO2 (MnFO@SiO) and magnetic CoFe2O4 

(MnFO@CFO) on ~500 nm MnFO NHS has been conducted separately to enhance dielectric 

and magnetic loss, which in turn magnifies the EM wave attenuation capabilities. The better 

and close values of 𝜀𝜀 and 𝜇𝜇 in the CoFe2O4-coated MnFO sample, MnFO@CFO NHS, result 

in reflection loss as high as -66.48 dB (shielding > 99.999%) at 6.01 GHz at only 20 wt.% filler 

concentration in an epoxy matrix and for a composite length of only 4.46 mm. When compared 

to the attenuation constant of bare MnFO NHS, which is 191.3 Np/m, the attenuation constant 

of MnFO@CFO NHS is 457.8 Np/m, which represents a substantial improvement. In addition, 

silica-coated MnFO achieves a sufficiently high RL (-30.0 dB) at a thickness (𝑡𝑡𝑚𝑚) of just 3 mm, 

which is a substantial reduction from that of MnFO NHS (𝑡𝑡𝑚𝑚 = 5.3 mm). This is because silica 

is an excellent dielectric material, which improves the composite material's overall dielectric 

permittivity. After that, the thicknesses of the SiO2 and the CFO layers are individually adjusted 

to obtain optimum microwave absorption for each bi-layered material. 

In addition, a composite absorber thickness-dependent study conducted on all sample 

sets demonstrates that the hybridization of NHS with each layer optimized is a viable method 

for enhancing electromagnetic wave interference (EMI) shielding. This was determined by 

comparing the outcomes of the study across all sample sets. 

 

3.2 Experimental 

3.2.1 Sample Preparation 

3.2.1.1 Sample Preparation of MnFO NHS 

The synthesis of MnFO NHSs is undertaken using a facile one-pot template-free 

solvothermal technique using polyvinylpyrrolidone (PVP) as a capping agent. As a precursor, 

the combination of MnCl2, 6H2O, and FeCl3, 6H2O, with a molar weight ratio of 1:2, is used. 

As solvents, ethylene glycol (EG) and ethyl alcohol (EtOH) are combined in a 2:1 ratio, and 

the reducing agent is urea. After combining all the ingredients in a 100 mm beaker and agitating 

the solution, 90 mg of PVP with a molecular weight of 29,000 is added to produce 500 nm 

NHS of MnFO. After 30 minutes of stirring, the produced clear and homogeneous solution is 

poured into a Teflon autoclave which is then enclosed in a stainless steel and transferred into a 
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hot air oven followed by a heating for 22 hours at a temperature of 180 °C. Subsequently, the 

as-prepared MnFO NHSs are treated with several washing in EtOH and distilled water, 

followed by magnetic separation and drying at 60 °C for approximately 30 minutes. The urea 

plays a role in the precipitation of Mn2+ and Fe3+ ions from their chloride salts to their respective 

hydroxides over the course of the reaction [18]. This is followed by the creation of the MnFO 

phase upon heating the material. The Ostwald ripening process progressively re-crystallizes 

smaller particles into bigger ones to reduce free surface energy. These clusters subsequently 

combine into hollow spheres in the presence of urea-formed gas bubbles under the influence 

of PVP to provide the maximum degree of stability feasible for the spheres [5], [19], [20]. 

3.2.1.2 Sample Preparation of Silica-Coated MnFO NHS 

MnFO NHSs that have previously been produced are coated with SiO2 using the Stöber 

technique [19]. During this step, 0.02 g of as-prepared MnFO NHSs are added to a solution 

containing 35 ml of ethyl alcohol, 3.5 ml of deionized water (DI), and 1.4 ml of NH4OH at a 

concentration of 25 wt.%. The mixture is then stirred vigorously for 1 hour. After that, 0.5 ml 

of tetraethyl ortho-silicate (TEOS) is dripped drop-by-drop into the previously mentioned 

solution, and the mixture is agitated constantly for an additional 15 hours at room temperature. 

This is performed so that SiO2 may be deposited onto the surface of MnFO NHS by hydrolysis 

and subsequent condensation of TEOS. After being repeatedly rinsed in DI and ethanol, the bi-

layered NHSs that are generated are collected by magnetic separation. To optimize the coating 

thickness, three samples with SiO2 thicknesses of 35 nm, 60 nm, and 75 nm are synthesized by 

varying the quantity of as-prepared MnFO NHS introduced during the Stöber procedure. The 

relevant samples are designated as MnFO@SiO-35, MnFO@SiO-60, and MnFO@SiO-75. 

The sample MnFO@SiO-75 is also commonly referred to as MnFO@SiO in this thesis since 

it is the first silica-coated MnFO NHS that has been produced to compare its microwave 

characteristics with bare MnFO NHS. 

3.2.1.2 Sample Preparation of CFO-Coated MnFO NHS 

CFO-coated bilayer MnFO NHSs are produced using a wet-chemical technique [21]. A 

solution containing pre-dispersed MnFO NHSs (0.05 g) and DI (20 ml) is heated at 80 °C for 

30 minutes with the addition of 0.06 g CoCl2, 6H2O and 0.12 g FeCl3, 6H2O as raw materials. 

Then, a 20 ml solution of sodium hydroxide (NaOH) that has been separately heated is added 

drop-by-drop to the previous solution. At 80 °C, the solution is stirred for 1 hour with constant 

frequency. After 5 hours, the final sample is obtained by magnetic separation after numerous 
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DI and ethanol rinsing. In this method, the amount of MnFO NHSs in the precursor solution is 

adjusted to get the required CFO coating thickness over the MnFO NHSs. To optimize the 

coating thickness, three samples with CFO thicknesses of 20 nm, 35 nm, and 50 nm are 

synthesized and designated as MnFO@CFO-20, MnFO@CFO-35, and MnFO@CFO-50, 

respectively. In this dissertation, MnFO@CFO-50 is also referred to as MnFO@CFO since it 

is the first CFO-coated MnFO NHS sample that is synthesized to comparatively study the 

microwave properties with those of uncoated MnFO NHS. For the preparations described 

above, all of the ingredients are purchased from Sigma-Aldrich. These chemicals all have a 

purity level of at least 98%. 

 

3.2.2 Characterization 

In a Rigaku SmartLab equipped with Cu-Kα radiation, X-ray diffraction (XRD) is done 

to identify the phase of as-prepared materials. To determine the size and morphology of the 

samples, an FEI QUANTA FEG 250 field-emission scanning electron microscope (FESEM) 

with a voltage range of 0.2 to 30 kV and a FEG high-resolution transmission electron 

microscope (HRTEM) with a voltage range of 80 to 200 kV are used. The energy-dispersive 

X-ray (EDX) spectrum is captured to conduct the elemental analysis of materials-containing 

materials. At room temperature (about 300 K), magnetic measurements are obtained using a 

Lake Shore vibrating sample magnetometer (VSM) and a Quantum Design physical property 

measuring system (PPMS). 

The microwave characteristics of the samples are analyzed within the frequency range 

of 1 GHz to 17 GHz using a coaxial cable (Maury Microwaves 8043S6) and an Anritsu 

MS46122B vector network analyzer (VNA). After loading 20 wt.% of powder samples into an 

epoxy resin matrix and correctly molding this mixture according to the desired dimension, the 

composite samples are produced for measurement in the microwave frequency spectrum of the 

VNA. The prepared composites are in the shape of hollow cylinders with an inner diameter of 

1.5 mm and an outside diameter of 3.5 mm. For measurement, each composite sample is 

positioned with high precision at the "port one" end of the coaxial airplane. Using a polynomial 

fit model of the Nicholson-Ross-Weir (NRW) technique, further analysis of the resulting 2-port 

scattering (S)-parameters is performed using the transmission line approach [26]. 
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3.3 Results and Discussion 

3.3.1 Structure and Morphology 

Fig. 3.1 depicts the XRD patterns of MnFO nanohollowspheres and two bi-layered 

samples with silica and CFO. Similarly, Fig. 3.2 and Fig. 3.3 show the XRD patterns for the 

three various thicknesses of the SiO2 and CFO layers individually over MnFO as well as the 

bare MnFO. As described in the scientific literature (JCPDS file no. 01-084-2781 for MnFO 

and 01-086-4437 for CFO), each pattern demonstrates the formation of a single-phase spinel 

face-centered cubic structure at room temperature. Due to the amorphous nature of silica, no 

peak can be attributed to silica observed in the XRD patterns of the silica-coated samples. The 

Smart Lab II is used to fit the XRD peaks, and the lattice parameters calculated from the 

greatest intensity peak corresponding to the [311] plane are listed in Table 3.1. The average 

crystallite sizes (𝐷𝐷) and lattice strains (𝑒𝑒) are calculated for each sample using the Debye-

Scherrer formula and are also tabulated in Table 3.1. Compared to uncoated MnFO, SiO2-

coated MnFO core-shell NHSs have a greater 𝐷𝐷 and a lower strain. The 𝐷𝐷 and 𝑒𝑒 values of 20 

nm and 35 nm CFO-coated MnFO core-shell NHSs were greater than those of uncoated MnFO.  

Figure 3.1. X-ray diffraction plots for MnFO, MnFO@SiO, and MnFO@CFO at ~ 300 K 
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Figure 1 

Figure 3.3. X-ray diffraction plots for MnFO, MnFO@CFO-20, MnFO@CFO-35, and MnFO@CFO-50 at ~ 300 K 

Figure 3.2. X-ray diffraction plots for MnFO, MnFO@SiO-35, MnFO@SiO-60, and MnFO@SiO-75 at ~ 300 K 
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Because the CFO shell and the MnFO shell have a thickness similar to the 50 nm CFO-coated 

MnFO, the 𝐷𝐷 value decreases, which also increases the 𝑒𝑒 value. 

Figs. 3.4(g)–(i) represents the FESEM micrographs of MnFO NHS and its two-layer 

morphologies, i.e., MnFO@SiO-75 and MnFO@CFO-35. A similar study depicting the 

morphological structure of three different thicknesses of silica and CFO over MnFO NHS is 

illustrated in Figs. 3.4(h), (j), (k) and 3.4(i), (l), (p) accordingly. The interior hollow core of 

NHSs is visible in the relevant images for both uncoated and silica-coated samples. The average 

sizes of the samples are examined by plotting the size distribution curves, as seen in Figs. 

3.4(a), (c), (e), (m-o), (q), and are listed in Table 3.1 along with the computed coating 

thicknesses for the various bi-layered samples. This comparative increase in size between 

MnFO@SiO-75 and MnFO@CFO-35 results in an increase in crystallite size and, therefore, a 

decrease in lattice strains. The EDX results are shown in Figs. 3.4(b), (d), (f) demonstrate the 

elemental presence of Mn, Fe, and O in all samples, as well as Co in the CFO-coated samples. 

The 'Co' element peak in the EDX spectrum of CFO-coated samples further verifies the 

effective deposition of the CFO layer on the surface of the MnFO NHS sample. 

Table 3.1 Particle diameter, coating thickness, crystallite sizes (𝐷𝐷), lattice strain (𝑒𝑒), coercivities 
(𝐻𝐻𝐶𝐶), and saturation magnetization (𝑀𝑀𝑆𝑆) of bare MnFO, MnFO@SiO, and MnFO@CFO core-shell 

NHSs 

Sample Name Diameter 
(nm) 

Coating 
Thickness (nm) 𝐷𝐷 (nm) 𝑒𝑒 𝐻𝐻𝐶𝐶  (kOe) 𝑀𝑀𝑆𝑆 

(emu/g) 

MnFO 499.91 ± 
20.19 - 39.89 0.00304 58.93 69.69 

MnFO@SiO or 
MnFO@SiO-75 

650.37 ± 
22.69 75 60.73 0.00142 100.26 55.74 

MnFO@CFO or 
MnFO@CFO-35 

569.81 ± 
13.09 35 60.44 0.00304 95.95 59.46 

MnFO@SiO-35 570.30 ± 
11.74 35 60.53 0.00150 77.05 35.74 

MnFO@SiO-60 619.61 ± 
16.90 

60 58.36 0.00153 98.7 39.34 

MnFO@CFO-20 539.90 ± 
9.66 20 51.06 0.00171 76.71 36.67 

MnFO@CFO-50 599.73 ± 
15.94 

50 32.64 0.00306 67.84 9.67 
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Figs. 3.5(a)-(c) show TEM micrographs of MnFO nanohollowspheres together with 

two bi-layered samples with silica and CFO. Alternatively, Figs. 3.6(a)-(c) and Figs. 3.7(a)-(c) 

show the TEM micrographs for the three various thicknesses of the SiO2 and CFO-coated 

MnFO. In the case of bi-layered materials, the TEM micrographs show more pronounced views 

of the inner and outer portions of the NHSs, as well as surface changes. HRTEM micrographs 

of MnFO and MnFO@CFO-35 NHS are shown in Figs. 3.5(d) and (e), respectively. The 

distances measured between parallel diffraction planes in HRTEM micrographs correspond   

Figure 3.4. The size-distribution plots of (a) MnFO, (d) MnFO@SiO-75, (e) MnFO@CFO-35, (m) MnFO@SiO-60, (n) 
MnFO@SiO-35, (o) MnFO@CFO-20, and (q) MnFO@CFO-50. FESEM micrographs of (g) MnFO, (h) MnFO@SiO-75, (i) 

MnFO@CFO-35, (j) MnFO@SiO-60, (k) MnFO@SiO-35, (l) MnFO@CFO-20, and (p) MnFO@CFO-50. EDAX plots of 
(b) MnFO, (d) MnFO@SiO-75, (f) MnFO@CFO-35. 
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Figure 3.5. TEM micrographs for (a) MnFO NHS, (b) MnFO@SiO, (c) MnFO@CFO, HRTEM micrographs of (d) MnFO 
NHS; (e) MnFO@CFO-35, (f) SAED pattern for MnFO@SiO NHS. 

Figure 3.6. TEM micrographs for (a) MnFO/SiO-35, (b) MnFO/SiO-60, (c) MnFO/SiO-75, (d) HRTEM of MnFO@SiO-75, 
and SAED pattern for the same at (e) B site and (f) A site. 
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rather well with the values calculated from XRD data. These distances are 0.30 nm for (220), 

0.25 nm for (311), and 0.23 nm for (222). In addition, HRTEM micrographs of MnFO@CFO-

35 NHS exhibit cross-fringes, while no diffraction patterns are found at the boundary of NHS 

itself. The SAED pattern of MnFO@SiO is seen in Fig. 3.5(f). This pattern illustrates mainly 

the crystalline nature of NHS. In Fig. 3.6(d), at the HRTEM micrograph of MnFO/SiO-75, 

three locations, labeled A, B, and C sites, are selected and marked. A site is a point on the 

coated NHS, B site is the single SiO2 coating section on the core-shell structure, and C site is 

the area of the TEM grid in the absence of any sample. Figs. 3.6(e) and (f) illustrate the SAED 

patterns for both locations B and A respectively. The SAED of site B reveals the amorphous 

character of SiO2, while the SAED of site A reveals the crystalline nature of MnFO. The 

observed distance between the two bright spots of the SAED at site A is 0.30 nm, which 

corresponds to the [220] plane on MnFO. Again, three locations are selected and marked as A, 

B, and C sites for the MnFO@CFO-35 sample, depicted in Fig. 3.7(b). A site signifies the NHS 

shell as viewed through the CFO coating, B site denotes only CFO coating found outside the 

NHSs, and C site denotes the vacant space inside the TEM grid that does not include any 

samples. In the HRTEM micrograph of a MnFO@CFO-35 edge shown in Fig. 3.7(d), the 

contrast difference between the designated A, B, and C sites makes them stand out prominently. 

Figure 3.7. TEM micrographs for (a) MnFO@CFO-20, (b) MnFO@CFO-35, (c) MnFO@CFO-50, (d) HRTEM image of an 
edge of MnFO@CFO-35, SAED pattern for MnFO@CFO-35 at (e) A site; (f) B site 
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In addition, the diffraction fringes seen in this HRTEM image were measured based on the 

separation between parallel diffraction planes for a few sets at the A and B locations. Multiple 

cross fringes may be seen at site A. Here, the [222] and [400] planes of MnFO or CFO 

correspond to the 0.2426 nm and 0.2127 nm fringes, respectively. In contrast, the 0.1287 nm 

fringes at the B site correspond to the [533] plane of CFO. The SAED patterns for the A and B 

locations are shown in Figs. 3.7(e) and (f), respectively. The SAED at site A combines the 

crystalline characteristics of MnFO and CFO. The observed distances of 0.2525 nm and 0.1696 

nm between the two brilliant spots of the SAED at the A site correspond to the [311] and [422] 

planes of MnFO or CFO. At the B site, the pattern becomes less dense with a spot of 0.1619 

nm, and its parallel plane configurations correspond mostly to the [511] plane used by the CFO. 

3.3.2 Electric and Magnetic Properties 

Microwave absorption is highly connected to the complex permittivity and 

permeability, where the real portions (𝜀𝜀′and 𝜇𝜇′) represent the storage capacity and the 

imaginary parts (𝜀𝜀′′ and 𝜇𝜇′′) reflect the loss capacity of electric and magnetic energy, 

respectively [22], [23]. Figs. 3.8(a) and (b) illustrate the frequency (𝑓𝑓) dependence of the real 

(𝜀𝜀′) and imaginary (𝜀𝜀′′) components of the relative dielectric constants of the MnFO@SiO-75, 

MnFO@CFO-35, and bare MnFO NHS in the frequency range of 1–17 GHz. For MnFO and 

MnFO@SiO-75 NHS, 𝜀𝜀′ seems to decline with increasing frequency, whereas 𝜀𝜀′ for 

MnFO@CFO-35 maintains almost constant value over the whole region. Here, the dielectric 

constant derives mostly from interfacial and dipolar polarization contributions and follows 

Maxwell–Wagner grain–grain boundary models [24], [25] for ferrites. Fig. 3.9 depicts Cole-

Cole plots for the sample composites MnFO NHS, MnFO@SiO-75, and MnFO@CFO-35. 

These data demonstrate the form of dielectric polarization described by Eq. 3.1 based on the 

Debye theory. The 𝜀𝜀′′ vs. 𝜀𝜀′ plots in the examined frequency domain for the samples consist of 

distorted asymmetric semicircular arcs, indicating modified Debye-type relaxation processes. 

These curves also indicate the existence of many types of dipolar relaxations in these 

heterogeneous systems and the charge carriers responsible for this. 

(𝜀𝜀′ −  𝜖𝜖𝑠𝑠+ 𝜖𝜖∞
2

)2 +  𝜖𝜖" 2 =  (𝜖𝜖𝑠𝑠+ 𝜖𝜖∞
2

)2    (3.1)            

Cole–Cole plots i.e., 𝜀𝜀′′ versus 𝜀𝜀′ curves for the samples, shown in Fig. 3.9, describe non-

Debye type dielectric relaxation for the samples [26]. 
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As seen in Fig. 3.8, the rise in dielectric constants for the bi-layer morphologies is 

mostly attributable to the increasing quantity of charge carriers for surface polarization as the 

number of associated interfaces increases. Moreover, for MnFO@CFO-35, contribution in 

dipolar polarization from an additional dipole pair, Co2+–Co3+ together with regular Fe2+–Fe3+ 

and Mn2+–Mn3+ in between tetrahedral (A) and octahedral (B) sites of MnFO, is responsible 

for the evident dramatic rise in 𝜀𝜀′. As dielectric relaxation occurs with increasing frequency, 𝜀𝜀′ 

decays at high frequencies and these dipoles lag behind the field [17]. However, this dual 

contribution from MnFO and CFO also aids in maintaining the polarization of MnFO@CFO-

35 over the frequency range. 𝜀𝜀′′ related to energy dissipation of accumulated charges, is found 

to grow for two-layered samples and to exhibit a broad hump at frequencies involving dielectric 

relaxation. Frequency dependence of dielectric loss, defined as tan 𝛿𝛿𝜀𝜀  = 𝜀𝜀′′/𝜀𝜀′, is displayed in 

Fig. 3.8(c). Loss due to greater interfacial polarization in hybridized MnFO@SiO NHSs causes 

the tan 𝛿𝛿𝜀𝜀 to maximize, whereas less dielectric relaxation in MnFO@CFO-35 leads to a lower 

dielectric loss. 

Figure 3.8. Frequency dependence (1–17 GHz) of (a) real (𝜀𝜀′), (b) imaginary (𝜀𝜀′′) values of dielectric constant and (c) 
dielectric loss (𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿𝜀𝜀) (d)M–H plots at 300 K for all the samples. 
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Figure 3.10. Frequency dependence (1–17 GHz) of (a) real (𝜀𝜀′), (b) imaginary (𝜀𝜀′′) values of dielectric constant, (c) 
dielectric loss (𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿𝜀𝜀), and (d) M–H plots at 300 K for all the samples. Inset: the enlarged plot near the origin. 

Figure 3.9. Cole-Cole plot for the studied samples 
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In Figs. 3.10(a) and (b), the frequency (1–17 GHz) dependence of 𝜀𝜀′ and 𝜀𝜀′′ for three 

SiO2 coated samples of varying coating thicknesses and their bare counterpart are plotted. 𝜀𝜀′ 

decays with increasing frequency over all samples. Although 𝜀𝜀′ increases with the addition of 

a SiO2 layer, the MnFO@SiO-60 sample exhibits an abnormal decrease that is close to that of 

the bare MnFO. The change in 𝜀𝜀′ observed in Fig. 3.10(a) can be attributed to the three most 

relevant factors according to our system. First, the higher number of associated interfaces in 

bi-layered morphologies as compared to bare MnFO induces an increased amount of charge 

carriers owing to surface polarization, hence enhancing 𝜀𝜀′ [19]. Second, for the bi-layered 

system, an increment in layer thickness decreases the STV ratio, which in turn decreases the 

bound charge per volume, hence lowering 𝜀𝜀′. In contrast, a reduction in leakage current as layer 

thickness increases is the third factor influencing the change in 𝜀𝜀′ [27], [28]. The competing 

effect of the second and third factors determines the value of 𝜀𝜀′ at the bi-layered samples. The 

MnFO@SiO-35 and MnFO@SiO-75 show a gradual increase of 𝜀𝜀′ from the bare MnFO for 

the dominance of the first and third factors, respectively. However, for MnFO@SiO-60, the 

anomalous decrease in 𝜀𝜀′ is due to the dominance of the second factor. At high frequencies, 𝜀𝜀′ 

decays as dielectric relaxation occurs with increasing frequency, and dipoles lag behind the 

field [13]. The 𝜀𝜀′′ is related to energy dissipation of accumulated charges, which is directly 

proportional to the surface-to-volume (STV) ratio of the samples and is found to increase for 

the sample with the thinnest layer (MnFO@SiO-35) for having the highest STV ratio and 

decreases as the layer thickness increases. Also visible is a broad hump at frequencies 

containing dielectric relaxation. For MnFO@SiO-75, the thickness of the SiO2 layer is 

sufficient to reduce the STV ratio, reducing 𝜀𝜀′′ even more than that of bare MnFO. The 

frequency dependence of dielectric loss, tan 𝛿𝛿𝜀𝜀, is displayed in Fig. 3.10(c). Loss from larger 

interfacial polarization in hybridized MnFO@SiO NHSs causes the tan 𝛿𝛿𝜀𝜀 maximum, but for 

MnFO@SiO-75, the lowered STV ratio comes into play, reducing it relative to other silica-

coated core-shell NHSs. 

The frequency dependency of 𝜀𝜀′ and 𝜀𝜀′′ of the three CFO-coated samples of varying 

coating thicknesses and their bare counterpart are plotted in Figs. 3.11(a) and (b). 𝜀𝜀′ of all the 

samples, except MnFO@CFO-35, grows steadily before declining with increasing frequency, 

whereas 𝜀𝜀′ of MnFO and MnFO@CFO-20 increases slightly above 12 GHz. Nonetheless, the 

𝜀𝜀′ of MnFO@CFO-35 remains consistently high throughout the region. 𝜀𝜀′ increases as a result 

of the addition of the CFO layer, however, the MnFO@CFO-35 sample has some atypically 

high values. The four most important factors can be used to explain the change in 𝜀𝜀′ in our 
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system. Firstly, the existence of more associated interfaces in bi-layer morphologies than in 

bare MnFO results in an increase in charge carriers caused by surface polarization, which 

enhances 𝜀𝜀′ [29]. Second, the increase in 𝜀𝜀′ is caused by a contribution in dipolar polarisation 

from additional dipole pair Co2+-Co3+ in addition to conventional Fe2+-Fe3+ and Mn2+-Mn3+ in 

the region between the tetrahedral and octahedral sites of MnFO. Thirdly, in a bi-layered 

system, an increase in layer thickness leads to a decrease in the STV ratio, which in turn reduces 

the bound charge per volume and 𝜀𝜀′. Finally, the fourth element driving the change in 𝜀𝜀′ is a 

decrease in leakage current as the layer thickness increases [30]. The 𝜀𝜀′ of the bi-layered 

samples is determined by the competing effects of the third and fourth factors. For the 

dominance of the first, second, and third factors, the MnFO@CFO-20 exhibits a modest 

increase in 𝜀𝜀′ compared to the bare MnFO. The reason for the high 𝜀𝜀′ for MnFO@CFO-35 is 

the optimum synergistic effect of the first, second, and fourth factors in opposition to the third 

factor. However, with MnFO@CFO-50, the dominant third factor is responsible for the greater 

Figure 3.11. Frequency dependence (1 - 17 GHz) of (a) real (𝜀𝜀′), (b) imaginary (𝜀𝜀′′) values of dielectric constant, (c) 
dielectric loss (𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿𝜀𝜀), (d) M-H plots at 300 K for all the samples; inset: the enlarged plot near the origin. 



Chapter 3 
 

98 | P a g e  
 

decrease in 𝜀𝜀′ compared to MnFO@CFO-35. At high frequencies, 𝜀𝜀′ decays as dielectric 

relaxation occurs with increasing frequency, and the dipoles lag behind the field.  

The 𝜀𝜀′′ associated with the energy dissipation of accumulated charges is directly 

proportional to the STV ratio of the samples and drops for the sample with the thickest layer 

(MnFO@CFO-50) with the lowest STV ratio and increases with decreasing layer thickness. 

The dielectric relaxation frequencies exhibit a broad hump. NHSs with magnetic layers gather 

charges and subsequently release them, resulting in greater 𝜀𝜀′′ than bare ones. A large STV 

ratio of MnFO@CFO-50 reduces the accumulated charge per unit volume below that of bare 

MnFO. MnFO@CFO-20 has a lower 𝜀𝜀′′ than MnFO@CFO-35 because the CFO layer is too 

thin to gather charges for dissipation. 

The frequency dependence of dielectric loss, tan 𝛿𝛿𝜀𝜀 is seen in Fig. 3.11(c). Due to the 

dielectric characteristics of the CFO, the inclusion of a CFO layer over the NHSs induces a 

modest increase in dielectric loss at the MnFO@CFO-20 compared to the bare MnFO. 

However, dielectric loss rapidly decreases with increasing layer thickness. The lower STV ratio 

in the samples with thicker layers reduces dielectric loss. 

Fig. 3.8(d) depicts DC magnetic field-dependent magnetization curves at 300 K for 

MnFO nanohollowspheres and two bi-layered samples with silica and CFO. Likewise, Figs. 

3.10(d) and 3.11(d) respectively show similar plots for the three different thicknesses of the 

SiO2 and CFO layers individually over MnFO in addition to the bare MnFO. In the insets of 

each figure, the coercivities of the corresponding set are displayed on an enlarged scale close 

to the origin. Each curve exhibits a soft ferrimagnetic behavior. Table 3.1 displays the 

coercivity (𝐻𝐻𝐶𝐶) and saturation magnetization (𝑀𝑀𝑆𝑆) values determined from these plots. 𝑀𝑀𝑆𝑆 

decreases in the bi-layered composites compared to the bare MnFO NHS (𝑀𝑀𝑆𝑆 ∼ 69.69 emu.g−1) 

due to the pinning of spins on the surface, but 𝐻𝐻𝐶𝐶 rises in the hybridized structures. Due to the 

existence of a non-magnetic layer of silica on the sample, the magnetic moment per gram of 

silica-coated NHSs is less than that of bare MnFO. The silica-coated core-shell NHSs with 

larger diameters possess larger 𝐷𝐷 values which in turn enhances their 𝑀𝑀𝑆𝑆 [14]. The increase in 

coercivity of silica-coated bi-layered samples originates from the increased magnetic 

anisotropy due to the presence of a non-magnetic second layer [5], [31]. Greater anisotropy 

increases magnetic loss which affects EM wave absorption and the conversion of EM wave 

energy into heat energy. In hybridized structures, the CFO layer generates pinning centers on 

the MnFO NHS surface. Consequently, 𝐻𝐻𝐶𝐶 increases and 𝑀𝑀𝑆𝑆 decreases again. The surface-
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pinned spins at the outer surface of CFO expand as the CFO layer thickness increases from 20 

nm to 35 nm, resulting in an increase in 𝐻𝐻𝐶𝐶 and 𝑀𝑀𝑆𝑆 as the 𝐷𝐷 values of the system rise. In 

contrast, with the 50 nm CFO layer, the STV ratio rises substantially to lower 𝐻𝐻𝐶𝐶 more than 

other CFO-coated hybridized structures, which is consistent with the decreased 𝐷𝐷 value of the 

system. Here, the thickness of the CFO layer becomes similar to the thickness of the MnFO 

shell. Because the Mn-atom has more unpaired electrons than the Co atom, the 𝑀𝑀𝑆𝑆 of 

MnFO@CFO-50 is much lower than that of bare MnFO. 

In Fig. 3.12(a) and (b), the real (𝜇𝜇′) and imaginary (𝜇𝜇′′) components of relative 

permeability of MnFO nanohollowspheres and two bi-layered samples with silica and CFO are 

displayed as a function of frequency from 1 to 17 GHz. Figs. 3.13 and 3.14 show similar graphs 

for the three various thicknesses of the SiO2 and CFO layers individually over MnFO as well 

as the bare MnFO. For both bare and bi-layered NHSs, 𝜇𝜇′ values are seen to decline up to a 

certain frequency for all samples, after which they remain almost constant. According to the 

Landau–Lifshitz–Gilbert equation [30], [32], [33], the dynamic magnetic characteristics of 

ferrimagnets are deeply associated with DC magnetic parameters such as magnetic anisotropy 

and magnetic susceptibility. Since silica is a non-magnetic substance, it contributes nothing to 

the total magnetic properties of a material that has been coated with it. As a consequence, no 

change is seen in the magnetic properties of samples coated with silica. 𝜇𝜇′′ displays 

characteristic resonance peaks of MnFO at 6 GHz for bare, all silica-coated, and 20 nm CFO-

coated NHSs. For the 20 nm CFO-coated sample, the overall 𝜇𝜇′ decreases to a certain degree 

due to its lower MS, while the overall 𝜇𝜇′′ increases due to the short-range exchange resonance 

between the MnFO and CFO spins at the interfaces. Throughout the measured frequency range, 

the overall plots have the same characteristics as bare MnFO. At MnFO@CFO-35, when a 35 

nm CFO layer is present, the resonance peak of MnFO changes to a higher frequency of 3 GHz 

for 𝜇𝜇′, and the total values rise dramatically. Interfacial spin-spin interaction in CFO-coated 

samples may account for the large resonance peak seen in the 𝜇𝜇′′ plot. Due to the same 

thickness of the CFO layer and the MnFO shell in MnFO@CFO-50, a competitive effect is 

created within the material. Consequently, the 𝜇𝜇′ obtains a constant value between that of 

MnFO and MnFO@CFO-35 throughout the measured frequency range. Here, the 𝜇𝜇′′ follows 

a similar behavior to that of MnFO@CFO-35, but with a substantially decreased value because 

the magnetic loss contribution in MnFO NHS is dominated by the CFO, which inhibits 

resonance. 
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Figure 3.12. Frequency dependence (1–17 GHz) of (a) real (𝜇𝜇′), (b) imaginary (𝜇𝜇′′) values of permeability, (c) 
magnetic loss (𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿𝜇𝜇) and(d) 𝜇𝜇′′(𝜇𝜇′)−2𝑓𝑓−1 

Figure 3.13. Frequency dependence (1–17 GHz) of (a) real (𝜇𝜇′), (b) imaginary (𝜇𝜇′′) values of permeability, (c) 
magnetic loss (𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿𝜇𝜇) and(d) 𝜇𝜇′′(𝜇𝜇′)−2𝑓𝑓−1 
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Fig. 3.12(c) illustrates the variation of magnetic loss tangent with frequency for bare 

MnFO, 75 nm silica, and 35 nm CFO-coated NHSs. Fig. 3.13(c) and Fig. 3.14(c) show identical 

graphs for the three different thicknesses of silica and CFO-coated MnFO NHS. These curves 

are almost identical to the related 𝜇𝜇′′ versus f curves. Dynamic magnetic loss is well-known to 

originate primarily from magnetic hysteresis, domain wall resonance, eddy current effects, and 

natural and exchange resonance. Due to the reduced field intensity, the first two contributions 

are less effective for samples in the high-frequency range [34]. From the natural magnetic 

resonance equation [6], [35], 2𝜋𝜋𝑓𝑓𝑟𝑟 = 4𝛾𝛾𝛾𝛾 3𝜇𝜇0𝑀𝑀𝑆𝑆⁄ , where γ is the gyromagnetic ratio (2.8 

GHz/kOe for ferrites), resonance frequency (𝑓𝑓𝑟𝑟) is determined to be approximately 4 GHz for 

MnFe2O4 NHSs, indicating substantial EM wave absorption through magnetic loss in this 

region. 

Fig. 3.14(c) demonstrates that the interfacial spin-spin interaction in MnFO@CFO-35 

may be accountable for a large resonance peak in the higher frequency range; thus, the magnetic 

loss of MnFO@CFO is greater than that of all other samples. Moreover, the eddy current loss 

contribution to 𝜇𝜇′′ may be written as 𝜇𝜇′′~2𝜋𝜋𝜇𝜇0𝜇𝜇′
2(𝑑𝑑2𝜎𝜎)𝑓𝑓 [30], [36], where 𝑑𝑑 is the sample 

thickness, 𝜎𝜎 is the electrical conductivity, and 𝜇𝜇0 is the permeability of free space. If 𝜇𝜇′′ (or 

Figure 3.14. Frequency dependence (1–17 GHz) of (a) real (𝜇𝜇′), (b) imaginary (𝜇𝜇′′) values of permeability, (c) 
magnetic loss (𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿𝜇𝜇) and(d) 𝜇𝜇′′(𝜇𝜇′)−2𝑓𝑓−1 
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tan 𝛿𝛿𝜇𝜇) arises from eddy current loss, according to this equation the 𝜇𝜇′′(𝜇𝜇′)−2𝑓𝑓−1 curves will 

be constant with frequency [17]. 

To comprehend the likely causes of magnetic loss, the frequency dependence of 

𝜇𝜇′′(𝜇𝜇′)−2𝑓𝑓−1 for MnFO, MnFO@SiO-75, and MnFO@CFO-35 is shown in Fig. 3.12(d). Fig. 

3.13(d) and Fig. 3.14(d) show a similar plot for the three various thicknesses of the SiO2 and 

CFO layers over MnFO, respectively. Around 4 GHz, a strong surge is seen for uncoated, all 

silica-coated, and 20 nm CFO-coated NHSs due to magnetic resonance in the system, and the 

value is almost constant afterward. The magnetic loss of these samples may be ascribed to 

resonance at low frequencies and eddy current loss at higher frequencies. For 35 nm and 50 nm 

CFO-coated samples, the curves are essentially consistent across the observed frequency range, 

indicating that eddy current loss predominates over magnetic loss over the entire frequency 

range under study. 

3.3.3 Microwave Absorption Properties 

The electromagnetic wave absorption qualities of a material are intimately connected 

with its magnetic and electric properties. Among these features, 𝑅𝑅𝑅𝑅 provides information about 

the material's ability to reduce reflected waves. This may occur through wave absorption, i.e., 

the transformation of EM waves into other energy, or the transmission of EM waves. Proper 

impedance matching is required for optimal EM wave propagation. Here, 𝑅𝑅𝑅𝑅 is computed using 

the following equations [37]: 

𝑍𝑍𝑖𝑖𝑖𝑖 = 𝑍𝑍0�
𝜇𝜇𝑟𝑟
𝜀𝜀𝑟𝑟

tanh �𝑗𝑗 �2𝜋𝜋𝜋𝜋𝜋𝜋
𝑐𝑐
� (𝜇𝜇𝑟𝑟𝜀𝜀𝑟𝑟)1/2�   (3.2) 

𝑅𝑅𝑅𝑅 = 20 log �(𝑍𝑍𝑖𝑖𝑖𝑖−𝑍𝑍0)
(𝑍𝑍𝑖𝑖𝑖𝑖+𝑍𝑍0)

�     (3.3) 

where 𝜇𝜇𝑟𝑟 = 𝜇𝜇′ − 𝑖𝑖𝜇𝜇′′ and 𝜀𝜀𝑟𝑟 = 𝜀𝜀′ − 𝑖𝑖𝜀𝜀′′ are relative permeability and permittivity of the 

material, 𝑐𝑐, the velocity of light in vacuum, 𝑡𝑡, the thickness of the composite absorber, 𝑍𝑍0 and 

𝑍𝑍𝑖𝑖𝑖𝑖 are the impedance of free space and input impedance of absorber respectively. 

For the optimum thickness design of ferrite-filled epoxy composites needed for 

practical applications, thickness-dependent research on EM wave absorption is conducted for 

NHSs. In Figs. 3.15(a)–(c), frequency-dependent 𝑅𝑅𝑅𝑅 is displayed for various thicknesses of 20 

wt.% powder sample loaded epoxy resin composites for uncoated, 75 nm silica, and 35 nm  
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CFO-coated MnFO. Figs. 3.16(a)-(c) and 3.17(a)-(c) show identical 3D graphs for the three  

varied thicknesses of the SiO2 and CFO layers over MnFO, respectively. In Table 3.2, the 

minimum reflection loss (𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚) determined for all samples for each composite absorber 

composite absorber thickness (𝑡𝑡𝑚𝑚) and frequency (𝑓𝑓𝑚𝑚) as well as the total effective bandwidth 

(𝐵𝐵𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒) with 𝑅𝑅𝑅𝑅 < -10 dB for that 𝑡𝑡𝑚𝑚 in the observed frequency range of 1-17 GHz are listed. 

Fig. 3.18(a) compares the bare MnFO NHS with 75 nm silica-coated and 35 nm CFO-

coated bi-layered samples at 𝑡𝑡𝑚𝑚 = 4.46 mm. The MnFO@CFO-35 NHS exhibits an ideal 𝑅𝑅𝑅𝑅 

of -66.48 dB at 6.01 GHz. |𝑍𝑍𝑖𝑖𝑖𝑖/𝑍𝑍0| vs. frequency plot in Fig. 3.18(c) indicates that the optimal 

impedance matching is reached, i.e., |𝑍𝑍𝑖𝑖𝑖𝑖/𝑍𝑍0| = 1.00, for the MnFO@CFO-35 sample at an 

Figure 3.15. 3D plots of reflection loss (RL) of (a) MnFO NHS, (b) MnFO@SiO, (c) MnFO@CFO versus frequency and 
thickness 

Figure 3.16. 3D plots of reflection loss (RL) of (a) MnFO@SiO-35, (b) MnFO@SiO-60, (c) MnFO@SiO-75 versus 
frequency and thickness, 

Figure 3.17. 3D plots of reflection loss (RL) of (a) MnFO@CFO-20, (b) MnFO@CFO-35, (c) MnFO@CFO-50 versus 
frequency and thickness 



Chapter 3 
 

104 | P a g e  
 

appropriate 𝑓𝑓𝑚𝑚. This result demonstrates that, in addition to adequate dielectric and magnetic 

losses, the optimal impedance matching in CFO-coated MnFO NHS is responsible for its 

superior EM wave absorption. In addition, silica-coated MnFO achieves a sufficiently high 𝑅𝑅𝑅𝑅 

(-30 dB) at a thickness of just 3 mm, which is much smaller than MnFO NHS (𝑡𝑡𝑚𝑚 = 5.3 mm).  

 Fig. 3.19(a) compares the three various thicknesses of silica layer over MnFO as well 

as bare MnFO NHS at 𝑡𝑡𝑚𝑚 = 4.40 mm, and an 𝑅𝑅𝑅𝑅 of -61.02 dB is obtained for MnFO/SiO-35 

NHS at about 11.7 GHz. This measured BW for 𝑅𝑅𝑅𝑅 < -10 dB is 3.10 GHz. In Fig. 3.19(c), 

graphs of |𝑍𝑍𝑖𝑖𝑖𝑖/𝑍𝑍0| versus frequency reveal that the best impedance matching is attained, i.e., 

|𝑍𝑍𝑖𝑖𝑖𝑖/𝑍𝑍0| = 1.00 for the MnFO@SiO-35 sample at 𝑓𝑓𝑚𝑚 = 11.7 GHz. This result demonstrates that, 

in addition to adequate dielectric and magnetic losses, the best impedance matching in MnFO 

NHS with the thinnest SiO2 layer is responsible for its exceptional EM wave absorption. 

Fig. 3.20(a) compares the three different thicknesses of the CFO layer over MnFO along 

with bare MnFO NHS at their respective 𝑡𝑡𝑚𝑚 and an 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 of -66.48 dB is found at around 6.01 

GHz for MnFO@CFO-35 NHS. The 𝐵𝐵𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒 for RL < -10 dB observed for this sample, is 1.88 

GHz. In Fig. 3.20(c), the |𝑍𝑍𝑖𝑖𝑖𝑖/𝑍𝑍0| vs. 𝑓𝑓 plots show the best impedance matching is achieved 

i.e., |𝑍𝑍𝑖𝑖𝑖𝑖/𝑍𝑍0| ≅ 1.00 for MnFO@CFO-35 at corresponding 𝑓𝑓𝑚𝑚 = 6.01 GHz. This finding 

demonstrates that the best impedance matching in MnFO NHS with a 35 nm CFO layer,  

Table 3.2 Minimum reflection loss (𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚), absorber thickness (𝑡𝑡𝑚𝑚), frequency (𝑓𝑓𝑚𝑚), and effective 
bandwidth (𝐵𝐵𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒) 

Sample Name 𝑹𝑹𝑹𝑹𝒎𝒎𝒎𝒎𝒎𝒎(dB) 𝒕𝒕𝒎𝒎(mm) 𝒇𝒇𝒎𝒎(GHz) 𝑩𝑩𝑩𝑩𝒆𝒆𝒆𝒆𝒆𝒆(GHz) 

MnFO -36.13 4.95 17.0 4.43 

MnFO@SiO or 
MnFO@SiO-75 -35.75 2.84 17.0 1.10 

MnFO@CFO or 
MnFO@CFO-35 -66.48 4.46 6.01 1.88 

MnFO@SiO-35 -61.02 4.40 11.7 3.10 

MnFO@SiO-60 -21.39 3.17 17.0 2.32 

MnFO@CFO-20 -58.99 4.70 10.9 2.89 

MnFO@CFO-50 -22.98 7.00 14.2 3.90 
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Figure 3.18. (a) Comparative RL versus f plot for the three samples; (b) Frequency dependent attenuation 
constant (α), (c) |𝑍𝑍𝑖𝑖𝑖𝑖 𝑍𝑍0⁄ | ratio versus frequency,(d) 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 values at 𝑡𝑡𝑚𝑚 for all samples 

Figure 3.19. (a) Comparative RL versus f plot for the three samples; (b) Frequency dependent attenuation 
constant (α), (c) |𝑍𝑍𝑖𝑖𝑖𝑖 𝑍𝑍0⁄ | ratio versus frequency,(d) 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 values at 𝑡𝑡𝑚𝑚 for all samples 
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together with adequate dielectric and magnetic losses, account for its superior EM wave 

absorption.  

The attenuation constant (𝛼𝛼) indicates the ability of the material to attenuate EM waves 

internally and can be calculated by the following equation: 

𝛼𝛼 = √2𝜋𝜋𝜋𝜋
𝑐𝑐

�(𝜇𝜇″𝜀𝜀″ − 𝜇𝜇′𝜀𝜀′) + �(𝜇𝜇″𝜀𝜀″ − 𝜇𝜇′𝜀𝜀′)2 + (𝜇𝜇″𝜀𝜀′ + 𝜇𝜇′𝜀𝜀″)2    (3.4) 

The values for MnFO NHS, 75 nm silica, and 20 nm CFO-coated samples are calculated and 

shown in Fig. 3.18(b). The same three various thicknesses of silica and CFO layer 

independently coated on MnFO NHS are shown in Fig. 3.19(b) and Fig. 3.20(b), respectively. 

α increases with frequency for all samples, and with higher values of 𝜀𝜀𝑟𝑟 and 𝜇𝜇𝑟𝑟, rises for bi-

layered NHSs. Due to the large STV ratio, the slope of 𝛼𝛼 in Fig. 3.20(b) for MnFO@CFO-50 

is even smaller than that of MnFO alone. MnFO@CFO-35 has the greatest growth.  

A schematic approach, shown in Fig. 3.21, highlights the potential causes for the 

efficacy of bi-layered NHSs, which renders them highly suited and effective as a microwave 

absorber. 

Figure 3.20. (a) Comparative RL versus f plot for the three samples; (b) Frequency dependent 
attenuation constant (α), (c) |𝑍𝑍𝑖𝑖𝑖𝑖 𝑍𝑍0⁄ | ratio versus frequency,(d) 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 values at 𝑡𝑡𝑚𝑚 for all samples 
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Fig. 3.22(a) describes 𝑅𝑅𝑅𝑅 as a function of frequency for different thicknesses from 1 to 

6 mm and Fig. 3.22(b) illustrates a comparison between simulated and experimental results for 

35 nm CFO-coated MnFO NHS. With increasing 𝑡𝑡, 𝑅𝑅𝑅𝑅 rises till composite absorber thickness 

of 𝑡𝑡𝑚𝑚 with a minimum reflection loss 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚, then decreases again. 𝑅𝑅𝑅𝑅 peak frequency (𝑓𝑓𝑚𝑚) 

and matching thickness (𝑡𝑡𝑚𝑚) are related as [24], [34]: 

𝑡𝑡𝑚𝑚 = 𝑛𝑛𝑛𝑛
4𝑓𝑓𝑚𝑚�|𝜇𝜇𝑟𝑟𝜀𝜀𝑟𝑟|

 (𝑛𝑛 = 1, 3, 5, … . )       (3.5) 

where from the quarter-wavelength (𝜆𝜆/4) model, for odd values of 𝑛𝑛, reflected waves from two 

interfaces of the absorber become out of phase. A good agreement between experimental and 

simulated 𝑡𝑡𝑚𝑚 can be noticed in Fig. 3.22(b). Higher matching modes and hence more peaks are 

Figure 3.21. A schematic approach to highlight the potential causes for the efficacy of bi-layered NHSs, which renders them 
highly suited and effective as a microwave absorber. 
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visible for thicker samples and the 

peak frequencies shift towards 

lower frequencies with increasing 𝑡𝑡 

of the samples [17], [34].  

 

3.4 Conclusion 

In conclusion, three 

different thicknesses of dielectric 

SiO2 and magnetic CoFe2O4 have 

been successfully coated over 

MnFO NHSs, and the 

electromagnetic wave absorption 

properties within the widely used 

frequency range of 1–17 GHz have 

been thoroughly examined for both 

the uncoated and hybridized 

samples. Bi-layered morphologies 

with an increased number of related 

surfaces and dipoles for electric 

polarization and an increase in 

magnetic anisotropy boost dielectric and magnetic loss, which in turn enhances EM wave 

attenuation qualities. This typical shape is preferred as practical EMA materials because of 

scattering and internal reflections from NHSs and its lower density. The CFO-coated MnFO 

NHSs have increased numbers of linked interfaces and, consequently, spins owing to magnetic 

polarisation, exchange contacts between them, and a synergistic effect generated by many 

resonance centers. These characteristics enhance dielectric and magnetic loss, which increases 

the absorption of electromagnetic waves. The sample MnFO@CFO-35 exhibits RL as high as 

-66.48 dB (shielding > 99.99%) at 6.01 GHz with just 20 wt.% filler concentration in an epoxy 

matrix and a composite length of 4.46 mm for a 35 nm (out of 15 nm, 35 nm, and 50 nm) layer 

of CFO over MnFO NHS. The MnFO@CFO-35 NHS has a total effective bandwidth of about 

1.88 GHz (RL -10 dB). Sample MnFO/SiO-35 demonstrates RL as high as -61.02 dB (shielding 

> 99.999%) at 11.7 GHz with just 20 wt.% filler concentration in an epoxy matrix and a 

Figure 3.22. Comparison between simulated and experimental results 
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composite length of 4.40 mm. MnFO/SiO-35 NHS has a total effective BW (RL < -10 dB) of 

about 3.10 GHz. Consequently, an optimized layer of CFO on MnFO NHS displays improved 

EM wave absorption properties, making it a mass-efficient and economically advantageous 

EMA material for several high-frequency applications. 

The minimum RL obtained here is comparable to other promising ferrite-based 

microwave absorbers as presented in Table 3.3. 
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In this chapter, the structural, dielectric, and 

microwave properties of Srx(Na0.5Bi0.5)1-xTiO3 

[SNBT(x*100)] samples with x = 0.25, 0.50, and 0.75 

were investigated. Coating the most suited sample with 

cobalt ferrite enabled efficient microwave absorption.  
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4.1 Preamble 

It is well known that microwave radiation is weakened when it travels through the 

electric, magnetic, and dielectric loss medium of microwave-absorbing materials (MAMs). 

Depending on the filler type, the dielectric (permittivity) and magnetic (permeability) 

properties have a significant impact in the microwave absorption performance [1], [2]. Fillers 

comprised of ceramic, metallic, and ionic components with a high dielectric constant may be 

used to increase the dielectric constant of microwave-absorbing materials. Barium titanate 

(BaTiO3) with a perovskite structure is one of the most intriguing dielectric filler options for 

microwave absorption materials [3] due to its high dielectric constant and ferroelectric 

response. 

Because of its robust ferroelectricity, high Curie temperature (𝑇𝑇𝐶𝐶  ~ 320 ºC), and wide 

range of possible dielectric property modifications, bismuth sodium titanate (Na0.5Bi0.5TiO3, or 

NBT), a unique Ti-based ferroelectric perovskite oxide, has attracted a lot of interest. A 

negligible amount of relaxors known as NBT are implemented at the A-sites of the perovskite. 

The disorganized distribution of Na1+ and Bi3+ ions in the A-site sub-lattice of NBT is the root 

cause of the weak relaxor behavior seen in this compound. The crystal structure of NBT at 

room temperature is rhombohedral and belongs to the R3c space group; however, at 225 ºC, 

the structure changes to tetragonal. The large maximum of electric permittivity in NBT may be 

the result of electromechanical interactions between the polar regions (rhombohedral phase) 

and the non-polar matrix (tetragonal phase), despite the fact that there is no phase change 

associated with this maximum [4]. The solid solution of NBT with a variety of perovskite 

oxides has been the subject of much research [5]–[12], with the goal of achieving the optimal 

characteristics required for technological applications. Owing to the high 𝑇𝑇𝐶𝐶 of NBT and the 

other materials often employed to generate the solid solutions, the ferroelectric transition 

temperature in the majority of these scenarios is significantly higher than the room temperature. 

As a result, researchers are looking for a material that can lower the critical temperature (𝑇𝑇𝐶𝐶) 

closer to room temperature while maintaining structural stability in a solid NBT solution. 

In this regard, strontium titanate (SrTiO3, ST) is an additional Ti-based perovskite oxide 

that demonstrates a phase transition at a temperature (105 K) below 𝑇𝑇𝐶𝐶 [13]–[15]. It is generally 

recognized that the structural phase transition that occurs below 𝑇𝑇𝐶𝐶 is of the displacement type, 

and it is also common knowledge that the crystalline lattice of the ST transforms from cubic to 

tetrahedral symmetry below 𝑇𝑇𝐶𝐶. Since the ionic radius of the Sr2+ ion (1.44 Å) lies between that 
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of the Bi3+ and the Na1+ ions, it is conceivable for the Sr2+ ion to go to the Na/Bi-site in the 

solid solution of ST-NBT. This movement may affect the crystal structure of the parent 

materials at room temperature. Altering the crystal symmetry in order to reduce the 𝑇𝑇𝐶𝐶 and 

move it closer to room temperature is therefore desired from a scientific point of view. 

These materials, on the other hand, are barely capable of satisfying all of the 

requirements for approved MAMs. As an alternative to the use of a single component 

substance, the construction of a one-of-a-kind composite made up of numerous components 

and a predetermined structure is an effective method for improving the microwave absorption 

capabilities of a material. Recently, there has been a lot of interest in the core/shell 

nanostructured materials consisting of magnetic and dielectric components. This is due to the 

fact that their superior physical and chemical characteristics compared to those of their single-

component counterparts [8] have garnered considerable interest. An additional wave loss 

mechanism may be introduced in these materials via the cross-coupling effect [9] as a result of 

the near values of permeability in magnetic and permittivity in dielectric materials. These near 

values make the cross-coupling effect possible. Therefore, the utilization of these materials as 

a structural paradigm for the production of functional MAMs is advantageous. 

 

4.2 Experimental 

4.2.1 Sample Preparation 

4.2.1.1 Sample Preparation of SNBTx 

Using the solid state reaction method, the compounds with composition 

Srx(Na0.5Bi0.5)1–xTiO3 (x = 0.25, 0.50, 0.75) [SNBT25, SNBT50, and SNBT75] were 

synthesized. Using an agate mortar and pestle, the stoichiometric amounts of high purity Bi2O3 

(99% pure, Loba Chemie), TiO2 (98%, Loba Chemie), Na2CO3 (99.5%, Loba Chemie), and 

SrCO3 (reagent grade, Loba Chemie) are thoroughly mixed in the acetone medium for 12 hours. 

The mixtures are calcined in an alumina crucible at temperatures ranging from 1173 to 1373 

°C for 8 to 12 hours in air, and then they are cooled at a rate of 80 °C per hour until they reach 

room temperature. Using a binder consisting of polyvinyl alcohol at a concentration of 2%, the 

calcined samples are pelletized into a disc with a diameter of approximately 7.6 mm. In order 

to prevent the loss of bismuth, the discs are finally cooled to room temperature at a rate of one 

kelvin per minute after being sintered at a temperature of 1423 K for 4 hours in crucibles 

constructed of sealed alumina. 
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4.2.1.2 Coating of SNBT50 

For the purpose of coating the SNBT50 samples with CFO in their prepared state, the 

solvothermal method is utilized [16]. In the following process, a pre-dispersed SNBT50 sample 

(0.05 g) is placed in a solution consisting of 10 ml ethanol and 0.53 g urea. This solution is 

then subjected to the addition of 0.36 g CoCl2, 6H2O, 0.89 g FeCl3, 6H2O, and 20 ml Ethylene 

Glycol (EG). After the liquid has been well stirred, oleylamine is added as a surfactant. After 

that, the mixture is placed inside an autoclave made of stainless steel, and it is then heated to a 

temperature of 200 °C for a period of 24 hours. After many rounds of washing with ethanol 

and distilled water, the SNBT50@CFO samples are finally collected through magnetic 

separation. For the formulations described above, all of the ingredients required are purchased 

from Sigma-Aldrich. These compounds have a purity level of at least 99 percent. 

4.2.2 Characterization 

X-ray diffraction (XRD) is carried out in a Rigaku SmartLab equipped with Cu-Kα 

radiation in order to ascertain the phases of the synthesized samples. The Rietveld refinement 

of the XRD patterns for the SNBTx samples are done using the FullProf software [17] in order 

to determine the crystalline phase of the synthesized materials and to obtain the lattice 

parameters. During the Rietveld analysis, the background is provided with a polynomial 

function that has six coefficients, and pseudo-Voigt profiles are utilized in order to establish 

the shape of the peaks. An FEI QUANTA FEG 250 field-emission scanning electron 

microscope (FESEM) with a voltage range of 0.2 to 30 kV and a FEG high-resolution 

transmission electron microscope (HRTEM) with a voltage range of 80 to 200 kV are used in 

order to obtain information regarding the size of the samples as well as their morphology. This 

is done in order to learn more about the samples. First, an energy-dispersive X-ray (EDX) 

spectrum is obtained so that the elemental analysis of the CFO-coated SNBT50 sample can be 

determined. Using a vibrating sample magnetometer (VSM), the magnetic measurements are 

carried out in an applied field that is at its maximum 14 kOe strength at room temperature (~ 

300 K) (Lake Shore). 

A Vector Network Analyzer (VNA) made by Anritsu with the model number 

MS46122B and a coaxial airline made by Maury Microwaves with the model number 8043S6 

are used in order to evaluate the microwave properties of the samples. This examination covers 

a frequency spectrum between 1 GHz and 17 GHz. After loading the powder samples into an 

epoxy resin matrix at a weight percentage of 20 wt.% for microwave measurements, the 
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mixtures are then moulded into a hollow cylindrical shape with an inner diameter (𝑑𝑑𝑖𝑖𝑖𝑖) = 1.5 

mm and an outer diameter (𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜) = 3.5 mm. This shape is used in order to ensure that the 

composites are correctly prepared in accordance with the dimension of the airline. After the 

composite samples have been correctly placed at the 'port 1' end of the coaxial airline, the VNA 

is used to measure the 2-port scattering (S)-parameters. This is done to determine the degree 

of scattering of electromagnetic wave occurred from the samples in both directions. The 

polynomial fit model of the Nicholson-Ross-Weir (NRW) technique based on the transmission 

line approach is utilized [18] to perform further study on the reported S-parameters. 

 

4.3 Results and Discussion 

4.3.1 Structure and Morphology 

The Rietveld refinements of the room temperature XRD patterns of SNBT25, SNBT50, 

and SNBT75, respectively, are depicted in Figs. 4.1(a–c). According to the refined XRD 

patterns, which are shown in Fig. 4.1 by the solid red lines, all of the materials were synthesized 

in the cubic phase with Pm3m space group. The absence of any unidentified peak confirms the 

single-phase formation of the materials. In Table 4.1, the values for both the lattice parameters 

and the quality of fitting parameters are provided. Because the average ionic radius of Na1+ and 

Bi3+ (1.385 Å) and the ionic radius of Sr2+ (1.44 Å) are so close to one another, no substantial 

change in either the lattice parameters or the shifting of the XRD peaks with the increase in Sr 

concentration could be determined. In Fig. 4.2, the XRD pattern of SNBT50, CFO, and 

SNBT50@CFO are depicted.  

CFO nanoparticles exhibit the same pattern as reported in the literature, which is 

consistent with a single-phase spinel face-centered cubic structure at room temperature (ICDD 

database no. 00-022-1086). In the pattern of SNBT50@CFO, the peaks from both the core  

 

Table 4.1. Lattice parameter and refinement parameters obtained from Rietveld refinement of XRD 
data. 

Materials 
Lattice Parameters 

(Å) 
𝝌𝝌𝟐𝟐 𝑹𝑹𝒑𝒑 𝑹𝑹𝒘𝒘𝒘𝒘 𝑹𝑹𝒆𝒆𝒆𝒆𝒆𝒆 

SNBT25 3.8958 (5) 2.07 4.32 6.06 3.71 

SNBT50 3.8965 (4) 1.95 4.62 6.13 3.65 

SNBT75 3.8971 (7) 2.11 4.54 6.05 3.57 
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Figure 4.2. X-Ray Diffraction patterns of the samples obtained at room temperature 

Figure 4.1. Rietveld refinement of the X-ray diffraction patterns of (a) SNBT25, (b) SNBT50 and (c) SNBT75. The symbols 
represent the experimental data and the lines the Full-Prof simulated patterns. 
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(SNBT50) and shell (CFO) material could be clearly observed. The composite is formed from 

a single phase of both materials, as evidenced by the lack of any unrecognized peaks. 

The SEM images of the materials are shown in Fig. 4.3. All the SEM images show 

uniform distribution of the grains of different shapes and sizes. The average grain size obtained 

from SEM images is found to be 0.7, 0.72, and 0.69 μm, respectively for SNBT25, SNBT50, 

and SNBT75. It is observed from SEM images that the pellets are free of agglomeration and 

pores which suggests that the pellets are well-sintered. 

SEM and TEM analyses were performed in order to look into the morphology and 

microstructure of the SNBT50@CFO composites (Fig. 4.4). In accordance with Fig. 4.4(b), it 

can be depicted that SNBT50 has a coating of CFO shell surrounding it. It is also evident from 

Fig. 4.4(a) that the sample possess a smooth surface. On the surface of the SNBT50 particles, 

it is possible to observe a thin coating of CFO developed with a thickness between 5 and 15 

nanometers. The nanocomposites are discerned to have an almost spherical form, and their 

diameter distribution lies between 200 and 300 nm, which is compatible with the SEM picture 

shown in Fig. 4.4(a). The high-resolution transmission electron microscopy (HRTEM) image, 

illustrated in Fig. 4.4(c), demonstrates a core-shell structured SNBT50@CFO composite 

having well-resolved lattice fringes of both materials. In Fig. 4.4(c), the (100) and (311) planes 

of the SNBT50 core and the CFO shell, respectively, are each indicated. The diffraction spots 

for both CFO and SNBT50 are displayed in the selected area electron diffraction (SAED) 

pattern shown in Fig. 4.4(d), which validates the crystalline structures of both CFO and 

SNBT50. The well-defined locations in the SAED pattern coincide with the allowable Bragg 

diffraction of (110) and (400) for the cubic phase of SNBT50 and CFO, respectively. The 

findings of the SEM and TEM analysis make it abundantly evident that the nanocomposites 

have a structure resembling a core-shell type, and that the inner SNBT50 cores have been 

effectively coated with the uniform CFO shells.  

Figure 4.3. Scanning electron micrographs of SNBT25 (a), SNBT50 (b), and SNBT75 (c) 
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4.3.2 Dielectric Properties at Low Frequency Region 

The temperature dependence of the dielectric constant (𝜀𝜀′) and the loss tangent (tan 𝛿𝛿) 

of the materials at a range of frequencies is depicted in Fig. 4.5(a–c). Because of the diffuse 

character of the dielectric peaks, it is likely that different local Curie points are present along 

with microscopic heterogeneity in each of the materials. It has been found that the peak value 

of the dielectric constant, 𝜀𝜀𝑚𝑚′ , decreases with increasing frequency, which is a characteristic 

feature of relaxor activity [19]. It can be seen from Fig. 4.5 that the value of the temperature, 

𝑇𝑇𝑚𝑚, as well as the value of 𝜀𝜀𝑚𝑚′  are dependent on the percentage of Sr doping. At a frequency of 

100 kHz, it was discovered that the value of 𝑇𝑇𝑚𝑚 for SNBT25, SNBT50, and SNBT75, 

respectively, were 462.8, 325.5, and 218.3 K. Since the Sr doping does not have a substantial 

Figure 4.4. (a) SEM micrograph; (inset) EDAX spectrum, (b) TEM micrograph, (c)HRTEM and (d) SAED pattern of 
SNBT50@CFO core-shell composites 
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impact on the crystal structure of the materials, the change in dielectric characteristics with 

increasing Sr concentration may be explained as follows. Owing to the existence of the lone-

pair in Bi3+ cation, the divalent pseudo-cation (Na, Bi)2+ has a substantially higher degree of 

polarizability than Sr2+ does. Therefore, the value of 𝜀𝜀𝑚𝑚′   will decrease as the amount of Sr 

present in the materials increases. On the other hand, the weakening of the ferroelectric 

coupling between these micro-regi  ons can be attributed to the reduction in the size of bismuth-

rich areas that occurs as a result of the gradual breakup of relatively large bismuth-rich micro-

regions into smaller regions [20]. As a consequence of this, the value of 𝑇𝑇𝑚𝑚 drops as the number 

of Sr-ions increases. It can be shown from the inverse of 𝜀𝜀′as a function of temperature at a 

frequency of 100 kHz, which is illustrated in Fig. 4.5(d), that these materials are unable to 

follow Curie-Weiss behavior. A significant deviation from the Curie–Weiss behavior is 

consistent with the fact that the SNBT systems are relaxors in nature. It can be further depicted 

from Fig. 4.5 that there is no significant change in the value of tan 𝛿𝛿 with increasing Sr 

concentration. The peaks of the relaxation process can be interpreted from the tan 𝛿𝛿 vs 𝑇𝑇 plots. 

These plots show that the relaxation peaks shift to the higher temperature side as the frequency 

increases, which suggests that the relaxation process is temperature dependent. 

Figure 4.5. Temperature variation of dielectric constant (𝜀𝜀′) and 𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿 of SNBT25 (a), SNBT50 (b) and SNBT75 (c) at 
various frequencies. The inverse dielectric constant (1/𝜀𝜀′) as a function of temperature at 100 kHz for Srx(Na0.5Bi0.5)1–xTiO3 

[x = 0.25, 0.50 and 0.75] 
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For SNBT relaxor in the temperature region 𝑇𝑇 > 𝑇𝑇𝑚𝑚 using the following modified 

Curie–Weiss law [21], the degree of diffuseness of the temperature dependence of 𝜀𝜀′ is 

estimated using the following equation,  

1
𝜀𝜀′
− 1

𝜀𝜀𝑚𝑚′
= (𝑇𝑇−𝑇𝑇𝑚𝑚)𝛾𝛾

𝑐𝑐
            (4.1) 

where 𝑐𝑐 is the Curie constant. The value of exponent is 1 for normal ferroelectric phase and 2 

for an ideal relaxor nature. The high values of 𝛾𝛾 in these samples, indicate the strong relaxor 

behavior of the materials [22]. Fig. 4.6 shows the logarithmic plots between (1 𝜀𝜀′� − 1
𝜀𝜀𝑚𝑚′� ) 

versus (𝑇𝑇 − 𝑇𝑇𝑚𝑚) at two different frequencies for all the compositions. The value of γ is obtained 

from the slope of the curves in Fig. 4.5. The values of 𝛾𝛾 at 19(528) kHz are found to be 

1.75(1.82), 1.87(1.89), and 1.88(1.76), respectively for SNBT25, SNBT50, and SNBT75. The 

observed values of 𝛾𝛾 confirms the relaxor behavior of the materials. 

It is widely documented that the frequency dependence of 𝑇𝑇𝑚𝑚 in relaxor materials 

cannot be characterized using an Arrhenius equation, as would be anticipated for a Debye 

relaxation process. The frequency dispersion of the maximum temperature of the dielectric 

constant in relaxor materials has been related to the distribution of relaxation times of the 

Figure 4.6. log (1⁄ε' -1⁄𝜀𝜀𝑚𝑚′ )  versus log (T-𝑇𝑇𝑚𝑚) plot for SNBT25 (a), SNBT50 (b) and SNBT75 (c). The symbols represent the 
experimental data points and the solid lines show a linear fit to the data points. 
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relaxors. Several theories have been developed to explain the diffuseness of the dielectric phase 

transition and the frequency dispersion of 𝑇𝑇𝑚𝑚. Due to the divergent character of the relaxation 

time below a specific temperature, the Vogel–Fulcher relation is regarded as the most 

effectively applied mathematical representation among the several theoretical models. The 

Vogel–Fulcher empirical relationship [18], [23] describes the frequency dependence of the 

temperature of the permittivity maximum (𝑇𝑇𝑚𝑚) for the majority of relaxor ferroelectrics, 

defined as,  

𝜈𝜈𝑚𝑚 = 𝜈𝜈0 𝑒𝑒𝑒𝑒𝑒𝑒 �− 𝐸𝐸𝑎𝑎
𝑘𝑘𝐵𝐵(𝑇𝑇𝑚𝑚−𝑇𝑇𝑓𝑓)

�      (4.2) 

𝜈𝜈0 represents the attempt frequency, 𝑘𝑘𝐵𝐵  represents the Boltzmann constant, 𝑇𝑇𝑓𝑓 represents the 

freezing temperature, and 𝐸𝐸𝑎𝑎 represents the activation energy. The temperature dependence of 

relaxation frequency is shown in Fig. 4.7 by plotting 𝑇𝑇 against ln 𝜈𝜈𝑚𝑚. The solid line in Fig. 4.7 

illustrates the best fit of Eq. (2) to the experimental data, and the calculated values of 𝜈𝜈0 and 

𝐸𝐸𝑎𝑎 are shown in Table 4.2. 

Relaxor behavior in mixed oxide systems is known to be caused by a number of factors, 

including microscopic composition fluctuations, the merging of micro-polar areas, and a 

Figure 4.7. Frequency dependence of 𝑇𝑇𝑚𝑚 for SNBT25 (a), SNBT50 (b) and SNBT75 (c). The symbols indicate the 
experimental data points and the solid line is the fit to Vogel–Fulcher relationship 
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linkage of order parameter and local disorder mode through local strain. Randomly distributed 

electrical strain fields are the primary driver of relaxor behavior in a mixed oxide system [24]. 

Here, SNBT is a mixed oxide system in which ferro-electrically active Sr2+, Na1+, and Bi3+ ions 

occupy the A-sites of the perovskite structure. 

 

Let us compare the dielectric characteristics of SNBT with other doped Na0.5Bi0.5TiO3 

(NBT) materials. In the majority of investigations, NBT is doped with additional high dielectric 

constant minerals such as BaTiO3 (BT) [25], Ba0.5Sr0.5TiO3 (BST) [26], and BiCrO3 (BCO) 

[27]; hence, the dielectric constant of these solid-solutions is relatively high compared to SNBT 

systems. However, the transition temperature for BT, BST, and BCO-doped NBT materials is 

much greater than ambient temperature, rendering these materials unsuitable for technological 

applications. In contrast, the transition temperature of one of the examined materials, SNBT50, 

is very near to ambient temperature (300 K at 3 kHz) and has a dielectric constant of 580. 

4.3.3 Electric and magnetic properties in high frequency region 

The frequency dependence of the real permittivity (𝜀𝜀′) and tan 𝛿𝛿𝜀𝜀 spectra of the 

materials are shown in Fig. 4.8(a, b). All of the samples exhibit polarization relaxation in 

response to the electromagnetic wave. Multiple relaxation characteristics are shown in Fig. 

4.8(c). The decrease in 𝜀𝜀′, followed by a modest increase as the frequency increases, is caused 

mostly by the polarizabilities (electronic, ionic, space charge, and dipole orientation) and 

electric displacement of dielectric materials. The ionic and electronic polarizations have an 

influence at frequencies of THz and PHz, respectively. For metal-based composites, the space 

charge polarization and dipole polarization processes might be utilized to explain the 

absorption of electromagnetic radiation, which may affect the permittivity as a function of 

frequency [28]. In this instance, the ups and downs in 𝜀𝜀′ spectra may be caused by the 

displacement current lag and the AC loss. SNBT50 has a much greater dielectric constant than 

Table 4.2. Various parameters obtained from the analysis of relaxor behaviour of SNBT 

Materials 𝝂𝝂𝟎𝟎 (Hz) 𝑬𝑬𝒂𝒂 (𝒆𝒆𝒆𝒆) 

SNBT25 3.42 ×  108 0.12 

SNBT50 6.8 ×  109 0.18 

SNBT75 8.8 ×  1010 0.14 
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all other samples. Polarization is a significant contributor to the microwave absorptions of these 

substances. Fig. 4.5 also shows that when the concentration of Sr atoms increases, the 

maximum of polarization shifts from high temperature to low temperature at the same 

frequency. SNBT50 simultaneously obtains its maximum polarization close to room 

temperature. In the GHz band, SNBT50 has a greater dielectric constant than comparable 

materials at ambient temperature. The nature of repeated absorption may also be seen in the 

frequency dependence of tan 𝛿𝛿𝜀𝜀 in Fig. 4.8(b). At relatively low frequencies, the dielectric loss 

in perovskite materials is described by the leak conductance, but at relatively high frequencies, 

the relaxation polarization and the electric conductance contribute to dielectric loss. The 

dielectric polarization and related relaxation processes are regarded as the primary source of 

the loss mechanisms in SNBT substances. SNBT75 and SNBT25 have the highest and lowest 

values of tan 𝛿𝛿𝜀𝜀, respectively. Although SNBT50 has a greater tan 𝛿𝛿𝜀𝜀 than SNBT25, its 

dielectric constant at room temperature is superior to that of other materials, making it a 

potential microwave material for applications in many technological domains. 

Figs. 4.9(a) and (b) depict the real (𝜀𝜀′) and imaginary (𝜀𝜀′′) portions of the permittivity, 

respectively. 𝜀𝜀′ value of SNBT50 ranges from 5.14 to 5.50 GHz and does not vary significantly 

between the studied frequency range, while 𝜀𝜀′ of CFO ranges from 5.97 to 6.52 GHz and 

exhibits the same frequency-dependent behavior as SNBT50. After coating with the CFO layer, 

the 𝜀𝜀′ of SNBT50@CFO core-shell composites rise to around 8.78 at lower frequencies, then 

drops with the increase in frequency up to 11.5 GHz and stays almost constant at 6.8 beyond 

that frequency. According to Maxwell-Wagner grain-grain boundary models for ferrites, the 

interfacial and dipolar polarization mostly contribute to the dielectric constant. At higher 

frequencies, 𝜀𝜀′ decays in Fig. 4.9(a) for core-shell composites, where dipoles lag behind the 

field, inducing dielectric relaxation. Again, for SNBT50, 𝜀𝜀′′ shows a nearly constant value of 

Figure 4.8. Frequency dependence of dielectric constant (𝜀𝜀′) (a), tan δε (b). 
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0.5 over the studied frequency band, but 𝜀𝜀′′ of CFO demonstrates a general rise in value with 

a substantial resonant peak value of 1.8 at 9 GHz. For SNBT50@CFO core-shell composites, 

the 𝜀𝜀′′ displays similar frequency-dependent behaviour as that of CFO but with overall larger 

values. Core-shell composites move the resonance peak to a lower frequency (5.42 GHz) with 

a greater value of 2.87.  

Fig. 4.9(c) depicts the frequency dependence of dielectric loss, defined as tan 𝛿𝛿𝜀𝜀 = 

𝜀𝜀′′/𝜀𝜀′, which follows the same pattern as 𝜀𝜀′′ for all samples. The greater dielectric loss of 

SNBT50@CFO core-shell composites compared to SNBT50 and CFO nanoparticles adds 

considerably to the composite material's enhanced EM wave absorption. Polarization is known 

to be associated with dielectric loss. Since they occur between 103 and 106 Hz, electronic and 

ionic polarizations may be omitted from our experimental range. Due to the unequal 

distribution of space charge, however, interfacial polarization is possible between SNBT50 and 

the CFO shell. Since dipolar polarization also produces dielectric loss in the GHz frequency 

band, the interfacial polarization and dipolar polarization contribute to the dielectric loss in the 

examined systems. 

Figure 4.9. Frequency dependence  of (a) real (ε'), (b) imaginary(ε") values of dielectric constant, (c) dielectric loss (tan 
δε ), and (d) M–H plots at 300 K  for all the samples 
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Fig. 4.9(d) illustrates the DC magnetic field-dependent magnetization curves at 300 K 

for CFO and SNBT50@CFO, which display soft ferrimagnetic behavior. Table 4.3 contains 

the coercivity (𝐻𝐻𝐶𝐶) and saturation magnetization (𝑀𝑀𝑆𝑆) values derived from Fig. 4.9(d). The 

surface-to-volume ratio of CFO nanoparticles exceeds that of the CFO shell coated over the 

composites. Higher nanoparticle surface anisotropy results in higher 𝐻𝐻𝐶𝐶. Due to the presence 

of non-magnetic SNBT50 core, 𝑀𝑀𝑆𝑆 values are lowered in the core-shell composites than that 

of the CFO nanoparticles. 

 

In Fig. 4.10(a) and (b), the real (𝜇𝜇′) and imaginary (𝜇𝜇′′) components of the relative 

permeability of the samples are displayed as a function of frequency. 𝜇𝜇′ is observed to decrease 

up to a specific frequency, after which it maintains a nearly constant value in all samples. The 

values of 𝜇𝜇′ for CFO are much greater than those of SNBT50. However, the 𝜇𝜇′ of the composite 

of SNBT50 and CFO is greater than that of the nanoparticles of SNBT50 alone. Fig. 4.10(b) 

indicates a resonance peak for CFO at about 8.81 GHz. For the bare and coated SNBT50 

samples, 𝜇𝜇′′ values are found to grow identically with frequency up to a frequency of about 

~7.6 GHz, beyond which it continues to increase for the coated SNBT50 whereas it stays 

almost constant for its bare counterparts.  

The fluctuation of magnetic loss tangent (tan 𝛿𝛿𝜇𝜇 = 𝜇𝜇′′/𝜇𝜇′) with frequency (𝑓𝑓) is shown 

in Fig. 4.10(c), which follows a nearly same trend as the 𝜇𝜇′′ versus f curve. Dynamic magnetic 

loss is well-known to result primarily from magnetic hysteresis, domain wall resonance, eddy 

current effects, and natural and exchange resonance. The effectiveness of the first two 

contributions is diminished for samples in the gigahertz frequency range and at very low fields. 

According to the natural magnetic resonance equation, 2𝜋𝜋𝑓𝑓𝑟𝑟 = 4𝛾𝛾𝛾𝛾
3𝜇𝜇0𝑀𝑀𝑆𝑆

 where 𝛾𝛾 is the 

gyromagnetic ratio (2.8 GHz/kOe), the resonance frequency (𝑓𝑓𝑟𝑟) for CFO nanoparticles is less 

than 1 GHz. The contribution of eddy current loss to 𝜇𝜇′′ may be written as 𝜇𝜇′′~2𝜋𝜋𝜇𝜇0𝜇𝜇′
2(𝑑𝑑2𝜎𝜎), 

where 𝑑𝑑 is the sample thickness, 𝜎𝜎 is the electrical conductivity, and 𝜇𝜇0 is the permeability of 

Table 4.3 Magnetic parameters of CFO and SNBT50@CFO samples 

Sample 𝑯𝑯𝑪𝑪 (kOe) 𝑴𝑴𝑺𝑺 (emu/g) 

CFO nanoparticles 1.806 70.323 

SNBT50@CFO core-shell composites 0.763 50.216 
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empty space. If 𝜇𝜇′′ (or tan 𝛿𝛿𝜇𝜇) arises from eddy current loss, then the 𝜇𝜇′′(𝜇𝜇′)−2𝑓𝑓−1 curves will 

be constant with frequency, according to this equation. Fig. 4.10(d) illustrates the frequency 

dependency of 𝜇𝜇′′(𝜇𝜇′)−2𝑓𝑓−1 in order to comprehend the potential causes of magnetic loss. For 

both uncoated and coated SNBT50 samples, the figure indicates that eddy current loss 

predominates over the entire frequency range. For CFO, the resonance peak is below our 

observed frequency range and thereafter drops and maintains fairly constant values which 

imply natural and exchange resonance at low frequency and dominance of eddy current loss 

afterwards. 

4.3.4 Microwave absorption properties 

Absorption of electromagnetic waves is highly dependent on the magnetic and electric 

characteristics of a substance. Among these qualities, reflection loss (𝑅𝑅𝑅𝑅) offers insights into 

the material's effectiveness in reducing the reflected waves. This may occur by either wave 

absorption, i.e., the transformation of EM waves into other energy, or EM wave transmission. 

Improper impedance matching is required for optimal EM wave propagation. Here, 𝑅𝑅𝑅𝑅 is 

computed using the following equations: 

Figure 4.10. Frequency dependence (1–18 GHz) of (a) real (μ'), (b) imaginary (μ") values of magnetic permeability, (c) 
magnetic loss (tan δμ), and (d) μ"(μ')-2f -1 at 300 K for all the samples 
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𝑍𝑍𝑖𝑖𝑖𝑖 =  𝑍𝑍0(𝜇𝜇𝑟𝑟
𝜀𝜀𝑟𝑟

)1/2tanh [𝑗𝑗 �2𝜋𝜋𝜋𝜋𝜋𝜋
𝑐𝑐
� (𝜇𝜇𝑟𝑟𝜀𝜀𝑟𝑟)

1
2]   (4.3) 

𝑅𝑅𝑅𝑅 = 20 log | (𝑍𝑍𝑖𝑖𝑖𝑖 − 𝑍𝑍0) (𝑍𝑍𝑖𝑖𝑖𝑖 + 𝑍𝑍0)⁄ |   (4.4) 

where 𝜇𝜇𝑟𝑟 = 𝜇𝜇′ − 𝑖𝑖𝜇𝜇′′ and 𝜀𝜀𝑟𝑟 = 𝜀𝜀′ − 𝑖𝑖𝜀𝜀′′ are the relative permeability and permittivity of the 

material, 𝑐𝑐 is the velocity of light in a vacuum, 𝑡𝑡 is the thickness of the composite absorber, 

and 𝑍𝑍0 and 𝑍𝑍𝑖𝑖𝑖𝑖 are the impedance of free space and input impedance of the absorber, 

respectively. 

Fig. 4.11 illustrates the variation of RL of SNBT materials with changing frequency. 

At 4 GHz, a maximum 𝑅𝑅𝑅𝑅 of -22 dB is reported for SNBT25 and SNBT50 suggesting that 

these materials have excellent microwave absorption characteristics within the studied 

frequency range. In contrast, the maximum 𝑅𝑅𝑅𝑅 of the SNBT75 is only -11 dB observed at 3.8 

GHz. The absorption bandwidth having 𝑅𝑅𝑅𝑅 < -10 dB for SNBT25 and SNBT50 is 0.6 and 1 

Figure 4.11. Reflection loss (RL) of SNBT materials in the frequency range 1 to 15 GHz. 
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GHz, respectively. All of these materials contribute significantly to the S-band area between 8 

and 12 GHz (Fig. 4.11), despite the fact that the 𝑅𝑅𝑅𝑅 value of this microwave absorption peak 

is low. The aforementioned findings show that, among the three SNBT materials, SNBT50 has 

the most promising microwave characteristics. 

Fig. 4.12(a) illustrates the frequency dependence of 𝑅𝑅𝑅𝑅 for all samples prepared by 

adding 20 wt.% powder in epoxy resin machined to a thickness of 4 mm. Here, we see that the 

EM absorption of SNBT50@CFO is more than that of its core equivalent. A thickness-

dependent study on EM wave absorption is required for the proper design of an absorber for 

practical applications. In Fig. 4.12(d), the predicted 𝑅𝑅𝑅𝑅 for various thicknesses within the 

examined frequency range were compared. From this study, an optimal 𝑅𝑅𝑅𝑅 of -20.19 dB is 

found for thickness, 𝑡𝑡 = 2.7mm at 17.5 GHz with an effective absorbance bandwidth of 4.56 

GHz having 𝑅𝑅𝑅𝑅 < -10 dB. The frequency versus |𝑍𝑍𝑖𝑖𝑖𝑖/𝑍𝑍0| graphs in Fig. 4.12(c) reveal that the 

closer value of |𝑍𝑍𝑖𝑖𝑖𝑖/𝑍𝑍0| to 1 represents the better absorption characteristics of the materials. 

The attenuation constant reveals the material's capacity to internally attenuate EM 

waves and can be computed using the following equation, 

𝛼𝛼 = √2𝜋𝜋𝜋𝜋
𝑐𝑐

�(𝜇𝜇″𝜀𝜀″ − 𝜇𝜇′𝜀𝜀′) + �(𝜇𝜇″𝜀𝜀″ − 𝜇𝜇′𝜀𝜀′)2 + (𝜇𝜇″𝜀𝜀′ + 𝜇𝜇′𝜀𝜀″)2    (4.5) 

Figure 4.12. Frequency dependence of (a) RL at composite absorber thickness of 4mm, (b) Attenuation constant, (c) 
Impedance ratios at t = 4mm for all the samples, and (d) frequency and thickness dependence 3D-plot of SNBT50@CFO 
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Clearly, Fig. 4.12(b) demonstrates that SNBT50@CFO core-shell composites display 

a greater attenuation constant than bare SNBT50 over the studied frequency range, since the 

SNBT50@CFO core-shell composites exhibit both magnetic loss and dielectric loss followed 

by CFO coating. For the SNBT50@CFO composites, the better attenuation constant and the 

superior impedance matching are responsible for the improved microwave absorption 

capabilities and, therefore, for the larger reflection loss exhibited in Fig. 4.12(a). 

The interface between SNBT50 cores and CFO shells leads to additional interfacial 

polarization, which may enhance the dielectric loss of the core-shell composites. On the basis 

of the synergistic effect of the SNBT50 core and the CFO shell, the effective complementarity 

between complex permittivity and permeability may be the determining factor in microwave 

absorption. Therefore, the development of magnetic-dielectric core-shell composites should be 

a viable way for creating microwave-absorbing materials with excellent performance. 

 

4.4 Conclusions 

The structural, dielectric and microwave properties of Srx(Na0.5Bi0.5)1–xTiO3 (0.25 ≤ x 

≤ 0.75) prepared using the solid-state reaction technique have been investigated. Similar 

studied are performed for cobalt ferrite coated SNBT50 (SNBT50@CFO) composites which 

exhibits both dielectric and magnetic properties. The Rietveld refinement of the X-ray 

diffraction pattern at room temperature suggests single-phase structure remained consistent 

with increasing Sr doping concentration in all the SNBT materials having a Pm3m crystal 

symmetry. The composites displayed peaks from both materials with no trace of any 

unidentified peak, which confirms that the composing materials have been successfully formed 

into single phase nature. The low-frequency dielectric properties of the SNBT materials are 

investigated using alternate current impedance spectroscopy in the frequency range from 50 to 

1MHz in order to comprehend the effect of Sr doping on the dielectric properties of the 

materials. The temperature dependence of the dielectric constant at different frequencies gives 

diffuse peaks which have been attributed to the occurrence of relaxor behavior in these 

materials. The magnitudes of 𝜀𝜀𝑚𝑚′ , the maximum value of dielectric constant and 𝑇𝑇𝑚𝑚, the 

temperature corresponding to 𝜀𝜀𝑚𝑚′  are decreased with an increase of Sr2+ ion in the materials. 

There is evidence of Vogel–Fulcher type relaxational freezing in the samples. The microwave 

absorption properties of the materials have also been studied in the frequency range from 1 to 

15 GHz. A maximum reflection loss of -22 dB at 4 GHz is observed for SNBT25 and SNBT50. 
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It is concluded from the above studies that SNBT50 is more promising material for microwave 

applications with respect to other two SNBT materials having high ferroelectricity at room 

temperature and a decent permittivity value. On the other hand, CFO itself being an excellent 

MAM due to its optimised permittivity and permeability values, the CFO coating significantly 

increases the permittivity of SNBT50@CFO composites as well as introduces permeability. 

Due to interfacial polarization, synergistic effect between the core and shell and introduction 

of magnetic loss in the sample, the enhancement of electromagnetic absorption properties 

occurs in terms of RL up to -20.19 dB with an increased effective absorption bandwidth of 4.56 

GHz at a composite absorber length of as small as 2.7 mm.  It also exhibits steadily increasing 

attenuation constant throughout the observed frequency region. Therefore, the improvement of 

EM wave absorption properties along with high ferroelectricity at room temperature makes 

SNBT50@CFO a highly promising candidate towards high-frequency multi-disciplinary 

applications. 
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In this chapter, we have prepared a core-shell 

structure with Nickel nanoparticle as core and Cobalt 

Ferrite as shell as a soft/hard magnetic nanostructure to 

tune the magnetic properties and enhance microwave 

properties as well. 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER 5 

FORMATION OF URCHIN-LIKE NICKEL NANOPARTICLE@COBALT 
FERRITE CORE@SHELL NANOSTRUCTURE TO IMPLEMENT EXCHANGE 
INTERACTION AND ENHANCE ELECTROMAGNETIC WAVE ABSORPTION 
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5.1 Preamble 

Nanoscale magnetism has stimulated considerable attention due to its usefulness in 

mapping the scaling limits of magnetic information storage technology, understanding spin 

dependent transport phenomena and tuning magnetic properties[1]–[5]. Recent advancements 

in the production of nearly monodisperse magnetic nanoparticles from metallic Fe, Co, and Ni, 

to iron oxides, TFe2O4 (T → transition metals) and Fe and Co intermetallic compounds, 

provides a variety of systems suitable for nanomagnetic studies[6]–[13]. It is well known that 

conductors of dimensions on the order of the skin depth are lossy at microwave frequencies 

due to eddy current effects [14]–[17]. An assembly of monodisperse magnetic nanoparticles 

with regulated interparticle spacing will allow in-depth investigations on magnetization, 

anisotropy, as well as magnetization reversal processes and interparticle interactions of the 

particles with varying sizes and surface properties. An intriguing magnetic nanoparticle system 

consists of core-shell structured nanoparticles having a magnetic core covered with a layer of 

a nonmagnetic, antiferromagnetic, or ferro/ferri-magnetic shell[7], [18]–[30]. A nonmagnetic 

coating is used routinely for magnetic core stabilization and surface functionalization in fields 

related to biomedical applications. A ferromagnetic core coated with an antiferromagnetic 

material generates exchange bias (a shift of the hysteresis loop along the field axis) and 

enhanced thermal stability of the core. Compared with these two different types of core-shell 

systems, a bimagnetic core-shell, where both core and shell are highly magnetic (ferro- or ferri-

magnetic) is less explored yet more interesting owing to its potential in electromagnetic and 

permanent magnetic applications[25]. In such a system, the close proximity of the core and the 

shell results in effective exchange coupling and, therefore, cooperative magnetic switching, 

thus facilitating the fabrication of nanostructured magnetic materials with tuneable 

characteristics[7], [27], [31]–[33]. 

 In this study, metallic nickel (Ni) nanoparticle, a soft magnetic material, is synthesized 

and will serve as the core in the core-shell system. Then it is coated with CoFe2O4 (CFO), a 

hard magnetic material which serves as the shell. As a result of exchange coupling at the 

interface between nickel and cobalt, the magnetic properties of Ni@CFO core-shell 

nanostructures are tuned to achieve increased remanence and saturation magnetisation, hence 

enhancing its microwave absorption capabilities. Moreover, a composite absorber thickness-

dependent investigation on core-shell nanostructures reveals that exchange coupling between 

soft and hard magnetic material is a promising technique for enhancing electromagnetic 

interference (EMI) shielding. 
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5.2 Experimental 

5.2.1 Sample Preparation 

5.2.1.1 Sample Preparation of Nickel Nanoparticles 

The hexahydrate form of nickel chloride (NiCl3, 6H2O) is used to synthesize nickel 

nanoparticles. 2.665 g of NiCl3, 6H2O is added to 25 ml of the solvent, Ethylene glycol (EG). 

This solution is stirred with a magnetic stirrer until a clear solution is obtained. The pH of this 

solution is then adjusted to 9 with controlled addition of sodium hydroxide (NaOH) solution. 

This solution is then heated to 80 °C. A separate solution is next prepared by dissolving 6 ml 

of hydrazine hydrate in 24 ml of distilled water. Next, this solution is added drop-by-drop to 

the previous solution, which is kept at 80 °C. Subsequently, the color of this solution turns from 

green to black and then to grey. Using a magnetic stirrer cum heater, the mixture is further 

stirred for an hour while maintaining a temperature of roughly 80 °C. Finally, the solution 

becomes transparent due to the precipitation of black nickel (Ni) particles covering the 

magnetic bead. After cooling it to room temperature, the particles are washed several times 

with Ethanol and dried to collect the as-prepared Ni nanoparticles, which constitute the core. 

5.2.1.2 Sample Preparation of CFO Nanoparticles 

Cobalt chloride hexahydrate (CoCl2, 6H2O) and Ferric chloride hexahydrate (FeCl3, 

6H2O) is used to prepare cobalt ferrite (CoFe2O4, CFO) nanoparticles. 0.360g CoCl2, 6H2O and 

0.819g FeCl3, 6H2O is added to 20 ml of Ethylene glycol (EG) which is the solvent used for 

the synthesis. This solution is mixed using magnetic stirrer until a clear solution is obtained. 

Another solution is separately prepared by dissolving 0.53 g urea in 10 ml of distilled water. 

The previously prepared solution is now added in this solution and stirred until clear solution 

is acquired. Next, 3 ml of oleylamine is added drop-by-drop to it and stirred for a certain 

amount of time. The amount of oleylamine determines the size of the prepared nanoparticles. 

Increasing the amount of oleylamine results in the decrease of the size of the nanoparticles. 

After this, the mixture is transferred to a teflon flask which is then enclosed inside a stainless-

steel autoclave. This autoclave is transferred into a hot air oven which is then kept at a 

temperature of 200 °C at kept for 20 hours. After 20 hours, the autoclave is cooled down to 

room temperature, and the particles are found precipitated at the bottom of the teflon flask. The 

precipitation is collected after washing several times using Ethanol and finally dried to collect 

the as-prepared CoFe2O4 nanoparticles. 
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5.2.1.3 Sample Preparation of Ni@CFO Core-Shell Nanostructures 

 To create Ni@CoFe2O4 (core@shell) core-shell nanostructures, the method for 

preparing CoFe2O4 nanoparticles is continued until the mixture is transferred to a teflon flask. 

Then, 0.05g of produced Ni nanoparticles are added to the liquid in the teflon flask, and it is 

well stirred using a sonicator. Now, the teflon flask is placed in an autoclave made of stainless 

steel, and the process continues as before. The particles precipitated at the bottom of the teflon 

flask are rinsed many times with ethanol and subsequently dried to collect the Ni@CoFe2O4 

core-shell nanostructures. 

5.2.2 Characterization 

In a Rigaku SmartLab equipped with Cu-Kα radiation, X-ray diffraction, commonly 

known as XRD, is used to identify the phase of as-prepared materials. To determine the size 

and morphology of the samples, an FEI QUANTA FEG 250 field-emission scanning electron 

microscope (FESEM) with a voltage range of 0.2 to 30 kV and a FEG transmission electron 

microscope (TEM) with a voltage range of 80 to 200 kV are used. To get a clear idea of the 

core-shell material, high-angle annular dark-field (HAADF) imaging is performed using 

scanning transmission electron microscopy (STEM). The Energy-dispersive X-ray (EDX) 

spectrum is collected for elemental analysis of the materials. Using a vibrating sample 

magnetometer (Lake Shore VSM) at room temperature (about 300 K) and a maximum applied 

field of 14 kOe, magnetic measurements are obtained. 

Using a coaxial cable (Maury Microwaves 8043S6) and an Anritsu MS46122B Vector 

Network Analyzer (VNA), the microwave properties of samples within the frequency range of 

1 GHz to 17 GHz are analyzed. After loading 20 wt.% of powder samples into an epoxy resin 

matrix and properly moulding this mixture according to the required dimension, the composite 

samples are made ready for measurement in the microwave frequency spectrum of the VNA. 

The composites that are produced are hollow cylinders with an inner diameter (𝑑𝑑𝑖𝑖𝑖𝑖) of 1.5 mm 

and an outer diameter (𝑑𝑑𝑜𝑜𝑜𝑜𝑜𝑜) of 3.5 mm. Each composite sample is positioned inside the coaxial 

airline's 'port one' end. Using a polynomial fit model of the Nicholson-Ross-Weir (NRW) 

technique, additional analysis of the resulting 2-port scattering (S)-parameters is performed 

using the transmission line approach [34]. 
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5.3 Results and Discussion 

5.3.1 Structure and Morphology 

The XRD patterns of Ni@CFO CS along Ni and CFO nanoparticles are depicted in Fig. 

5.2. The existence of a single-phase spinel face-centered cubic structure at room temperature 

is demonstrated by each of the patterns, as was previously described in the scientific literature 

(JCPDS file no. 00-004-0850 for Ni and 01-086-4437 for CFO). The XRD peaks are fitted 

using the Smart Lab II and the lattice parameters for the maximum intensity peak at the [111] 

and [311] plane for Ni and CFO respectively is noted in Table 5.1. Average crystallite sizes 

(𝐷𝐷), as well as lattice strains (𝑒𝑒), are estimated using the Debye-Scherrer formula for all the 

samples and are also listed in Table 5.1. At the XRD pattern of Ni@CFO, the highest peak for 

Ni nanoparticles, i.e., [111] exists but with reduced intensity due to the CFO shell over it. 

Figure 5.1. X-ray diffraction plots for Ni, CFO, and Ni@CFO at ~ 300 K 
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The FESEM micrographs of Ni and CFO nanoparticles and Ni@CFO core-shell 

nanostructures are displayed in Fig. 5.2(a)–(c). It is evident from the SEM micrographs that 

the surfaces of the Ni nanoparticles are not smooth and forms an urchin-like structure which 

get a smooth surfaced spherical shape with the coating of CFO over it. The EDX given at the 

Fig. 5.2(d), (f), (g) confirms the elemental existence of Co, Fe and O for both CFO 

nanoparticles and the core-shell Ni@CFO and nickel for the Ni and the Ni@CFO samples. The 

average sizes of the samples are analyzed by plotting the size distribution curves, as shown in 

Figs. 5.2(e), (g), (i) and are then tabulated in Table 5.1 with the calculated shell thickness for 

Ni@CFO.  

 The TEM micrographs of Ni, CFO and Ni@CFO are depicted in Fig. 5.3(a)-(c). The 

TEM micrographs provide more prominent views of inner parts of all the samples. For the 

core-shell Ni@CFO, the HAADF micrograph seen in Figure 5.3(d) reveals dark patches at the 

Table 5.1 Particle diameter, shell thickness, crystallite sizes (𝐷𝐷), lattice strain (𝑒𝑒), coercivities 
(𝐻𝐻𝐶𝐶), remnant magnetization (𝑀𝑀𝑅𝑅), and saturation magnetization (𝑀𝑀𝑆𝑆) of Ni, CFO, and Ni@CFO. 

Sample 
Name 

Diameter 
(nm) 

Shell 
Thick-

ness 
(nm) 

Crystallite 
Size 

(D, nm) 

Lattice 
Strain (e) 

𝑯𝑯𝑪𝑪 
(kOe) 

𝑴𝑴𝑹𝑹 
(emu/g) 

𝑴𝑴𝑺𝑺 
(emu/g) 

Ni 81.08 ± 7.39 - 23.80 0.00402 0.17 13.24 48.29 

CFO 28.72 ± 2.03 - 29.27 0.00407 1.72 24.68 65.92 

Ni@CFO 103.54 ± 11.51 22.46 
Ni: 20.87 

CFO: 44.70 

Ni: 0.00455 

CFO: 0.00264 
0.67 32.84 80.80 

Figure 5.2. FESEM micrographs of (a) Ni, (b) CFO, (c) Ni@CFO, The EDX diagrams of (d) Ni, (f) CFO, and (h) Ni@CFO. 
The size-distribution plots of (e) Ni, (g) CFO, (i) Ni@CFO 
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centres of the nanostructures, which are essentially the Ni particles at the samples' core. This 

verifies that the core-shell nanostructures were formed as anticipated. Figure 5.3(e) is an 

illustration of the SAED pattern of Ni@CFO. This pattern primarily demonstrates the 

crystalline character of the CS. The distance measured between the two bright spots of the 

SAED is 0.17 nm and 0.21 nm which matches with the [200] plane of Ni and [400] plane of 

CFO respectively. 

5.3.2 Electric and Magnetic Properties 

Microwave absorption is highly connected to the complex permittivity and permeability 

of an absorber, where the real parts (𝜀𝜀′ and 𝜇𝜇′) represent the storage capacity and the imaginary 

parts (𝜀𝜀′′ and 𝜇𝜇′′) reflect the loss capacity of electric and magnetic energy, respectively [35], 

[36]. In Fig. 5.4(a) and 5.4(b), the frequency (𝑓𝑓) dependence of real (𝜀𝜀′) and imaginary (𝜀𝜀′′) 

parts of relative dielectric constants of CFO and Ni@CFO over the frequency range of 1–17 

GHz are displayed. 𝜀𝜀′ exhibits a resonance peak at around 3 GHz for both samples, which drops 

with increasing frequency up to roughly 13 GHz and then again rises slightly. However, the 𝜀𝜀′ 

for Ni@CFO is larger than that of CFO over the entire frequency range under study, with the 

largest increase at the resonance peak. The existence of associated surfaces in Ni@CFO 

Figure 5.3. TEM micrographs for (a) Ni NPs, (b) CFO NPs, (c) Ni@CFO CS, (d) HAADF micrographs of Ni@CFO CS; (e) 
SAED pattern of Ni@CFO CS. 
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between the Ni core and CFO shell results in an increase in charge carriers due to surface 

polarization, hence enhancing 𝜀𝜀′ [37]. Here, the urchin-like structure of Ni nanoparticles is 

crucial possessing a number of sharp edges. After being coated with CFO, Co2+-Co3+ and Fe2+-

Fe3+ dipoles of CFO material polarize with a high density at the interfaces of these sharp edges. 

Again, as a result of the uneven structure of the nanoparticles, the total surface accessible for 

interfacial polarization rises. Therefore, the dipolar resonance of CFO is augmented in 

Ni@CFO, resulting in a greater 𝜀𝜀′ close to the resonance frequency. At high frequencies, 𝜀𝜀′ 

decays as dielectric relaxation increases with frequency and dipoles lag behind the applied 

electric field [38]. At the end of the observed frequency range, it tends to rise again to exhibit 

another resonance peak at higher frequency. 

The 𝜀𝜀′′ is connected to the energy dissipation of accumulated charges, which is directly 

proportional to the surface-to-volume (STV) ratio of the samples, and is observed to decrease 

for Ni@CFO core-shell nanostructures since their diameter is roughly six times larger than that 

of CFO nanoparticles. At frequencies featuring dielectric relaxation, both samples exhibit a 

Figure 5.4. Frequency dependence (1–17 GHz) of (a) real (𝜀𝜀′), (b) imaginary (𝜀𝜀′′) values of dielectric constant and (c) 
dielectric loss (𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿𝜀𝜀) (d) Cole-Cole plots for all samples. 
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prominent hump. Figure 5.4 demonstrates the frequency dependence of the dielectric loss, 

tan 𝛿𝛿𝜇𝜇. These curves have the same characteristics as 𝜀𝜀′′. In addition to the reduction of STV 

ratio, the presence of metallic nickel at the core decreases tan 𝛿𝛿𝜇𝜇 compared to that of CFO. 

Fig. 5.4(d) depicts Cole-Cole plots, or 𝜀𝜀′′ versus 𝜀𝜀′ curves, for CFO and Ni@CFO. 

According to Eq. 5.1, these curves demonstrate the shape of dielectric polarization based on 

the Debye theory. In the examined frequency band, the Cole-Cole plots for the samples consist 

of distorted asymmetric semicircular arcs, suggesting relaxation processes of modified Debye 

type. These curves also indicate the existence of many types of dipolar relaxations in these 

heterogeneous systems and the charge carriers responsible for this. 

(𝜀𝜀′ −  𝜖𝜖𝑠𝑠+ 𝜖𝜖∞
2

)2 +  𝜖𝜖" 2 =  (𝜖𝜖𝑠𝑠+ 𝜖𝜖∞
2

)2          (5.1) 

Figure 5.4(d) demonstrates that the deformed semicircular arc of Ni@CFO has a greater 

number of circles than that of CFO, indicating the presence of a greater number of dipolar 

relaxations, which implies a bigger dipolar contribution to total dielectric permittivity. 

Figure 5.5. M–H plots at 300 K for all the samples. 
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Figure 5.5 depicts the dependence of the magnetization on the DC magnetic field at 300 

K for the Ni@CFO core-shell nanostructure and its component Ni and CFO nanoparticles. The 

coercivities and remanences of all samples are depicted on an enlarged scale near to the origin 

in the inset of Figure 5.5. Table 5.1 lists the 𝐻𝐻𝐶𝐶, 𝑀𝑀𝑅𝑅, and 𝑀𝑀𝑆𝑆 values derived from these plots. 

Ni nanoparticles have soft magnetic properties with a coercivity of 0.17 kOe, while CFO 

nanoparticles exhibit hard magnetic properties with a coercivity of 1.72 kOe. However, at the 

interfaces of the Ni core and CFO shell in Ni@CFO, the soft magnetic spins of nickel interact 

with the hard magnetic spins of CFO owing to the near interatomic coexistence. Consequently, 

despite the large coercivity discrepancies of its component materials, Ni@CFO exhibits a 

single-phase M-H loop with a coercivity of 0.67 kOe, which is between that of individual Ni 

and CFO nanoparticles. Again, as a result of the exchange interaction of Ni and CFO spins at 

the interface of Ni@CFO, the remanence and saturation magnetization of Ni@CFO are greater 

than those of its component materials. 

The real (𝜇𝜇′) and imaginary (𝜇𝜇′′) components of the relative permeability of CFO 

nanoparticles and Ni@CFO core-shell are displayed as a function of frequency from 1 to 17 

GHz in Fig. 5.6(a) and Fig. 5.6(b). For CFO, 𝜇𝜇′ shows a modest resonance peak at about 4 

GHz, then drops with increasing frequency up to roughly 12 GHz and remains virtually 

constant thereafter. On the other hand, with Ni@CFO, 𝜇𝜇′ is shown to decline up to around 6 

GHz before remaining essentially constant. The total value of 𝜇𝜇′ for CFO is discovered to be 

much greater than that of Ni@CFO. The wavelength for CFO reveals the typical resonance 

peak of CFO at 8 GHz. In contrast, the plot of 𝜇𝜇′′ against frequency for Ni@CFO reveals a 

very weak peak at lower frequency, a lower overall value than that of CFO, and a modest 

increase at the end of the measured frequency range. According to the Landau–Lifshitz–Gilbert 

equation [39]–[41], the dynamic magnetic characteristics of ferrimagnets are highly connected 

to DC magnetic parameters such as magnetic anisotropy and magnetic susceptibility. The high 

values of 𝜇𝜇′ and 𝜇𝜇′′ for CFO are a result of its very strong magnetic anisotropy. At Ni@CFO, 

the total magnetic anisotropy decreases dramatically due to the presence of Ni, resulting in 

lower values of 𝜇𝜇′ and 𝜇𝜇′′ compared to CFO and a resonance peak shift at lower frequencies 

that situates outside the measured frequency range for 𝜇𝜇′. 

In Fig. 5.6(c), the variation of magnetic loss tangent, tan 𝛿𝛿𝜇𝜇 with 𝑓𝑓 for CFO 

nanoparticles and Ni@CFO core-shell nanostructures follow a nearly same trend as the 

corresponding 𝜇𝜇′′ vs. 𝑓𝑓 curves. Dynamic magnetic loss is well-known to result primarily from 



Chapter 5 

148 | P a g e  
 

magnetic hysteresis, domain wall resonance, eddy current effects, natural and exchange 

resonance. Due to the reduced field intensity, the first two contributions are less effective for 

samples in the high-frequency range [42]. According to the equation for natural magnetic 

resonance [43], 2𝜋𝜋𝑓𝑓𝑟𝑟 = 4𝛾𝛾𝛾𝛾
3𝜇𝜇0𝑀𝑀𝑆𝑆

, where 𝛾𝛾 is the gyromagnetic ratio (2.8 GHz/kOe for ferrites), 

the resonance frequency (𝑓𝑓𝑟𝑟) for CFO is around 4 GHz. Moreover, the contribution of eddy 

current loss to  𝜇𝜇′′ may be written as 𝜇𝜇′′~2𝜋𝜋𝜇𝜇0𝜇𝜇′
2(𝑑𝑑2𝜎𝜎), where 𝑑𝑑 is the sample thickness, 𝜎𝜎 

is the electrical conductivity, and 𝜇𝜇0 is the permeability of free space [44], [45]. If 𝜇𝜇′′ (or 

tan 𝛿𝛿𝜇𝜇) arises from eddy current loss, according to this equation the 𝜇𝜇′′(𝜇𝜇′)−2𝑓𝑓−1 curves will 

be constant with frequency [38]. In order to comprehend the potential causes of magnetic loss, 

the frequency dependency of 𝜇𝜇′′(𝜇𝜇′)−2𝑓𝑓−1 for CFO and Ni@CFO is shown in Figure 5.6(d). 

A sharp variation in the plot is observed for CFO primarily at lower frequencies up to 4 GHz, 

after which it maintains a nearly constant non-zero slope, indicating that the magnetic loss in 

CFO is primarily due to natural resonance and the contribution of eddy current loss is negligible 

throughout the observed frequency range. In contrast, with Ni@CFO, a minor peak is noticed 

Figure 5.6. Frequency dependence (1–17 GHz) of (a) real (𝜇𝜇′), (b) imaginary (𝜇𝜇′′) values of permeability, (c) magnetic loss 
(𝑡𝑡𝑡𝑡𝑡𝑡 𝛿𝛿𝜇𝜇) and(d) 𝜇𝜇′′(𝜇𝜇′)−2𝑓𝑓−1 
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at 4 GHz, followed by a fairly constant nature. Consequently, it is obvious from the graph that 

the contribution to magnetic loss in Ni@CFO originates from the inherent resonance of CFO 

at lower frequencies, while eddy current loss predominates at higher frequencies. In addition, 

the existence of the metallic conductor Ni lends credence to this notion. 

5.3.3 Microwave absorption properties 

The electromagnetic wave absorption qualities of a material are intimately connected 

with its magnetic and electric properties. Among these features, 𝑅𝑅𝑅𝑅 provides information into 

the material's ability to reduce reflected waves. This may occur through wave absorption, i.e., 

the transformation of EM waves into other energy, or the transmission of EM waves. Improper 

impedance matching is required for optimal EM wave propagation. Here, 𝑅𝑅𝑅𝑅 is computed using 

the following equations [44], [45]: 

𝑍𝑍𝑖𝑖𝑖𝑖 =  𝑍𝑍0(𝜇𝜇𝑟𝑟
𝜀𝜀𝑟𝑟

)1/2𝑡𝑡𝑡𝑡𝑡𝑡ℎ [𝑗𝑗 �2𝜋𝜋𝜋𝜋𝜋𝜋
𝑐𝑐
� (𝜇𝜇𝑟𝑟𝜀𝜀𝑟𝑟)

1
2]                (5.2) 

𝑅𝑅𝑅𝑅 = 20𝑙𝑙𝑙𝑙𝑙𝑙 | (𝑍𝑍𝑖𝑖𝑖𝑖−𝑍𝑍0)
(𝑍𝑍𝑖𝑖𝑖𝑖+𝑍𝑍0)

|                               (5.3) 

where  𝜇𝜇𝑟𝑟 = 𝜇𝜇′ −  𝑖𝑖𝑖𝑖″ and 𝜀𝜀𝑟𝑟 = 𝜀𝜀′ −  𝑖𝑖𝑖𝑖″ are relative permeability and permittivity of 

the material, 𝑐𝑐, the velocity of light in vacuum, 𝑡𝑡, the thickness of the composite absorber, 𝑍𝑍0 

and 𝑍𝑍𝑖𝑖𝑖𝑖 are the impedance of free space and input impedance of the absorber, respectively. 

A thickness-dependent investigation on EM wave absorption is also conducted for CFO 

nanoparticles and Ni@CFO core-shell nanostructures in order to build sample-filled epoxy 

Figure 5.7. 3D plots of reflection loss (RL) of (a) CFO, (b) Ni@CFO. 
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composites with the appropriate thickness for practical applications. In Fig. 5.7(a) and (b), 

frequency-dependent 𝑅𝑅𝑅𝑅 is displayed for various thicknesses of 20 wt.% powder sample loaded 

epoxy resin composites for CFO and Ni@CFO. In Table 5.2, the maximum reflection loss 

(𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚) determined for all samples for each composite absorber composite absorber thickness 

(𝑡𝑡𝑚𝑚) and frequency (𝑓𝑓𝑚𝑚) as well as the total effective bandwidth (𝐵𝐵𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒) with 𝑅𝑅𝑅𝑅 < −10 dB 

for that 𝑡𝑡𝑚𝑚 in the observed frequency range of 1-17 GHz are listed. 

Comparing Ni@CFO core-shell nanostructures with CFO nanoparticles at their 

respective 𝑡𝑡𝑚𝑚, Fig. 5.8(a) reveals that the 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 for Ni@CFO core-shell is about -84.01 dB at 

9.57 GHz. The 𝐵𝐵𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒 recorded for 𝑅𝑅𝑅𝑅 < −10 dB in this sample is 6.25 GHz. In Fig. 5.8(c), 

the |𝑍𝑍𝑖𝑖𝑛𝑛/𝑍𝑍0| vs. 𝑓𝑓 plots reveal that the optimal impedance matching is reached for Ni@CFO at 

corresponding 𝑓𝑓𝑚𝑚 = 6.25 GHz, i.e., |𝑍𝑍𝑖𝑖𝑖𝑖/𝑍𝑍0| ~ 1.00. This discovery reveals that the improved 

EM wave absorption of Ni@CFO is due to its optimal impedance matching, as well as 

appropriate dielectric and magnetic losses. 

Figure 5.8. (a) Comparative RL versus f plot for the three samples; (b) Frequency dependent attenuation constant (α), (c) 
|𝑍𝑍𝑖𝑖𝑖𝑖 𝑍𝑍0⁄ | ratio versus frequency,(d) 𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚 values at 𝑡𝑡𝑚𝑚 for all samples 
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The attenuation constant (𝛼𝛼) indicates the ability of the material to attenuate EM waves 

internally and can be calculated by the following equation[44], [45], 

𝛼𝛼 = √2𝜋𝜋𝜋𝜋
𝑐𝑐

�(𝜇𝜇″𝜀𝜀″ − 𝜇𝜇′𝜀𝜀′) + �(𝜇𝜇″𝜀𝜀″ − 𝜇𝜇′𝜀𝜀′)2 + (𝜇𝜇″𝜀𝜀′ + 𝜇𝜇′𝜀𝜀″)2             (5.4) 

The 𝛼𝛼 for Ni@CFO core-shell and CFO nanoparticles is calculated and shown in Fig. 

5.8.(b). In both samples, 𝛼𝛼 is shown to rise with frequency. The 𝛼𝛼 for CFO grows higher than 

Ni@CFO, but it drops after 12 GHz and falls below Ni@CFO at the very end of the observed 

frequency range, while the 𝛼𝛼 for Ni@CFO has a lower overall value, rises almost consistently 

over the whole frequency range. Fig. 5.8(d) shows a comparison bar plot of the minimal 

reflection loss of the samples at their respective 𝑡𝑡𝑚𝑚. 

 

5.3 Conclusion 

In conclusion, metallic Ni nanoparticles, a soft magnetic material, are coated with CFO, 

a hard magnetic material. In order to achieve efficient exchange coupling, the core-shell 

structure consisting of Ni as the core and CFO as the shell is effectively synthesized. The 

single-phase character of the hysteresis loop revealed by the Ni@CFO core-shell structure, 

together with increased saturation and residual magnetization, and a coercivity with value in 

between those of Ni and CFO, supports the establishment of exchange coupling between the 

magnetic spins of Ni and CFO. The thickness-dependent electromagnetic wave absorption 

properties of Ni@CFO exchange coupled core-shell nanostructures and its shell material as a 

CFO nanoparticle are examined in depth. As a consequence of the urchin-like structure of Ni, 

the 𝜀𝜀′ is enhanced. The 𝜀𝜀′′, which is directly related to the tan 𝛿𝛿𝜇𝜇 and corresponds to the 

dissipation of accumulated charges, is shown to decrease owing to the significantly greater 

diameter of Ni@CFO core-shell structures, resulting in a reduced surface-to-volume ratio. The 

Cole-Cole plot reveals a higher number of dipolar relaxations, indicating a stronger dipolar 

contribution to total dielectric permittivity. The high values of both the real (𝜇𝜇′) and imaginary 

Table 5.2 Maximum reflection loss (𝑅𝑅𝑅𝑅𝑚𝑚𝑚𝑚𝑚𝑚), absorber thickness (𝑡𝑡𝑚𝑚), frequency (𝑓𝑓𝑚𝑚), and effective 
bandwidth (𝐵𝐵𝐵𝐵𝑒𝑒𝑒𝑒𝑒𝑒) 

Sample Name 𝑹𝑹𝑹𝑹𝒎𝒎𝒎𝒎𝒎𝒎(dB) 𝒕𝒕𝒎𝒎(mm) 𝒇𝒇𝒎𝒎(GHz) 𝑩𝑩𝑩𝑩𝒆𝒆𝒆𝒆𝒆𝒆(GHz) 

CFO -46.37 7.00 12.1 13.81 

Ni@CFO -84.01 5.35 9.57 6.25 
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(𝜇𝜇′′) components of magnetic permeability seen in CFO are the consequence of its very strong 

magnetic anisotropy. At Ni@CFO, the overall magnetic anisotropy reduces significantly due 

to the presence of Ni, resulting in poorer magnetic property values compared to CFO. It is 

assumed that eddy current loss mostly contributes to the magnetic tangent loss. Ni@CFO core-

shell is discovered to have a minimal reflection loss (𝑅𝑅𝑅𝑅) of -84.01 dB at 9.57 GHz. In this 

sample, the overall effective bandwidth measured for 𝑅𝑅𝑅𝑅 < −10 dB is 6.25 GHz. The |𝑍𝑍𝑖𝑖𝑖𝑖 𝑍𝑍0⁄ | 

vs. 𝑓𝑓 plots reveal that the optimal impedance matching is reached for Ni@CFO at 

corresponding 𝑓𝑓𝑚𝑚 = 6.25 GHz, i.e., |𝑍𝑍𝑖𝑖𝑖𝑖 𝑍𝑍0⁄ | ~ 1.00. This reveals that the improved EM wave 

absorption of Ni@CFO is due to its optimal impedance matching, as well as appropriate 

dielectric and magnetic losses.  The outstanding EM wave absorption of Ni@CFO makes it a 

mass-efficient and economically beneficial EMA material for a number of high-frequency 

applications. 
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CHAPTER 6 

CONCLUSION AND FUTURE STUDY OBJECTIVES 

This chapter concludes the outcomes of 
this thesis and discusses the scopes of 
future studies.  
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6.1 Epilogue 

The electromagnetic characteristics and microwave absorption capabilities at a 

frequency range from 1 to 17 GHz have been investigated in depth in this dissertation. Coating 

with a non-magnetic (Silica, SiO2) and a magnetic (CoFe2O4, CFO) layer over manganese 

ferrite (MnFe2O4, MnFO) nanohollowspheres has been compared based on the conclusion of a 

previous study that hollowsphere morphology exhibits increased microwave absorption due to 

higher scattering, internal reflections, and lower density. In order to optimize the coating 

thickness, three different coating thicknesses of dielectric SiO2 and magnetic CoFe2O4 have 

been successfully coated over MnFO nanohollowspheres (NHSs), and the electromagnetic 

wave absorption properties within the commonly used frequency range of 1–17 GHz have been 

thoroughly examined for both the uncoated and hybridized samples. Bi-layered morphologies 

with an increased number of associated surfaces and dipoles for electric polarization and an 

increase in magnetic anisotropy improve dielectric and magnetic loss, which in turn improves 

electromagnetic (EM) wave attenuation characteristics. The CFO-coated MnFO NHSs have a 

greater number of connected interfaces and, therefore, spins owing to magnetization, exchange 

interactions between them, and a synergistic effect generated by many resonance centers. These 

properties promote dielectric and magnetic loss, which enhances the absorption of 

electromagnetic waves. The sample with 35 nm coating thickness of CFO (out of 15 nm, 35 

nm, and 50 nm), MnFO@CFO-35 exhibits reflection loss (RL) as high as -66.48 dB (shielding 

> 99.999%) at 6.01 GHz with just 20 wt.% filler concentration in an epoxy matrix and a 

composite length of 4.46 mm. The MnFO@CFO-35 NHS has a total effective bandwidth of 

about 1.88 GHz (RL < -10 dB). Sample with 35 nm coating thickness of SiO2, MnFO/SiO-35 

demonstrates RL as high as -61.02 dB at 11.7 GHz with only 20 wt.% filler concentration in 

an epoxy matrix and a composite length of 4.40 mm. MnFO/SiO-35 NHS has a total effective 

bandwidth (RL < -10 dB) of about 3.10 GHz. Thus, an optimal layer of CFO on MnFO NHS 

displays improved EM wave absorption properties, making it a mass-efficient and 

economically advantageous EMA material for a variety of high-frequency applications. 

Bismuth sodium titanate (Na0.5Bi0.5TiO3, or NBT) is a unique Ti-based ferroelectric 

perovskite oxide that has garnered a great deal of attention because of its strong ferroelectricity, 

high Curie temperature (TC ~ 320 ºC), and wide range of attainable dielectric property 

modifications. In order to reduce the Curie temperature, the material is doped with Sr2+ and the 

structural, dielectric and microwave properties of Srx(Na0.5Bi0.5)1–xTiO3, SNBTx (0.25 ≤ x ≤ 

0.75) prepared using the solid-state reaction technique have been investigated. To implement 
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magnetic parameters and further enhance the microwave absorption capabilities of SNBT 

materials, it is coated with magnetic cobalt Ferrite (CFO). Similar studies are performed for 

cobalt ferrite coated Sr0.5(Na0.5Bi0.5)0.5TiO3 or SNBT50 (SNBT50@CFO) composites which 

exhibits both dielectric and magnetic properties. The Rietveld refinement of the X-ray 

diffraction pattern at room temperature reveals that the single-phase structure of all SNBT 

materials with Pm3m crystal symmetry remained consistent with increasing Sr doping 

concentration. The composites revealed peaks from both constituent materials without any 

unexplained peaks, indicating that the constituent materials had been effectively consolidated 

into a single phase. In order to appreciate the influence of Sr doping on the dielectric 

characteristics of the materials, the low-frequency dielectric properties of SNBT materials are 

examined using alternative current impedance spectroscopy across the frequency range of 50 

to 1 MHz. The presence of relaxor behavior in these materials has been related to the 

temperature dependence of the dielectric constant at various frequencies, which produces 

diffuse peaks. The magnitudes of 𝜀𝜀𝑚𝑚′ , the maximum value of dielectric constant and 𝑇𝑇𝑚𝑚, the 

temperature corresponding to 𝜀𝜀𝑚𝑚′  are decreased with an increase of Sr2+ ion in the materials. 

There is evidence of relaxational freezing of the Vogel–Fulcher type in the samples. From 1 to 

15 GHz, the microwave absorption characteristics of the materials have also been investigated. 

The aforementioned investigations suggest that SNBT50 is a more promising material for 

microwave applications than the other two SNBT materials with strong ferroelectricity at room 

temperature and a respectable permittivity value. The CFO coating greatly enhances the 

permittivity of SNBT50@CFO composites and introduces permeability. On the other hand, 

CFO is a good MAM owing to its optimum permittivity and permeability characteristics. Due 

to interfacial polarization, the synergistic effect between the core and shell, and the introduction 

of magnetic loss in the sample, the electromagnetic absorption properties of a composite 

absorber with a length as short as 2.7 mm are improved by up to -20.19 dB with an increased 

effective absorption bandwidth of 4.56 GHz. It also displays a consistent attenuation that 

increases continuously over the measured frequency range. Consequently, SNBT50@CFO is 

a very interesting option for high-frequency multi-disciplinary applications due to its enhanced 

EM wave absorption capabilities and strong ferroelectricity at ambient temperature. 

In the final work, metallic Ni nanoparticles, a soft magnetic material, are coated with 

CFO, a hard magnetic material. In order to achieve efficient exchange coupling, the core-shell 

structure consisting of Ni as the core and CFO as the shell is effectively synthesized. The 

single-phase character of the hysteresis loop revealed by the Ni@CFO core-shell structure, 
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together with increased saturation and residual magnetization, and a coercivity with value in 

between those of Ni and CFO, supports the establishment of exchange coupling between the 

magnetic spins of Ni and CFO. The thickness-dependent electromagnetic wave absorption 

properties of Ni@CFO exchange coupled core-shell nanostructures and its shell material as a 

CFO nanoparticle are examined in depth. As a consequence of the urchin-like structure of Ni, 

the real component of dielectric permittivity is enhanced. The imaginary component of 

dielectric permittivity, which is directly related to the dielectric tangent loss and corresponds 

to the dissipation of accumulated charges, is shown to decrease owing to the significantly 

greater diameter of Ni@CFO core-shell structures, resulting in a reduced surface-to-volume 

ratio. The Cole-Cole plot reveals a higher number of dipolar relaxations, indicating a stronger 

dipolar contribution to total dielectric permittivity. The high values of both the real and 

imaginary components of magnetic permeability seen in CFO are the consequence of its very 

strong magnetic anisotropy. At Ni@CFO, the overall magnetic anisotropy reduces significantly 

due to the presence of Ni, resulting in poorer magnetic property values compared to CFO. It is 

assumed that eddy current loss mostly contributes to the magnetic tangent loss. Ni@CFO core-

shell is discovered to have a minimal reflection loss (𝑅𝑅𝑅𝑅) of -84.01 dB at 9.57 GHz. In this 

sample, the overall effective bandwidth measured for 𝑅𝑅𝑅𝑅 < −10 dB is 6.25 GHz. The |𝑍𝑍𝑖𝑖𝑖𝑖 𝑍𝑍0⁄ | 

vs. 𝑓𝑓 plots reveal that the optimal impedance matching is reached for Ni@CFO at 

corresponding 𝑓𝑓𝑚𝑚 = 6.25 GHz, i.e., |𝑍𝑍𝑖𝑖𝑖𝑖 𝑍𝑍0⁄ | ~ 1.00. This reveals that the improved EM wave 

absorption of Ni@CFO is due to its optimal impedance matching, as well as appropriate 

dielectric and magnetic losses. 

The maximum RL obtained here is comparable to other promising ferrite-based 

microwave absorbers as presented in Table 3.3. 

 

6.2. Future Study Objectives 

 After successful optimisation of both dielectric and magnetic layer over MnFO 

separately, the best of these results may be merged together in a tri-layer formation. The MnFO 

coated with optimised CFO layer may again be coated with a thin silica layer to enhance the 

magnetic and dielectric loss together. In this way, an electromagnetic wave absorbing material 

can be synthesized with higher reflection loss with high bang width and thinner composite 

absorber thickness which will facilitate device miniaturization without compromising the 

absorbing quality. 
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 Again, the sizes of Ni nanoparticles and CFO shells at Ni@CFO exchange-coupled 

core-shell nanostructures can be varied and optimise for even better and novel microwave 

absorbing properties. The method of tuning the magnetic properties using exchange coupling 

may open up a new possibility in the enhancement of magnetic properties itself. A further study 

in this area is very promising to cater many multidisciplinary applications related to magnetic 

enhancement such as magnetic hyperthermia, drug delivery, recording media etc. 

 One of the reasons behind the high reflection loss of these microwave absorbing 

materials is natural and exchange resonance. These resonances occur at high frequency region. 

Excited at high frequency region, ferromagnetic materials display the phenomenon known as 

ferromagnetic resonance (FMR). The FMR is linked to the concepts that a perturbation of the 

magnetization vectors or magnetic moments / spins would result in a precessional relaxation 

of the magnetic vector to its new equilibrium position. Therefore, these microwave-absorbent 

materials may display ferromagnetic resonance when the frequency of the precession equals 

the frequency of the excitation field, which is typically the case for microwave frequencies. 

Therefore, these materials may be used in microwave signal processing devices, such as 

resonators, band-pass / band-stop filters, and phase shifters working between 1 to 70 GHz. 

 On the other hand, microwave phase shifters are essential for radar applications, 

communications, and phased array antenna systems. Typical phase shifters typically employ 

semiconductors, ferroelectrics, and ferrite. A second operating mechanism of ferrite phase 

shifters is based on the propagation of spin waves in planar ferrites, which is very desirable due 

to its magnetic tunability across a wide frequency range of 1 to 26 GHz. Ferroelectric phase 

shifters are characterised by their rapid electric tunability, low power consumption, and 

exceptionally high loss at frequencies exceeding 5 GHz. By combining ferroelectrics with these 

EMA materials, it is feasible to create a multiferroic composite which functions as a dual phase 

adjustable microwave device and operates at frequencies far over 5 GHz. 

 The EMA materials studied in this dissertation, namely bi-layered MnFO, 

SNBT50@CFO and Ni@CFO can be further investigated in two-dimensional thin film 

structures for the purpose of device applications such as band-pass filters, phase shifters, 

circulators etc. 
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