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Abstract 

In the present scenario, electromagnetic wave (EM) pollution becomes endangerous to 

human health due to rapid development of technology and hence EM wave absorbers 

(EMA) are in serious need to shield the unwanted waves. This EM wave Interference 

(EMI) also interrupts smooth operation of electronic devices and hence frequency 

selective EM shielding is required. Also in stealth technology and to construct emerging 

metamaterials, presence of ferrite absorbers with their synergistic dielectric and 

magnetic properties is inevitable. Preference of light-weight, size-efficient, low-cost yet 

efficient EMA materials influences us to focus on nano-structures among which nano-

hollow spheres (NHS) are a new drift. To achieve an efficient broad-band EMA material, 

several techniques such as doping of cations, hybridization of materials, morphology 

and size control are introduced in this thesis. In-detail study of magnetic, dielectric and 

microwave (MW) absorption properties of earth-abundant transition metal based 

ferrite s, TFe2O4 (T = transition metal ion s) nanostructures indicate that ferrites in the 

form of low density hollow structures equipped with interesting properties such as 

multiple internal reflections of EM wave, are therefore much more efficient than their 

bulk and solid counterparts. Optimization of EM wave absorption properties in the 

frequency range from 1 to 20 GHz is executed and divalent cation substitution on 

traditional magnetite is found to effectively increase the Reflection loss (RL). MnFe2O4 

NHS displays most promising results and therefore the following investigations by 

tuning its filler concentration and NHS sizes are performed. MnFe2O4 NHS shows a 

gradual increase in RL values from 0 wt% to 50 wt% loading content and an excellent 

RL ÏÆ ÁÂÏÕÔ 45.6 dB at thickness ~ 4.2 mm is obtained for 50 wt% composite with a 

total effective bandwidth (BW) (RL  10 dB i.e. absorption > 90%) of ~ 3.6 GHz. 

Further, a thickness dependent study on optimized 450 nm NHS composites reveals 

that maximum RL reached to ͯ υυȢτ dB (i.e. shielding ~ 99.9997%) at 9.6 GHz for t = 

5.1 mm with a broad BW of ~ 3.7 GHz, at much lower filler concentration (only 20 wt% 

in epoxy resin matrix) due to the best impedance matching, |Zin/Z 0| ~ 1 in it , along with 

significant dielectric and magnetic losses. In a morphology dependent MW absorption 

study in widely used X-Band (8 ɀ 12 GHz) with rectangular waveguide, Nickel ferrite 
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NHS showed a better performance than its bulk and solid counterparts. Moreover, 

analysis of quarter-wavelength model for best matching thickness (tm) displays a good 

agreement between experimental and simulated matching thickness (tm)  values. 

Further, to explore possible applications of ferrite nanostructures, an in-depth magnetic 

characterization of Dioctyl sodium sulfosuccinate (AOT) functionalized cobalt-ferrite 

nanoparticles with average size sets from 12 nm to 22 nm, is carried out and an 

improvement in EM wave absorption is observed due to surface modification through 

surface spin pinning and charge transfer. Here, studies on tunable dielectric and 

magnetic properties with substitution of different cations and modulating sizes provide 

a map to select an efficient material for applications from high-frequency devices to bio-

medical field. 
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Chapter 1  
 

  Introduction  

 

This introductory chapter consists of a detailed literature review, theoretical 

background and motivation to work in this particular field with a brief outline of the 

entire work .  

  















































































































 

  

 

 

 

 

 

 

 

 

Chapter 2    Experimental    Details  

 

The current chapter briefly describes different techniques to synthesize bulk and 

nanostructure (such as nanoparticles, nano hollow spheres) of transition metal based 

ferrites. Various characterization techniques to investigate their structural, magnetic, 

electric and microwave properties are also discussed here. 
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2.1 Preamble 

In this chapter, we will describe an overview about different experimental techniques 

such as wet-chemical, co-precipitation, solvothermal procedures which are used to 

synthesize bulk, different nanostructures and even AOT modified NPs of ferrites. 

Moreover, the following characterization techniques which are employed in this thesis 

work are also briefly demonstrated. 

 The structural phase and parameters of the samples are studied by powder X-

ray diffraction (XRD) pattern using Rikagu MiniFlex II diffractometer and PANalytical 

8ȭ0ÅÒÔ 02/ ÅÑÕÉÐÐÅÄ ×ÉÔÈ #Õ +ɻ radiation at the scanning rate of 1° per minute in the 

2ʃ range of 20°ɀ80°. A FEI QUANTA FEG 250 field-emission scanning electron 

microscope (FESEM) (0.2ɀ30 kV) and a FEG high-resolution transmission electron 

microscope (HRTEM) (80ɀ200 kV) are used to study the size and morphology of 

nanostructures. The Energy-dispersive X-ray (EDX) spectrum is recorded for elemental 

analysis of the samples. Spectroscopic analyses are carried out using a Fourier 

Transformed Infrared Spectrometer (JASCO FTIR-6300) in the range of 400ɀ4000 cm-1. 

Differential Scanning Calorimetry (DSC) and thermal gravimetric analysis (TGA) 

measurements are performed using Q-2000 unit in the temperature range 300ɀ500 K. 

All the relevant magnetic measurements are carried out using a Vibrating Sample 

Magnetometer (VSM) (Lakeshore Cryotronics-7407). AC dielectric properties of NHSs 

are investigated using NF ZM2376 LCR meter (upto 5.5 MHz) and Agilent 4294A 

Impedance Analyzer (upto 110 MHz). A pressure ~25 MPa is applied to pelletize the 

powder sample for dielectric measurement using a Riken Pressure Gauge. Microwave 

properties of the samples for the frequency range 1ɀ20 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] . 
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2.2 Synthesis Techniques 

There are varieties of techniques that are devised to create nanomaterials with specific 

structures and thus unique properties. These methods can be summarized as top-down 

(i.e. bulk to nanoparticle) and bottom-up (i.e. atom to nanoparticle) approaches [2] . The 

biggest drawback of the top-down process is the imperfection in surface structures of 

NSs that can have significant effect on their physical properties and surface chemistry. 

On the other hand, bottom-up approach ensures better chance to produce NSs with 

fewer defects, more homogeneity in chemical composition and more control in 

placement of individual atoms. 

 Nanostructures are formed usually via two steps, nucleation and growth (as 

illustrated in Fig. 2.1(a)) [3] . Homogeneous nucleation occurs when nuclei form 

uniformly whereas, heterogeneous nucleation forms at structural inhomogeneity. The 

parent phase condition for nucleation called supersaturation, can be achieved through 

rational control of reaction conditions such as solvent, capping agents, temperature etc. 

)Î Á ÃÈÅÍÉÃÁÌ ÒÅÁÃÔÉÏÎȟ ÓÔÕÄÙ ÏÆ ÏÖÅÒÁÌÌ ÆÒÅÅ ÅÎÅÒÇÙ ÃÈÁÎÇÅÓ ɝ'  ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÔÈÅ 

homogeneous nucleation process, corresponds to the minimum size of a stable 

particle [4] . For a sphericÁÌ ÐÁÒÔÉÃÌÅ ÏÆ ÒÁÄÉÕÓ Òȟ ÔÈÅ ÓÕÒÆÁÃÅ ÅÎÅÒÇÙ ɾ ÁÎÄ ÔÈÅ ÆÒÅÅ ÅÎÅÒÇÙ 

ÏÆ ÔÈÅ ÂÕÌË ÃÒÙÓÔÁÌ ɝ'vȟ ÇÉÖÉÎÇ Á ÔÏÔÁÌ ÆÒÅÅ ÅÎÅÒÇÙ ɝ'ȟ Eq. 2.1(a). The crystal free energy 

ÉÔÓÅÌÆȟ ɝ'v ÉÓ ÄÅÐÅÎÄÅÎÔ ÕÐÏÎ ÔÈÅ ÔÅÍÐÅÒÁÔÕÒÅ 4 ȟ "ÏÌÔÚÍÁÎÎȭÓ ÃÏÎÓÔÁÎÔ ËB), the 

supersaturation of the solution (S), and its molar volume (v), as defined in 2.1(b). 

ЎὋ= 4“ὶ2‎+
4

3
“ὶ3ЎὋὺ                                                        2.1(a) 

ЎὋὺ=
ὯὄὝln (Ὓ)

ὺ
                                                                     2.1(b) 

Due to the surface free energy always being positive and the crystal free energy 

negative (as shown in Fig. 2.1(b)), it is possible to find a maximum free energy which a 

nucleus will pass through to form a stable nucleus by differentiÁÔÉÎÇ ɝ' ×ÉÔÈ ÒÅÓÐÅÃÔ ÔÏ 

Ò ÁÎÄ ÓÅÔÔÉÎÇ ÉÔ ÔÏ ÚÅÒÏȟ Äɝ' ȾÄÒ  πȟ ×ÈÉÃÈ ÇÉÖÅÓ Á ÃÒÉÔÉÃÁÌ ÆÒÅÅ ÅÎÅÒÇÙ ÁÎÄ ÁÌÓÏ Á ÃÒÉÔÉÃÁÌ 

radius. Therefore above some critical radius, the particles will form and grow, whereas 

below this radius, the particles will redissolve. The growth of NPs is dependent on 
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diffusion of small particles into the solution and surface of other particles. This growth 

mechanism of NPs is popularly known as Ostwald ripening that happens due to the 

change in solubility of NPs depending on their size [5] . Due to the high solubility and the 

surface energy of smaller particles within solution, they redissolve and in turn allow the 

larger particles to grow even more. For shape control, the widely acknowledged Gibbsɀ

CurieɀWulff theorem suggests that the shape of a crystal is determined by the surface 

free energy of individual crystallographic faces and the final crystal shape is decided in 

a way such that the total free energy of the system is minimized [4] . 

 

Figure 2.1. (a) Nucleation and growth step in a classical synthesis (b) Free-energy diagram for 

nucleation process 

 

2.2.1 Wet Chemical Method 

Wet chemical method is mainly Á ȬÂÏÔÔÏÍ-ÕÐȭ ÐÒÏÃÅÓÓ ÔÏ ÓÙÎÔÈÅÓÉÚÅ ÎÁÎÏÐÁÒÔÉÃÌÅÓ ÂÙ 

chemical reduction of metal salts, electrochemical procedure or through controlled 

decomposition of different meta-stable organic and metallic compounds [3] . This 

method refers to an approach consisting of aqueous or non-aqueous solutions. This 

simple, inexpensive, modular and scalable process used to have better control over 

nanostructure and it can be used to produce even metal oxides in micrometer range. 

Here, in Chapter 3 and 4, bulk NiFe2O4 is synthesized using this procedure. 
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2.2.2 Chemical Co-precipitation Method 

Co-precipitation is basically a modified version of wet chemical method with much 

precise control in size and distribution of nanoparticles. The co-precipitation setup 

used in our laboratory for fabrication of various oxide nanoparticles is shown in Fig. 

2.2(a). This method is employed extensively in material science and industry to 

synthesize complex oxides with high crystallinity, compositional homogeneity and 

better stoichiometry [6] . In the co-precipitation technique, at first, precursor salts of the 

constituent materials are dissolved in aqueous medium and magnetically stirred to 

make it a completely homogeneous mixture. The solution temperature can be in the 

ÒÁÎÇÅ ÂÅÔ×ÅÅÎ πȍ# ÔÏ ψπȍ# ÄÅÐÅÎÄÉÎÇ ÏÎ ÔÈÅ ÍÁÔÅÒÉÁÌÓ ÄÉÓÓÏÌÖÅÄ ÉÎ ÔÈÅ ÓÏÌÕÔÉÏÎȢ 7ÈÅÎ 

the desired temperature of the primary solution is achieved, another solution of 

dissolved precipitating alkaline agent such as ammonium oxide (NH4OH), potassium 

hydroxide (KOH) or sodium hydroxide (NaOH) is added into it. After completion of the 

reaction, the precipitation of the desired oxides is then filtrated and dried to make NPs 

powder of the product. Colloidal chemistry plays an important role to produce these 

powder oxides from the solution phase. After nucleation of the particles, they come 

close together due to their inter-particle interaction to form larger agglomerates and 

also to reduce their surface energy. During this time the agglomeration rate largely 

depends on the rate of collisions between nucleates due to Brownian motion, 

convection and also sheer forces caused by magnetic stirring. Net balance of these 

forces determines whether the freshly prepared nucleates adhere to form bigger size 

grains or not. Moreover, by controlling pH of the solution, surface charges can be made 

zero which stops the agglomeration and hence controls size of NPs. The mean size of 

the particles can also be controlled by adjusting the solution temperature and the rate 

of addition of precipitating agent in the precursor solution.  

 Micelle assisted co-precipitation is carried out by dissolving one or more salts 

containing the constituent elements with proper ratio in aqueous solvent in presence of 

suitable micelle in a burette, followed by its drop by drop addition into the aqueous 

solution of co-precipitating agent. A typical micelle in aqueous solution forms an 

ÁÇÇÒÅÇÁÔÅ ×ÉÔÈ ÔÈÅ ÈÙÄÒÏÐÈÉÌÉÃ ȬÈÅÁÄȭ ÒÅÇÉÏÎÓ ÉÎ ÃÏÎÔÁÃÔ ×ÉÔÈ ÓÕÒÒÏÕÎÄÉÎÇ ÓÏÌÖÅÎÔȟ 
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forcing the hydrophobic single tail regions in the micelle centre confining the NPs as 

shown in Figure 2.2(b). With the increase in surfactant concentration, micelles can be 

deformed and can change into different shapes, which make it possible to synthesize 

different shapes of NPs [7] . 

The micelle assisted wet chemical technique is utilized to synthesize the AOT 

functionalized CoFe2O4 NPs which is elaborately described in Chapter 8 of the thesis. 

 

Figure 2.2. (a)  Set-up for co-precipitation technique (b) Surfactant micelle dispersed in aqueous 

solution 

 

2.2.3 Solvothermal Method 

Solvothermal technique is an approach for fabrication of various nanostructures of 

metals, semiconductors, ceramics and polymers from aqueous or non-aqueous medium 

by controlling pressure, temperature, surfactant, chemical composition and duration of 

reaction [2,4]. This process involves different polar (such as water, ethanol etc.) or non-

polar solvents (like benzene, ethylene glycol etc.) under high pressure and temperature 

(generally above the boiling point of solvent) to facilitate the interaction of different 

precursor molecules during the synthesis procedure. This method is much similar to 

hydrothermal route except here the precursor solution is usually non-aqueous. 
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 In this procedure, a sealed reaction vessel is used and at temperature above the 

boiling point of the solvent, an autogeneous pressure (i.e. self-developing and not 

externally applied) is developed [2,6] . This pressure within the sealed container 

increases with temperature and also depends on other experimental factors, such as the 

percentage fill of the vessel, dissolved salts and amount of capping agents. Mobility of 

ions, viscosity of solvent, dielectric properties are greatly affected by pressure and 

temperature and this factor also changes the solubility and activity of the reactants. 

This technique starts with the dissolution of the precursors solutes in the solvent by 

magnetic stirring at room temperature. Then the homogeneous mixture is transferred 

into Teflon lined stainless steel autoclave chamber, as shown in Fig. 2.3. The precursor 

solution is poured to fill 70% volume of the chamber and the autoclave is then sealed 

and heated to a certain temperature in an oven. This method can be used to prepare 

various types of nanostructures such as cubes, hollow spheres, wires, rods, single 

crystals and many more. Not only that, the nanostructures formed in this procedure can 

be easily controlled by changing the solvent supersaturation, concentration and also 

through kinetic control. This technique can also be employed to prepare different 

thermodynamically stable or meta-stable states of novel materials that cannot be 

formed easily through other methods. Formation of NSs in solvothermal method is 

greatly influenced by different thermodynamic and crystallographic effects such as 

oriented attachment at phases, selective adsorption of ligand molecules, molecular 

template mechanism etc. 

Here, from Chapter 3 to Chapter 7, the nano hollow spheres and NPs are 

synthesized by this particular method. The formation of hollow core is performed 

through one-pot soft-templating approach as it is faster, easier and cost-effective than 

hard-templating procedure [8] . A discussion of the synthesis and growth mechanism of 

NiFe2O4 NHSs is described in Chapter 3 of the thesis. 
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Figure 2.3. Schematic diagrams of an autoclave and a Teflon chamber used in solvothermal 

synthesis 

 

2.3 Fabrication of Samples for Measurements 

 

Figure 2.4. Teflon mould for sample preparation for study of Microwave properties 

 

The as-synthesized powder ferrite samples should be given required shapes and forms 

for different measurements. For the dielectric measurements, the powder samples are 

pressed into a pellet and connected to wires with conductive silver paste. Powder 

samples are also needed to be pelletized for FTIR spectroscopy where potassium 

bromide (KBr, spectroscopic grade) is typically used as the window material. To 

pelletize the powder sample, pressure is applied around 25 MPa using a Riken Pressure 

Gauge. For microwave measurements using coaxial airline and VNA, the material should 

be of toroidal shape with outer diameter 3.5 mm and inner diameter 1.5 mm according 
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to the dimension of coaxial line. The composite samples for microwave measurements 

are prepared by loading powder samples in different wt% s in Epoxy Resin matrix and 

molding this mixture in a precisely fabricated self-made Teflon mould, as shown in Fig. 

2.4. 

 

2.4 Characterization Techniques 

 

2.4.1 X-ray diffraction  (XRD) 

X-ray diffraction (XRD) is a well-known technique to investigate the crystal structures, 

phases, preferred crystal orientations, chemical compositions and other structural 

parameters such as average grain size, lattice strain and crystal defects of a material. A 

schematic representation of X-ray diffraction measurement is shown in Fig. 2.5. X-rays 

are produced by a cathode ray tube then, filtered to produce monochromatic radiation 

and subsequently, collimated to concentrate, and finally directed towards the sample. 

When, the monochromatic beam of X-rays (Cu-Kɻȟ ʇ ~  1.54 Å) falls on the crystalline 

sample, these X-rays are scattered elastically by the electrons within the crystal planes 

and form outgoing spherical waves. These scattered waves will interfere constructively 

in certain directions according to the "ÒÁÇÇȭÓ ÌÁ× [9] , 

2Ὠsin—= ὲ‗                                                                   2.1 

where, d, ʃȟ Îȟ ʇ stand for the inter-planer spacing in the crystal, the angle of diffraction, 

integer for order of diffraction  and wavelength of the incident X-ray beam respectively. 

During measurement, the incident angle of X-ray beam with respect to the sample is 

varied for  a small constant step in a wide range of angle and the diffracted beams of X-

ray are recorded electronically using a detector. The presence of elements in the sample 

with their crystalline nature can be identified from the conversions of diffraction peaks 

to the d spacing. The peak positions provide the detail information about the crystal 

plane. The diffraction peaks can be identified from the Joint Committee on Powder 

Diffraction Standard (JCPDS) database. Moreover, by performing the Rietveld analysis 
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on the XRD data, the structure, lattice parameters, disorder, etc. of the material can be 

revealed.  

 7Å ÈÁÖÅ ÕÓÅÄ 2)'!+5 -ÉÎÉ&ÌÅØ )) ʃ״ςʃ ÓÙÓÔÅÍ  ÁÎÄ 0!.ÁÌÙÔÉÃÁÌ 8ȭ0ÅÒÔ 0ÒÏ 

ʃ״ʃ ÓÙÓÔÅÍ  8-ray diffractometer using Cu-Kɻ ÒÁÄÉÁÔÉÏÎ ʇ  ρȢυτ B  to characterize 

the samples for the present studies [10] . In ʃ״ςʃ ÓÙÓÔÅÍȟ 8-ray source is fixed and the 

sample rotatÅÓ ÁÔ ʃȍȾÍÉÎ ×ÈÉÌÅ ÔÈÅ ÄÅÔÅÃÔÏÒ ÍÏÖÅÓ ÁÔ ςʃȍȾÍÉÎ ×ÈÅÒÅÁÓȟ ÉÎ ʃ״ʃ ÓÙÓÔÅÍȟ 

the sample stage is fixed while X-ray source and the detector rotate simultaneously at 

ÁÎ ÁÎÇÕÌÁÒ ÓÐÅÅÄ ÏÆ ʃȍ/min.  

 

Figure 2.5. Schematic representation of X-ray diffraction measurement 

 

2.4.2 Scanning electron microscope (SEM) 

Scanning electron microscope (SEM) is a key technology for morphological 

characterization of a material. A schematic representation of a SEM is shown in Fig. 2.6. 

Here, thermionically or field emitted electron beam from the electron gun is confined 

and focused to irradiate the surface of the sample in vacuum. The beam of electrons 

passes through positively charged electrodes, condenser lenses, scan coils and objective 

lens. 4ÈÅ ÏÂÊÅÃÔÉÖÅ ÌÅÎÓ ÉÓ ÃÒÕÃÉÁÌ ÆÏÒ ÔÈÅ ÆÉÎÁÌ ÆÏÃÕÓÉÎÇ ÏÆ ÔÈÅ ÂÅÁÍ ÔÏ ÓÃÁÎ ÔÈÅ ÓÁÍÐÌÅȭÓ 

surface. These lenses are magnetic that deflect the electrons and focus them properly. 

The electron beam is now swept across the area over the sample with raster scanning. 

The highly energetic electrons interact with surface of the sample and the incident 
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electrons decelerate through the dissipation of their energy due to inelastic collision at 

the surface of the sample [11] . As a result, it produces a variety of signals. This signal 

contains low energy secondary electrons which are generated due to inelastic 

scattering of incident ones with the outer shell electrons of the atoms of the specimen. 

Those secondary electrons are attracted towards a positively biased detector and 

finally  converted into a signal. Beside the secondary electrons, the SEM signal includes 

high energy backscattered electrons, diffracted backscattered electrons, characteristic 

X-rays produced by inelastic collisions of the incident electrons with the inner shell 

electrons of the sample atoms and visible light (cathode-luminescence). Comparing the 

mapped intensity produced by emitted secondary electrons during this process to the 

primary electron beam, a SEM micrograph of the sample surface is constructed.  

We have used SEM with field emitted (FE) mode to characterize the investigated 

samples. In general, SEM works on a voltage range between 2 to 50 kV and its electron 

ÂÅÁÍ ÄÉÁÍÅÔÅÒ ÖÁÒÉÅÓ ÂÅÔ×ÅÅÎ υ ÎÍ ÔÏ ς ʈÍȢ 

 

2.4.2.1 Energy Dispersive X-ray Spectroscopy (EDX) 

Energy dispersive analysis of X-ray (EDX) is a technique to analyze the elemental 

composition of a material. In this process, the sample is bombarded by high energy 

electrons and the bombarding electrons interact with the sample electrons. During this 

process, it can excite the electrons from inner shell of the atoms, to higher energy levels 

or, the electrons from the inner shell are ejected and hence, there is an electron 

deficiency in that inner shell (hole). Eventually, the hole is occupied by the electrons 

from the higher energy levels of the outer shell.  As a result, the energy difference 

between these two energy levels is emitted in form of an X-ray from the material. In 

general, a Si (or Li) detector is used as an energy dispersive spectrometer to count the 

number of emitted X-rays. A schematic presentation of the fundamental process for 

both FESEM and EDX is shown in Fig. 2.6. However, the atom of each element releases 

the X-rays with unique amounts of energy. Hence, the elements present in the sample 

can be recognized by evaluating the amounts of energy present in the emitted X-rays 

from the sample. Usually, a characteristic EDX spectrum shows the peaks 
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corresponding to the energy levels for which the most X-rays are received. These peaks 

are distinctive to an atom and hence define a single element. From the relative 

intensities of these peaks, the atomic percentage of the elements in the sample can be 

measured. 

 

Figure 2.6. Schematic presentation of the fundamental process for both FESEM and EDX 

 

2.4.3 Transmission Electron Microscope (TEM) 

Transmission Electron Microscope (TEM) is a versatile instrument to characterize the 

internal structure of  materials with a wide range of imaging. TEM was first developed in 

1931. A schematic diagram of a TEM is shown in Fig. 2.7. In this electronic microscope, a 

beam of electrons originated from electron gun and having usual wavelength of less 

than 1 Å transmitted through a thin sample specimen without occurring any interaction 

inside it . During this process, a fraction of the beam electrons scattered by the electrons 
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of atoms in the specimen elastically (diffracted beams) and others are un-scattered 

electrons (transmitted beams). Thus, in case of crystalline samples, the electron beam 

undergoes diffraction according to Bragg's law when it is passed through the sample 

specimen. All the incident electrons have the same energy and they enter the sample 

normal to its surface. Here, all electrons that are scattered by the same atomic spacing 

will have same scattering angle. These scattered electrons are collated using magnetic 

lenses to form a pattern of spots and each spot corresponds to a specific atomic spacing 

or crystalline plane. Eventually, the pattern can yield information about the orientation, 

atomic arrangements and phases present in the area of the sample being investigated. 

The transmitted beams produce a two-dimensional image of the sample. The 

transmission of these un-scattered electrons is inversely proportional to the thickness 

of the sample specimen. Moreover, if the area of the specimen becomes thicker, it will 

have fewer transmitted un-scattered electrons and as a result, the image will appear 

darker. Conversely the thinner areas will have more transmitted un-scattered electrons 

and thus, will appear lighter. This mode of operation to create contrast in image is 

known as bright field imaging mode.  

In high resolution TEM (HRTEM) mode, one can achieve a resolution about 0.2 

nm which is very efficient in observing the lattice fringes of the specimen. Energy 

filtered TEM (EFTEM) is a technique where electrons of particular energies are used to 

form an image or diffraction pattern. It gives information about the elemental 

composition of the investigated material. Further, another technique performed in TEM 

is electron energy loss spectroscopy (EELS) where a material is irradiated with the 

electron beam with a known narrow range of kinetic energy. These electrons undergo 

inelastic scattering while interacting with the atomic electrons in the specimen. Hence, 

the electron beam loses certain amount energy which is measured using an electron 

spectrometer. The energy distribution of all the inelastically scattered electrons yields 

the information about the local environment atomic electrons which is related to the 

physical and chemical properties of the sample specimen. 
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Figure 2.7. Operation of basic components in a TEM 

 

2.4.4 Differential Scanning Calorimetry (DSC) and Thermo Gravimetric 

Analysis (TGA) 

Differential Scanning Calorimetry (DSC) measures change is temperature and heat flow 

associated with transitions in materials as a function of time and temperature in a 

controlled atmosphere. These measurements provide quantitative and qualitative 

information about physical and chemical changes that involve endothermic (heat 

absorption), exothermic (heat evolution) processes or changes in heat capacity [12] . 

With linear heating, corresponding TGA measures the amount and the rate of weight 

change of a material with respect to temperature. Here, thermal analysis from DSC and 

TGA provides information about stability of the material over temperature, their 

chemical constituents, transitions and reaction kinetics. Figure 2.8 describes the 
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schematics for DSC and TGA respectively and a brief operation mechanism is depicted 

hereafter.  

 A functional DSC system has three major components: the instrument which 

contains the system electronics, the cell that monitors differential heat flow and 

temperature and a cooling accessory. In a typical DSC, the sample material is 

encapsulated in a conductive metal pan (such as Al, Pt etc.) and an empty reference pan 

also sits on a thermoelectric disk surrounded by a furnace. As the temperature of the 

furnace is varied (usually by heating at a linear rate), heat is transferred to the sample 

and reference through the thermoelectric disk. The differential heat flow (q) to the 

sample and reference is measured by area thermocouples, made up of alumel and 

chromel wires, using the thermal equivalent of Ohm's Law i.e. ή= ЎὝ/Ὑ, where R 

reÐÒÅÓÅÎÔÓ ÔÈÅ ÔÈÅÒÍÁÌ ÒÅÓÉÓÔÁÎÃÅ ÏÆ ÔÈÅ ÄÉÓÃ ÁÎÄ ɝὝ; the temperature difference 

ÐÒÏÐÏÒÔÉÏÎÁÌ ÔÏ ÔÈÅ ÖÏÌÔÁÇÅ ÄÉÆÆÅÒÅÎÃÅ ɝὠ) between the thermocouple junctions. The 

required Refrigerated Cooling Systems (RCS) are used to perform DSC cooling 

experiments using liquid nitrogen. 

 

Figure 2.8. Schematic presentation of DSC and TGA 
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A TGA consists of a sample pan that is supported by a precision micro-balance. That pan 

resides in a furnace and is heated or cooled during the experiment. The mass of the 

sample is monitored during the whole experiment. A sample purge gas flows in the 

sample chamber and controls the sample environment. 

  

2.4.5 Fourier Transformed Infrared Spectroscopy (FTIR) 

FTIR is called molecular fingerprint as it is a powerful tool to identify the functional 

groups and chemical bonds within a molecule. The mid-infrared, approximately 

τπππ400 cm-1 (30ɀρȢτ ʈÍ  ÉÓ ÕÓÕÁÌÌÙ ÁÐÐÌÉÅÄ ÔÏ ÓÔÕÄÙ ÔÈÅ ÆÕÎÄÁÍÅÎÔÁÌ ÒÏÔÁÔÉÏÎÁÌ-

vibrational structure of molecules. When an infra-red wave incident on a sample, 

absorption and transmission happens and this absorption energy at resonant frequency 

is composed of translational, vibrational, rotational and electric energies.  These 

resonant frequencies are characteristic features of molecules and the intensity of 

absorption peaks is related to the change of dipole moment and the possibility of the 

transition of energy levels. Therefore, addition of surfactant, isotope effects or doping of 

cations can easily be detected from shifting or broadening of FTIR peaks [13] . 

 A FTIR is typically based on the Michelson Interferometer Experimental Setup. 

The interferometer consists of a beam splitter, a fixed mirror and a moving mirror that 

translates back and forth very precisely. The most common source of IR spectrometer is 

Nernst glower which consists of a rod made up of the oxides of Zirconium, Ytterbium, 

and Erbium. The rod is electrically heated up to 1773 K to produce IR radiations. 

Potassium Bromide or other alkali metal halides are best window material as they are 

transparent in IR region. The interference caused by the beams from stationary and 

moving mirrors results in interferogram. This interferogram signal is digitized by FTIR 

spectrometer performing a Fourier Transform (FT) on the interferogram to obtain the 

spectrum. Therefore, X-axis of the signal transforms from optical path difference to 

wavenumber and the signal shifts to frequency domain. Thus, FTIR spectrometer is 

better and more accurate than dispersive spectrometers for higher signal to noise ratio 

and presence of wide range wavenumbers. 
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Figure 2.9. Schematic diagram of FTIR spectrometer 

 

2.4.6 Vibrating Sample Magnetometer (VSM) 

Vibrating Sample Magnetometer (VSM) measures magnetic behavior of a material. VSM 

is a sensitive magnetometer which can measure very low magnetic moment up to order 

of 10-5-10-6 emu [14] . Working principle of VSM is ÂÁÓÅÄ ÏÎ &ÁÒÁÄÁÙȭÓ ÌÁ× ÏÆ ÉÎÄÕÃÔÉÏÎ 

which states that, an electromotive force i.e. emf will be induced in a coil if there is a 

change in magnetic flux linking with the coil.  

The schematic diagram of a VSM is shown in Fig. 2.10. Here, an electromagnet is 

used to apply a constant magnetic field to magnetize the sample. Two identical but 

oppositely wounds pick-up coils are mounted on two poles of electromagnet. The 

sample is mounted at the center region between the poles of the electromagnet. A thin 

vertical non-magnetic rod, usually made of plastic or quartz, connects the sample 
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holder to the transducer assembly which is placed above the magnet. The oscillator 

generates a sinusoidal signal that is converted by the transducer assembly into a 

vertical vibration of the sample. A constant external magnetic field from electromagnet 

ÍÁÇÎÅÔÉÚÅÓ ÔÈÅ ÓÁÍÐÌÅȢ !Ó ÔÈÅ ÓÁÍÐÌÅ ÖÉÂÒÁÔÅÓ ÍÅÃÈÁÎÉÃÁÌÌÙȟ ÁÃÃÏÒÄÉÎÇ ÔÏ &ÁÒÁÄÁÙȭÓ ÌÁ× 

of induction, the change in magnetic flux density that links with pick-up coils will 

produces an emf (V) as, 

ὠ= Ὠ /Ὠὸ                                                                    2.2                               

where, ɮ is the magnetic flux. For the pick-up coils with cross-sectional area A and N 

number of turns, 

ὠ= (NA)Ὠὄ/Ὠὸ                                                             2.3 

where, ὄ= ʈ0Ὄ, is the magnetic flux densityȟ ʈ0, permeability of free space and H, 

constant magnetic field. 

Now, as the sample is placed between pick-up coils in a constant magnetic field, the 

sample will be magnetized and have a magnetization M. Therefore, the corresponding 

change in magnetic flux density ɝB) is given by, 

Ўὄ= ʈ0ὓ                                                                   2.4 

Then the induced emf in the pick-up coils can be expressed as, 

ὠdt = ʈ0(NA)ὓ                                                            2.5 

Thus the output signal is proportional to the magnetization of the sample but 

independent of the applied magnetic field in which the magnetization of the sample has 

to be determined. This signal goes through the lock-in amplifier as an input. The 

ÍÅÃÈÁÎÉÃÁÌ ÖÉÂÒÁÔÏÒȭÓ ÆÒÅÑÕÅÎÃÙ ÉÓ ÓÅÔ ÔÏ ÔÈÅ ÒÅÆÅÒÅÎÃÅ ÏÆ ÔÈÅ ÌÏÃË-in amplifier to 

eliminate the noise of the environment and to find the magnetic moment of the sample 

only.  However, though the induced emf signal in the pick-up coils is proportional to the 

magnitude of the magnetic moment generated in the sample, it also depends on other 

factors such as frequency and amplitude of the vibration. In order to eliminate these 

issues, a vibrating capacitor is used to generate the reference signal which varies with 
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the vibrational frequency and amplitude following which, signal forms in the pick-up 

coils. 

 

Figure 2.10. Working module of a VSM 

 

2.4.7 LCR Meter and Impedance Analyzer 

Dielectric properties of the pelletized samples are measured here using a LCR 

(Inductor -Capacitor-Resistor) meter within a frequency (f) range of 10 Hz ɀ 5.5 MHz in 

Chapter 5, an Impedance Analyzer within a frequency (f) range of 40 Hz ɀ 110 MHz in 

Chapter 3 and in Vector Network Analyzer beyond 1 GHz. Further, temperature 

modulation while investigating dielectric properties is performed through an oven. In 

general, for higher accuracy and simplicity in measurement, impedance analyzers are 

used in low frequency ranges and network analyzers in higher frequency ranges. 

Different electrical circuits that are applicable to these devices are Auto- Balancing 

Bridge, RF I-V and Network parameter analysis etc. These models are dependent mainly 
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on material impedance, connections, test frequency, required measurement parameters 

and accuracy etc.  

  

Figure 2.11. Dielectric properties measurement set-up in laboratory with impedance analyzer 

Agilent 4294A 

 

Every circuit element components are sum of resistors, inductors and capacitors 

in series, parallel or combination connections. Impedance analyzer or an LCR meter 

(Inductance (L), Capacitance (C), and Resistance (R)) is very important equipment 

used to measure these parameters of a sample. Both in cases of LCR meter and 

Impedance analyzer basically auto-balancing bridge model works covering a wide 

impedance region and here the experimental sample is subjected to an AC voltage 

source [15] . The experimental setup in our laboratory is shown in Fig. 2.11 and a 

schematic diagram of LCR meter is illustrated in Fig. 2.12. The analyzer measures the 

voltage and current through the sample. From the ratio of these, the magnitude and 
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phase of the complex impedance are determined by the device. The impedance (Z) 

takes the form, 

ὤᶻ=  Ὑ Ὦὢ= ὤ᷁ —                                                            2.6 

A LCR meter can measure impedance at spot frequencies or in a wide range of 

frequencies and the capacitance, inductance and resistance parts can be deduced 

separately considering relation of series and parallel connections components to the 

net impedance. In the present instrumental setup, the LCR meter or impedance 

analyzer is interfaced with a computer and the data is collected as a function of 

frequency at different temperatures. From Z-ʃ plots, material properties such as 

permittivity ( ʀ), loss-tangent, Q (quality)-factor can be easily calculated. 

 

Figure 2.12. Schematic presentation of working principle of LCR meter and impedance analyzer 

 

2.4.8 Vector Network Analyzer 

A network analyzer is an instrument for measuring parameters of electrical networks 

and in this context, vector network analyzer (VNA) is very important as it measures 

both amplitude and phase properties. Now-a-days, network analyzers commonly 

measure Sɀparameters because reflection and transmission of electrical networks are 
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easy and accurate to measure at high frequencies. VNAs can be used on networks with 

an arbitrary number of ports but herein a 2-port network system will be discussed. 

 VNA which is an automatic network analyzer is widely used for radio frequency 

(RF) and microwave design applications and characterizations for both passive and 

active networks in terms of network scattering parameters i.e. S parameters [16] .  

A simplified block diagram of a vector network analyzer is shown in the 

accompanying figure, Fig. 2.13. This diagram depicts the essential parts of a typical 2-

port VNA. The two ports of the device under test (DUT) are denoted as port 1 (P1) and 

port 2 (P2). The precision cables, PC1 and PC2 are attached to ports P1 and P2 from 

VNA respectively.  

 

Figure 2.13. Simplified schematic presentation of a vector network analyzer 
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The RF test frequency is generated by a variable frequency source and its power 

level is set using a variable attenuator. The orientation of switch SW1 decides the 

direction at which the test signal passes through the DUT. Initially consider that SW1 is 

at position 1 so that the test signal is incident on the DUT at P1 which is appropriate for 

measuring S11 and S21. The test signal is led to the common port of splitter 1, one part 

(the reference channel) feeding a reference receiver for P1 (REF1) and the other (the 

test channel) connecting to P1 via the directional coupler DC1 and cable PC1. The third 

port of DC1 couples off the power reflected from P1 via PC1, then, this moves to the test 

receiver 1 (TEST1). Similarly, signals leaving P2 pass via PC2 and DC2 goes to TEST2. 

REF1, TEST1, REF2 and TEST2 are known as coherent receivers as they share the same 

reference oscillator and they are capable of measuring the amplitude and phase of test 

signal at a certain frequency. All of the complex receiver output signals are fed to a 

processor which does the mathematical processing and displays the chosen parameters 

and format on the display. Though the instantaneous value of phase includes both the 

temporal and spatial parts, but the former is removed by virtue of using 2 test channels, 

one as a reference and the other for measurement. The quantities such as standing 

wave ratio (SWR), return loss, group delay, impedance etc. can be readily derived from 

this instrument and VNA also has the ability to determine the time-domain response of 

the network. Microwave properties measurement set-up in our laboratory with all 

necessary equipments is shown in Fig. 2.14. 

Errors caused by directional coupler mismatch, imperfect directivity, loss in the 

cables, and variations in the frequency response of the analyzer system are rectified by 

Á ÃÁÌÉÂÒÁÔÉÏÎ ÐÒÏÃÅÄÕÒÅȢ 4ÈÅ ÓÉÍÐÌÅÓÔ ÏÎÅ ÆÏÒ ÔÈÉÓ ÐÕÒÐÏÓÅ ÉÓ Ȭ3/,4ȭ ÉȢÅȢ Ȭ3ÈÏÒÔȭȟ Ȭ/ÐÅÎȭȟ 

Ȭ,ÏÁÄȭ ÁÎÄ Ȭ4ÈÒÏÕÇÈȭȢ -ÏÄÅÒÎ ÎÅÔ×ÏÒË ÁÎÁÌÙÚÅÒÓ ÈÁÖÅ ÄÁÔÁ ÓÔÏÒÅÄ ÁÂÏÕÔ ÔÈÅ ÄÅÖÉÃÅÓ ÉÎ Á 

suitable calibration kit. 
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Figure 2.14. Microwave properties measurement set-up in our laboratory  
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Chapter 3  

NiFe2O4 Nano-Hollow 
Spheres with Improved 
Magnetic and Dielectric 
Properties 

  

In this chapter, three morphologies (bulk, nanoparticles and nano-hollow spheres) of 

Nickel ferrite are synthesized and their dc magnetic properties along with frequency 

(40 Hz ɀ ρρπ -(Ú  ÁÎÄ ÔÅÍÐÅÒÁÔÕÒÅ σπȍ# ɀ σππȍ#  ÄÅÐÅÎÄÅÎÔ ÅÌÅÃÔÒÉÃ ÐÒÏÐÅÒÔÉÅÓ are 

studied in detail. 
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3.1 Preamble  

Recently, research on transition metal oxide (TM) based magnetic nanomaterials are 

getting popular for their low cost, physical and chemical stability, unusual optical 

behavior, electronic and magnetic properties which differ significantly from their bulk 

counterpart [1,2] . NiFe2O4 (NFO) is one of the most significant spinel ferrites due to its 

specific qualities such as low coercivity (HC), high saturation magnetization (MS), Curie 

temperature (TC) and electrical resistivity, low eddy current loss and remarkable 

thermal and chemical stability [3] .  

Among the various morphologies of magnetic nanomaterials, nano-hollow 

spheres (NHS) are found to be very promising because of their high MS, large surface 

area and pore volume, low density, ability to withstand volume changes due to 

temperature and pressure which enable them to be used in wide varieties of 

applications in the fields of biomedical research [4] , high frequency magnetic 

devices [5] , energy storage [2] , ferro -fluids [6], Hydrogen evolution reaction [7] , super 

capacitors [8] , Li ion battery [9]  and chemical sensors  [10] . The inner cavity and large 

surface area enhance their capability of capturing and delivering drugs and also 

repeated internal reflections increase their applicability as microwave absorbers [11] . 

4ÈÏÕÇÈ ÂÙ ÄÅÆÉÎÉÔÉÏÎȟ ÔÈÅ ÎÁÎÏÍÁÔÅÒÉÁÌÓ ÓÈÏÕÌÄ ÈÁÖÅ ÄÉÍÅÎÓÉÏÎÓ ρππ ÎÍȟ .(3ȟ ×ÉÔÈ 

ÓÉÚÅ  ρππ ÎÍȟ ÁÌÓÏ ÂÅÈÁÖÅ ÌÉËÅ ÎÁÎÏÍÁÔÅÒÉÁÌÓ ÂÅÃÁÕÓÅ ÏÆ ÔÈÅÉÒ ÓÈÅÌÌ ÔÈÉÃËÎÅÓs less than 

100 nm  [12] . 

During the past decade, a number of efforts were made to increase the dielectric 

properties of ferrites with large magnetization to enhance their applicability in high 

frequency devices such as radars, isolators, circulators and so on [13,14]. For instance, 

Raghavender et al. analyzed those of Al substituted CoFe2O4 and got a maximum value 

of permittivity ~ 200 for 40% doping of Al  [3] . Yadav et al. and Vasundhara et al. 

reported magnetic and dielectric studies on NFO nanoparticles (NPs) and CoFe2O4 NPs 

respectively prepared in gel combustion method and showed their changes with grain 

size [15,16]. Gul et al. used NFO/MWCNT nano-hybrid to achieve high value of dielectric 

constant of ~ 6.17x103 [17] . Grubbs et al. had tried to correlate the origin of magnetic 
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and dielectric properties for Fe- and Nb- doped CaCu3Ti4O12 [18] . Moreover, Yang et 

al. [11]  and Li et al. [19]  had optimized the efficiencies of ZnFe2O4 NHS and NiFe2O4 NPs 

respectively as microwave absorbing and electromagnetic shielding materials. Further, 

a detail study towards magnetic/spintronic device applications of ferrites had been 

traced out by Hirohata et al. [20] . 

In this report, from the detail morphology dependent studies, NHS of NiFe2O4 are 

found to exhibit better magnetic and dielectric properties compared to their 

nanoparticles and bulk counterparts. Prepared by solvothermal method, these NHS 

with diameter of ~ 228 nm and much lower tap density of ~ 3.91 g/cc, show excellent 

magnetic properties with MS and HC, 63.5 emu/g and 122 Oe respectively. Variation of 

dielectric properties such as permittivity (ʀ), dielectric loss (ÔÁÎɿ) and ac conductivity 

(ʎac) of these NHS with frequency and temperature is explained on the basis of 

Maxwell-Wagner two layer model for space charge and hopping of charges from Fe3+ to 

Fe2+  as well as Ni2+ to Ni3+  ions at B (octahedral) -sites. The complex impedance 

spectroscopy study indicates the presence of grain and grain boundary effects in NHS 

ÁÎÄ ÔÈÅ ÃÏÎÄÕÃÔÉÏÎ ÍÅÃÈÁÎÉÓÍ ÉÓ ÅØÐÌÁÉÎÅÄ ÂÙ *ÏÎÓÃÈÅÒȭÓ ÐÏ×ÅÒ ÌÁ×Ȣ A comparatively 

low value of the activation energy (E = 0.325 eV) is found for these NHS. Improved 

magnetic and dielectric properties of these light-weight NHS ensure their suitability for 

frequency dependent applications. Moreover, higher values of saturation magnetization 

and dielectric constant, observed in NFO NHS, give rise to high phase shift, which can be 

very effective in high-frequency devices and components such as circulators, antennas 

of smaller dimension [21] . 

 

3.2 Experimental 

 

3.2.1 Synthesis Procedure 

NFO NHS is synthesized by a template free solvothermal process using oleylamine as 

capping agent. Precursors, NiCl2, 6H2O (0.36 g) and FeCl3, 6H2O (0.819 g) are taken in 

1:2 molar weight ratios with Urea (0.53 g) as reducing agent. Ethylene Glycol (20 ml) 
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and Ethyl Alcohol (10 ml) are taken in 2:1 ratios as solvents. Taking all the components 

in a 100 ml beaker, 1 ml oleylamine is added while stirring it. The clear homogeneous 

solution, after 30 min of stirring, is poured in a 50 ml Teflon lined stainless steel 

autoclave followed by continuous heating at 200°C for 24 h in an oven. Then the as-

prepared NFO NHS is washed by ethanol and collected through magnetic separation 

and after that heating at 60°C for 30 min. During the reaction, urea helps to precipitate 

Ni2+  and Fe3+  ions of the precursor salts to their corresponding hydroxides and after 

the heat treatment, NFO phase is developed. The anticipated mechanism for the 

synthesis of NHS is Ostwald ripening [12,22] which involves a gradual re-crystallization 

of larger particles from the smaller ones to reduce their surface free energy. In addition, 

self-templating with the help of gas bubbles formed by urea, under the effect of 

oleylamine, ensures controlled formation of stable hollow spheres [5] . The schematic 

illustration of the formation mechanism of NiFe2O4 nano-hollow spheres is shown in 

Fig. 3.1 and the possible chemical reactions are as follows:  

Ni NH 2  ᴼNH3 + HCNO 

NH3 + H2OᴼNH4
+ + OH  

Ni+ 2 + 2OH ᴼNi(OH)2 

Fe+ 3 + 3OH ᴾFeOOH+ H2O 

Ni OH 2 + 2FeOOHO NiFe2O4 + 2H2O+ H+  

 

Figure 3.1. The schematic illustration of the formation mechanism of CoFe2O4 nano-hollow 

sphere 

 

NFO NPs are prepared using the same method except the heating time of 15 h. 

Bulk NFO is synthesized in a wet-chemical combustion method. A 100 ml aqueous 
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solution of NiCl2, 6H2O and FeCl3, 6H2O taken in 1:2 molar weight ratios is continuously 

heated and stirred at 100°C for 1 h. Then the sample is annealed at 900°C for 4 h, 

crushed in mortar-pestle to a fine powder and collected.  

Chemicals, having purity > 98%, were brought from Sigma-Aldrich and Loba 

Chemic for the above preparation. 

 

3.2.2 Characterizations 

The structural phase and crystallite size of as-prepared NFO NHS are studied by powder 

X-ray diffraction (XRD) using Rikagu MiniFlex II diffractometer equipped with Cu Kɻ 

radiation at the scanning rate of 1° per minute in the 2ʃ range of 20°80°״. A FEI 

QUANTA FEG 250 field-emission scanning electron microscope (FESEM) (0.230״ kV) 

and a FEG high-resolution transmission electron microscope (HRTEM) (80200״ kV) are 

used to study the size, shape and morphology of NHS. The Energy-dispersive X-ray 

(EDX) spectrum is recorded for elemental analysis of the NFO NHS. All the relevant 

magnetic measurements are carried out using a vibrating sample magnetometer (VSM) 

(Lake Shore). AC dielectric properties of NHS are studied using Agilent 4294A 

Impedance Analyzer. To pelletize the powder samples, pressure is applied around 25 

MPa using a Riken Pressure Gauge. The tap density (ʍ) for bulk and NHS of NFO is 

calculated measuring the volume (V) and mass (m) of their respective pellets made 

from as-synthesized powder sample and using the equation ”= άὠ . 

 

3.3 Results and Discussion 

 

3.3.1 Crystallography and Morphology 

Figure 3.2 shows the X-Ray Diffraction plots of NFO NHS and NFO Bulk indexing the 

crystal planes present. This graph confirms the single phase inverse spinel face 

centered cubic structure of NHS, as reported in the literature (JCPDS file no. 22ɀ1086). 

Average crystallite size is calculated from the XRD peaks and found to be 23.6 nm for 

NHS and 42.5 nm for bulk using Scherrer formula, Ὀ=
Ὧ.‗

‍.cos —
 , where D is the crystallite 
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ÓÉÚÅȟ Ëȟ ÔÈÅ 3ÃÈÅÒÒÅÒ ÃÏÎÓÔÁÎÔ ÈÅÒÅ ͯ πȢωτ ȟ ʇȟ ÔÈÅ ×ÏÒËÉÎÇ ×ÁÖÅ ÌÅÎÇÔÈȟ ɼ, the FWHM of 

the selected peak in radians and ʃ, the XRD peak angle in degrees. Lattice constant is 

found to be 8.362 B ÆÏÒ .(3 ÁÎÄ ψȢσχσ B ÆÏÒ "ÕÌË ÁÓ ÅÓÔÉÍÁÔÅÄ ÆÒÏÍ 82$ ÕÓÉÎÇ "ÒÁÇÇȭÓ 

law. The theoretical XRD density (ʍt) for  NFO NHS is calculated as 5.37 g/cc from the 

equation, ”ὸ=
8ὓ

ὔὃὠ
 , where M is the molar mass of NFO, NA is the Avogadro number, and 

V is the unit cell volume [3] . 

 

Figure 3.2. X-Ray Diffraction plots of NFO NHS and Bulk NFO 

 

The morphologies of prepared NFO samples are shown in Fig. 3.3. The size and 

spherical shape of NFO NHS with a hollow center is clearly visible from the FESEM 

micrograph (Fig. 3.3(a)) having an average size of 228 nm with an outer shell width of 

~ 55 nm. "ÕÌË .&/ ÉÓ ÉÎ ʈÍ ÓÉÚÅ ÒÁÎÇÅ ÁÎÄ .&/ .0Ó ÁÒÅ ÏÆ ÁÒÏÕÎÄ ρππ ÎÍȢ The tap 

density of NHS and bulk NFO are found to be 3.91 g/cc and 4.78 g/cc respectively. Low 

density and light weight of NHS is obvious for ÉÔȭÓ scraped out hollow core which also 

make it more convenient for applications. 

TEM image (Fig. 3.4(a)) also confirms hollow sphere nanostructures of the 

samples. Separation between the parallel diffraction planes (0.31 nm for (220), 0.25 nm 

for (311)) from HRTEM micrographs (Fig. 3.4(b)) matches well with the values 
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calculated from XRD data. The SAED pattern (Fig. 3.4(d)) shows the single crystal 

nature of NHS. EDX spectrum (Fig. 3.4(c)) is consistent with the composition (Ni, Fe 

and O) of the sample.   

 

Figure 3.3. FESEM micrographs of the as-prepared (a) NFO NHS, (b) NFO Bulk and (c) NFO NPs 

 

3.4 Magnetic Properties 

Figure 3.5 describes M-H hysteresis loops of NFO NHS with maximum applied field of 2 

kOe at temperature values 100K, 200K, 300K and 400K. At around room temperature 

(300K), HC and MR values of NHS are found to be 122 Oe and 10.5 emu/g that displaying 

the soft ferrimagnetic nature of NFO. Inset of Fig. 3.5 shows the decay of both HC and MR 

with increasing temperature. The increase in HC and MR on lowering the temperature 

are related with a growth of magnetic anisotropy preventing the alignment of the 

atomic magnetic moments in an applied field [23] . Further, a comparison between 

magnetic properties of NFO NHS, NPs and bulk at 300K are depicted in Fig. 3.6(a). HC 

and MS are found to increase from bulk (HC = 78 Oe, MS = 48.5 emu/g) to NPs (HC = 93 

Oe, MS = 58.3 emu/g) to  NHS (HC = 122 Oe, MS = 63.5 emu/g). 
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Temperature dependent magnetization curves of NFO samples are measured in 

presence of 100 Oe field at 10 K interval within the temperature region of 80 K - 400 K 

during both zero field cooled (ZFC) and field cooled (FC) modes, are shown in Fig. 

3.6(b). The minimum separation between ZFC and FC curves of NHS confirms the 

highest magnetic anisotropy in them. From the morphology of NHS, as it is found as pile 

of single crystallites in a particular pattern, structural strain may be responsible for the 

high magnetic anisotropy in NHS. 

 

 

Figure 3.4. (a) TEM micrograph of NFO NHS, (b) HRTEM image showing distance between 

diffraction planes, (c) EDX (Energy Dispersive X-ray) spectra showing Ni, Fe, O present in NHS, 

(d) SAED (Selected Area Electron Diffraction) pattern displaying the crystallization of the 

sample and its lattice parameters 
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Figure 3.5. M-H curves of NFO NHS at 100K, 200K, 300K and 400K; Inset: HC and remanent 

magnetization (MR) vs. temperature plot 

 

 

Figure 3.6. (a) Room temperature M-H curves for all the samples and (b) M-T curves under ZFC 

and FC mode for NFO NHS, Bulk NFO and NFO NPs 
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Magnetization and coercivity depends on several factors such as magnetic anisotropy, 

defects, strain, size, synthesis procedure, nature of the surface and interface [24] . The 

effective anisotropy constant (Keff = KV + KS/6 ) of NPs is found to be much higher than 

that of bulk one [25]  due to the inclusion of surface anisotropy (KS) in addition to the 

volume anisotropy constant (KV). As the cationic distribution of NFO at nanoscale is 

concerned, both the increase in anisotropy and cationic movements are responsible for 

the increase in HC, MR and MS values of NPs respectively than bulk NFO [26,27]. High 

temperature needed in solvothermal method to synthesize NHS [15,28,29] and large 

surface to volume ratio of NHS are reasons behind higher HC, MR and MS values than 

NPs [12] . 

 

3.5 Dielectric Properties 

 

Figure 3.7. Frequency dependence (40 Hz-110 MHz) of ʀᴂ for NFO NHS, Bulk and NPs at room 

temperature 

 

The study of the dielectric properties gives valuable information about the polarization 

behavior, conduction and relaxation mechanisms of a material. These properties vary 

with parameters such as frequency, temperature, pressure and also with the 

orientation, mixture and molecular structure of the sample. The real part of dielectric 
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constant/ relative permittivity ( ʀͻ) is related to the polarization while the imaginary 

part (ʀͻͻ ÉÓ ÁÓÓÏÃÉÁÔÅÄ ×ÉÔÈ ÔÈÅ ÅÎÅÒÇÙ ÄÉÓÓÉÐÁÔÉÏÎȢ (ÉÇÈ ÏÂÔÁÉÎÅÄ ÖÁÌÕÅ ÏÆ ʀͻ ÉÎÄÉÃÁÔÅÓ 

their usage in various devices such as in isolators and circulators for microwave 

communications [17] . Real and imaginary parts of dielectric constant are evaluated 

from measured impedance (:  :ᴂ - É:ᴃ) ɀ phase (ʃ) data as [25,26] 

        ‐ᴂ=
ὤ"

‫ὅ0 ὤᴂ
2+ὤ"2                                                                        3.1   

                                                  ‐" =
ὤᴂ

‫ὅ0 ὤᴂ
2+ὤ"2                                                                        3.2 

where C0 is the capacitance of free space and is given by ὅ0 =
‭0ὃ

Ὠ
, d, the thickness, A, the 

ÓÕÒÆÁÃÅ ÁÒÅÁ ÁÎÄ ʀ0, the dielectric permittivity of air.  

 

Figure 3.8. Frequency dependence (40 Hz-110 MHz) of (a) real (ʀ˼) and (b) imaginary (ʀ˽) 

values of dielectric constant at different temperatures (30̄C to 300̄ C). Variation of (c) 
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dielectric loss (ÔÁÎɿ) with frequency and temperature and (d) ac conductivity (ʎac); inset: fitted 

curÖÅ ÔÏ ÆÉÎÄ Ó ÖÁÌÕÅ ÁÃÃÏÒÄÉÎÇ ÔÏ *ÏÎÓÃÈÅÒȭÓ ÐÏ×ÅÒ ÌÁ× 

 

A preliminary frequency dependent ʀͻ study at room temperature, as shown in 

Fig. 3.7, reveals NFO NHS contains greater value of ʀͻ than its other two counterparts. 

The inner and outer surface of hollow spheres enhances the total interfacial area for 

dielectric polarization in NHS which is even higher than that of NPs and hence ʀͻ 

increases. Therefore, the frequency dependence of dielectric behavior of NFO NHS at 

different temperature (30 0C - 3000C) for the frequency region of 40 Hz to 110 MHz is 

plotted in Fig. 3.8. ʀᴂ, ʀᴃ and dielectric loss (ὸὥὲ‏=  ‐ᴂ/ ‐ᴃ ) are high at low frequency 

region for all the temperatures, but as the frequency increases they sharply fall and 

approach to almost frequency independent nature. It is also observed that the dielectric 

constant and dielectric loss show a shift towards higher values with enhancing 

temperature at a particular frequency.  Decay of ʀᴂ and ʀᴃ with increase in frequency is 

due to the inability of electric dipoles to comply with variation (i.e. frequency) of 

applied ac electric field. These dipoles are formed with Fe2+- Fe3+ cations present in 

tetrahedral (A) and octahedral (B) sites respectively in inverse spinel NFO. The 

contribution of exchanged electrons towards polarization is more prominent than holes 

because of the larger mobility of electrons [32] . Increase in dielectric constant with 

temperature is attributed to more number of excited dipoles which try  to orient along 

the field, at higher temperature. This fact increases both space-charge and dipolar 

polarization in the sample. The value of ʀͻ found for this NHS morphology is higher than 

that of NFO NPs [31,33] and other ferrites [14,34] and it is comparable to 

NFO/MWCNTs by Gul et al. [17]  and bulk NFO by Ponpandian et al. [35] . The larger 

interfacial area in NHS may play an important role on the large value of ʀᴂ. Generally, 

dielectric losses occur due to absorption of electrical energy which is utilized for 

rotations of dipoles of the space charge formed at grain boundary [3,31,36]. The value 

of ÔÁÎɿ decreases with increasing frequency and remains unchanged further as the 

space charge accumulation decays resulting higher ac conduction. 

The real part of ac conductivity (ʎac) of the sample was calculated by 

„ὥὧ= where ʖ  ςʌÆ is the operating angular frequency [34,35]. However ʎac is ,"‐0‐‫ 
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attributed  to the dielectric relaxation caused by the localized electric charge carriers, 

×ÈÉÃÈ ÏÂÅÙÓ *ÏÎÓÃÈÅÒȭÓ ÐÏ×ÅÒ ÌÁ×ȡ 

„ὥὧὝ,‫ =  „ὨὧὝ+  ὃ‫ί(Ὕ)                                                 3.3 

(ÅÒÅȟ ʎdc is the dc conductivity of the material, A is material dependent and s is the 

temperature dependent parameter, varies within 0 < s < 1 depending on the 

mechanism of conduction. Frequency dependence of ʎac at different temperatures is 

shown in Fig. 3.8(d). It is observed that ʎac starts to increase with increasing frequency 

above 200 kHz; below that it shows almost frequency independent behavior. From the 

fitted curve of log ʎac vs. log ʖȟ ÁÃÃÏÒÄÉÎÇ ÔÏ *ÏÎÓÃÈÅÒȭÓ ÐÏ×ÅÒ ÌÁ×ȟ s values are 

estimated to be ~ 0.198 and ~ 0.351 at 300̄C and 100̄C respectively, which supports 

the ac conduction mechanism [27,31,37] for NFO NHS. 

Ferrites have cubic close packed oxygen lattice with the cation at octahedral (B) 

and tetrahedral (A) sites. In ferrites, conduction occurs mostly by the hopping of 

electrons between cations present on equivalent lattice sites through the following 

process [15] , 

Ni2+  + Fe3+ ᴾ Ni3+  + Fe2+ 

where both Fe3+  and Ni2+  ions fill the octahedral sites (B). Thus, conduction occurs as a 

result of electron transfer between Fe3+  and Fe2+ , and hole transfer between Ni2+  and 

Ni3+ .  Moreover, the variation of ʀͻ as well as ʎac with frequency can be explained on the 

basis of Maxwell-Wagner two layer model for space charge. According to this theory, 

ferrimagnetic materials are assumed to have conducting larger grains and insulating 

smaller grain boundaries. When an external electric field is applied, the charge carriers 

can easily migrate from the grain and get accumulated (space charge) at the resistive 

grain boundaries. This process can produce large polarization and high ʀͻ at low 

frequencies. The presence of inertia to the charge movement would cause a relaxation 

of dipoles to the polarizing field which gets more significant above a sufficiently high 

frequency (here > 200 kHz).  In low frequencies, grain boundaries remain operative 

whereas conductive grains become more active at higher frequencies, where electron 
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hopping takes place between Fe2+  and Fe3+  present in two adjacent B sites (having 

smaller lattice constant), thereby increasing the hopping conduction and conductivity 

(ʎac).  

The complex impedance spectroscopy represents the electrical processes taking 

place within the system and the relaxation mechanism happening. No peaks in ʀᴃ vs. log 

(ʖ) data (Fig. 3.8(b)) and non-correspondence of dielectric constant nature with Debye 

dispersion formulae gives hint that here the relaxation is non-Debye type i.e. greater 

than one ions are responsible in dielectric relaxation [38] .  

 

Figure 3.9. Frequency dependent plots of (a) real (Zᴂ) and (b) imaginary (Zᴃ) parts of 

impedance at different temperatures (c) Activation energy (E) calculation from ln ʐ (ʐ  
ρȾςʌÆmax) vs. 1/k BT plot; inset: Edc from ln ʎac vs. 1/kBT graph (d) Cole-Cole plot (Zᴂ vs. Zᴃ) for 

NFO NHS at 100̄C, 200̄C and 300̄C; inset: fitted curve of Cole-Cole plot for NFO NHS at 200̄C 
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by equivalent circuit with grain and grain boundary parameters and Equivalent circuit for 

dielectric properties of grain and grain boundaries. 

 

Figure 3.9(a) and (b) show the frequency (40Hz - 110MHz) dependence of Zᴂ 

and Zᴃ at different temperatures for NFO NHS. At a particular temperature, Zᴂ remains 

constant till a certain frequency showing its dc nature and then after decreasing with 

the increasing frequency, it becomes constant from ~ 200 kHz which is in agreement 

with ʎac vs. frequency curves shown in Fig. 3.8(d). Zᴃ vs. log (ʖ) plot shows a broad 

peak which shifts to higher frequency with rise in temperature. Both :ᴂ and :ᴃ decrease 

with increase in temperature at a particular frequency. The broadness of these :ᴃ peaks 

(Fig. 3.9(b)) assures the existence of non-Debye relaxation peaks that would be due to 

the presence of spaceɀcharge relaxation at low frequencies. More precisely, in this 

frequencÙ ÒÅÇÉÏÎȟ ɼ-type relaxation (dipolar) arises strongly following Maxwell-Wagner 

Model [38] . Activation energy (E) for dielectric relaxation (taking it also as thermally 

activated) is calculated using Arrhenius equation: 

†= †0 exp
Ὁ

ὯὄὝ
 , where †=

1

2“Ὢάὥὼ
                                              3.4 

Here ʐ is dielectric  relaxation time which decreases with increase in temperature, kB is 

Boltzmann constant, T is temperature and fmax is the peak frequency. Frequency at 

which Z˽max obtained is known as the relaxation frequency. The lower value of E (~ 

0.325eV) compared to other materials [35,36] suggests faster dipolar relaxation in NFO 

NHS. Activation energy for dc conduction (Edc) is found by fitting Arrhenius equation of 

conductivity to ln ʎac vs. 1/kBὝ plot at low frequency (inset of Fig. 7(c)). Edc (~ 0.23eV) 

is lower than E and occur at low frequency due to hopping of electrons. 

Figure 3.9(d) depicts the ColeɀCole plot (Zᴂ vs. Zᴃ) of NFO NHS at different 

temperatures. Here, curves at different temperatures consist of depressed semi-circular 

arc, not centered on real axis, where the contributions from grains (g) and grain 

boundaries (gb) overlap. At around 200 kHz, a kink present in the plots, emphasize the 

presence of grain effect along with the grain boundary one. The resistance values for 

the grain and grain boundary are calculated from the intercepts on the Zᴂ axis, where as 
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the capacitance values can be calculated from the frequency peaks of the semi-circular 

arcs. The resistive (Rg, Rgb) and capacitive (Cg, Cgb) components are obtained by fitting 

the Cole-Cole plots with the equivalent circuit (shown in inset of Fig. 3.9(d)) in EC-lab 

software and the values are listed in Table 3.1. At higher frequencies, > 50MHz, 

possibly ionic conduction is happening through electrode polarization [39]  and because 

of that some unusual response is showing in the plot (near (Zᴂ, Zᴃ) = (0, 0)).  

 

Table 3.1. Rgb, Cgb, Rg and Cg values for different temperatures 

Operating 

Temperature 

Rgb 

(MW) 

Cgb 

(pF) 

Rg 

(MW) 

Cg 

(pF) 

100 C̄ 1.153 81.82 0.143 6.2 

200 C̄ 0.143 99.25 0.0458 16.9 

300 C̄ 0.049 117 0.0043 22 

 

Electric modulus (ME) , defined as the inverse of relative permittivity, is a powerful tool 

for analyzing dielectric behavior at relatively high temperatures, where ʀ usually 

becomes very high due to electrode polarization and carrier transport. Figure 3.10(a) 

and (b) shows the variation of real and imaginary parts of ME with frequency at 

different temperatures which also support the previous experimental results on 

dielectric properties. From a very low value (~ 0), -ᴂ increases with increasing 

frequency (depicted in Fig. 3.10(a)). Each curves for a fixed temperature in Fig. 3.10(b) 

exhibits broad and asymmetric peaks indicating non-Debye type relaxation which 

implies broadness of the peaks expresses distribution of relaxation times of carriers. 

For each curve, the frequency (fmax) where the peak is located is on the increasing slope 

of -ᴂ, which may suggest two different natures of mobility of charge carriers for before 

and after the peak. Relaxation peak (Mᴃmax) shifts toward higher frequency side as 

temperature increases like the complex impedance behavior due to larger 

polarization [15,30].  
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Figure 3.10. (a) Frequency dependent plots of real (-ᴂ) and (b) imaginary (-ᴃ) parts of electric 

modulus at different temperature 

          

3.6  Conclusion 

 In summary, we have successfully synthesized crystalline NiFe2O4 nano-hollow spheres 

in solvothermal method and reported a detail frequency and temperature dependent 

study on its magnetic and dielectric nature. The morphological analysis assures the 

sample to be nano-hollow spheres. Study of magnetic properties shows NFO NHS as soft 

a ferrimagnetic material having MS and HC, 63.5 emu/g and 122 Oe respectively which 
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are comparatively higher than that of its other morphologies. The variation of ʀ, Z, ÔÁÎɿ 

and ʎac with frequency and temperature are explained in terms of Maxwell-Wagner 

two-layer model, where NFO are taken as piles of grain and grain boundaries, and 

hopping of charges at Fe3+  to Fe2+  as well as Ni2+ to Ni3+  ions at B (octahedral)-sites. 

The parameters of conductive grain and resistive grain boundaries are obtained from 

Cole-Cole plot. The conduction mechanism for NHS is found to be ac type from 

*ÏÎÓÃÈÅÒȭÓ power law and the activation energy is relatively lower than that of other 

ferr ites. Here dielectric relaxation of charge carriers is found to be of non-Debye type. 

Lower density, larger surface area and the enhanced dielectric and magnetic properties 

in this morphology (NHS) of NFO compared to its NPs and bulk counterparts, seems 

interesting towards its application in high-frequency devices. 
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Chapter 4  
NiFe2O4 Nano Hollow 
Spheres as an Efficient 
Microwave Absorber 

 

In this chapter, material properties along with microwave absorption properties are 

studied in detail for three morphologies (bulk, nanoparticles and nano-hollow spheres 

(NHS)) of Nickel ferrite in widely used X-band frequency (8 ɀ 12 GHz) range. Incident 

electromagnetic wave is found to be trapped inside the hollow core of NiFe2O4 NHS and 

cause interesting phenomena regarding its microwave absorption. 

  

































 

 

 

 

 

 

 

 

Chapter 5  

Structural, Magnetic and 
Dielectric Properties of 
TFe2O4 (T= Mn, Fe, Co, Ni, Cu 
and Zn) Nano-Hollow 
Spheres  

 

This chapter contains synthesis of nano-hollow spheres of transition metal based spinel 

ferrites with different divalent cations (TFe2O4, T= Mn, Fe, Co, Ni, Cu and Zn) and a 

thorough comparative investigation of their structural, magnetic and dielectric 

properties.   
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