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Abstract

In the present scenario, electranagneticwave (EM) pollution becomes endangerous to
human health due to rapid development of technology and hence EM wave absorbers
(EMA) are in serious need to sheld 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 andb construct emerging
metamaterials, presence of ferrite asorbers with their synergistic dielectric and
magnetic properties is inevitable.Preference of lightweight, size-efficient, low-cost yet
efficient EMA materials influencesus to focus on nanestructures among which nano-
hollow spheres (NHS) are a new dft. To achieve an efficient broacband EMA material,
several techniquessuch asdoping of cations, hybridization of materials, morphology
and sizecontrol are introduced in this thesis.In-detail study of magnetic, dielectric and
microwave (MW) absorption properties of earth-abundant transiton metal based
ferrite s, TFexOs (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 rangefrom 1 to 20 GHz is executed and divalent cation substitution on
traditional magnetite is found to effectively increase the Reflection loss&L). MnFexOy
NHS displays most promising results and therefore the folloimg investigations by
tuning its filler concentration and NHSsizes are performed.MnFeeQw NHS shows a
gradual increase inRLvaluesfrom 0 wt% to 50 wt% loading contentand an excellent
RLT £ A MB.©EB 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 oroptimized 450 nm NHS composites reveals
that maximum RLreachedtox v dBdie. shielding ~ 99.9997%) at 9.6 GHz fort=
5.1 mm with a broadBWof ~ 3.7 GHzat much lower filler concentration (only 20 wt%
in epoxy resin matrix) due to the best impedance matcimg, | Z~/Z4 ~ 1 in it, along with
significant dielectric and magnetic lossesln a morphology dependent MW absorption

study in widely used X-Band (8 z 12 GHz) with rectangular wareguide, Nickel ferrite



NHS showed a better performance than its bulk and sod counterparts. Moreover,
analysis of quarterwavelength model for best matching thickness &) displays a good
agreement between experimental and simulatedmatching thickness () values.
Further, to explore possible applications of ferrite nanostructures, anin-depth magnetic
characterization of Dioctyl sodium sulfosuccinate (AOT) functionalized cobafierrite

nanoparticles with average size sets from 12xm to 22 nm, is carried out and an
improvement in EM wave absorption is observeddue to surface modificaion through

surface spin pinning and charge transfer Here, studieson tunable dielectric and
magnetic properties with substitution of different cations and modulating sizesprovide
a map to select an efficient material for applications from higtirequency devices to bic

medical field.
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HRTEM High Resolution Transmission Electron Microscope
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V3 Isotropic exchange integral
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Lattice constant

Magnetic flux density

Heat capacity

Inter -planner spacing

Elementary charge (=1.602x10 19C)
Attenuation Constant

Wavenumber

gyromagnetic ratio
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Current

Boltzmann constant £1.3806488%x10 23J/K)
Wave length

Magnetization

Bohr magnetron (= 9.274096x10 24J/T)
Permeability of free space

Magnetic flux

Permeability

Permittivity

Reflection Coefficient

Temperature
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Losstangent
Time
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Ch apter 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 techniquesto 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.



Chapter 2

2.1 Preamble

In this chapter, we will describe an overview about different experimental techniques
such as weichemical, coprecipitation, solvothermal procedures which are used to
synthesize bulk, different nanostructures and even AOT modified NPs oérfites.

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 MiniFéx 1l diffractometer and PANalytical
860AO00 02/ ANOERRAMat theEséaRningt r@te of 1° per minute in the
2/ range of 20%80°. A FEI QUANTA FEG 250 fielinission scanning electron
microscope (FESEM) (0.230 kV) and a FEG highesolution transmission electron
microscope (HRTEM) (8200 kV) are used to study the size and morphology of
nanostructures. The Energydispersive Xray (EDX) spectrum is recorded for elemental
analysis of the samples. Spectroscopic analyses are carried out using aurfier
Transformed Infrared Spectrometer (JASCO FTH8300) in the range of 404000 cnrl.
Differential Scanning Calorimetry (DSC) and thermal gravimetric analysis (TGA)
measurements are performed using €000 unit in the temperature range 30500 K.
All the relevant magnetic measurements are carried out using a Vibrating Sample
Magnetometer (VSM) (Lakeshore Cryotronics/407). AC dielectric properties of NHSs
are investigated using NF ZM2376 LCR meter (upto 5.5 MHz) and Agilent 4294A
Impedance Analyzer (upto110 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 rangeZ20 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 setup
calibration is performed using TOSLKF50&0 kit for the measurements. Further
analysis from measured 2port scattering (S)-parametersis executed with polynomial
fit model of NicholsonrRossWeir (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 agptdown
(i.e. bulk to nanoparticle) and bottomup (i.e. atom to nanoparticle) approache$2]. The
biggest drawback of the topdown 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, bottomup approach ensures beer chance to produce NSs with
fewer defects, more homogeneity in chemical composition and more control Iin

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 conditionfor nucleation called supersaturation, can be achieved through
rational control of reaction conditions such as solvent, capping agents, temperature etc.
Yyl A AEAI EAAl OAAAOQEI T h OOOAU T &£ 1 O0AOATIT £AC
homogeneous nuclation process, corresponds to the minimum size of a stable
particle [4]. For aspherid1 DAOOEAT A 1T £ OAAEDOO Oh OEA 0060«
i £ OEA AOILE GEXNEIGAIA 301 G 2.1(AJEDR Arysthlirde@@igy 3 ' h
EOOA|L EO AADPAT AAT O OPiI1T OEA OAI DPAOAHGOA 4 |

supersaturation of the solution (S), and its mola volume (v), as defined in2.1(b).

YO= 4412 + %l 3y"Q 2.1(a)

y@= WA 2.1(b)

V]

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 differeli OET ¢ 3' xEOE OA«
O AT A OAOOEI ¢ EO OI UAOI nh As' TAO nh xEEAI
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 se[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 conii, the widely acknowledged Gibbz
CuriezWulff 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 theystem is minimized[4] .

T (@) II. Nucleation ®)
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=
3
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= €] - P N
S ILGrowth | 3 D N
= & \
= g o r >
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Q
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Figure 2.1. (a) Nucleation and growth step in a classical synthesis (b) Freenergy diagram for
nucleation process

2.2.1 Wet Chemical Method

Wet chemical method is mainyA OA IO®&GI iDPOT AAOO O1 OUl OEAOE U/
chemical reduction of metal salts, electrochemical procedure or through controlled
decomposition of different metastable organic and metallic compound$3]. This

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

simple, inexpensive, modular and scalable process used to have better control over
nanostructure and t can be used to produce even metal oxides in m@meter range.

Here, in Chapter 3and 4, bulk NiFeQs is synthesized using this procedure.
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2.2.2 Chemical Ceprecipitation Method

Co-precipitation is basically a modified version of wet chemical method with much
precise control in size and distribution of nanoparticles. The c@recipitation 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 coprecipitation technique, at first, precursor salts of the
constituent materials are dissolved in agueous medium and magnetically stirred to
make it a completely homogeneous mixture. The solution temperature can be in the
OAT CA AAOxAAT no# O ynmo# AAPATAEI ¢ 11 OEA
the desired temperature of the primary solution is achieved, another solution of
dissolved precipitating alkaline agent such as ammonium oxide (N#DH), potassium
hydroxide (KOH) or sodium hydroxide (NaOH) is added into it. After completion of the
reaction, the precipitation of the desied 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 interparticle 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 mpaetic 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 henceontrols 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 ceprecipitation is carried out by dissolving oneor 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 dation forms an
ACCOACAOA xEOE OEA EUAOI PEEI EA OEAAAS OACE]
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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 concentrationmicelles can be
deformed and can change into different shapes, which make it possible to synthesize
different shapes of NP$7].

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

functionalized CoFeQs NPs which is elaborately described irlChapter 8of the thesis.

PR
(a) (b) Hydrophilichead
Precursor Hydrophobic tail
Solution —}=
Thermometer :lJ ‘&D\
C ' faTala .
Aqueous Solution
Magnetic Stirrer

Figure2.2. (a) Setup 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 fromgaeous or nonaqueous 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 nen
polar solvents (like benzene, ethylene glycol etc.) under high pressure and temperature
(generally above the boiling point of solvent) to facilitate theinteraction of different

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

hydrothermal route except here the precursor solution is usually nhoraqueous.

Page p9



Chapter 2

In this procedure, a sealed reaction vessel is used and at temperatuabove the
boiling point of the solvent, an autogeneous pressurei.é. 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 saltand 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 dissoluton of the precursors solutes in the solvent by
magnetic stirring at room temperature. Then thehomogeneous 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, t 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 metastable staes 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 oigand molecules, molecular

template mechanism etc.

Here, from Chapter 3 to Chapter ,/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 fater, easier and coseffective than
hard-templating procedure[8]. A discussion of the synthesis and gwth mechanism of

NiFe2Qs NHSs is described irChapter3 of the thesis.
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M
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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 Measuments

Figure2.4. Teflon mould for sample preparation for study of Microwave properties

The assynthesized powder ferrite samples should be given required shapes and forms
for different measurements. For he 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 typicly 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 ad 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 sekfmade 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 weltknown technique to investigate the crystal structures,
phases, preferred crystal orientations, chemical compositions and other rstctural
parameters such as average grain size, lattice strain and crystal defects of a material. A
schematic representation of Xray diffraction measurement is shown in Fig2.5. Xrays
are produced by a cathode ray tubdhen, filtered to produce monochramatic radiation
and subsequently, collimated to concentrate, anéinally directed towards the sample.
When, themonochromatic beam of Xrays (Cu-Alh ~11.54 A)falls on the crystalline
sample,these Xrays 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 tothe” OACCH N 1 Ax

2Qsin—= &_ 2.1

where, d,f h 1 dtahd for the inter-planer spacing in the crystalthe angle of diffraction,
integer for order of diffraction and wavelength of the incident Xray beamrespectively.
During measurement, the incident angle of Xay beam with respect to the sample is
varied for a small constantstep in awide range of angle and the diffracted beams of-X
ray are recorded electronically using a detector. The presence of elants in the sample
with their crystalline nature can be identified from the conversions of diffraction peaks
to the d spacing. The pak positions provide the detail information about the crystal
plane. The diffraction peaks can be identified from the Join€Eommittee 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.

7A EAOA OOAA 2)'1 +5 -ETE&ODAGA)YOEAAIc[ 8 &«
[ "1  OU@pdfffactomster using Cuk, OAAEAOET 1  tolcharactepz8 vt B
the samples for the present studies[10].In[ " ¢ [ O U@ysAdrck is fed and the
samplerotal O AKOEJ 0 xEEI A OEA AKXKOERAOKkGADRAAD ED [
the sample stage is fixed while Xay source and the detector rotate simultaeously at
AT AT CcOl AGmmBDAAA T £ [0

X-ray
Source

A , Detector

Sample® <
~

Figure2.5. Schenatic representation of Xray diffraction measurement

2.4.2 Scanning electron microscop€SEN

Scanning electron microscope (SEM) is a key technology fomorphological
characterization of a material. A schematic representation of a SEM is shownFiy. 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
lens4EA T AEAAOEOA 1 AT O EO AOOAEAI & O OEA £EET
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 sceng.

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 samplg¢ll]. 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 oneswith the outer shell electrons of the atoms of the specimen.
Those secondary electrons are attracted towards a positivelpiased 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 sampleatoms and visible light (cathode-luminescence). Comparing the
mapped intensity produced by emitted secondary electrons during this process to the

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

We have used SEM with field emitted (FE) mod® charactrize the investigated
samples. In g@neral, SEM works on a vitiage range between 2 to 50 kV ands electron
AAAT AEAT AOGAO OAOEAOG AAOxAAT o 11 O ¢ tis8
2.4.2.1 Energy Dispersive Xray Spectroscopy (EDX)

Energy dspersive analysis of Xay (EDX) is a technique to analyze the elemental
composition of a material. In thisprocess the sample is bombarded by highenergy
electrons and the bombarding electrons interact with the sample electron®uring this
process, it can excitehe electrons from inner shell of the atomsto higher energy levels
or, the electrons from the inner shell are ejected and hence, theres ian 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 fornof 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. 2However, the atom of eaclelement 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 emittedrays

from the sample. Usually, a characteristc EBRX spectrum shows the peaks
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corresponding to the energy levels for which the most Xays 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.

Electrongun —> -

Anode =

Condenser ]
Lens

Scan coils
Objective

Lens

Back-scattered

electron detector o>
X-ray 2 . |

detector

’ Secondary

electron detector

Figure2.6. Schematic presentation of the fundamental process for both FESEM and EDX

2.4.3 Transmission Electron Microscopg TEM)

Transmission Electron Microscope (TEM) is a versatile instrument to chacterize 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 kfg. 2.7.In this electronic microscope, a
beam of electrons originated from electron gun and having usuabavelength of less
than 1 A 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) andthers are unscattered
electrons (transmitted beams). Thus, in case of crystallineamples, 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 ahthey enter the sample
normal to its surface.Here, dl electrons that are scattered by the same atomic spacing
will have same scattering angle. These scattered electrons are collated using magnetic
lensesto form a patern of spots and each spotorresponds 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 twoedimensional image of the sample. The
transmission of these unscattered electrons is inverselyproportional 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 asa result, the image will appear
darker. Conversely thethinner areas will have more transmitted unscattered electrons
and thus, will appear lighter. This mode ofoperation to create contrast in image is

known as bright field imaging mode.

In high resolution TEM (HRTEM) modepne 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 witthe
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 energyhich is measured using an electron
spectrometer. The energy distritution 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 udnction of time and temperature in a
controlled atmosphere. These measurements provide quantitative and qualitative
information about physical and chemical changes that involveendothermic (heat
absorption), exothermic (heat evolution) processesor changesin 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 anais 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 mechanisndépicted

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 tche sample
and reference through the thermoelectric disk. The differential heat flow ¢) 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.¢,= Y'Y'Y, where R
reDOAOAT OO OEA OEAOI Al OAOkReOmbéradtvke diffeflencO EA A E
POl BT OOET T Al O OEd) betwéeh @A DekmodolplE ABACGAL. Thd 3
required Refrigerated Cooling Systems (RCS) are used to perform DSC cooling

experiments usng liquid nitrogen.
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Figure2.8. Schematic presentation of DSC and TGA
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A TGA consists of a sample pan that is supported by a precision midsalance. That pan
resides in a furnace and is heated or cooled dang 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 fingerprirt as it is a powerful tool to identify the functional
groups and chemical bonds within a molecule. The idvinfrared, approximately
T #00 cm! (30zp 81 1 EO OOOAIT T U APbPI EAA Ol
vibrational structure of molecules. When an infrared wave incident on a sample,
absorption and transmission happens and this absorption energy aesonant frequency
iIs 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 polssity 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 peaks3] .

A FTIR is typically based on the Michelson Interferometer Experimental Setup.
The interferometer consids 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 $ 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, Xaxis of the signal transforms from optical path difference to
wavenumber and the signalshifts 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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Figure2.9. Schematic dgagram of FTIR spectrometer

2.4.6 Vibrating Sample Magnetomete(VSM

Vibrating Sample Magnetometer (VSMjneasuresmagnetic behavior of a material VSM
is asensitive magnetometer which can measureery low magnetic moment up to order
of 10-5-10-6 emu [14] . Working principle of VSMisAAOAA 11 &AOAAAUBO 1 A»
which states that, an electromotive force.e.emf will be induced in a coll if there is a

change in magnetic flux linking with the coil.

The schematic diagam of a VSM is shown ini§. 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 ismounted at the center region between the poles bthe 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 transdac assembly into a

vertical vibration of the sample. Aconstantexternal magnetic field from electromagnet

oA

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

produces an emf V) as,
w= Q/® 22

where, & is the magnetic fux. For the pickup coils with crosssectional area A and N

number of turns,
w= (NAD/D 23

where, 6 = {,Q is the magnetic flux densith o, permeability of free spaceand #,
constant magnetic field.

Now, asthe sample is placed between pickip coils n a constant magnetic field, the
sample will be magnetized and have a magnetizatio. Therefore, the corresponding

change in magnetic flux density #) is given by,
Y6 =t 40 24
Then the induced emf in the pickup coils can be expressed as,
cdt = o(NA)D 25

Thus the output signal is proportional to the magnetization of the sample but
independent of the applied magnetic fieldn which the magnetization of the sample has
to be determined. Ths signal goes through the lockn amplifier as an input. The

i AAEAT EAAl OEAOAOQI 060 AOANOAT Aun amglfierQd O
eliminate the noise of the environment and tdind the magnetic moment of the sample
only. However, though the induced emf signal in the pielp coils is proportional to the
magnitude of the magnetic moment generated inthe sample, it also depends on other
factors such as frequency anamplitude 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 andamplitude following which, signal forms in the pick-up

coils.
Oscillator Computer
Vibrator —
~Na 0 _
— c 3
5 b
o X
) w
e
. Lockin
PICk._uP Amplifier
coils
Sample /\
\l Magnetpower
supply
I Temperature
Controller

Figure2.10. 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 (7) range of 10 Hzz 5.5 MHz in
Chapter 5, an Impedance Analyzer within a frequency#q range of 40 Hzz 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 AutoBalancing

Bridge, RF 1V andNetwork 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 setup 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), Capaitance (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 autdalancing bridge model works covering a wide
impedance region and here lie experimertal sample is subjected to an AC voltage
source[15]. The experimental setup in our laboratory is shown inFig. 2.11and a
schematic diagram of LCR meter is illustrated ifrig. 2.12. The analyzer measures the

voltage and current through the sampleFrom the ratio of these the magnitude and
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phase of the complex impedance are determined by the devicéhe impedance

takes the form,

wz

O=Y @@= — 26

A LCR meter can measure impedance at spot frequencies or 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 imgance
analyzer is interfaced with a computer and the data is collected as a function of
frequency at different temperatures. From Z-/ plots, material properties such as

permittivity ( A, losstangent, Q (quality)-factor can be easily calculated.

Virtual ground R
o— wr [—o—e—AN—
High Low Ir
1=k =S

V,=-Ig*R
Z=Vi/I=-ViR/V:

V2

\%

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

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. Nowa-days, network andyzers commonly

measure parameters because reflection and transmission of electrical networks are

Page /4



Chapter 2

easy and accurate to measure at high frequencies. VNAs can be used on networks with

an arbitrary number of ports but herein a 2port 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 parametef46] .

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.

Variable

——— | Level Adjustment
Frequency @ -
Source —_ j SW1
e’
Splitterl 1 2 Splitter2
\ DC1 DUT DC2 f/
| —— —— |
[— ] pc1 H ey po| L Pc2 [/ |
Reference
@ Oscillator
! 1
-+ TEST1 TEST2[
| 1
REF1 PROCESSOR REF2

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 orieation 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 S1 and Si. The test signal ided 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 eflected 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 ae 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. Thaigh 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&lomain response of
the network. Microwave properties measurement setup in our laboratory with all

necessary equipments is shown ifrig. 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

A AAT EAOAOEIT bDOil AARAOOA8 4EA OEDBEROOGNhT A/ &

O, 1TAA8 AT A O4EOI OCES68 -1 AAOT 1T AOxi OE AT Al UUA

suitable calibration Kkit.
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Figure 2.14. Microwave properties measurement setup in our laboratory
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NiFe:O: Nano-Hollow
Spheres with Improved

Chapter 3 |Magnetic and Dielectric
Properties

In this chapter, three morphologies (bulk, nanoparticles and nandollow spheres) of
Nickel ferrite are synthesized and their dc magnetic properties along with frequency
(40 Hzzppm - (U AT A  OAdcoddndA0 O OMRA B Aci oA O arB1 AAOOE

studied in detail.
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3.1 Preamble

Recently, research on transition metal oxide (TM) based magnetic hanomaterials are
getting popular for their low cost, physical and chemical stability, unusual optical
behavior, electronic and magnetic properties whichdiffer significantly from their bulk
counterpart [1,2]. NiFe2xOw (NFO) is one of the most significant spinel ferrites due to its
specific qualities such as low coercivity (g, high saturation magnetization (M9, Curie
temperature (Tc) and electrical resistivity, low eddy current loss and remarkable

thermal and chemical stability[3] .

Among the various morphologies of magnetic nanomaterials, narleollow
spheres (NHS) are found to be very promising becaus# 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 research4], 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 absorberfll].

4ET OCE AU AAZET EOEiI T h OEA TATT1 AOGAOEAI O OEI
OEUA prmmm T 1 h Al O AAEAOA 1 EEA 1 AéstthaAOAOEAI
100 nm [12].

During the past decade, a number of efforts were made increase the dielectric
properties of ferrites with large magnetization to enhance their applicability in high
frequency devices such as radars, isolators, circulators and so fr8,14]. For instance,
Raghavender et al. analyzed those of Al substituted Cof 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 CaEs NPs
respectively prepared in gel combustion method and showed their changes with grain
size[15,16]. Gul et al. used NFO/MWCNT naruoybrid to achieve high value of dielectric

constant of ~ 6.17x1C [17]. Grubbs et al. had tried to correlate the origin of magnetic
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and dielectric properties for Fe and Nb- doped CaCiilisO12 [18]. Moreover, Yang et
al.[11] and Li et al.[19] had optimized the efficiencies of ZnFgs NHS and NiFeQs NPs
respectively as microwave absorbing and electromagnetic shieldg 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 Nik€& 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 Msand Hg 63.5 emu/g and 122 Oe resgctively. Variation of
dielectric properties such as permittivity (A, dielectric loss (OAY and ac conductivity
(fa9 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 from3F¢o
Fe2* as well as Ng* to Ni3* ions at B (octahalral) -sites. The complex impedance
spectroscopy study indicates the presence of grain and grain boundary effects in NHS
AT A OEA AT 1T AOGAOCEITT 1 AAEAT EOI E @ coln@aativdhfE T A A
low value of the activation energy (E = 0.325 eV) idound for these NHS. Improved
magnetic and dielectric properties of these lightweight NHSensure their suitability for
frequency dependent applications. Moreover, higher values of saturation magnetization
and dielectric constant, observed in NFO NHS, givise to high phase shift which can be
very effective in highfrequency 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 uswlgylamine as
capping agent. Precursrs, NiCh, 6HO (0.36 g) and FeG] 6HO (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 bealer, 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 NHSs 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 Fée* ions of the precursor salts to their corresponding hydroxides and after
the heat treatmert, NFO phase is developedThe anticipated mechanism for the
synthesis of NHS is Ostwald ripeninl2,22] which involves a gradual recrystallization

of larger particles from the smaller ones to reduce their surface free energin addition,
self-templating with the help of gas bubbles formed by urea, under the effect of
oleylamine, ensures controlled formation of stake hollow spheres[5]. The schematic
illustration of the formation mechanism of NiFe2Qw nano-hollow spheres is shown in

Fig. 31 and the possible chemical reactions are as follows:
Ni NH , © NH; + HCNO
NH; + H,00 NH; + OH
Ni*2+ 20H © Ni(OH),
Fe'3+ 30H P FeOOH+ H,O

Ni OH , + 2FeOOH° NiFe,O, + 2H,0+ H*

%0 0+0°C

Figure 3.1. The schematic illustration of the formation meclanism of CoFeO, nano-hollow
sphere

NFO NPs are prepared using the same metth except the heating time of 1.

Bulk NFO is synthesized in a wethemical combustion method. A 100 ml aqueous
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solution of NiCk, 6HO and FeGl 6H0 taken in 1:2 molar weightratios is continuously
heated and stirred at 00°C for 1 h. Then the samplesi 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&ldrich and Loba

Chemic for the abwe preparation.

3.2.2 Characterizations

The structural phase and crystallie size of agprepared NFO NHS& studied by powder
X-ray diffraction (XRD) using Rikagu MiniFlex Il diffractometer equipped with Cu K
radiation at the scanning rate of 1° per minute inthe 2/ range of 20°'80°. A FEI
QUANTA FEG 250 fieleémission scanning electron microscope (FESEM) (0'30 kV)
and a FEG highresolution transmission electron microscope (HRTEM) (83200 kV) are
used to study the size, shape and morphology of NHS. The Enedispersive Xray
(EDX) spectrum is recorded for elemental analysis of the NFO NHS. All the relevant
magnetic measurements are carried out using a vibrating sample magtometer (VSM)
(Lake Shorg. AC dielectric properties of NHS are studied using Agilend294A
Impedance Analyzer. To pdletize the powder samples, pressure is applied around 25
MPa usinga Riken Pressure Gauge. The tap density) for bulk and NHS of NFO is
calculated measuring the volume {J and mass (7) of their respective pellets made
from as-synthesized powder sample and using the equatioh = a 0"

3.3 Results and Discussion

3.3.1 Crystallography and Morphology
Figure 3.2 shows the XRay 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 n0z2P86).

Average crystallite ske is calculated from the XRD peaks and found to b&.8 nm for

NHS and 42.5 nm for blk using Scherrer formula,O = TCQT:— where Dis the crystallite
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OEUAh Eh OEA 3AEAOOAO Ai T OOAT O /s, BARWAMOBf M8 wT

the selected peak in radians ang’, the XRD peak angle in degreekattice constant is

foundtobe 8362B &£ O . (3 AT A ¢8oxoc B A O "OIE AO A

law. The theoretical XRD density 44) for NFO NHS is calculated as 5.37 g/cc from the
equation,” s = fLw where M is the molar mass of NFONs the Avogadro number, and

Vis the unit cell volume[3].
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Figure 3.2. X-Ray Diffraction plots of NFO NHS and Bulk NFO

The morphologies of prepared NFO samples are shown in Fi§.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
~55m." Ol E . &/ EO EI ti OEUA OATCA #ikedp . &/
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 isobvious for E OsBréped out hollow core which also
make it more convenientfor 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 XM data. The SAED pattern (Fig3.4(d)) shows the single crystal
nature of NHS. EDX spectrum (Fig.4(c)) is consistent with the composition (Ni, Fe
and O) of the sample.

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

3.4 Magnetic Properties

Figure 3.5describes M-Hhysteresis loops of NFO NHS with maximum applied field @f
kOe at temperature values 100K, 200K, 300K and 400K. At around room temperature
(300K), Hcand Mrvalues of NHS are found to be 122 Oe and 10.5 emutwat displaying
the soft ferrimagnetic nature of NFO. Inset of Fig..8shows the decay of bothHcand M=
with increasing temperature. The increase inHcand Mron lowering the temperature
are related with a growth of magnetic anisotropy preventing the alignment of the
atomic magnetic momens in an applied field[23]. Further, a comparison between
magnetic properties of NFO NHS, NPs and bulk at 300K are depicted in Bi§(a). Hc
and Msare 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/qg).
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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 K400 K
during both zero field cooled (ZFC) and field cooled FQ modes, are shown in Fig.
3.6(b). The minimum separation between ZFC and FC curseof 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 strainmay be responsible for the
high magnetic anisotropy in NHS.

ZUUIN
e—

Figure 34. (a) TEM micrograph of NFO NHS, (b) HRTEM image showing distance between
diffraction planes, (c) EDX (Energy Dispersive Xay) 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 3.6. (a) Room temperature MH curves for all the samples and (b) M curves under ZFC
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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 interfd2d]. The
effedive anisotropy constant (Ker = Kv + Kg6) of NPs is found to be much higher than
that of bulk one[25] due to the inclusion of surface anisotropy K9 in addition to the
volume anisotropy constant (Ki). As the cationic distribution of NFO at nanoscale is
concerned, both the increase in anisotropy andationic movements are responsible for
the increase in Hg Mrand Msvalues of NPs respectively than bulk NF{26,27]. High
temperature needed in solvothermal method to synthesize NHR.5,28,29] and large
surface to volume ratio of NHS are reasons behind highétl Mrand Msvalues than
NPs[12].

3.5 Dielectric Properties

700~ —o— NFO Bulk
ol | —+~NFO NHS
]~ —— NFO NPs
500 ‘ 4
1%, % at 30°C
-t.g 400' oo';._lz.:‘ ‘
300 - "o;-:_‘;
- A
2004
100~

log (@)

Figure 3.7. Frequency dependence (40 HA10 MHz) of rafor 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 materialhese 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 ( R)Js related to the polarization while the imaginary
part (R2 9 EO AOOT AEAOAA xEOE OEA AT AOCU AEOOEDAC
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 ( - E-) @gphase (/) dataas[25,26]
e @
T T 8y G2 3.1
. (e
T T et 3.2

where Gis the capacitance of free space and is given By = To?o d, the thickness, A, the

OO0 A£AAA AtrAiblectid pArmittivity of air.
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Figure 3.8. Frequency degndence (40 Hz110 MHz) of (a) real (R) and (b) imaginary (r)
values of dielectric constant at different temperatures (30C to 300C). Variation of (c)
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dielectric loss (O A Ywjth frequency and temperature and (d) ac conductivity ¢.); inset: fitted
cuuOA oI Z£ET A O OAI OA AAAT OAET ¢ Oi *11O0AEAOGO DI »

A preliminary frequency dependent# study at room temperature, as shown in
Fig. 37, reveals NFO NHS contains greater value ®fthan its other two counterparts.
The inner and outer surface of hollowspheres enhances the total interfacial area for
dielectric polarization in NHS which is even higher than that of NPs and hence o
increases.Therefore, the frequency dependence of dielectric behavioof NFO NHSat
different temperature (30°C - 300°C) for the frequency region of 40 HZo 110 MHz is
plotted in Fig. 38. r,& and dielectric loss @E| = -%-8) are high at low frequency
region for all the temperatures, but as the frequency increases they sharply fall and
approach to almost frequerty independent nature. It is also observed that the dielectric
constant and dielectric loss show a shift towards higher value with enhancing
temperature at a particular frequency. Decay ofr aad r svith increase in frequency is
due to the inability of dectric dipoles to comply with variation (i.e. frequency) of
applied ac electric field. These dipoles are formed with Ré- Fe3* cations present in
tetrahedral (A) and octahedral (B) sites respectively in inverse spinel NFO. The
contribution of exchanged dectrons towards polarization is more prominent than holes
because of the larger mobility of electron$32]. Increase in dielectric constant with
temperature is attributed to more number of excited dipoleswhich try to orient along
the field, at higher temperatre. This fact increases both spaceharge and dipolar
polarization in the sample.The value ofr fwmund for this NHS morphology is higher than
that of NFO NP$31,33] and other ferrites[14,34] and it is comparable to
NFO/MWCNTs by Gul et aJ17] and bulk NFO by Ponpandian et &l35]. The larger
interfacial area in NHS may play an important role on the large value &.&enerally,
dielectric losses occur due to absorption of electrical energy which is utilized for
rotations of dipoles of the space charge formed at grain boundaf$,31,36]. The value
of OA Idgcreases with increasing frequency and remains unchanged further as the
space charge accumulation decays resulting higher ac conduction

The real part of ac conductivity a9 of the sanple was calculated by

vt =1 o= Where J ig the4perating angular frequency{34,35]. However Axcis
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attributed to the dielectric relaxation caused by the localized electric charge carriers,
xEEAE T AAUO *11 OAEAOGO DPI xAO 1 Axq
vin] VY= g Y+ 6 (Y 33

( A O Achs thé dc conductivity of the méerial, A is material dependent and s is the
temperature dependent parameter, varies within 0 < s < 1 depending on the
mechanism of conduction. Frequency dependence ofic at different temperatures is

shown in Fig. 38(d). It is observed thatAacstarts to increase with increasing frequency

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

fitted curve of log Aa vs. logdh AAAT OAET ¢ O1  * isivaludsEakedd O DI
estimated to be ~ 0.198 and ~ 0.351 at 300C and 100 Crespectively, which supports

the ac conduction mechanisnj27,31,37] 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 Fe&* and N#* ions fill the octahedral sites (B). Thus, conduction occurs as a
result of electron transfer between Fé+ and Fe&*, and hole transfer between Nit and
Ni3*. Moreover, the variation ofr as well asAa-with frequency can be explained on the
basis of MaxwelWagner 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 ap@d, 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 higkh 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 remaimperative

whereas conductive grains become more active at higher frequencies, where electron
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hopping takes place between F& and Fé* present in two adjacent B sites (having
smaller lattice constant), thereby increasing the hopping conduction and conduetty

(Aa9.

The complex impedance spectroscopy represents the electrical processes taking
place within the system and the relaxation mechanism happening. No peaksAn®s. log
(9) data (Fig.3.8(b)) and non-correspondence of dielectric constant nature with Defpe
dispersion formulae gives hint that here the relaxation is norDebye type i.e. greater

than one ions are responsible in dielectric relaxatiorj38] .

s —=300-c——260-C——1220°C 20
- 2400C —200°C —
-~ —180°C 1.5-
a4 @ 1soec| G
A — 160°C| 1
S
o 3 —140°C| = 1.04
';‘ —1200C|
a2y —100C| =
N 1 —80°C | Ny ]
60°C N
0.0-
7 8 3 4 5 6 7 8
log (@)
8
a =——300°C =——100°C
—200°C
v 6 (d)
<
S — 4
-144 5 21 30 36 X 4
t; 1/kgT (eV), —
— E=0.325¢V N 2
-164 o Zix 103y
L) L) L) L] 0 L) L] ¥ L] L) L]
20 24 28 iZ 36 0 2 4 6 83 10 12 14
LkpT (V)" Z'(x 10° Q)

Figure 3.9. Frequency dependent plots of (a) real £ and (b) imaginary (Z9 parts of
impedance at different temperatures (c) Activation energy (E) calculation from Inz (7

P I Cmd) A5. 1K g T plot; inset: Eyc from In Aavs. 1/ks 7 graph (d) ColeCole plot (Za@s. Z8) for
NFO NHS at 100C, 200C and 300C; inset: fitted curve of ColeCole plot for NFONHS at 200C
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by equivalent circuit with grain and grain boundary parameters andEquivalent circuit for
dielectric properties of grain and gain boundaries.

Figure 3.9(a) and (b) show the frequency (40Hz- 110MHz) dependence ofZze
and Zgat different temperatures for NFO NHSAt a particular temperature, Zaeemains
constant till a certain frequency showingits dc nature and then afterdecreasing with
the increasing frequency, it becomes constant from ~ 200 kHz which is in agreement
with Aac vs. frequency arves shown in Fig.3.8(d). Zgvs. log () plot shows a broad
peak which shifts to higher frequency with rise in temperature. Both aad . #ecrease
with increase in temperature at a particular frequency. The broadness of these peaks
(Fig. 3.9(b)) assures the existence of norDebye relaxation peaks that would be due to
the presence of spacecharge relaxation at low frequenciesMore precisely, in this
frequencU O A Gtk felaxatjon (dipolar) arises strongly following Maxwel-Wagner
Model [38]. Activation energy (E) for dielectric relaxation (taking it also as thermally

activated) is calculated using Arrhenius equation:

34

_ o _ 1
= Toexp T , wheret = — an

Here zis dielectric relaxation time which decreases with increasen temperature, ks is
Boltzmann constant, 7 is temperature and fax is the peak frequency. Frequency at
which Zmax obtained is known asthe relaxation frequency. The lower value of E (~
0.325eV) compared to other materiald35,36] suggests faster dipolar relaxation in NFO
NHS. Activation energy for dc conduction (&) is found by fitting Arrhenius equation of
conductivity to In Aacvs. 1/kg"Yplot at low frequency (inset of Fig. 7(c)). kc (~ 0.23eV)
is lower than E and occur at low frequency due to hopping of electrons.

Figure 39(d) depicts the ColgCole plot (Zaevs. 2z of NFO NHS atdifferent
temperatures. Here, curves at different temperatures consist of depressed sewnircular
arc, not centered on real axis, where the contributions from grains (g) and grain
boundaries (gb) overlap.At around 200 kHz, a kinkpresent in the plots, enphasize the
presence of grain effect along with the grain boundary one. The resistance values fo

the grain and grain boundary &e calculated from the intercepts on theZaaxis, where as
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the capacitance values can be calculated from the frequency peaks of the semrgular
arcs. The resistive (B, Rp) and capacitive (G, Gb) components are obtained by fitting
the ColeCole plots with the equivalent circuit (shown in inse of Fig. 39(d)) in EC-lab
software and the values are listed in Table 3. At higher frequencies, > 50MHz,
possibly ionic conduction is happening through electrode polarizatiorj39] and because

of that some unusual response is showing in the plot (neatdzz®) = (0, 0)).

Table3.1. Ry, G, Ryand G values for different temperatures

Operating Rgb Coo Rg G
Temperature  (MW) (PF) (MW) (PF)
100 C 1153  81.82 0.143 6.2
200 C 0.143 99.25 0.0458 16.9
300 C 0.049 117 0.0043 22

Electric modulus (Mg), defined as the inverseof relative permittivity, is a powerful tool
for analyzing dielectric behavior at relatively high temperatures, wherer usually
becomes very high due to electrode polarizatiorand carrier transport. Figure 3.1qa)
and (b) shows the variation of real and imaginary parts ofMe with frequency at
different temperatures which also support the previous experimental results on
dielectric properties. From a very low value (~ 0), - ancreases wth increasing
frequency (depicted in Fig. 3.10a)). Each curves ér a fixed temperature in Fig. 3.10b)
exhibits broad and asymmetric peaks indicating nofDebye type relaxation which
implies broadness of the peaks expresses distribution of relaxation times of carriers.
For each curve, the frequency (fax) where the peak is located is on the increasing slope
of - awhich may suggest two different natures of mobility of charge carriers for befe
and after the peak. Relaxation peak (Bhax) 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 { gand (b) imaginary (- # parts of electric
modulus at different temperature

3.6 Conclusion

In summary, we havesuccessfully synthesizedrystalline NiFe2Qs nano-hollow spheres
in solvothermal method and reported a detailfrequency and temperature dependent
study on its magnetic and dielectric nature. The morphological analysis assures the
sample to be nanehollow spheres. Study of magnetic properties shows NFO NHS as soft

a ferrimagnetic material having Msand Hg 63.5 emu/g and 122 Oe respectivglwhich
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are comparatively higher than that of its other morphologies. The variation oR Z OA I }
and Az with frequency and temperature are explained in terms ofMaxwell-Wagner
two-layer model, where NFO are taken as piles of grain and grain boundarieand
hopping of charges at F& to Fe* as well as Né* to Ni3* ions at B (octahedral)sites.
The parameters of conductive grain and resistive grain boundaries are obtained from
ColeCole plot. The conduction mechanism for NHS is found to be ac tyf®m

* 1 1 OApeed BvOand the activation energy is relatively lower than that of other
ferrites. Here dielectric relaxation of charge carriers isound 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 counterpartseems

interesting towards its application in high-frequency devices.
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NiFeOs Nano Hollow
Chapter /| |Spheres asn Efficient

Microwave Absorber

In this chapter, material properties along with microwave absorption properties are
studied in detail for three morphologies (bulk, nanoparticles and nanehollow spheres
(NHS)) of Nickel ferrite in widely used Xband frequency (8z 12 GHz) range. Incident
electromagnetic wave is found to be trapped inside the hollow core of NiE& NHS and

cause interesting phenomena regarding its microwave absorption.
















































Structural, Magnett and
Dielectric Properties of

TFeQs (T=Mn, Fe, Co, Ni, C
Chapter o and Zn) NancHollow
Spheres

This chapter contains synthesis of nandollow spheres of transition metal based spinel
ferrites with different divalent cations (TFe2Qs, T= Mn, Fe, Co, Ni, Cu angh) and a
thorough comparative investigation of their structural, magnetic and dielectric

properties.
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