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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
ferrites, TFe204 (T = transition metal ions) 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). MnFe204
NHS displays most promising results and therefore the following investigations by
tuning its filler concentration and NHS sizes are performed. MnFe204 NHS shows a
gradual increase in RL values from 0 wt% to 50 wt% loading content and an excellent
RL of about —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 ~ —55.4 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/Zo| ~ 1 in it, along with
significant dielectric and magnetic losses. In a morphology dependent MW absorption

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



NHS showed a better performance than its bulk and solid counterparts. Moreover,
analysis of quarter-wavelength model for best matching thickness (%) displays a good
agreement between experimental and simulated matching thickness (&) 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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JaB Inter-site exchange constant
Je Isotropic exchange integral
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RL Reflection Loss

VIII



SAED
SD
SE
SEM

tv

ts

tm
Vi
Tc
TE
TEM
TG
Tn

™

VSM

XRD

ZFC

Spin operator

Selected Area Electron Diffraction
Single domain

Shielding efficiency

Scanning Electron Microscope
Neel relaxation time

Brown relaxation time

Thickness

Transition metal ion

Matching thickness

Blocking temperature

Curie temperature

Transverse electric mode
Transverse electromagnetic mode
Thermogram

Neel temperature

Transition metal

Volume

Vibrating sample magnetometer
X-ray diffraction or diffractometer
Complex Impedance

Zero field cooled

IX



List of symbols:

UB

o

Lattice constant

Magnetic flux density
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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 1

1.1 Significance of Nano

The idea of nanotechnology was first unveiled by Physicist Richard P. Feynman in his
lecture titled ‘There is plenty of room at the bottom’ where he emphasized necessity of
nanoscale materials for the need of better and miniature devices. The term
‘nanotechnology’, first introduced by Norio Taniguchi in 1974, refers to the science that
deals with properties and applications of various materials having extremely low
dimension, in the range of 1 to 100 nm. These size constraints appeared in case of
nanostructures (NSs) often produce qualitatively new behavior in comparison to their
bulk counterpart. For example, Cox and his co-workers found that bare Rhodium (Rh)
clusters display a non-zero magnetic moment for less than 60 atoms in it, which is an
indication of either ferro- or ferrimagnetic ordering even though the bulk Rh is Pauli
paramagnet at all temperatures [1]. These unique properties arise in these functional
nanomaterials (NMs) when their size becomes comparable to certain physical length
scales such as carrier mean free path, superconducting coherence length, magnetic
domain wall width, spin diffusion length, etc.[2]. Moreover, reduction in size of
materials restricts them into confinement zones where quantum phenomena play a
huge role and this leads to density of states (DOS) of electrons in the material, changing
from a continuous function (D « E/?) to delta function as we move from bulk to
nanoscale, as shown in Fig. 1.1 [3]. Since the surface area (A) to volume (V) ratio in
nanoscale highly increases with reduction in sizes ( A/V « 1/r for spherical particles),
a greater amount of material can come into contact with surrounding materials, thus
affecting properties such as transition temperatures, fluorescence, electronic excitation,

electrical conductivity, magnetic permeability and chemical reactivity [4-8].

The properties and characteristic parameters of engineered nanomaterials can
be tuned and manipulated which makes them even more interesting as such variation
in nanoscale lead to their versatile applications [5,9-16]. In this context, tailoring size,
morphology, composition of nanomaterials and functionalization are introduced as
promising strategies [12,17,18]. The fabrication as well as characterization of
nanostructures of different functional materials is important and also challenging

because defect states and structure induced in nanoscale and thus their properties are
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to be finely controlled [19]. For instance, reduction of size to a certain level introduces
superparamagnetism in ferrites that make them more suitable as bio-sensors [4,20].
Though Iron (Fe), Cobalt (Co), Nickel (Ni) all are ferromagnetic, but Co or Ni cation
substitution in traditional magnetite produces hard magnetic and soft magnetic
substances respectively [8,21]. Also magnetic or non-magnetic layer capping on
nanostructures sustain a pronounced effect on their properties due to surface

modification and charge transfer [22,23].

-

Bulk Material Quantum Well Quantum Wire Quantum Dot

D(E) ——>

> L

(With Decreasing Size)

Figure 1.1. Change in density of states (DOS) with reducing size: from bulk to quantum dot

Nanotechnology is helping to considerably improve, even revolutionize, many sectors
such as information technology, medicine, transportation, energy and environmental
science, among many others. From components in high frequency devices to the bio-
medical field, even from formation of ‘smart fabrics’ to ‘anti-friction fluids’
nanomaterials are used everywhere [10,24-26]. Moreover, their light-weight, size-
efficient, low-cost yet effective nature craft better and fruitful devices. Figure 1.2
schematically represents the tuning and applications of nanomaterials in various fields.
Though several commercial applications are successfully executed, researches on
nanoscale materials are not saturated at all and still remain highly enthusiastic. For
instance; Liu et al. prepared yolk-shell Fes0s@Mesoporus SiO2 heterostructures to
enhance absorption of unwanted electromagnetic (EM) wave pollution [27]. Green
energy production through water splitting by 2D-1D nano-heterostructure is
performed by Karmakar et al. to quench the demand for alternate energy

resources [17].
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High-frequency
Devices, Magnetic
Data Storage, EM
wave shielding

Hyperthermia,
Targeted Drug
delivery, MRI
contrastagent

Size Control

* Tuning of o
-80

* - Nanostructure

Properties and
Surface Applications Morphology

Functionalization Control

Catalysis,
Wastewater-
treatment,
Supercapacitors

Variation in Composition

Energy Storage, H,, T M )
evolution, Ferro-
fluids

Figure 1.2. Schematic representation of some possible tuning procedures of nanostructures and
their applications

1.2 Nanostructures

Nanomaterials of polymer, carbon, ferrites and so on possess different morphologies
including nanoparticles (NPs), nanorods, nanowires, nanotubes, disc, cube, film, flower
etc, as shown in Fig. 1.3 [28-30]. In spite of having building blocks with same
composition, these nanostructures exhibit different thermodynamics, physical and
mechanical properties due to change in boundary constraints, defect states etc.
applicable to them [3,19,31]. For example, two-dimensional (2D) Y2NiMnOs films are
found to exhibit unexpected room temperature ferromagnetism and spontaneous

ferroelectricity which their NPs counterpart does not illustrate [32].

Figure 1.3. Different morphologies of nanostructures (a) nano-hollow spheres (b) nanocubes
(c) etching core-shell structure (d) nanorods
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1.2.1 Nano-Hollow Spheres

Among the nanostructures, in last few years, researchers are drifted in fabricating nano
hollow spheres (NHSs) because of its hollow interior which further enhances its
effective surface area while the density is much lower than that of their dense solid
counterparts [31,33]. NHSs are found to be very promising because of their high
saturation magnetization (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 [5], high
frequency magnetic devices [34], energy storage [11], ferro-fluids [10], Hydrogen
evolution reaction [17], supercapacitors [12] and chemical sensors [14]. Large void
space and outer interface of NHSs can be used for encapsulating drugs and their
controlled release [35,36]. Moreover, repeated internal reflections of EM wave in inner
hollow core of NHS increases total path length of it and absorbs it to a greater extent

promoting EM wave shielding [37,38].

Though by definition, nanomaterials should have dimension <100 nm, NHS with
size >100 nm also behave like nano because of their shell thickness less than 100 nm
and this fact relaxes their nanoscale range thus also increases their area of
applications [23,39]. Possibilities of various configurations of hollow spheres such as
single-shell, multi-shell, yolk-shell, rattle-type etc. also boost this morphology as a

growing research topic [33].

1.2.2 Transition Metal based Ferrite Nanostructures

It is well-known that the traditional iron oxide, Fe304, also named as ‘loadstone’ from
old age, is a versatile compound immensely used as MRI contrast agent for early stage
cancer detection to formation of metamaterials [40,41]. Ferrites are also useful in high
frequency components as they possess a very high dc electrical resistivity, hence low
loss [42]. Moreover, newly observed phenomena like giant magneto-resistance are also
dependent on magnetic nanomaterials. To enhance the chemical stability and tune

properties such as magneto-crystalline anisotropy, magnetostriction, Ms relaxation
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times (Neel relaxation time, ¢ Brown relaxation time, ¢3), and blocking temperature
(Tg) of ferrites, substitution of divalent cation to Fe304is a renowned strategy [21]. For
example, Co2* substitution in place of Fe2* in Fe30a4 increases its coercivity (Hc) making
CoFe204 a hard magnet whereas NiFe:04 is a soft magnetic material. In general,
empirical formula for transition metal (TM) based ferrite is TFe204 (T = transition
metal ion) where transition metals include 3d elements such as Fe, Co, Ni etc. and 4f
elements, such as Nd, Sm, Gd, Dy etc. Possible replacement of permanent magnets made
up of Sm-Co, Nd-Fe-B alloys by TM based ferrites makes the applications cost-effective.
Also usage of largely available elements like 3d transition metals cut down the expenses
while simple structures can be tuned easily without compromising their necessary
properties [43]. Therefore, considering suitability in practical applications, low cost,

earth-abundant, non-toxic ferrites with simple crystal structure will be focused further.

In addition, ferrites with combination of relatively better permittivity (&) and
permeability () ensures wider bandwidth ( BW), higher impedance matching and EM
wave absorption in comparison to traditional EM wave absorbing materials, such as
carbon-based materials and metal powders [44,45]. In present scenario, EM wave
absorbing materials (EMA) are in serious need to shield the unwanted waves and for
their tunable absorption bands, they are widely used in military and civil fields, such as
stealth technology, anti-radiation sheets and anechoic chambers. Both dielectric and
magnetic losses are key sources and high £and u values lessen the required thickness
(9 of EMA making it size-efficient [46]. Hence a detailed study on structural, magnetic,
dielectric and microwave absorption properties on 3d transition metal based ferrite

(magnetic) nanostructures become extremely important.

1.3 Crystal Structure

The structural classification of ferrites includes three types, generally, (i) Spinels (ii)
Garnets and (iii) Hexaferrites. 3d transition metal based ferrites with formula TFe204
(T= transition metal ion) are spinel ferrites that belong to space group Fd3m. The cubic
unit cell is formed by 56 atoms, 32 oxygen anions distributed in a cubic close-packed

structure, and cations occupying 8 of the 64 available in tetrahedral sites (A sites) and

Page | 5



Chapter 1

16 of the 32 available in octahedral sites (B sites) as shown in Fig. 1.4. The limit of
atomic radii contained in A-site is ~ 0.30 A and in B-site ~ 0.55 A. Depending on the
cationic radii placed in the sites, the structure can get expanded or contracted.
Moreover, in such oxygen closed pack configuration constituted of intervening face-
centered cubic (fcc) lattices, anions are occupied at the corners of a cube and the cation
is at the center of the void created by these anions. The structural formula for a basic

spinel compound TFe204 can be written as [47]
[Tc1-) Fei]* [TiFec2-»]P04 1.1

where the amounts in brackets represent the average occupancy of A sites and B sites

and 7is the inversion parameter.

Octahedral ()
Site (B) -

Tetrahedral
Site (A)

Figure 1.4.Crystal structure of a spinel ferrite, TFe204

The cation distribution in A- and B sites mainly depends on crystal field stabilization
energy (CFSE) and relative size of the cations. The higher value of CFSE of constituent
cations decides their preference for higher co-ordination site i.e. B-site and accordingly
Fe304, CoFe204, NiFe204 and CuFe204 are of inverse spinel structure [48]. However, in
ZnFe204, Zn2+ with d° configuration and in MnFe204, both cations Fe3+ and Mn2+ with
states d°, have no specific preference of sites. Therefore MnFe204 and ZnFe204 have

possibilities of forming normal, inverse or mixed spinel structure. Along with CFSE,
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reduction of the grain size to below 6.8 nm resulted in a transformation of most of the
inverted spinel ferrite molecules to the normal spinel structure due to an abnormal
lattice contraction [49]. The change in cation distribution among tetrahedral (A) and
octahedral (B) sites can affect their structural properties which in turn vary their
magnetic and dielectric properties. Like in Zn-doped Fe304, at a certain doping
concentration of non-magnetic element Zn, cation distribution varies in such a way that
magnetic exchange interaction in B-site increases the total magnetic moment of the

ferrite [50].

1.3.1 Normal Spinel Ferrite

On the basis of cation distribution, a spinel ferrite can be of types normal, inverse, or
mixed. In a normal spinel structure, 8 divalent cations are all located in tetrahedral sites
and 16 trivalent cations are all located in octahedral sites, hence the inversion
parameter (7) becomes 0 (schematically illustrated in Fig. 1.5(a)). In general, this type

of distribution takes place in bulk zinc ferrites, Zn2+[Fe3+Fe3+] 042,

1.3.2 Inverse Spinel Ferrite

Unlike normal spinels, the T2+ ions occupy the octahedral voids, whereas one half of
Fe3+ ions occupy the tetrahedral voids and the other half occupies B sites. Therefore,
the inversion parameter (/) leads to 1. It can be represented as: Fe3+[T2+Fe3+]042~.
Fe304, CoFe204, and NiFe204 are some examples of inverse spinel structure. In this kind
of ferrites, magnetic contribution from Fe3* ions gets compensated by inter-lattice
super-exchange and that from T2* ions only persists. This kind of spinel is schematically

illustrated in Figure 1.5(b).

1.3.3 Mixed Spinel Ferrite

Mixed spinel structure or partly inverse spinel arises when cations T2* and Fe3+ are
distributed in both A- sites and B- sites and the structural formula of this ferrite
becomes T-)2*tFes*[T2+Fe2-»3t]042-, where 7 is the degree of inversion

(schematically illustrated in Fig. 1.5(c)). MnFe204 generally represents this kind of
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structure and has an inversion degree of 7/ = 0.2 with structural formula:
Mnos?+Feo23+[Mno22*tFe183+] 042~ [51].
(2) (W] (©
Al B | Al B ] A [ B ]
'1"2+[Fe3+2102-4 Fe3+[T2+Fe3+]02'4 (1 ])Fe3+l[T2+ Fe3+(2 )]02

I 1 (! N

Figure 1.5. Cations distribution in (a) normal, (b) inverse, (c) mixed spinel ferrites

1.4 Surface Functionalization

Modification of nanostructure surfaces often employed not only for controlled synthesis
of nanostructures but also for prevention in agglomeration of small magnetic NPs,
increase in biocompatibility and biodegradability of materials, tune morphology and
functional properties such as magnetic, electric, optical properties etc. of
nanomaterials [39,52]. Thus, surface functionalization is worth to discuss as they
enhance potentiality of NSs. During synthesis, surfactants like oleylamine,
Polyvinylpyrrolidone (PVP) are used for controlled fabrication of nanoparticles and
manipulation of shapes of nanostructures [39]. General classification of surfactants
includes hydrophilic or water-soluble type such as citric, tartaric, salt etc. and
hydrophobic or oil-soluble type like fatty acid, alkyl phenol but inorganic materials such
as silica, metals and oxides also serve as an important class of surface modifiers [52,53].
Fabrication of oil-soluble type NPs is very important for obtaining mono-disperse NPs
whereas dispersion in either aqueous or organic solvent can be performed choosing
either polar or non-polar ligands respectively. Inorganic material coatings can induce
several different properties such as high electron density and strong optical absorption
(e.g. by noble metal particles, in particular Au and Ag), fluorescence (by semiconductor
quantum dots, e.g. CdSe or CdTe) or magnetic moment (e.g. by Fe, Mn, Ni, Co or their
oxide NPs).

The surface of NPs contains numerous uncompensated coordination spheres due

to broken bonds. The ligand molecules get bound to the NPs surface by attractive
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interactions, such as chemisorptions, electrostatic interaction, most commonly,
provided by head group of the ligand molecule and follows Ligand Field Theory (LFT).
In case of ferrite structures, LFT describes bonding interaction between ligands and
valence atomic orbitals of 3d transition metal ion and their orbital arrangement. In
octahedral field (B-site), as ligands approach from the direction of axes, the three tzg
orbital states dxz, dy- and dxy, will be lower in energy than the two e states dx%y2 and d-2
whereas in tetrahedral symmetry (A-site), inverse arrangement is observed, as
depicted in Fig. 1.6. Interactions between ligand and metal cause splitting of the d-
orbitals (A) primarily depends on type of ligands and also metal ions (A increases with
increasing oxidation number). For example, m-donor ligands having occupied p-orbitals
tend to donate m and o electrons to the metal ions, exhibiting stronger metal-ligand
interactions and an effective decrease of A, whereas m-acceptor ligands lead to a large
value of A and are called strong- or high-field ligands.

22 A A e
iy T

| de——
Aoh dxy *

DE
g 'y Pyt —

Oh Fe3+(d5) Oh Fe?+(df) Td Fe3+ (dY)

-

Figure 1.6. Schematic representation of electron occupation of octahedral (Oh) Fez+ and Fe3+ as
well as tetrahedral (Td) Fe3+ 3d states in Fez04

1.4.1 Ligand to Metal and Metal to Ligand Charge Transfer

Ligands normally possess o, 0*, , t*, and non-bonding molecular orbitals. If the ligand
molecular orbitals are full, charge transfer possibly occur from the ligand orbitals to the
empty or partially filled metal d-orbitals in ferrites. The intense absorptions arising
from this process are called ligand-to-metal charge-transfer transitions (LMCT) (shown
in Fig. 1.7) [22]. On the other side, if the metal is in a low oxidation state (electron rich)

and the ligand possesses low-lying empty orbitals (e.g. CO- or CN- having n* orbitals)
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then a metal-to-ligand charge transfer (MLCT) transition may occur. MLCT transitions
are common for coordination compounds having m-acceptor ligands. Moreover, along
with the head groups, length of the tail part i.e. ligand chain-length also has importance
in tuning properties of the material as it is associated with steric hindrance of the
compound. For instance, Giri et al. reported that although Mn304 NPs is paramagnetic at
room temperature, it becomes ferromagnetic upon co-ordination with m-donor

ligand [54].

—_e

g

Nttt NN

d ¢ Uncoordinated Metal 28

NN NN
NN Nt fY /LigandSigma Orbitals

Figure 1.7. Ligand to Metal Charge Transfer (LMCT) involving an octahedral @¢ complex

1.5 Magnetic Properties

This section will be devoted to magnetic properties of nanostructures specifically of
spinels, in dc and ac magnetic fields, their important and related consequences. The
origin of magnetism is intimately related to the spin and orbital angular momentum of
electrons and nuclei. Types of magnetism include paramagnetism, which is due to spin
and angular momentum of individual electrons, diamagnetism which has its origin in
the orbital angular momentum of the electron, and ferromagnetism originates from the
formation of domains with each domain containing a large number of aligned spins.
Figure 1.8 shows magnetic behavior of the materials under influence of an applied field
showing the characteristic positions, saturation magnetization (Ms maximum induced
magnetization), remanent magnetization ( Mz, remaining magnetization after an applied
field is removed), and coercivity (H; magnetic field needed to demagnetize the

sample). In terms of susceptibility (¥) of a material, ferromagnets have x >> 0. Spinel
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ferrites with anti-parallel distribution of divalent and trivalent cations in A- and B-sites
are generally ferrimagnetic in nature and if the magnetic moment of cations in anti-
parallel distribution becomes equal, the material shows anti-ferromagnetism. In
tetrahedral and octahedral sites individually, spins have direct exchange interaction
between them. Exchange Hamiltonian can be expressed as, H,, = =2/, %; S;.S;, Sis the
spin operator and /e is the isotropic exchange integral [55]. Apart from this direct
exchange, there are systems with indirect exchange, e.g. (1) Ruderman-Kittel-Kasuya-
Yosida (RKKY) exchange, where the metallic ions are coupled via itinerant electrons,
(2) super-exchange, here the exchange is mediated via different non-magnetic ions, (3)
anisotropic exchange interaction (also known as Dzyaloshinskii-Moriya interaction),
where the spin-orbit interaction plays a major role and often leads to canting of spins
by small angle [55]. In spinels, the unpaired spins of inter-site cations are coupled
through shared oxygen ions by super exchange process. This exchange constant ()
between A- and B-sites can be determined from Bloch’s theorem which will be
discussed later [42]. Therefore, for inverse spinel ferrites, TFe204 (T2*+ = divalent ions
like Fe, Co, Ni), a resultant ferromagnetic interaction get produced for the ferrites

where T2+ ions have unpaired electrons.

MR\

— SUperparamagnefic

Hc

— -
-
—
—-

Paramagnetic

————— Diamagnetic

Magnetization

Ferromagnetic
(Soft)
Ferromagnetic
(Hard)

Magnetic Field

Figure 1.8. Magnetic behavior of materials under the influence of an applied field
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Size of the NSs has an enormous effect on their magnetic behavior. Mscan be reduced in
nanoparticles than their bulk counterpart due to surface spin canting [56]. Moreover,
for bulk sizes, temperature dependence of Msis found to obey Bloch’s T3/2 law, where
the small nanoparticles show a deviation from this T3/2 nature trending towards
T2 [42,57]. In general, magnetic domains (10-1000 nm) in ferromagnetic materials are
separated by domain walls, which have energy associated with their formation and
existence. The domain-wall widths (wall energies) extend from 5nm (50mJ]/m3) for
hard magnetic materials and 100 nm (0.1mJ/m3) for soft magnetic materials [58].
Analysis of magnetic hysteresis behavior of ferro /ferrimagnets becomes simpler if the
magnetic domain structure is well-known. The possible domain structures can be
investigated in terms of Day plot which is a graphical mapping of Mgrs/Ms vs. Hcr/Hg
where Hcr is the value of the field under which the M - Hloop shows a remanence Mz =
0.5Mgs[59]. Naturally occurring hard magnets with larger exchange interaction
constant possess high magnetostriction and magnetocrystalline anisotropy [21]. In
contrast, when crystal grains are comparable to the size of the magnetic domains, then
the magnetic domains are pinned by crystal grain boundaries and show high inertia to
the applied magnetic field. Along with this, when the crystal size just reaches to the
single domain (SD) dimension from multi-domain (MD) upon scaling down the particle
size of ferromagnetic material, all the spins get aligned to each other and only rotation
of spins can take place, so the demagnetization becomes difficult increasing the H¢
value [42]. Further decrease in particle size leads to superparamagnetic nature of
ferro/ferrimagnetic NPs. In this case, without application of field, the NPs behave like
paramagnets, and with magnetic field, they behave as strong ferromagnets without
hysteresis loss and this property of NPs is highly used in switching devices and bio-

medicine [28].

Furthermore, magnetic properties are dependent on temperature. With
increasing temperature ferromagnetic crystals expand and the spin-spin exchange
becomes weaker. Above a certain characteristic temperature, Curie temperature ( 7¢),
super-exchange vanishes completely and the material becomes paramagnetic [60]. At

lowering temperature, spins tend to freeze on the surface of nanostructures, which
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increase both the coercivity and magnetization values of the material. For
antiferromagnetism, the characteristic temperature is known as Neel temperature ( 7u).
Above the temperature known as Blocking temperature (7p), both ferro and
ferrimagnetic nanoparticles exhibit superparamagnetic behavior manifested by rapid
and random magnetization reversals leading to a zero time-average magnetic
moment [4]. The parameters of magnetic properties largely depend on anisotropy of
the material, exchange interactions, and even frequency of the measurement. Therefore,

elaborate discussions on these phenomena are depicted hereafter.

1.5.1 Magnetic Anisotropy

In absence of any external magnetic field, sometimes there is an energetically favorable
direction for spontaneous magnetization depending on exchange interactions and
crystal axis called the ‘easy axis’ and this directional dependence of the material's
magnetic moment is known as ‘Magnetic Anisotropy’. In a material, the magnetic
anisotropy may arise due to the symmetry of the crystalline lattice and even from

specific shape of the nano-structured material.

1.5.1.1 Magnetocrystalline Anisotropy

The magnetocrystalline anisotropy is an intrinsic property of the material and the most
prominent contribution to the magnetic anisotropy, which is caused by the spin -orbit
interaction of the electrons. The spatial arrangement of the electron orbitals is strongly
linked to the crystallographic structure. Consequently, when the electron spins interact,
they force each other to align along unidirectional well-defined crystallographic axes.
The two models to describe the magnetic anisotropy are: (a) Neel model which says
that magnetic anisotropy arises due to the magnetic spin pair interactions and (b)
Single-ion or crystal field model that describes crystal field interactions with atoms
which are not essentially magnetic [55,56]. As the magnetocrystalline energy is
associated with the relative orientation of the total magnetization with respect to the
magnetic easy axis of the crystal, i.e. 8, the magnetocrystalline anisotropy energy can be

expressed as,
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E, = V(K, + K, sin” 8 + K, sin* 0) 1.2

Where, K, (1= 0, 1, 2 ...) are the magnetocrystalline anisotropy constants. For a single
crystallite, considering small & value, from magnetocrystalline anisotropy energy
expression, magnetization (My) at any applied magnetic field () can be written

(neglecting higher order terms) as,
My, = Mg[1— (a/H) — (b/H?)] + xH 1.3

Neel attributed constant a to the effect of inhomogeneity and defects inside the
crystallites or grain boundary and b is with stress due to anisotropy in the
material [61]. The b value is experimentally determined to be (0.07619 K2/ H?M?) and
this law of approach to magnetic saturation (LAS) is used most effectively for
measurement of the magnetocrystalline anisotropy on  polycrystalline

specimens [61,62].

1.5.1.2 Shape Anisotropy

The magnetic dipolar anisotropy, or shape anisotropy, is mediated by the dipolar
interaction of free magnetic poles causing stray or demagnetization fields. This
interaction tends to direct magnetic moments parallel to the surfaces to minimize the
magneto-static energy. The interaction is long range and hence its contribution is
dependent upon the shape of the sample. Shape anisotropy becomes important in thin
films and often produces in-plane alignment of moments. For shape anisotropy,

demagnetization factor is 0 for long cylinders, 1/3 for spheres and 1 for plates [56].

1.5.1.3 Surface Anisotropy

Surface anisotropy, first introduced by Neel, is related to surface and interfaces of
nanostructures and it is mainly observed in case of materials having complicated
structures and morphologies such as metal films, multilayer, rough surfaces and
especially in smaller particles. Generally surface anisotropy in nanoparticles is found to
be much higher than the bulk value which is due to larger fraction of surface ions in

smaller particle [63]. This superficial spins are disordered because they resides within

Page | 14



Chapter 1

an uncompensated coordination sphere due to broken bonds, vacancies and also due to
the bond formation with some organic molecules. Thus the surface anisotropy makes
the surface layer magnetically harder than the core region of a fine nanoparticle. For a

spherical particle the effective anisotropy energy (Kes) can be written as, K., = K, +
%KS, where Ky and Ks are the bulk (or, volume) and surface anisotropy constants

respectively and D is the diameter of the particle.

1.5.2 Super-exchange interaction and Bloch’s theorem

In spinel ferrites, the intra-site interactions (A-A and B-B) are direct exchange type and
inter-site interaction ie. A-B interaction is of super-exchange type where the
interaction between 3d cations mediates through 2p spins of non-magnetic oxygen
anions. The exchange constant (/45) between tetrahedral (A) and octahedral (B) sites
can be calculated experimentally from the fitting of Bloch’s law in temperature vs. Ms

curves.

According to the spin wave theory, demagnetization of ferromagnetic substance
from Ms(0)(Msat T = 0 K) with temperature, is due to the excitation of spin waves of
long wavelengths and the excitation energy €k of the spin waves can be written

as [20,42],
€, = Dk* + Ek* + guz(Hy + H,y + Hp) 1.4

Here D is the spin-wave stiffness co-efficient, Ho, Ha and Hp is the externally applied
field, anisotropy field and demagnetization field respectively. In general, at
temperatures well below 7g the temperature dependence of saturation magnetization

follows the Bloch’s law,
M (T) = Mg(0)(1— BT?) 1.5

where Bis the Bloch constant proportional to the inverse of exchange constant (/) and b
is the Bloch exponent which is 3/2 for a three dimensional system [63,64]. In small

nanoparticles, a clear deviation from Bloch’s law can be observed at low temperature,
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which is due to the presence of magnons having wavelength larger than the particle
dimension, and hence cannot be excited. Bloch exponent is found to be strongly
dependent on size of the particles, their chemical composition and synthesis route but
independent of structure of the nanoparticles. From the B values, exchange constant
between A and B sites (/45) can be calculated using the equation as given below [20,42],

[y = 18K G152 =5y) 0.05864 2/3
AB 1184 (Sp1+Sp2)  4B(Sp1+Sp2—Sa)

1.6

where for magnetite, S4 and Sp;are the spins of Fe3+ and equal to 5/2. S>= Zis the spin

of Fe2+* jons in octahedral site of Fe304 lattice.

1.5.3 Superparamagnetism

Single domain ferromagnetic substance below a certain critical diameter (dc) becomes
superparamagnetic. In terms of K anisotropy constant, /, exchange constant, o, the

free-space permeability and Ms d: can be calculated from, d. = \/]52 . In single domain,

HoMg

the magnetostatic energy becomes equal to the domain wall energy and also to
magnetic anisotropy energy. Below dcand above 73 thermal energy is sufficient enough
to invert the spin direction by overcoming the anisotropy barrier [4]. With presence of
external applied field, superparamagnetic nanoparticle magnetic moments attain rapid
random saturated magnetization. Therefore, superparamagnetic NPs allow better
control over the application of their magnetic properties as they provide a strong

response to the field.

1.5.4 Magnetic Relaxation

For small nanosized particles, after removal of magnetic field, spin flips to retain a
random position and reversal time depends on external parameters such as
temperature and measurement frequency and internals like anisotropy energy,

striction etc. The average time between magnetization reversals is given by Arrhenius

KV
like Neel-Brown expression, 7 = t,e *87°, where 1o is from 10° to 10-13 s, K the

anisotropy constant and Vis volume of the particle [65]. The magnetic relaxation curves
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(M versus time) are interesting to study for permanent magnetic materials to observe

their ability to store the magnetization in time duration. From Brownian and Neel spin-

t
spin relaxation, magnetization is found to decay exponentially with time, M(t) = Mye =,

where M(t) and My are magnetizations of sample at time fand ¢ = 0 and 7 is the

relaxation time constant [66].

1.5.5 Dynamic Magnetization

Ferrites are non-conducting oxides and therefore allow total penetration of
electromagnetic fields in it unlike metals and these have an increasing demand in high -
frequency applications such as telecommunications and radar systems [43]. At such
high frequencies, domain walls are unable to follow the field (dispersion of domain
walls typically occurs at ~ 10 GHz) and absorption of microwave power takes place by
spin dynamics [18]. The magnetic spins precess around their equilibrium orientation
under a torque at the frequency of external field to minimize the Zeeman energy (as
shown in Fig. 1.9). The net behavior of dynamic magnetization is explained by the

Landau-Lifshitz-Gilbert (LLG) equation of motion [67]. From a semi-classical approach,
torque (T) associated with an electron spin (S) is,%z T =MXH,;, where
M(= —yS)is the magnetic moment of an electron and Hesr is the effective applied

magnetic field. The equation of motion of the magnetization with additional damping

terms takes the form as,

M

_ a dM

Here, a is the Gilbert damping coefficient, y = ge/2mc, gyromagnetic ratio and Hef,
total field on the spins (external and internal). The resultant solution of this equation of
motion reproduces Globus' relation for the static case and further shows that the
dispersion frequency (£) varies as ~ D' (D = diameter of grains) for small grains and ~

D-2for large grain sizes [68].
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Figure 1.9. The precessional motion of the magnetization around the effective magnetic field
direction when damping is included

1.6 Dielectric Properties

In order to design high frequency circuits, it is essential to have vital understanding of
the electrical properties of materials especially the dielectric constant and loss tangent
at the operating conditions. Generally, materials can be classified into conductors,
semiconductors and insulators depending on their conductivity and into dielectric,
paraelectric and ferroelectric in terms of their polarizibility [69]. Ferrites normally
belong to semiconductor and dielectric range. The measurement of complex dielectric
properties of materials at radio frequency (RF) and microwave frequency is very
relevant especially in the research fields, such as material science, communication,
microwave circuit design and biological research [6]. Moreover, measurements in ac
frequency provide insights to the microscopic nature of the ionic conducting process
whereas technically more difficult dc measurements give less information of the entire
dynamic behavior of the sample. Hence, ac techniques are adopted to measure the
material properties such as bulk conductivity, surface, grain boundary effect, ionic
transport and double layer formation at the electrode/sample interface etc.[7].
Dielectric properties related to the polarization behavior, conduction and relaxation
mechanisms of a material vary with both external and internal parameters such as
frequency, temperature, pressure and also with the orientation, mixture and molecular
structure of the sample. For instance, Verway [5] attributed high conductivity in Fe304
due to the presence of Fe2+ and Fe3+ ions on equivalent sites (octahedral sites) whereas

high resistivity in ferrites such as NiFe204 or, CoFe204 etc is attributed to the occupation
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of B-sites by other divalent metal ions and trivalent Fe ions. Therefore, in the following

section, important topics related to dielectric properties of a material are discussed.

1.6.1 Impedance Spectroscopy and Permittivity

It is well-known that impedance spectroscopy is a powerful technique in the
investigation of dielectric properties of materials, such as conductivity (o), dielectric
constant (&), transport phenomena, interfacial capacitance, mobility of charges and
their equilibrium concentration etc [70]. When an ac signal with electric field strength
far less than breakdown voltage, is applied to a system, the impedance of the system

obeys Ohm's law, as ratio of voltage ( 1) to current (/) in the time domain,

V(t) =Vyexp(jwt) and I(t) = ljexp(jwt —0) 1.8

Z*(w)=|Z| cosO — j|Z|sin0 = Z' —jZ" =jw% 1.9

Here, Z'and Z"are the real and imaginary parts of complex impedance (Z%), w (=2mf),
angular frequency of the signal and C*is the complex capacitance of the dielectric
sample. As the relative dielectric constant or, permittivity (£*) of the material is related

to the capacitance in a way, £*= C*/Cy, from impedance it can be calculated from,

1 .
e =- -=¢ —j&" 1.10
jw CyZ

. £oA
Where, capacitance of free space, C, = %

(8.854x10-12F /m), area and thickness of the sample respectively. Expanding Eq. (1.10),
real and imaginary parts of dielectric constant in terms of impedance parts are,

, €0, A and d are free space permittivity

/
wCy(Z'242"2)

, 7"
£ =——————and &' =

wCy(Z'242"2) 111

Moreover, real part of conductivity can be found as ¢ = a)eoe" . Permittivity values show
the interaction of an external field with electric dipole moments of the sample. The &’
represents the amount of dipole or charge alignment (both induced and permanent)

due to polarization and £” measures the energy required to align the dipoles or move

ions. Loss tangent (tan 6, = i—,) is expressed as measure of energy loss from the material
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due to an external electric field. Generally, with rising temperatures, £* increases in
dielectric material with an increase in participating dipoles or ions. Frequency
dependence of €’ according to ideal Debye’s dispersion equation is,

(Eo—é‘oo) and " = (Eo_goo)wf 1.12

€ =&t Tind = Qtwn)d)

Where, €., and e(l, are the permittivity values at high and at low frequency respectively
and T is relaxation time constant. With increasing frequency &’falls as the polarizing
dipoles started lagging behind the field whereas €” exhibits a maximum at w = 1/7,
where the oscillating charges are coupled with the oscillating field and absorbs a
maximum electrical energy. Many materials show a non-Debye dielectric behavior
characterized by a broader asymmetric loss peak where greater than one ions are
responsible for dielectric dispersion. Cole-Cole, Davidson-Cole and empirical expression
proposed by Havriliak-Negami could describe the non-Debye behavior of the
material [71]. Electric modulus (M), defined as the inverse of relative permittivity,
comes into play for analyzing dielectric behavior at relatively higher temperatures,

where € usually becomes very high due to electrode polarization and carrier transport.

1.6.2 Polarization

In ferrites, the cations are surrounded by close packed oxygen anions and can be
treated as isolated from each other. Therefore, the electrons or holes associated with
particular ion will remain localized creating a potential well. For a carrier charge,
trapped at a lattice site in such deep well, its transition to a neighboring lattice site may
get activated by thermal activation or at higher frequency. This trapped charge is called
small polaron which is consequence of defect in the crystal lattice and gives rise to
polarization when an electric field is applied [72]. The migration of the charge carriers
as well as the characteristic features in dielectric properties largely depends on the
cation placement in A or B sites of ferrites. Moreover, the interaction of hopping of
electrons between cations through the following process gives rise to dipole pairs in

ferrites which make contribution in dipolar polarization [6]:
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T?+ + Fe3* & T3+ + Fe?*+Ea 1.13

where Ea is the activation energy, required for transfer of electron from T2+ to Fe3+ and

vice versa. This polarization originates from a number of sources:

Electronic: Electron cloud displaces relative to nucleus while external field is applied.
The required time for this type is the lowest (~ 10-1> s) and hence its small contribution

becomes prominent at optical frequencies.

Atomic: Atomic polarization occurs when adjacent positive and negative ions ‘stretch’
under an applied electric field. This is also a fast process as time required for response
is 10-13 s and this kind of polarization is effective at THz and microwave frequencies.
Along with dielectric relaxation, at high frequency, resonance-type dielectric response
takes place in the dielectric system inertial effects in charge movement or anomalous

dispersion is considered [73].

Dipolar: Alignment through orientation of dipoles in electric field is known as dipolar or

orientation polarization. This orientation polarization typically requires 10-9s.

Space charge: Interfacial polarization is due to space charge accumulation at the
structural interfaces of an inhomogeneous dielectric material. The trapped charge
carriers participate in this process and with increasing temperature, this kind of
polarization enhances as thermal agitation makes more carriers active. Its operating
frequency range is less than 107 Hz and takes place between microwave and radio-wave

frequency range atroom temperature.

As frequency increases, the slow mechanisms drop out leaving the faster ones to
contribute in ¢ values. A dielectric constant versus frequency curve showing different
types of polarization is schematically presented in Fig. 1.10. This dielectric relaxation
can be described through Maxwell-Wagner grain-grain boundary model for ferrites and

visualized in Cole-Cole plot.

Page | 21



Chapter 1

Dipolar
€;- ©/' (Rotational)

v

103 10¢ 10° 1012 1018
Frequency (Hz)

Figure 1.10. Dielectric response with frequency

1.6.3 Maxwell-Wagner Model and Cole-Cole Plot

Koops [74] suggested a theory in which conducting grains and insulating grain
boundary layers of ferrite material can be understood as inhomogeneous
polycrystalline dielectric structure, which is introduced by Maxwell and Wagner [75].
When an external electric field is applied, the charge carriers easily migrate from the
grain and get accumulated (space charge) at the resistive grain boundaries. This
process can produce large polarization and high £’at low frequencies. The presence of
inertia to the charge movement would cause a relaxation of dipoles to the polarizing
field which causes a finite phase difference with the field. After a sufficiently high
characteristic cut off frequency, the phase lag in the carriers becomes prominent and
hence &’ decays. At such frequencies, conductive grains become more active and

electron hopping takes place, thereby increasing the conduction in the material.

Cole-Cole plot is basically simple real part of impedance (Z) vs. imaginary part
of impedance (Z” plot that can portray Maxwell-Wagner two layer model and
represent the electrical processes taking place within the system and the relaxation
mechanism happening. A Cole-Cole plot for two layer model is described in Fig. 1.11. At

a particular temperature, a Debye type material shows a perfect semi-circular plot, for

Page | 22



Chapter 1

non-Debye type it is a distorted semi-circle and electrode-sample interface shows an
inclined line plot. The resistive and capacitive components of complex Z of grain and

grain boundary can be analyzed as shown in Fig. 1.11.

Figure 1.11. An illustration of Cole-Cole plot fitted with equivalent circuit for dielectric
properties of grain and grain boundaries

1.6.4 Conduction

In dielectric ferrites, as the frequency of the applied field increases, the conductive
grains become more active by promoting the hopping of electrons and holes between
Fe2*+ and T3+ ions and vice-versa, thereby increasing the hopping rate. Thus, a gradual
increase in conductivity with applied field frequency can be observed with a
simultaneous decay in polarization. The frequency dependence of conductivity is

related by a simple expression given by Jonscher’s power law [76]

Op (W, T) = 0, (T)+ Aw*(T) 1.14

Here, oac 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. Though the grain boundaries are resistive and may act as a
hindrance to the ionic transport, but the presence of large defect density in the

interfacial region contributes to the high conduction path. Thermal excitation facilitates
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hopping of charges by increasing mobility of charge carriers and carrier concentration.
Activation energy (taking it also as thermally activated) for dc conduction (Edc) is found

by fitting Arrhenius equation of conductivity to Inoac vs. 1/kgTplot atlow frequency.

1.7 Microwave Absorption Properties

,\
High frequency (HF) 3MHz-30 MHz <

Very high frequency (VHF) 30MHz-300 MHz

Ultra high frequency (UHF) 300 MHz-3 GHz
Lband 1-2GHz ﬁ
Sband 2-4GHz
Chand 4-8GHz
Xband 8-12GHz
Kuband 12-18GHz
Kband 18-26GHz
Kaband 26-40GHz
Uband 40-60GHz
Vband 50-75GHz
Eband 60-90 GHz
Whand 75-110GHz >
Fband 90-140 GHz X

Figure 1.12. (a) Frequency band designations over EM wave spectra (b) Orientation of the

E H k = ki vectors for a general plane wave

With the widespread evolution of technology, from wireless information transfer, global
navigation to radar (radio detection and ranging) communication, the demand of
ferrites is increasing rapidly for high-frequency applications [9,44,77]. Frequency band
designations over EM wave spectra are tabulated in Fig. 1.12(a). A recent survey shows
researches on ferrites in engineering is around 23% and as an effect on application, this
enhances the production quantity lowering the cost of microwave devices [78]. Ferrites
are ferrimagnetic oxides of iron which combine the properties of a magnetic material
with that of an electrical insulator [43]. Unlike highly conductive metals, they allow
penetration of electromagnetic (EM) waves into the material and due to high resistivity;
they lessen eddy current loss increasing scope of applications in high-frequency
devices. In non-reciprocal devices like circulators, fast sensors ferrite properties such as
high anisotropy, low FMR (ferro-magnetic resonance) bandwidth and low loss are

needed [43,79,80]. In contrast, for microwave absorbers, lossy material with broad
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resonance bandwidth and a proper matching of relative permittivity (¢ = & — j&") and

permeability (u = u' — ju") is essential.

In recent years, the unwanted side-effects from usage of high-frequency devices,
such as Electromagnetic Interference (EMI) became a serious issue [34,44].
Interference of EM waves from different sources results in misinterpretation of carried
information, noise and hence, slow down of devices. Moreover, this undesired wave
pollution is hazardous to environment also. Not only it is harmful to birds but it can
even deteriorate human health. Therefore, Electromagnetic absorbers (EMA) are in
serious need to suppress and shield unwanted EM waves [38,81]. EMA materials can be
implied in form of films in circuit components as frequency-selective band pass filters.
Further, in military field, from 19t century, there is huge use of EMA materials in
‘stealth technology’ to make the aircrafts or ships invisible towards radar
detection [82,83]. In spite of the ferrite domination in high-frequency devices, the main
drawback relies on their heavy weight because thin, light-weight, inexpensive yet
efficient microwave absorbers are most expected for practical applications [9,15,84].
To achieve this purpose, NHSs of ferrites can be an interesting morphology as they are
light-weight and can enhance both dielectric and magnetic losses. Ferrite based EMA
materials prevent reflection of EM wave and transform most of it as heat energy. In
relation with this dissipation of heat and rise in temperature of the material, ferrites
due to their lower thermal co-efficient and stability can act fairly up to 200°C [85]. For
the study and application purposes, ferrite fillers are usually dispersed into a favorable
polymer matrix and precisely to a shape. Over the years, there are numerous methods
developed for measuring permeability and permittivity. These techniques include free-
space methods, open-ended coaxial probe techniques, cavity resonators, full-body
resonance techniques, and transmission-line techniques [86]. Each method has its
range of applicability and its own inherent limitations. For example, techniques based
on cavities are accurate, but not broadband [86]. Among these, transmission line
techniques are the simplest and relatively accurate ways of measuring characteristic
properties of materials. In the following sections, detailed outline of transmission line

technique with EM wave theory related to microwave absorption is described.
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1.7.1 Related Electromagnetic Theory

Electric and magnetic phenomena, electromagnetic wave propagation at the
macroscopic level are described by Maxwell's equations, as published by Maxwell in
1873 and that provided a foundation for practical applications of guided waves and

transmission lines. Maxwell’s equations in a material are,

V-D=p 1.15(a)
V-B=0 1.15(b)
UxE=-2 1.15(c)
at
VxA=7+2 1.15(d)

=2 =

Here, D = eE+P= ¢E, is electric flux density, B= U (_I-T + M) = ,uﬁ, magnetic flux
density, p, free charge density and ] = oE, current density in the material. Orientation of

the E,H,k = kfi vectors for a general plane wave is schematically represented in Fig.

1.12(b). H can be written in terms of E as,

—__1 —jkF
H=——Vx (Eye*) 1.16(a)
=LME><EfOe—fK'F 1.16(b)
@Ho
= “—0 (7 x E) 1.16(c)
0

Considering wave equation, E= Eycosifwt + @)%, Maxwell’'s equations are in phasor

form,
V-D=p 1.17()
V-B=0 1.17(b)
VxE=—jwB 1.17(c)
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VxH=jwD+] 1.17(d)

Propagation of ac EM wave suggests permittivity of a material to be complex. In that

case, Eq. 1.17(d) takes the form below and dielectric loss tangent is defined again.
VxH=jw(e —je )E +oE 1.18

1.19

Solving forE orH from 1.17(c) and 1.17(d) gives Helmholtz wave equations.
VxVXE=—jouV x H = w?ueE 1.20(a)

V2E + w?usE = 0 1.20(b)

A constant k = w+/u¢ is defined as the propagation constant (also known as the phase
constant, or wave number) of the medium. For plane waves in a general lossy (with a

finite conductivity ) medium, the resulting wave equation for E becomes,
VZE +wue(1-jZ)E=0 121
Then a complex propagation constant for the medium is defined as,
y=a+jB = joeu 1—jc:—€ 1.22

where ais the attenuation constant and fis the phase constant. When an incident wave
enters in absorbing material, the wave exponentially decays with distance z by the

factor, e~#zand for low conductive material like ferrites, a is expanded as,

. 2 I/ n_n . r._n n I
a+jB =L JWe—ue) — j(e + i'e) 1.23(a)

c

a = —\/2: f \[ (W'e" —We)+ (e —We) + (e +u'e")? 1.23(b)

From 1.16(b) and considering modified Helmholtz equation, relation between magnetic

and electric field transforms to,
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H=-'E 1.24

jou

u

Here, 7 =jw7 is the intrinsic impedance of the conducting medium. For highly

conducting media like metal (high o), EM wave does not penetrate into material as the
skin-depth, § = 1/a = /j becomes much lower. The average power (7)) dissipated

in the volume V of a lossy medium due to conductivity, dielectric, and magnetic losses is
Py =>[E*dv+= [(e"E* + u"H?)dv 1.25

However, the contribution from magnetic hysteresis and domain wall resonance turns
out to be less important in low field and at high frequencies (£ > 100 MHz for ferrites)
whereas characteristic FMR and eddy current loss are much prominent in the GHz

region [18,87].

An EM wave propagating along the z-direction, when incidents on a media
interface, some part of it reflects and some passes through the material. Considering
normal incidence (as shown in Fig. 1.13), the expressions for incident waves (Ei, Hi),

reflected (Er, Hr) and transmitted (Et, He) will be,

(atz < 0) E, = XE e/ *o? 1.26(a)
H = y%Eoe‘jkOZ 1.26(b)
E, = &TE,e/ko” 1.26(c)
H = —y%Eoef"OZ 1.26(d)
(at z> 0) E, = XTE,e " 1.26(e)
H, = ygEOe_VZ 1.26(f)
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Here, I" is the reflection coefficient, 7, the transmission coefficient and 7y,
impedance of free space (~ 377 (). Since the tangential field components

continuous at z= 0, applying boundary conditions, obtained equations are

1+T=T
1L _T
Mo n

Solving the equations, I'and T can be expressed as,
— 170
n+ng

T=2L 14T
n+no

intrinsic

must be

1.27(a)
1.27(b)

1.28(a)

1.28(b)

Reflection loss (RL) related to reflected power of EM wave from a material is defined

from T value as, RL (in dB) = —201log|I’|. In this thesis, the sign for RL is taken negative

(—) as per convention.

The EM wave when gets confined to a waveguide, optical fiber or resonator,

different transverse modes are associated considering the boundary conditions of

transmission lines. The discussion is continued in the following section.

X
Ei EO’#O é’“u'la'
—_—
E,
E, -
_

Figure 1.13. Plane wave reflection from an arbitrary medium: normal incidence
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1.7.2 Transmission Line Analogy

Transmission lines are generally consisted of one or more conducting lines. The circuit
elements related to such lines are series resistance (R) for their length, series
inductance (L) from conductors, shunt capacitance (C) from parallel placed lines and an
additional shunt conductance (G) from added load [88]. Thus a transmission line is a
distributed parameter network, where voltages and currents can vary appreciably in
magnitude and phase over its length. Such transmission lines are compact, low in cost
and capable of being easily integrated with active circuit devices and therefore are of
significant importance in the analysis of microwave circuits and devices [89].
Transmission lines that consist of two or more conductors can only support transverse
electromagnetic (TEM) waves, characterized by the lack of longitudinal field
components. On the other hand, waveguides consisting of a single conductor, support
transverse electric (TE) and/or transverse magnetic (TM) waves, characterized by the
presence of longitudinal magnetic or electric field components respectively. From

Maxwell equations, fields with their transverse components are [90],

E(x,y,2) = [Ey(x,¥) + 2E,(x,y)|e 7F* 1.29(a)

H(x,y,2) = [Hy(x, y) + 2H,(x, y)|e 7F? 1.29(b)
and

H, =5 (we"’aiz - gk 1.29(c)

H, = _if_?(“’ 2L 4 ﬁ%) 1.29(d)

E, = —If—g(ﬁ a@iz + a),uaazz) 1.29(e)

E, =;—§(—ﬁ aa’iz wu%e) 1.29(f)
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where k, = Vk? — B?, is cut-off wave number. Solution for TE mode characterized by

E,=0 andH,# 0, from H,(x,y,z) = h,(x,y)e 7/’ and reduced Helmholtz wave

equation,

(i+—z+ k2)h, =0 1.30

For rectangular waveguide with breadth ‘a’ and width ‘b’, general solution of 1.30 gives,
h,(x,y) = X(xX)Y(y) 1.31(a)

h,(x,y) = (A cosk,x + B sin kxx)(C cosk,y+ D sin kyy) 1.31(b)

Considering the following boundary conditions on the electric field components

tangential to the waveguide walls,
e,(x,y)=0aty=0,b 1.32(a)
ey(x,y) =0atx=0,a 1.32(b)

The final solution for His then,

H,(x,y,2) = Ay cos——cos—>e 1.33

Where, the propagation constant for TEmn mode is f = \/kz — 12 [(;) T (E) ] The

. . . 1 2| (m z n z .
associated cut-off frequency is given by f, = =" [(z) + (;) ] The mode with

mn 2w
the lowest cutoff frequency is called the dominant mode which is here TE10 mode. Ata
given operating frequency f only those modes having f > f. will propagate, modes with f
< fc will lead to an imaginary £ (or real ), that means all field components will decay
exponentially from the source of excitation. Such modes are referred to as evanescent

modes that can cause overmoding; hence noise can originate in the signal.

Transverse electromagnetic (TEM) waves are characterized by £; = H, = 0.

Here, from 1.29, both k and B equals to w+/pe. The cutoff wave number, k, = \/k? — 82,

is thus zero for TEM waves. When a gradient of a scalar potential, ¢(x,y) arises between
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two conductors in a waveguide, TEM mode can propagate. Solving Laplace’s equation

between the two conductors,

VZh(x,y) =0 1.34(a)
E(xy) =V, ®(x,y) 1.34(b)

With the knowledge of possible wave mode propagation in transmission lines, to get
voltage (v) and current (i) definations of a two-wire line, circuit analysis is described.
The schematic reperesentation of a tranmission line with its components is shown in

Fig. 1.14.

i(z,0)
L + ]
vz, 0
L — ] ﬁ
Az Zz
i(z,0) i(ztAz,0)
= AAN——M —o
+ RAz LAz +
GAz § ——CAz V@EHALD
o 0

Az

Figure 1.14. (a) Voltage and current definitions and (b) equivalent circuit for an incremental
length of transmission line

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

di(zt)
ot

v(z,t) — RAzi(z,t) — LAz —v(z+Az,t)=0 1.35(a)

ov (z+Az,t)

i(z,t) — GAzv(z+ Az,t) — CAz P

—i(z+Az,t) =0 1.35(b)

For the steady-state condition, the 1.35 equations can be simplified into their phasor

forms,

Page | 32



Chapter 1

dv (z)

dz

+ (R+jwl)I(z)=0 1.36(a)
% + (G +jwC)V(z) =0 1.36(b)

Comparing these with wave equations for V(z) and /(z), with propagation constant,

Yy =R+ joLl)G +jwl),

V(z) = Vit (e + I'e’?) 137(a)
1(2) =" (e —rer) 137(b)

where the e77# term represents wave propagation in the +z direction, and the e’“term,

wave propagation in the -z direction. Characteristic impedance (Zo) of the circuit is

vt R+jwL
Z,=%= [ 1.38

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

defined as,

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

_ Ep In(b/a) _ ﬁln(b/a) _ _In(b/a)
ZO - 2mH, T AJe 2 n 2n 1.39

When transmission line is terminated in an arbitrary load impedance Z1, at load point,

vV Vv . _ .
Z,=-= HZO . Therefore, solving for ;~ gives,
D=4k 1.40
Vot T Z,+2,
At a distance z = —[ from the load, the input impedance (Zin) seen looking toward the

load is (from 1.37 and 1.40),

_ V(=D _ 7 Zy +Z tanh yl

= = 1.41
mo =) 0 Zy+2, tanh yl
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As a special case of this transmission line impedance equation, a line is terminated in a

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

Z, =Z,tanhyl 1.42

1.7.2.1 Rectangular Waveguide

The simplest and dominant propagation mode in rectangular waveguide with breadth
(a) and width (b) (a > b) is the so-called TEi0 mode and depends on longer side ‘a’.
Though TM mode can also propagate through this wave guide, its cut-off frequency is
much higher than TE mode. Being a closed conductor, it cannot support TEM waves
since the corresponding static potential in such a region would be zero or a constant.
Rectangular waveguides are used generally to transfer large amounts of microwave
power at high frequencies and material properties can be obtained accurately while
using this kind of waveguide. A schematic diagram of a rectangular waveguide and field

propagation in it is described in Fig. 1.15.

7Y
(a) ’ (b)

R e e R e e L

e s Ry

T T g ) (S S R

Figure 1.15. Geometry of a rectangular waveguide and field lines for TE1o mode

1.7.2.2 Coaxial Airline

Though TE and TM modes can propagate through coaxial airline, but TEM mode with its
no cut-off frequency remains the dominant propagation mode. As coaxial airline has no
restrictions in frequency, it is a broad band waveguide. Further, coaxial line is also
shielded like rectangular waveguide and can be used at high-frequencies. Geometry of a

coaxial line and field lines are shown in Fig. 1.16.
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(a)

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

1.7.3 Scattering Parameters

Microwave network analysis is more practical and simple procedure that interconnects
both the EM field theory and circuit analysis. At microwave frequencies as the
measurement of voltage or current is difficult, a clearly defined terminal pair is needed.
Impedance, admittance, scattering matrices of circuit theory are usually used as these
terminal or port quantities. This type of representation leads to the development of
equivalent circuits of arbitrary networks, which will be quite helpful in design of
passive components such as couplers and filters. For a multiple port network,

impedance, admittance and scattering parameters in matrix form are respectively,

V1= [Z]l1] 1.43(a)
(1] = [Y][V] 1.43(b)
[Vv=]=[S][V*] 1.43(¢)

For transmission line, at high RF and microwave frequencies direct measurement of Y
or Z parameters is difficult due to unavailability of equipment to measure port current
and voltage directly and difficulty of obtaining perfect opens/shorts. Under this
situation, direct measurements with the ideas of incident, reflected, and transmitted
waves are given by the scattering matrix. A specific element of the scattering matrix can

be determined as,
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1.44(a)

95
Il
SF

V. =0 k#j

In words, 1.43 says that Sj is the ratio of the reflected or transmitted wave amplitude

V" coming out of port /while the incident wave at port j is voltage Vj+. For a two-port

device the four S-parameters are S11, S21, S12, and Sz22. A schematic representation ofa 2-
port network defining its S-parameters is shown in Fig. 1.17. Here S11 and S22 are the
forward and reverse reflection coefficients and S21 and Si12 are the forward and reverse

gains respectively.

a4, a,
2-port
Network
€« —>
b, b,

Figure 1.17. Schematic representation of a 2-port network

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

S11 512]
1.44(b
] [521 522 (b)

1.7.4 Nicholson-Ross-Weir Algorithm

In cases we have a material under test (MUT) inside a wave guide or a coaxial airline,
the phenomena of reflection and transmission of incident wave is shown in Fig. 1.18(a).
Measurement using the Transmission/Reflection line method involves placing a sample
in a section of waveguide or coaxial line and measuring the two port complex scattering
parameters with a vector network analyzer (VNA). The conversion of S-parameters to
complex permittivity and permeability is computed by solving equations using different
algorithms. Nicholson-Ross-Weir (NRW) method is the most commonly used one for

measuring both p and € values of a magnetic material like ferrite. The determination of
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4 and evalues usually proceeds by solving a transcendental equation that involves the
sample length, sample position, and reflection coefficient [91]. The detailed steps of

NRW method are described hereafter.

The first step will be to obtain relations of p and € values with I'. Some parameter

expressions such asy, ke, n are recalled, y? = k2 — k2 k, = i—n (Ac = cut-off wavelength),

k = wepandn = MT“ Reflection co-efficient I' is written as,

<

0

_ —u-1
r=r1=% 1.45
n+ng TIH‘l
Where, yo is the complex propagation constant in the air. Solving for p,
— (N
N
. a)ze 21 2
p WG 1.47
N2 /2702 . :
oo \/(C_) ‘(ZTC) jon /FIO ‘ITIC
Defining 1= andfrom1.45 and 1.46,
A j2m
14T 1
e
S
Fromy? = (2n)? ;—2 — i—i], solving for & gives,
0 c
2
’102[717_(%) ] 2041, 1
— c " =20 |4 —
g=— =k [azﬂz 1.49

The next step aims at clarifying the relationship between I', y and the scattering matrix,
which carries the information of the incident, reflected and transmitted waves (as
shown in Fig. 1.18(b)). Assuming normal incidence in an isotropic material (S12 = S21),

the sum of reflected fields at the interface with the sample (I'in) is given by,

Ty = Ty + Tyl Toye 2 + Tyl M55 Tye 0 4 o 1.50(a)
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—2yL
Tip Ty Tpze” ™

—2yL
1-Ty Tp3e =4

r, =T+ 1.50(b)

Here I';j and Tj are the reflection coefficient and transmission coefficient of the wave
respectively that propagates from material ‘I’ to material ‘j. At the traditional setup,

material 1 and material 3 are air. Based on 1.44, we can conclude that

(@) L, L L, .
s ) S |
“
i EiI]C Etrans E
‘ Ereﬂ :
e
| [ oo I |

) I II III

T3, T, e
—
—— T, ;e 2t

~2jyL .
T2 Ty 23272 I, T, [Hze 2t

Figure 1.18. (a) Electromagnetic waves transmitting and reflecting from a sample in a
transmission line (b) Multiple reflection at three materials interfaces

Further, applying the boundary condition of continuality for tangential component of

electric fields across the interface,
T, =1+T, 1.52

Defining z = e *“and T = T;,, we obtain from 1.49(b),

2
2:E“Re[lected =S . = F(l_z ) 1 53
E e U1l T 2,2 '
incident

In a similar manner, the transmission co-efficient results in,
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—yL 2
Y Erransmitted — T3pThe Y _ (1_F )Z

Eincident 1-Tp Tpge~2rL 11272 =Sn 1.54
To obtain expression of I' and z in terms of S11 and Sz,
K= 1.55()
I?—2lK+1=0 1.55(b)
I'=K+vk?-1 1.55(c)

The quadratic equation of I' has two solutions. To determine the correct solution for a
passive medium, the physical restriction |I'| < 1 is used. From 1.52, 1.53 and 1.55(c¢),

= S oyl 1.56

1—(Sy; +S7,)T

While solving 1.55 for vy, the phase ambiguity problem arises. The measurements of
phase of S11 and of S21are ambiguous since the network analyzer is only able to detect a
phase between —m and +m. Moreover, a limitation in length of the sample [ < 4/2 also
exists. The possible corrections for the ambiguities in this method are discussed in the

following section.

1.7.5 Corrections and Polynomial Fit Model

The phase ambiguity is the main problem of the NRW method which makes the solution
not entirely analytical [91]. Difficulties arise with these transmission line techniques for
magnetic materials such that numerical singularities can occur at frequencies
corresponding to integral multiples of one half wave length (A/2). The most common is
to use a very thin sample to solve this problem. Furthermore, air gaps and over-moding
are two major problems encountered in transmission line measurements [86]. The
imperfections can cause evanescent waves near sample-material interface and hence
noise in the outcome. Among the possible ways to rectify the problems, two-sample
technique has disadvantage that it needs two samples of different lengths at a time. The

polynomial fitting technique is a newer method which assumes a functional
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relationship between the material properties and the measurement frequency. The

functional relationship is assumed to be an nth order polynomial [92],

oo}

Y, = 2m=g a,x" 1.57

Here the a; terms are constants; n is the order of the polynomial and the initial values

and order of the polynomial are guessed before fitting.

Gaps between the sample holder and sample either may be corrected with gap-
correction formulas or a conducting paste can be applied to external surfaces of the
sample that are in contact with the sample holder. Air gap in between interfaces can be
considered as layered capacitors [86]. This approach assumes that the gaps between

transmission line and sample are effectively modeled by a set of capacitors in series.
— ==+ = 1.58(a)

For a coaxial line,

C= f”—R_i 1.58(b)
R1
Solving for £ provides,
’ _ ’ LZ
=& 1.59(a)
e = (g, x ) Ls 1.59(b)

&
em'” Ly=Lyep AHES19)

Modeling transmission line as a series of inductors for the E-field gap,

where c, m, and air denote corrected value, measured value and air space. For a coaxial

line,

1 ..D
L=p'In( 3/D2) 1.60
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Therefore we can write for the corrected permeability,

He' =y 1.61(a)
n n L
He' =" T 1.61(b)
2
Where,
— a2 Dy
L;=1In D, + In D, 1.62(a)
L,=In2% 1.62(b)
2
Ly=In2t 1.62(c)
1

These gap correction formulas can be derived directly from Maxwell’s equations. At
higher frequencies, a frequency dependent term should be included with this
correction. For, rectangular waveguide, considering same models and H-field gap, the

corrected values for gzand sare,

I __ ! d
£ = Em oD 1.63(a)
" o__ ! i b
& =& () ToTh 1.63(b)
, r b b—d
He' =ty ()= ) 1.63(¢)
n n b
e = Uy 4 163(d)

Possible positions of air gaps after a sample inserted are depicted in Fig. 1.19 for coaxial

line and rectangular waveguide respectively.
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(a) (b)

Figure 1.19. Air gaps after a sample inserted in a (a) rectangular waveguide and (b) coaxial line

1.7.6 EMI Shielding for Single Layer Absorber

The diagram of an electromagnetic wave normally incident on an absorber and possible
interactions with the material is shown in Fig. 1.20. Shielding efficiency (.SE) is defined
as a parameter that measures amount of EM energy obstructed by an absorbing
material slab while passing through it. A normally incident EM wave (Ei) is usually
partially reflected at the air-absorber interface, labeled as Er which can be detected by
S11-open, partially penetrates through the layer, denoted as Er (Sz1), and partially
attenuated in the absorber, Ea. Therefore, three different processes namely reflection,
absorption and multiple internal reflections contribute to the whole attenuation,
corresponding to shielding effectiveness SEx, SE4 and SEwm, respectively [38,78]. Total
shielding efficiency (SE) can be expressed as sum of contributions from reflection ( S£z),

absorption (SE4) and multiple internal reflections (SEw).
SE (dB) = 1010g(Pt/P ) = SE, + SE; + SE, 1.64
I

Here, P is the transmitted power, and P; is the incident power of EM wave. The SE
components are defined as,
SEp (dB) = 10log(1 — R) , [where,R = |S;;]?] 1.65(a)

and

SE, (dB) = 101log[(T/(1—R)], [where,T = |S,,|*] 1.65(b)
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Neglecting minute effects from multiple reflections (SE,, = 20log[1 — 1010 ]) in a slab

and putting 1.64 in 1.63, total SE results in,
SE (dB) = 20log|S,, | 1.66

SER is related to the relative impedance mismatching between surface of the shielding
material and the EM waves whereas absorption loss results from ohmic losses and

heating of the material due to the currents induced in the medium.

Incident MW Reflection

/'1
,
’
’
rd
€ #
\ FIRRN
\ ’ \
\ ’ \ A
\ ’ \ ’ .
N v ¢ Absorption
A4 \n /7
\
\
\
\
Yy
Transmission

Figure 1.20. Schematic diagram of reflected and transmitted waves when an EM wave is
incident on a material

Absorber slab with a conducting metal backing follows Eq. 1.42 for impedance
and instead of transmission; EM wave gets totally reflected from absorber-metal
surface. The RL properties can then be directly measured by Sii-sworr, which is
coincident with the calculated value from the transmission line theory [93]. At a quarter
wavelength thickness of this system, EM waves reflected from the first and second
interfaces of the absorber are 180 degrees out of phase, resulting in destructive
interference. This matching thickness (#») is important for designing proper thickness
of the absorber for maximum shielding and it can be interpreted from quarter

wavelength (A/4) model as,

_ nc —
ty = == (1=135,..) 1.67
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where for odd values of n, reflected waves from two interfaces of the absorber become
out of phase. Therefore, optimizing the material parameters and thickness, RL can be

tuned for particular frequencies.

1.7.7 Brief Review on Available EMA

Recent advances on electromagnetic wave absorbing material show the evolution of
EMA materials from dielectric carbon based ones to complex ferrite-dielectric
quaternary compounds. Throughout the years, materials such as carbons, metal
powders, ferrites, oxides or polymers are merged, coated, doped into each other to get
required features and even different synthesis procedures are tested to vary their
characteristic parameters. For instance, Qiu et al. studied microwave absorbing
materials based on light-weight walnut shell-derived nano-porous carbon and a
maximum reflection loss of —42.4 dB at 8.88 GHz is obtained arising from dielectric
relaxation loss [45]. Liu et al. characterized ZnO coated Fe nano-capsules and found an
optimal RL of —57.1dB at 7.8 GHz [82]. A brief review is attempted in a form of table

summarizing the microwave absorption properties of different kinds of EMA materials.

Table 1.1. Microwave absorption properties of different possible EMA materials

Thickness

Materials (mm) RL (dB) Pe ak(grflg)ue ney Reference
Ba; CopoZn; 1Fe160,7 2.0 —33.6 12.0 [94]
FeSiAl 4.0 -39.7 1.4 [95]
SrZnCoFe;604; 2.6 =334 10.4 [96]
rGO/MoS, 2.0 -33.2 13.0 [97]
Fe;0,/C 3.0 =34.7 11.6 [98]
PEO/graphene 2.5 —37.8 16.4 [83]
D1.43um Carbon fibers 3.0 -22.9 7.6 [99]
NV/MWNT 5 wt% 4.0 -23.1 8.0 [100]
PPy/Fe;O,/PVDF 2.5 -21.5 16.8 [101]
Porous flower like Fe;O, 2.0 —28.31 13.2 [102]
Fe nanowire/epoxy 2.0 —47.0 9.4 [103]
FeNi@C 2.0 —47.6 3.17 [104]
Fe;0,/ SiO,/PVDF rod 2.5 —28.6 8.1 [105]
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Fe@NiFe,0, 1.5 —27.0 13 [106]

Fe nanoflake @SiO, 3.6 —20.0 7.3 [81]
Graphene/Fe;0,@C@Mn0O, 18 —38.8 15 [107]
RGO/Fe;0, 2 —27.1 5.4 [108]
CoFe,0,/rGO 25 —-37.2 11.6 [109]

1.8 Motivation of the Thesis

In the present scenario, electro-magnetic (EM) wave pollution become 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. In this context, ferrites for
their synergistic magnetic and dielectric properties are superior choice over traditional
dielectrics like carbon based materials or magnetic ultrafine metal powders. Though
there are several advantages, high density of ferrites make them heavy weight and
difficult to use them in practical applications. Preference of light-weight and size-
efficient EMA materials influences us to focus on nano-structures among which nano-
hollow spheres (NHS) are a new drift. Moreover, nano-structures possess unique
properties than their bulk counterparts and become significant for easy tuning of their
properties. To achieve an efficient broad-band EMA material, several techniques such as
chemical doping, hybridization of materials, morphology and size control are

introduced in this thesis.

The sizes and also magnetic nature of cobalt ferrite nanoparticles are varied in
order to explore different possible applications from bio-medicine to permanent
magnets of ferrites. Considering the scope of NiFe204 in high-frequency devices for its
high resistivity, the detail study of magnetic, dielectric and microwave absorption
properties of NiFe204 is performed which indicate that ferrites in the form of hollow
structures are much more efficient than their bulk and solid counterparts. Further,
study on tunable dielectric and magnetic properties of low-density NHS morphology of
transition metal based ferrites with substitution of different cations provides a map to
select a proper material for various applications. Motivated by the application of

ferrites as EMA material, further studies on ferrite NHSs are performed to find the best
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one for it. MnFe204 NHS is found to be most suitable for high-frequency applications as
an efficient low-cost microwave absorber. Therefore, a size-dependent microwave
absorption study on MnFe204 NHSs is executed and that results highest value of

reflection loss (RL) in 450 nm NHS with only 20 wt% filler loading content.

1.9 Thesis Organization

The entire thesis is divided into nine chapters. A brief outline of the chapters is given

below.

Chapter 1 gives a brief introduction about ferrite nano-structures with their crystal
structure, magnetic, electric and microwave absorption properties. Here we have also
discussed about surface modification of NSs and its consequences. Frequency
dependence of magnetic and electric properties, their origin and applications are
described here. Moreover, the motivation of thesis work and the outline of work

performed are also included.

Chapter 2 focuses on synthesis procedures, various instrumental techniques for

characterization and measurements.

Chapter 3 shows from the detail morphology dependent studies, nano-hollow spheres
of NiFe204 are found to exhibit favorable magnetic and dielectric properties compared

to their nanoparticles and bulk counterparts.

Chapter 4 presents a comparative study of permittivity, permeability, Reflection Loss
and Shielding efficiency on NiFe204 (NFO) nano hollow spheres with its nano particles
and bulk counterpart for widely used X-Band (8-12 GHz) on composites filled (25 wt%
and thickness of 2 mm) with each sample. Interestingly, light-weight NFO NHSs are

found to be highly efficient material towards microwave attenuation.

Chapter 5 describes detail studies on structural, magnetic and dielectric properties of
TFe204 nano-hollow spheres substituting different divalent cations. This study on

tunable dielectric and magnetic properties with substitution of different cations
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provides a map to select an efficient material for applications from high-frequency

devices to bio-medical field.

Chapter 6 demonstrates investigation of electromagnetic wave attenuation properties
of as-synthesized low-density TFe204 [T = Mn, Fe, Co, Ni, Cu, Zn] nano-hollow spheres
(20 wt% filled in epoxy resin matrix) within widely-used frequency range of 1 - 20 GHz.
Excellent RL and broad BW observed in MnFe204 NHS (50 wt%) makes it a cost-

effective promising EMA material towards mass-efficient high-frequency applications.

Chapter 7 exhibits EM wave attenuation properties of as-synthesized low density
MnFe204 NHSs in-detail, varying their sizes [mean diameter (nm) of sample sets =
100, 220, 300, 450 and 550 nm within frequency range of 1 - 20 GHz in order to obtain
light-weight, stable and cost-effective yet efficient EM wave absorbing material. This

study presents that the performance of MnFe204 NHS is optimized at 450 nm.

Chapter 8 reports the study of AOT-functionalized magnetic CoFe204 nanoparticles by a
modified wet-chemical method with the size range of 12-22 nm. This size variation is
found to vary their magnetic properties specially coercivity. Obtained high Hc ensure
the permanent magnetic characteristic of the material which have the potential to
replace the expensive rare-earth-transition metal-based permanent magnetic materials.
On the other hand, materials with comparatively low value of H¢ will be useful for
biomedical applications. Among the applications, surface functionalization on NPs is

found to enhance the EM wave absorption properties.

Chapter 9 draws the conclusion of this thesis and gives an idea about the scope for

future work.
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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.



Chapter 2

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
X'Pert PRO equipped with Cu Ka radiation at the scanning rate of 1° per minute in the
26 range of 20°-80°. A FEI QUANTA FEG 250 field-emission scanning electron
microscope (FESEM) (0.2-30 kV) and a FEG high-resolution transmission electron
microscope (HRTEM) (80-200 kV) 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 400-4000 cm-1.
Differential Scanning Calorimetry (DSC) and thermal gravimetric analysis (TGA)
measurements are performed using Q-2000 unit in the temperature range 300-500 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 1-20 GHz are measured using Anritsu
MS46122B Vector Network Analyzer (VNA). Each composite sample is properly
inserted in port-1 end of a coaxial airline (Maury Microwaves—8043S6) and set-up
calibration is performed using TOSLKF50A-20 kit for the measurements. Further
analysis from measured 2-port scattering (S)-parameters is executed with polynomial
fit model of Nicholson-Ross-Weir (NRW) algorithm based on transmission line

technique [1].
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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 to p-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.
In a chemical reaction, study of overall free energy changes (AG) associated with the
homogeneous nucleation process, corresponds to the minimum size of a stable
particle [4]. For a spherical particle of radius r, the surface energy y and the free energy
of the bulk crystal AGy, giving a total free energy AG, Eq. 2.1(a). The crystal free energy
itself, AGv is dependent upon the temperature (T), Boltzmann’s constant (kgs), the

supersaturation of the solution (S), and its molar volume (v), as defined in 2.1(b).
AG = 4mr?y +27r® AG, 2.1(a)

AG, = — T G) 2.1(b)

v 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 differentiating AG with respect to
r and setting it to zero, dAG /dr = 0, which gives a critical free energy and also a critical
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 Gibbs-
Curie-Wulff 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].
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Figure 2.1. (a) Nucleation and growth step in a classical synthesis (b) Free-energy diagram for
nucleation process

2.2.1 WetChemical Method

Wet chemical method is mainly a ‘bottom-up’ process to synthesize nanoparticles by
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 NiFe204 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
range between 0°C to 80°C depending on the materials dissolved in the solution. When
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

aggregate with the hydrophilic ‘head’ regions in contact with surrounding solvent,
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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 CoFe204 NPs which is elaborately described in Chapter 8 of the thesis.

PR
(a) (b) Hydrophilichead
Precursor Hydrophobic tail
Solution —}=
Thermometer :lJ A«”\
C . faTala .
Aqueous Solution
Magnetic Stirrer

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

NiFe204 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

24.1 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-Kz, A ~ 1.54 A) 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 Bragg's law [9],
2dsin 6 = ni 2.1

where, d, 6, n, A 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.

We have used RIGAKU MiniFlex II (6-26 system) and PANalytical X'Pert Pro
(6-6 system) X-ray diffractometer using Cu-Kq radiation (A = 1.54 A) to characterize
the samples for the present studies [10]. In 6-26 system, X-ray source is fixed and the
sample rotates at 8°/min while the detector moves at 26°/min whereas, in 6-6 system,
the sample stage is fixed while X-ray source and the detector rotate simultaneously at

an angular speed of 6°/min.

X-ray
Source

A , Detector

Sample® <
~

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. The objective lens is crucial for the final focusing of the beam to scan the sample’s
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

beam diameter varies between 5 nm to 2 pm.

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.
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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 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) 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 componentsina 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 (g) 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 ie. ¢ = AT /R, where R
represents the thermal resistance of the disc and AT; the temperature difference
proportional to the voltage difference (AV) between the thermocouple junctions. The

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

experiments using liquid nitrogen.
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Figure 2.8. Schematic presentation of DSC and TGA

Page | 68



Chapter 2

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.

24.5 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
4000—400 cm'! (30-1.4 pm) is usually applied to study the fundamental rotational-
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->-106 emu [14]. Working principle of VSM is based on Faraday’s law of induction
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
magnetizes the sample. As the sample vibrates mechanically, according to Faraday’'s law
of induction, the change in magnetic flux density that links with pick-up coils will

produces an emf (V) as,
V =—do/dt 2.2

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

number of turns,
V =—(NA)dB/dt 2.3

where, B = u,H, is the magnetic flux density, po, permeability of free space and #
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 (A B) is given by,
AB = p,M 24
Then the induced emf in the pick-up coils can be expressed as,
Vdt = —p,(NA)M 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
mechanical vibrator’s frequency is set to the reference of the lock-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
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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 () range of 10 Hz - 5.5 MHz in
Chapter 5, an Impedance Analyzer within a frequency (£) range of 40 Hz - 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 4294 A

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 (2)

takes the form,
Z"=R—-jX=127.6 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-8 plots, material properties such as

permittivity (&), loss-tangent, Q (quality)-factor can be easily calculated.
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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 S-parameters 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.
Variable ——— | Level Adjustment
Frequency @ -
Source —_— j SWi1
e
Splitterl 1 2 Splitter2
\ DC1 DUT DC2 r/
L——— DI :El — |
[— ]  Pa1 P1 P2 pcz [ |
Reference
@ Oscillator
+ ¥
"+ TEST1 TEST2|+
| -
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 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 Sz1. 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
a calibration procedure. The simplest one for this purpose is ‘SOLT’ i.e. ‘Short’, ‘Open’,
‘Load’ and ‘Through’. Modern network analyzers have data stored about the devices in a

suitable calibration Kit.
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Figure 2.14. Microwave properties measurement set-up in our laboratory
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NiFe204 Nano-Hollow
Spheres with Improved

Chapter 3 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 - 110 MHz) and temperature (30°C - 300°C) dependent electric properties are

studied in detail.



Chapter 3

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]. NiFe204 (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 Mg 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].
Though by definition, the nanomaterials should have dimensions <100 nm, NHS, with
size > 100 nm, also behave like nanomaterials because of their shell thickness 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 CoFe204 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 CoFe 204 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 CaCusTisO12 [18]. Moreover, Yang et
al. [11] and Li et al. [19] had optimized the efficiencies of ZnFe204 NHS and NiFe204 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 etal. [20].

In this report, from the detail morphology dependent studies, NHS of NiFe204 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 respectively. Variation of
dielectric properties such as permittivity (&), dielectric loss (tand) and ac conductivity
(0ac) 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
and the conduction mechanism is explained by Jonscher’s power law. 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, NiClz, 6H20 (0.36 g) and FeCls, 6H20 (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 NiFe204 nano-hollow spheres is shown in

Fig. 3.1 and the possible chemical reactions are as follows:
Ni(NH), — NH; + HCNO
NH; + H,0 - NH; + OH™
Nit? + 20H~ - Ni(OH),
Fe*3 + 30H™ & FeOOH + H,0

Ni(OH), + 2Fe00H — NiFe,0, + 2H,0 + H*

%0 0+0°C

Figure 3.1. The schematic illustration of the formation mechanism of CoFe;04 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 NiClz, 6H20 and FeCl3, 6H20 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 K«
radiation at the scanning rate of 1° per minute in the 28 range of 20°-80°. A FEI
QUANTA FEG 250 field-emission scanning electron microscope (FESEM) (0.2-30 kV)
and a FEG high-resolution transmission electron microscope (HRTEM) (80-200 kV) 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 (p) 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 p = m/V .

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. 22-1086).

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

kA
B.cos 6

NHS and 42.5 nm for bulk using Scherrer formula, D = , where D is the crystallite
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size, k, the Scherrer constant (here ~ 0.94), A, the working wave length, S, the FWHM of
the selected peak in radians and 6, the XRD peak angle in degrees. Lattice constant is
found to be 8.362 A for NHS and 8.373 A for Bulk as estimated from XRD using Bragg’s
law. The theoretical XRD density (p¢) for NFO NHS is calculated as 5.37 g/cc from the

equation, p, = %, where M is the molar mass of NFO, Na is the Avogadro number, and
A

V is 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 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. Bulk NFO is in pm size range and NFO NPs are of around 100 nm. 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 it's 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 0) 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), Hcand Mg 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 Hcand Mg
with increasing temperature. The increase in Hcand Mg 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 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/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.

ZUUIN
e—

OK

Figure 3.4. (a) TEM micrograph of NFO NHS, (b) HRTEM image showing distance between
diffraction planes, (¢) 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: Hcand remanent
magnetization (Mg) vs. temperature plot
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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 ( Ke# = 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 (Kr). As the cationic distribution of NFO at nanoscale is
concerned, both the increase in anisotropy and cationic movements are responsible for
the increase in Hg Mgand Msvalues 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 H; Mgand Msvalues than

NPs [12].

3.5 Dielectric Properties

7004~ —o— NFO Bulk
00l .~ NFO NHS
| ——NFO NPs
500 4 ‘ 4
1% 4 at 30°C
~. 4004 %
‘-0 1 oog;.:: A
%
d X
2004 !
100 -

log (@)

Figure 3.7. Frequency dependence (40 Hz-110 MHz) of &’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 (&) is related to the polarization while the imaginary
part (&") is associated with the energy dissipation. High obtained value of €' indicates
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 (Z =Z’- iZ") - phase () data as [25,26]

’ 7"
T wCy(Z'%+2") 3.1
=" 3.2

wCy(Z'?+2"%)

where Cois the capacitance of free space and is given by €, = %, d, the thickness, A, the

surface area and €y, the dielectric permittivity of air.
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Figure 3.8. Frequency dependence (40 Hz-110 MHz) of (a) real (¢) and (b) imaginary (&)
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dielectric loss (tand) with frequency and temperature and (d) ac conductivity (ox); inset: fitted
curve to find s value according to Jonscher’s power law

A preliminary frequency dependent £’study at room temperature, as shown in
Fig. 3.7, reveals NFO NHS contains greater value of £’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 &’
increases. Therefore, the frequency dependence of dielectric behavior of NFO NHS at
different temperature (30°C - 3000C) for the frequency region of 40 Hz to 110 MHz is
plotted in Fig. 3.8. £; £”and dielectric loss (tan§ = & /¢") 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 £’and £”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 £'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/MWCNTSs 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 £’ 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 tand decreases with increasing frequency and remains unchanged further as the
space charge accumulation decays resulting higher ac conduction.

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

o)

w = w&E", where w = Znfis the operating angular frequency [34,35]. However oacis
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attributed to the dielectric relaxation caused by the localized electric charge carriers,

which obeys Jonscher’s power law:
Ope (@, T) = 0,4, (T)+ Aw*(T) 3.3

Here, o4c 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 oz at different temperatures is
shown in Fig. 3.8(d). It is observed that oac starts to increase with increasing frequency
above 200 kHz; below that it shows almost frequency independent behavior. From the
fitted curve of log oa vs. log w, according to Jonscher’s power law, s values are
estimated to be ~ 0.198 and ~ 0.351 at 300°C and 100°C 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* & 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 Fe?*, and hole transfer between Ni2*+ and
Ni3+. Moreover, the variation of £’as well as oac 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 &’ 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

Page | 90



Chapter 3

hopping takes place between Fe2*+ and Fe3+ present in two adjacent B sites (having

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

(Oac).

The complex impedance spectroscopy represents the electrical processes taking
place within the system and the relaxation mechanism happening. No peaks in £”vs. log
(w) 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].
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Figure 3.9. Frequency dependent plots of (a) real (Z9 and (b) imaginary (Z”) parts of
impedance at different temperatures (c) Activation energy (E) calculation from In 7 (7 =
1/21fax) vs. 1/ks T plot; inset: Eq. from In ouc vs. 1/ks T graph (d) Cole-Cole plot (Z’vs. Z”) for
NFO NHS at 100°C, 200°C and 300°C; inset: fitted curve of Cole-Cole plot for NFO NHS at 200°C
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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 Z’
and Z”at different temperatures for NFO NHS. At a particular temperature, Z’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 gac vs. frequency curves shown in Fig. 3.8(d). Z”vs. log (w) plot shows a broad
peak which shifts to higher frequency with rise in temperature. Both Z’and Z”decrease
with increase in temperature at a particular frequency. The broadness of these Z”peaks
(Fig. 3.9(b)) assures the existence of non-Debye relaxation peaks that would be due to
the presence of space-charge relaxation at low frequencies. More precisely, in this
frequency region, 3-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:

E
T = T, exp (kTT) , wheret = 3.4

27 fnax

Here ris dielectric relaxation time which decreases with increase in temperature, kg is
Boltzmann constant, 7" 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 In oacvs. 1/kg T 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 Cole-Cole plot (Z’ vs. Z”) 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 Z’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 (Z; 2" = (0, 0)).

Table 3.1. Rg, Cap, Rgand Cg values for different temperatures

Operating Reb Ceb Rg Cg
Temperature  (MQ) (pF) (MQ) (pF)
100°C 1.153 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 inverse of relative permittivity, is a powerful tool
for analyzing dielectric behavior at relatively high temperatures, where & 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 Mg with frequency at
different temperatures which also support the previous experimental results on
dielectric properties. From a very low value (~ 0), M’ 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 M’ which may suggest two different natures of mobility of charge carriers for before
and after the peak. Relaxation peak (M"max) 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 (M) and (b) imaginary (M”) parts of electric
modulus at different temperature

3.6 Conclusion

In summary, we have successfully synthesized crystalline NiFe204 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 Msand Hg 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 g Z, tand
and o0ac 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
Jonscher’s power law and the activation energy is relatively lower than that of other
ferrites. 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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NiFe204 Nano Hollow
Ch apter /. |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 - 12 GHz) range. Incident
electromagnetic wave is found to be trapped inside the hollow core of NiFe204 NHS and

cause interesting phenomena regarding its microwave absorption.
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4.1 Preamble

With the widespread usage of wireless communication devices in recent years,
electromagnetic interference (EMI) or wave pollution has become a serious problem to
the environment and also to the advances in technology [1-4]. Therefore, EM wave
absorbing materials are in need to shield unwanted waves. Moreover, microwave
absorbers (MA) are also popular in military and civil applications to avoid information
stealth. Within the electromagnetic spectrum, X-band (8-12 GHz) is extensively used in
radars and communication networks [5]. In search of light-weight, broad band, low
cost, thin and efficient MA, materials such as carbon-based materials, conductive
polymers with significant dielectric loss and materials such as ferrites, ultrafine metal

powders with large magnetic loss have been broadly used [6-10].

Among the above mentioned materials, ferrites have combined effect of
relatively better permittivity (£) and permeability (x) which ensures higher impedance
matching, broader bandwidth (BW) and higher reflection loss (RL) [2,11]. NiFe204
(NFO) being one of the most significant spinel ferrites due to its specific qualities such
as low coercivity (Hc), large saturation magnetization ( Ms), high Curie temperature ( 7¢)
and electrical resistivity, is an important candidate as MA [12]. To achieve a light-
weight and size efficient yet thermally and chemically stable absorbing material, nano
hollow spheres (NHS) of ferrites are found very promising [2,5]. Their high Ms large
surface area, low density, ability to withstand volume changes due to changes in
temperature and pressure enable them to be used in wide varieties of applications in
the fields of biomedical research [13], high frequency magnetic devices [7], ferro-
fluids [14], Hydrogen evolution reaction [15], super capacitors[16] and Li ion
battery [17]. Moreover, the inner cavity causes repeated internal reflections and large
surface area enhances permittivity as well as dielectric loss and thus increasing their

applicability as MA [5,7,18].

During the past decade, a number of researches had been carried out on
microwave absorbing materials [3,6,19-21]. Morphology control, chemical doping and

composite materials have become a promising strategy to enhance the EM wave
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attenuation capability [22-24]. Liu et al. characterized ZnO coated Fe nanocapsules and
found an optimal RL of —57.1dB at 7.8 GHz [4]. Li et al. [19] and Khan [25] reported
microwave absorption (MA) properties of NFO and cobalt ferrite respectively. Che et al.
studied the same for Fe304-TiO2 hetero-structures to enhance the RL and absorption
frequency range [26]. EM wave absorption properties of ZnFe204 and Fe304 NHS were
studied by Yang et al. [2] and Liu et al. [7] respectively and an optimal RL were found ~
—45 dB for ZnosFe2404and ~ —42.7 dB for Fe304.

From our previous work, NFO NHS was found to have improved magnetic and
dielectric properties than those of its other morphologies such as NFO nanoparticles
(NPs) and bulk NFO [27]. In search of lightweight, broadband and stable microwave
absorbing material, here we have presented a comparative morphology dependent
study of microwave properties on Nickel Ferrite (NFO). A comparative study of
permittivity (&), permeability (), Reflection Loss (RL) and Shielding efficiency (SE) on
NFO nano hollow spheres (NHS) with its nano particles (NPs) and bulk counterpart has
been performed for widely used X-Band (8-12 GHz) on composites filled (25 wt% and
thickness of 2 mm) with each sample. Interestingly, NFO nano hollow spheres (NHS)
are found to be highly efficient material towards microwave attenuation. An optimal RL
of ~ —59.2 dB is obtained for frequency ~ 11.7 GHz with a broad band-width (BW) of ~
(9.18 - 12) GHz having RL < —10 dB (absorption >90%). Hollow cavity of NHS leads to
a lower density (~ 3.91 g/cc) as well as multiple internal reflections, which enhances
wave absorption. Excellent impedance matching with free space, accompanied by
proper dielectric and magnetic loss contributes towards maximization of RL for NHS.
These properties enhance the potentiality of NFO NHS as an efficient microwave

absorbing material suitable in various microwave devices.
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4.2 Experimental

4.2.1 Synthesis Procedure

NFO NHS is successfully synthesized by a low cost and template free solvothermal
process using oleylamine as capping agent [27,28]. Here Oleylamine micelles control
the growth of NHS and Ostwald ripening method is considered as the mechanism for
formation of NHS [7,28]. NFO NPs are prepared using the same process except the
synthesis time is lessened (15 h) whereas Bulk NFO is synthesized in a wet-chemical
combustion method and the as prepared powder sample is annealed at 900°C for
4h [27].

The detailed chemical synthesis procedure is described in the previous chapter.

4.2.2 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 K«
radiation at the scanning rate of 1° per minute in the 26 range of 20°-80°. A FEI
QUANTA FEG 250 field-emission scanning electron microscope (FESEM) (0.2-30 kV)
and a FEG high-resolution transmission electron microscope (HRTEM) (80-200 kV) are
used to study the size, shape and morphology of NHS. All the relevant magnetic
measurements are carried out using a vibrating sample magnetometer (VSM) (Lake
Shore). Microwave properties of the samples are measured using an Agilent EB364B
Vector Network Analyzer (VNA). For the microwave measurements in the X-band the
samples are prepared as, 25 wt% of each powder Nickel ferrite samples are mixed with
Epoxy Resin matrix and the mixture is poured and hardened in a precise Teflon mould
to construct the final composites in rectangular form with length, a = 22.56 mm,
breadth b = 10.24 mm and thickness, d = 2.0 mm. Analysis from 2-port scattering (S)-
parameters measured in transmission line technique is performed using Nicholson-

Ross-Weir (NRW) algorithm.
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4.3 Results and Discussion

4.3.1 Crystallography and Morphology

X-Ray Diffraction (XRD) curve with Rietveld profile refinement is plotted for NFO in the
inset of Fig. 4.1. The peak profile and background for NFO sample are described by the
Thompson-Cox-Hastings formulation of the pseudo-Voigt function and Chebyshev
polynomial for Powder XRD data. Additionally, the scale factors, lattice parameters,

oxygen positions, Debye-Waller factors and zero-point offset are refined [29].

Figure 4.2(a) and 4.2(c) represents the Field Emission Scanning Electron Microscope
(FESEM) micrographs for NFO NHS and bulk whereas Fig. 4.2(b) and 4.2(d) are the
Transmission Electron Microscope (TEM) micrographs for NFO NHS and NPs
respectively. From the study of crystallographic phase using XRD and morphological
characterization using FESEM and TEM, it is found that NFO NHS has an average size of
~ 228 nm (outer shell width ~ 55 nm) with crystallite size ~ 23.6 nm [27]. XRD pattern
confirms the single phase inverse spinel face centered cubic structure of NFO, as
reported in the literature (JCPDS file no. 010-0325). The estimated tap density of NFO
NHS (~ 3.91 g/cc) is much lower than that of its bulk counterpart (~ 4.78 g/cc) [27],
which is favorable to achieve a light-weight MA.

Yobs
— Yeal
— YobsYcal
| Bragg Positions

(311)

Intensity (a.u)

26 (Degrees)

Figure 4.1. X-Ray Diffraction plots of Bulk NFO with Rietveld profile refinement is plotted
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Figure 4.2. FESEM micrographs of the as-prepared (a) NFO NHS, (c¢) NFO Bulk and TEM
micrographs of (b) NFO NHS, (d) NFO NPs; Inset of (b): XRD plot for NFO NHS

4.3.2 Magnetic and Dielectric Properties

Variation of real (&¢") and imaginary (&7 values of dielectric constant with frequency (5
are shown in Fig. 4.3(a) and 4.3(b). £’remains almost ~ 1.8 for NFO NHS throughout
the frequency region whereas for NFO NPs and bulk, it slightly increases upto 9.6 GHz
and then decreases with increasing frequency. It is well-known that £’ is related to
polarization of a material and for inverse spinel NFO, dipoles formed with Fe?2+-Fe3+

cations present in tetrahedral (A) and octahedral (B) sites respectively, are responsible

Page | 103



Chapter 4

for the polarization [30]. Larger surface area of NHS leads to higher polarization which
enhances £’and as the dipoles can not comply with increasing frequency, £'reduces at
higher frequency. £”as a function of £ shows an inverted cusp like behavior. For NHS,
the value of £”is ~ 0.9 at 8 GHz and ~ 2.6 at 12 GHz with minimum value of ~ 0.43 at
9.81 GHz. Corresponding values of £”at the respective frequencies are ~ 1.73, 1.86 and
0.30 for NPs and ~ 1.64, 2.6 and 0.50 for bulk NFO. £”is related to energy dissipation of
dipoles and according to resistivity, p ~ 1,/2mfeoe”, lower value of £”gives rise to higher

resistivity of the material which is an important parameter for MA [4].

4
(a) e== NFO Bulk «== NFO Bulk
e NFO NHS 3 == NFO NHS
- 2. <. 34
N\ -
‘ W
1+
14
0
§ 9 10 11 12 § 9 10 11 12
0 Frequency (GHz) Frequency (GHz)
== NFO Bulk (©) Incident wave it .
55] —— NFO NHS K Q’ M}lltllll)le Reflections
" === NFO NPs m nolow core
Q2.0 —— -
-~ Large Interfacial
S 1.5- (d) arca
: Ni**+Fe* > Ni**+Fe?*
1.0 Strong Cationic exchange and
; 5' higher structural strain
T8 9 10 11 12
Frequency (GHz)

Figure 4.3. Frequency dependence (8-12 GHz) of (a) real (&), (b) imaginary (&£ values of
dielectric constant and (c) dielectric loss (tand:), (d) A schematic approach showing reasons
behind high EM wave absorption for NFO NHS
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/

In Fig. 4.3(c), dielectric loss, defined as tand: = £”/ &, is found to increase with
frequency in a stiffer way for NHS than NPs and bulk. In case of NHS, it can be presumed
that tand: is not only arising from the movement of dipoles but also owing to multiple
reflections in internal hollow core causing tand:to increase sharply. Thus increase in
polarization area and combined effect of higher resistivity with dielectric loss in NFO
NHS makes it more suitable towards electro-magnetic wave absorbing materials. A
schematic approach showing reasons behind high EM wave absorption for NFO NHS is

depicted in Fig. 4.3(d).

: 20
= = NFO Bulk (b) — NFO Bulk
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Figure 4.4. Frequency dependence (8-12 GHz) of (a) real (¢, (b) imaginary (1" values of
dielectric constant and (c) magnetic loss (tand,), and (d) p"(u")-2f-1 versus frequency; inset of
(d): M-Hplots at 300 K for NFO NHS, NPs and Bulk
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Variation of real (¢’ and imaginary (x”) parts of permeability with frequency (/) are
shown in Fig. 4.4(a), 4.4(b). It is observed that x”decreases with frequency for all the
NFO samples and u”becomes almost constant with frequency after decreasing till ~ 10
GHz. From the previous study of magnetic properties of NFO samples (also shown in
inset of Fig. 4.4(d)), it was found that at room temperature (~ 300 K) coercivity ( Hc)
and saturation magnetization ( Ms) 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) [27].
According to the Landau-Lifshitz-Gilbert (LLG) equation, dynamic magnetic properties
of the soft ferrimagnetic materials are strongly related to the parameters like magnetic
anisotropy and Ms [2,3,31]. High value of both H¢and anisotropy for NHS restricts u
value from being highest for NHS. Moreover, according to Globus equation,
p o< (Mg2D / KY?), where D is the crystallite size and K is the magneto-crystalline
anisotropy constant [2]. From the micro-structure of the samples, smaller crystallite

size, D, of NHS enhances K'which also suppresses z’[3,4].

From Fig. 4.4(c), magnetic loss tangent, defined as tand, = u”/ i’ is found to
follow almost the same trend with £ as shown in case of x” (Fig. 4.4(b)). In general,
dynamic magnetic loss mostly arises from magnetic hysteresis, domain wall resonance,
eddy current effects, natural and exchange resonance. Here, the first two contributions
can be excluded for NFO samples in 8 — 12 GHz frequency range [10]. From the natural
resonance equation [4], 2nf, = (4yK)/(3u,Ms), where y is gyromagnetic ratio (~ 2.8
GHz/kOe for ferrites), resonance frequency ( £) is found ~ 1.8 GHz for NFO NHS which
is much lower from X-band regime. Therefore in our concerned frequency region,
resonance should not have significant role in magnetic loss. The eddy current loss
contribution to the i’ can be expressed as [32] u”"~ 2muyu'?(d%o)f, d, thickness of the
sample, o, electrical conductivity, po, permeability of free space. According to this
equation, if #”(or tand;) only originates from the eddy current loss, the values of p"(u')-
2f-1 will be constant with frequency [33]. Further, to know the probable cause of
magnetic loss, nature of pu"(n')2f1versus frequency curve is plotted in Fig. 4.4(d). It can

be noticed that there are no peaks in the curve and the value remains almost constant in
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this frequency region. Therefore, eddy current loss has overpowering contribution in z”

(or tandy) than other causes which may be related to the large size of NFO samples [10].

4.3.3 Microwave Properties
Reflection loss (RL) measurement of a sample is a popular way to ensure the
importance of the material as microwave absorbers (MA). Here RL is calculated

following these equations:

1
Zy, = 2, anh[j (%) (u,£,)7] 41

Cc
RL = —201log|(Z,, — Z,)/(Z,, + Z,)| 4.2

where ur (=pu™- iu”) and & (= €™~ ie”) are relative permeability and permittivity of the
material, £ the frequency of EM wave, c, velocity of light, d, absorber composite
thickness, Zo and Zin are impedance of free space and input impedance of absorber
respectively. These equations are simplified equation for RL estimated under metal-
backed condition and based on transmission line technique. To acquire knowledge
about optimum absorption properties from dielectric and magnetic properties of a
sample, the above equations can be implied whereas RL vs. f curve directly follows

S11_shortvs. fcurve while using metal-backed material itself [34].

0
| —e—NFO NHS —=—NFO NPs ¢
i | - ,;z.»\ ) : 24 (b)
20]==NFOBulk O 2 4
~ 1 ., BT = NFO Bulk
=] 30 3.0 E -6+
i | S w== NFO NPs
— > «== NFO NHS
404 w59 @
=% -10.5-
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-504 7 1.5{__ NFO NPs y
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— et e ye—— ST ———————————
8 9 10 11 12 8 9 10 11 12
Frequency (GHz) Frequency (GHz)

Figure 4.5. (a) Variation of reflection loss (RL) and (b) total shielding efficiency (SE (total))
with frequency (8-12 GHz) for all the samples; Inset of (a): V (1'/€") vs. Frequency
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Figure 4.5(a) shows the frequency dependence of RL in 8 — 12 GHz range for all the
samples. In this frequency region, two peaks of RL are observed for NPs (—19.8 dB at
9.83 GHz and —51.9 dB at 11.6 GHz) and NHS (—22.2 dB at 9.85 GHz and —59.2 dB for
11.7 GHz). For bulk with less surface area the peaks are shifted towards higher
frequency probably following the relation fpeak ~ 1/Area. Therefore one peak (—18.2 dB
at 9.96 GHz) is observed and perhaps the second peak moves beyond X-band. The
observed value of optimal RL ~ —59.2 dB for NFO NHS, is comparable with that from
previous researches, —65 dB for octahedral Fe304/RGO composites [9], —57.1 dB for
ZnO coated Fe NPs [4], —42 dB for PANI coated flaked NFO [19], —42.7 dB for hollow
magnetite spheres [7] and —45 dB for ZnosFe2.404 NHS [2].

Generally, the reason behind RL can be attributed to (i) higher transmission of
the incident wave which requires better impedance matching and to achieve this, closer
values of 1" and £’ is needed to make V(i'/e") ~ 1 (ii) high value of dielectric and
magnetic loss [2,10]. To assure the impedance matching, V(u'/€") vs. frequency (5
curve is plotted (inset of Fig. 4.5(a)), which shows for NHS, V/(i'/¢) is decreasing with f,
and has a minimum value ~ 1.2. Larger effective surface area in NHS and cationic
movement in nanoscale NFO are responsible for higher dielectric loss which is more
effective in 10 - 12 GHz frequency region. Moreover, the total internal reflection in the
hollow interior of NHS increases the total propagation path of incident microwave,
hence absorbing it more [18,33]. For 8 — 10 GHz frequency regime, magnetic loss is

responsible for EM wave attenuation. Moreover, according to the quarter wavelength

c

4fin |5r.“r|

optimum thickness of microwave absorption material and the microwave frequency of

the minimum RL respectively (for NFO NHS, £» is 11.7 GHz) [19,35]. For NFO NHS

(A/4) model for best matching thickness, t,, = , where tm and f» are the

sample, the calculated dm is found to be ~ 2.3 mm and for microwave measurement, the
thicknesses of all the NFO composites are taken around 2 mm. Therefore, around
minimum RL frequency, optimal thickness matching is also responsible for strong EM
wave absorption. Moreover, from RL vs. fcurve, it is found that the effective bandwidth

(RL < —10dB i.e. absorption > 90%) is 9.18 — 12 GHz which is highest among the three
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morphologies and covers almost the whole X-band. Here, excellent impedance matching
with free space, with moderate dielectric and magnetic loss contributes towards

optimization of RL and effective bandwidth for NHS.

Further, shielding efficiency (SE) is studied for all the samples in Fig. 4.5(b),
which is another evidence for wave absorption properties [18]. Total shielding
efficiency is estimated as the sum of the contribution due to reflection (SEz) and

absorption shielding (SE4) using the equation,
SE(total) = (SE, + SEz) = —20log|S,, | 4.3

where S21 is reverse transmission co-efficient. SE7osas is ~ —11 dB for NHS which is
lowest in comparison with other samples supports the RL study. This increase in RL
and SE'value in NHS is also correlated to its morphology. Reflections from outer shell as
well as multiple internal reflections in the hollow core of porous NHS traps EM wave in
it increase the total propagation path in the composite which in turn enhances wave
attenuation. NFO NHS with great EM impedance matching and low thickness, synthesis
cost, proper amount of loss, high interfacial area, hollow cavity and strong cationic
interaction, is an attractive candidate for microwave absorption and also suitable for

applications in high-frequency devices.

4.4 Conclusion

In summary, as-synthesized NiFe204 nano hollow spheres exhibit strong EM absorption
properties (RL< —10 dB) in the 9.1—12 GHz range for an absorber thickness of 2 mm
and an optimal RL (— 59.2 dB) at 11.7 GHz. Also a comparative RL and SE study in
widely used X-band frequency region is shown for NFO NHS with its nano particle ( RL
~ =519 dB at 11.6 GHz) and bulk (RL ~ —18.2 dB at 9.96 GHz) counterpart. Natural or
exchange resonance peak is not found in either permittivity or permeability data. The
excellent absorption properties are mainly associated with transmission of EM wave
because of perfect impedance matching in the microstructure with free space, high

dielectric loss arising from polarization in large interfacial area and cationic interaction,
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moderate dynamic magnetic loss as well as with the wave attenuation through multiple
internal reflections in hollow core of NHS. On the contrary, solid spherical NFO NPs and
also NFO Bulk with less effective surface area have lower RLand SE with respect to NHS
in 8—12 GHz. With the hollow interior, NHS has lower density than bulk one, makes it a
light weight absorbing filler material. Hence, NFO NHS seems interesting towards its

application as mass efficient and broadband microwave absorbing materials.
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Structural, Magnetic and
Dielectric Properties of

TFe204 (T= Mn, Fe, Co, Ni, Cu
Chapter 5 and Zn) Nano-Hollow
Spheres

This chapter contains synthesis of nano-hollow spheres of transition metal based spinel
ferrites with different divalent cations (TFe204, T= Mn, Fe, Co, Ni, Cu and Zn) and a
thorough comparative investigation of their structural, magnetic and dielectric

properties.



Chapter 5

5.1 Preamble

Ferrite materials have never-ending interest among the researchers and recently
attention on them is significantly enhanced owing to their intensive uses not only as
magnetic materials but also in dye degradation [1], energy saving materials [2], ferro-
fluids [3,4], bio-medical applications [5] and spintronics [6]. From designing high-
frequency devices [7] to meta-material [8] and electro-magnetic wave absorbers [9],
strong presence of ferrites are always witnessed due to their significant properties such
as high saturation magnetization (/Ms), Curie temperature (Tc) and resistivity, better
chemical stability, low cost and non-toxicity. Among the various ferrites, those with
spinel structures having formula TFe204 (T= transition metal ion) are found to be more
versatile as T can be any of the divalent cations such as T= Mn*2, Fe*+2, Co*2, Ni+2, Cu*?,

Znt2etc.

Depending on octahedral site preference energy (OSPE) from crystal field
theory, the spinel ferrites can be classified into normal and inverse [10]. The change in
cation distribution among tetrahedral (A) and octahedral (B) sites can affect their
structural properties which in turn vary their magnetic and dielectric properties [11].
For instance, Ramana et al. [12] and Datt et al. [13] analyzed the variation of dielectric
and magnetic properties in CoFe204 from structural modification due to magnetic and
non-magnetic cation doping. Hou et al. [14] studied the same theoretically using first
principle calculation. Tuning of magnetic and electric properties in Fe30s nano-
structures with domain structure and size was discussed by Sarkar et al. [15]. Though
ZnFe204 is supposed to be a normal spinel, with reduction of grain size, their
nanoparticles (NPs) are found to transform from normal to inverse as well as from anti-
ferromagnetic to ferrimagnetic [10,16]. Cation ordering and exchange interaction
calculations for MnFe204 was carefully discussed from theoretical density functional
theorem and experimental studies [17-19]. Magnetic and dielectric properties in
CuFe204 NPs and bulk NiFe204 were investigated in detail to show their potential in

various applications [20-22].
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Till date, several morphologies of ferrites such as Nanoparticles (NPs), Nano -
rods, Nano-flowers, Nano-hollow spheres (NHSs) and so on are investigated, since
nanostructures bear various unique properties than their bulk counterparts. Among
them, NHSs are found to show some excellent qualities such as better stability,
enhanced magnetic and dielectric properties due to their larger surface area, lower
density, size and weight efficiency for their hollow core etc. [23-27]. Moreover the
hollow core may act as a nano-container for capturing drugs [28]. The repeated internal
reflections in hollow core enhances their applicability as an efficient microwave
absorbers [1,9]. By varying the synthesis parameters, this particular morphology of
ferrites can be easily tuned to different sizes and shell thicknesses which can also

govern their magnetic and electric properties.

From our previous study, NHSs are found to have better Ms and permittivity,
appropriate Hc and high reflection loss compared to their NPs and bulk
counterparts [9,29]. Therefore, in this present report, detail studies on structural,
magnetic and dielectric properties of TFe204 (T= Mn, Fe, Co, Ni, Cu and Zn) nano-
hollow spheres are carried out varying their compositions. The morphological analysis
evidences the samples to be NHSs of almost similar sizes. These properties are found to
largely depend on different divalent cation placements in the ferrite structures.
Coercivity of TFe204 samples are observed to vary from ~ 576 Oe (T= Co) to ~ 116 Oe
(T= Ni) and saturation magnetization, from ~ 73.6 emu/g (T= Fe) to ~ 53.6 emu/g
(T= Mn), discussed in terms of anisotropy, super-exchange interaction and crystallite
size of the materials. Variation of dielectric properties such as permittivity, dielectric
loss and ac conductivity of these NHSs within frequency range 10 Hz -5.5 MHz at ~ 300
K are explained on the basis of Maxwell-Wagner two layer model for space charge and
polaron hopping from Fe3t+ to Fe2+ as well as T2+ to T3+ ions at tetrahedral (A) and
octahedral (B) sites. Analysis of dielectric relaxation mechanism ensures it as modified -
Debye type and Jonscher’s power law displays ac conduction mechanism for TFe 204
NHSs. Cole-Cole plots are fitted with equivalent circuit to understand the effect of
resistive grain boundary and conductive grains with frequency. This study on tunable

dielectric and magnetic properties with substitution of different cations provides a map
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to select an efficient and light-weight material for applications from high-frequency

devices to bio-medical field.

5.2 Experimental

5.2.1 Synthesis Procedure
TFe204 (T= Mn, Fe, Co, Ni, Cu and Zn) NHSs are synthesized by one-pot template-free

solvothermal process using oleylamine as capping agent. Precursors, TCl2, 6H20 and
FeCl3, 6H20 are taken in 1:2 molar weight ratios whereas for Fe304 synthesis, only
FeCls, 6H20 is used. Ethylene Glycol (EG) and Ethyl Alcohol (EtOH) are taken in 2:1
ratio as solvents and Urea as reducing agent. Taking all the components in a 100 ml
beaker, 1ml oleylamine is added while stirring it. The clear homogeneous solution, after
30 min of stirring, is heated in a 50 ml Teflon lined stainless steel autoclave at 200°C for
24 h in an oven. Then the as-prepared TFe204 NHSs are washed by EtOH and distilled
water for few times, collected through magnetic separation and dried by heating at
60°C for ~ 30 min. During the reaction, urea helps to precipitate T2+ and Fe3+ ions from
their chloride salts to their corresponding hydroxides and after the heat treatment,
TFe204 phase is developed. For Fe30s4, EG partially reduces Fe3* ions to Fe2+. The
anticipated mechanism related to the synthesis of NHS is considered as Ostwald
ripening which involves a gradual re-crystallization of particles from smaller to larger
ones to reduce the surface free energy[30]. With further thermal and pressure
treatment, the clusters assembled into hollow spheres with the existence of gas bubbles
formed by urea under the effect of oleylamine to ensure maximum stability of the

spheres [31].

Chemicals, having purity of at least ~ 98%, were brought from Sigma-Aldrich for the

above preparation.
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5.2.2 Characterizations

The structural phase and parameters of as-prepared TFe20s4 NHSs are studied by
powder X-ray diffraction (XRD) using PANalytical X'Pert PRO equipped with Cu K«
radiation (~ 1.54 A). The FTIR measurements are performed using a JASCO FTIR 6300
spectrometer in transmission mode in the wave number range from 400 to 4000 cm-1to
view the vibrational modes of T-O bonds. A FEI QUANTA FEG 250 field-emission
scanning electron microscope (FESEM) (0.2-30 kV) and a FEG high-resolution
transmission electron microscope (HRTEM) (80-200 kV) are used to study the size and
morphology of NHSs. The Energy-dispersive X-ray (EDX) spectrum is recorded for
elemental analysis of the NHSs. All the relevant magnetic measurements are carried out
using a Vibrating Sample Magnetometer (VSM) (Lake Shore). Frequency dependent
dielectric properties of NHSs are measured using NF ZM2376 LCR meter and the

powder samples are pelletized using Riken Pressure Gauge with a pressure of 25 MPa.

5.3 Results and Discussions

5.3.1 Structure and Morphology
The XRD plots of TFe204 [TFO, T= Mn, Fe, Co, Ni, Cu and Zn] NHSs with Rietveld profile

refinement using FullProf suite are displayed in Fig. 5.1. The peak shape is described as
‘Thompson-Cox-Hastings pseudo-Voigt*Axial divergence asymmetry’ formulation
whereas scale factors, cell FWHM, shape parameters and atomic positions with
respective occupancies are refined. These patterns confirm the single phase spinel face
centered cubic structure within resolution of XRD measurement as reported in the
literature (JCPDS file no. 65-1123, 19-0629, 22-1086, 10-0325, 34-0425, and 89-1010
for [T= Mn, Fe, Co, Nj, Cu, and Zn] respectively). Fig. 5.2(a) shows position of the (311)
peak and change in peak width due to different cation placement in A and B sites and
different crystallite sizes of ferrites respectively. Average crystallite sizes ( D) (shown in

Fig. 5.2(b)) as well as lattice strains (listed in Table 5.1) are calculated from the XRD

k.24
B cos 0

(here ~ 0.94), 4, the working wave length, 5, the FWHM of the selected peak and 6, the

peaks using Debye-Scherrer equation, D = , where k is the Scherrer constant
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XRD peak angle. Lattice constant (a), estimated from XRD pattern using Bragg's law is

plotted in Fig. 5.2(c).
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Figure 5.1. X-Ray diffraction plots for all the six sample sets TFe.04 [T= Mn, Fe, Co, Ni, Cu, Zn]
nano-hollow spheres

The spinel structure of the ferrite NHSs depends on crystal field stabilization
energy (CFSE) of the cations present in the system as well as on their ionic radii [10,32].
The higher value of CFSE of constituent cations decides their preference for higher co-
ordination site i.e. B-site and accordingly Fe304, CoFe204, NiFe204 and CuFe204 are of
inverse spinel structure [33]. However, in ZnFe20s, Zn?* with d° configuration and in
MnFe204, both cations Fe3+ and Mn?2+ with states d> and similar CFSE, have no specific
preference of sites. Therefore MnFe20s4 and ZnFe20s4 have possibilities of forming
normal, inverse or mixed spinel structure. The (311) peak in Fig. 5.2(a) shifts towards

left with the increase in cationic radii (r) in B-site, which also indicates enhancement in
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lattice constant (plotted in Fig. 5.2(c)). The highest value of ‘2 is ~ 8.393 A for FeFO
(Fe2+ with r=0.77 A) and lowest in MnFO (Mn2+ with r= 0.67 A) where ‘a is ~ 8.343
A. Crystallite size (D) of NHSs significantly depends on the size of nano-hollow spheres
(Fig. 6.2(b)). Here ZnFO NHS, with comparatively larger size (~ 314 nm), has D ~ 47.4
nm and for NiFO (size ~ 223 nm), Dis ~22.1nm.
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Figure 5.2. (a) Enlarged XRD peak (311) for TFe204 samples (b) Variation of crystallite size with
diameter of NHSs (c) Lattice constant vs. ionic radii of divalent cations (d) FTIR spectra for

TFe204 samples

The FTIR spectra within the range 400-700 cm! are focused here in Fig. 5.2(d) because
the metal-oxygen bond peaks are prominent in this wavelength region. The peaks
around ~ 440 cm'l, ~535 cm'! and ~ 650 cm-1originate from T-O bond vibrations, Fe-

0 bond bending in B-site and Fe-O bond stretching from A-site respectively [34]. With
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increasing T-O bond length which depends on the ionic radii of T2+, the peaks ~ 440 cm-

1 are found to (red) shift towards lower wavenumber region [35].

The morphologies of as-prepared ferrite samples, shown in Fig. 5.3, confirm the
successful synthesis of TFe.04, NHSs with uniform size distribution (inset: Fig. 5.3). The
estimated average diameters and shell thickness of NHSs are respectively (a) 25043
nm, 7143 nm for MnFO (b) 23345 nm, 60+2 nm for FeFO (c¢) 25645 nm, 7043 nm for
CoFO (d) 22342 nm, 5542 nm for NiFO (e) 26043 nm, 7843 nm for CuFO and (f)
31444 nm, 8643 nm for ZnFO. Growth and re-crystallization of TFe204 NHSs depend on
the reaction rate which varies with their respective precursor chloride salts, leading to
slightly different sizes of NHSs whereas external parameters are kept same during

synthesis.

Figure 5.3. FESEM micrographs and corresponding size distribution graphs for all samples T-
ferrite (a) T=Mn (b) T=Fe (c) T=Co (d) T=Ni (e) T=Cu (f) T=Zn

The contrast between bright core and dark shells in TEM micrographs (shown in Fig.
5.4(a)-5.4(f)) also confirms the formation of TFe204 nano-hollow spheres. A
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representative EDX spectrum for MnFe204 in Fig. 5.4(g) validates the presence of
constituent elements; Mn, Fe, and O in the sample. Single crystalline nature of the
sample is observed from bright spots in SAED pattern (inset of Fig. 5.4(g)) and
separation between the parallel diffraction planes (0.3 nm for (220) and 0.26 nm for
(311) planes) matches well with the XRD results of MnFe204. A line scanned EDX
spectrometry is performed across diameter of one NHS, shown by an orange line in Fig.
5.4(h). Fig. 5.4(i)-5.4(k) show the EDX line scanning profile of Mn, Fe, and O,
respectively that visualizes the hollow core of size ~ 100 nm and shell width of ~ 70

nm.
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Figure 5.4. TEM micrographs for all T-ferrite NHSs, T= (a) Mn (b) Fe (c) Co (d) Ni (e) Cu and (f)
Zn; inset: High magnification TEM micrographs measuring shell widths of NHSs (g) EDX spectra
shows components of MnFO; inset: SAED pattern of it showing its crystallinity (h) EDX Line
Mapping across the orange line; line mapping spectra shown for (i) Mn (j) Fe (k) O
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5.3.2 Magnetic Properties

Magnetization (M) vs. Temperature ( 7) studies are performed for NHSs in presence of
100 Oe field within the temperature region of 80 K - 400 K during both zero field cooled
(ZFC) and field cooled (FC) mode and are shown in Fig. 5.5. The separation between FC
and ZFC curves atlow 7' (~ 80 K) is inversely related to magneto-crystalline anisotropy
energy barrier [29]. For CoFe204, as this gap is lowest, anisotropy in it is maximum
which is consistant with outcomes of Fig. 5.6(a) and 5.6(b). From M-T curves, the
samples are found to exist in ferrimagnetic region for the studied temperature regime.
Moreover, close observation to ZFC M-T curves in Fig. 5.5(b), 5.5(e) and 5.5(f) shows
that Fe304, CuFe204 and ZnFe204 NHSs exhibit a phase transition at ~ 110 K, 114 K and
116 K respectively. For Fe30s, it resembles well-known Verwey transition which is
normally visible at ~ 120 K for bulk Fe30s4 [15]. Verwey like transition is possibly

observed due to presence of Fe2* ions caused by cation vacancy in NHSs of CuFe204 and

ZnFez04[36,37].
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Figure 5.5. M-Tplots (ZFC an FC) at 100 Oe magnetic field for TFe204 NHSs; (a) T= Mn
(b) T=Fe (c) T= Co (d) T= Ni (e) T= Cu (f) T=Zn
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Field dependent magnetization (M vs. H) curves are carried out with a maximum
applied field of 14 kOe within temperature range 100 K < 7< 400 K. Fig. 5.6(a) and
5.6(b) illustrate hysteresis loops at 300 K and 100 K respectively. The studied ferrites
excluding CoFe204, reveal their soft ferrimagnetic nature. At room temperature (~ 300
K), the maximum value of saturation magnetization ( Ms) is obtained for Fe304 NHS ~
73.6 emu/g (~ 3.3 pg/fu.) and lowest one for MnFe204 NHS ~ 53.6 emu/g (~ 2.4
us/f.u.). Both coercivity (Hc) and remanent magnetization (Mg) at 300 and 100 K are
plotted in the insets of Fig. 5.6(a) and 5.6(b) respectively. Maximum H¢ at 300 K is
obtained for CoFe204 (~ 576 Oe) whereas NiFe204 shows minimum value (~ 116 Oe).
On lowering the temperature from 400 K to 100 K, Hg Mg and Ms values of NHSs
enhance as a result of higher magnetic anisotropy and reduced thermal fluctuation of
spins with decreasing temperature. Here several parameters like magnetic anisotropy,
domain structure, crystallite size, cation distribution and exchange interaction in
microstructure are responsible for varying the magnetic properties of investigated
TFe204 NHSs [15,33,38].

Table 5.1. Lattice strain of TFe:04 NHSs, anisotropy constant (X&), Bloch’s constant (5) (from

Eqn. 5.2), dielectric relaxation time (7) and spreading factor (&) (from Eqn. 5.6), power factor
to frequency (5) (from Eqn. 5.7)

Lattice
TFe204 K(x105) B (x105) 7(x10%)
NHS, T= T oh gmh &) (9) ¢ °
s, T= m - S
(x10-3)

Mn 3.6£0.03 1.554+0.02 2.35+0.07 1.3#£0.1 0.52+0.06 0.1840.008

Fe 4.0+0.04 1.394+0.02 2.23+0.06 2.86+0.2 0.434+0.03 0.07%0.002

Co 3.3£0.03 4.52+0.04 0.24+0.01 21+0.2 0.16+0.01 0.1+0.003

Ni 4.61+0.04 140.02 1.7+0.1 42.7+£04 0.02+0.01 0.13+0.007

Cu 28+0.03 14+0.01 2.32+0.05 224+0.2 0.23+0.03 0.2440.008

Zn 3.0£0.03 1.344+0.02 2.34+0.07 1.240.07 0.52+0.03 0.06+0.003
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The magnetic anisotropy for the samples is calculated using the law of approach

to saturation is given by

M(H) = M, (1 007619 K*  0.0384 1(3) 51

2 2 3 3
H? Mg H3 Mg

where M(H), the magnetization at an applied field of A, Ms the saturation

magnetization, and K the cubic magneto-crystalline anisotropy constant (listed in Table

6.1) [13,38].
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Figure 5.6. M-Hplots for TFe.04 NHSs in (a) 300 Kand (b) 100 K; corresponding insets showing
variation of Hc and Ms with Temperature (c) Day Plots and (d) Fitting of Bloch’s equation for all
ferrite nano-hollow spheres
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The highest value of K (~ 4.52x10> J/m3) in CoFez04 leads to maximum
coercivity in it. In Fig. 5.6(c), the possible domain structures of the TFe204 NHSs are
examined in terms of Day plot which is a graphical mapping of Mz/Msvs. Her/Hc, where
Hcr is the field under which M-Hloop shows remanence, M,y = 0.5Mg. Here the studied
materials exist in between single domain (SD) to pseudo single domain (PSD) region for
the considered temperature region, which is obvious for TFe204 NHSs with both small
crystallite size (< 50 nm) and shell thickness (< 100 nm). NHSs saturate with magnetic
field from SD vortex state through a PSD onion state and the need of higher field to
saturate it with lowering temperature, make the curves shift towards SD region from

400 K to 100 K [23,39].

Temperature (T) dependence of Msis plotted in Fig. 5.6(d) which follows Bloch’s

law for temperature well below T¢, where B is the Bloch constant (listed in Table 5.1).
M(T) = Mg(0)(1— BT3/?) 5.2

For NiFe204 NHS, at low 7, there is a deviation from Bloch’s law as magnons having
larger wavelength than crystallite size (D ~ 22 nm for NiFe204) cannot be excited in it.
Neel's sub-lattice model for ferrimagnets implies that the metal ions in A and B-sites are
coupled ferromagnetically within each sub-lattice and antiferromagnetically between
the two sub-lattices and this inter-lattice super-exchange interaction is inversely
proportional to Bloch constant. B~ 0.24 (X10-> K-3/2) is found to be lowest for CoFe204
resulting highest exchange interaction and hence higher anisotropy. The obtained value
of Mssuggests MnFe204 NHS is possibly in mixed spinel structure [19] and also it has B
~ 2.34 (X10-> K-3/2) which can lead to comparatively lower Ms and Hc values in

it [40,41].

5.3.3 Dielectric Properties

Dielectric properties of the ferrite NHSs are measured within a frequency (/) range of
10 Hz - 5.5 MHz at room temperature (~ 300 K) to get acquainted with their
polarization, conduction and relaxation mechanism [12,21,29]. Real part of relative

dielectric constant (&), originating from dipolar, ionic and electronic polarization while
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the imaginary part (&7, associated with the energy dissipation are obtained by
measuring complex impedance (Z= Z'—iZ") vs. phase (6) data [29]. £"vs. log(w) [w
(=2mf), angular frequency] curves are plotted in Fig. 5.7(a) where &£’is predominantly

found to decrease with increasing frequency for the samples.

] ﬂiol EQ ( ) s Fitr:cd
ch %3 mE 10
{5 .
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e’(x103)

logou.(Q2m)

Figure 5.7. (a) Real part of dielectric constant (&%) (b) Dielectric loss tangent (tan é) and (c) Ac
conductivity (ox), versus frequency from 10 Hz to 5.5 MHz (d) fitting of 0. with Jonscher’s
Power law

The dielectric relaxation time ( 7) and spreading factor (a) for each ferrite are obtained

(listed in Table 5.1) by fitting the £’ vs. w curves with modified Debye’s equation,

P (f0=¢0)
E =&, + m 5.6

where ¢, and g(') are the permittivity values at high and at low frequency
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respectively [12]. The value of a # 0 suggests more than one ions participating in this

relaxation process resulting the process non-Debye type. Fig. 5.7(b) and 5.7(c) describe
the dielectric loss (tané = ;), also related to energy dissipation and real part of ac

conductivity (o, = weye") respectively. ‘tand’ decays with increasing frequency
whereas oa- remains constant till a specific frequency followed by an enhancement.
Though oz for the studied ferittes lie in semiconductor region, it tends towards metallic
conductivity for Fes30s4 and ZnFe20s4 NHSs. Frequency and temperature as external
parameters and internal factors such as microstructure, crystallite size and exchange
interaction among cations have significant impact on dielectric properties [42]. The
variation of &, tand as well as oac with frequency can be explained on the basis of
Maxwell-Wagner (MW) two layer model for space charge and hopping of electrons
named as polaron hopping between cations present in A-site and B-site through the
following process: T2+ + Fe3* & T3+ 4 Fe2+, Since, electron transfer between Fe3+ and
Fe2* dominates hole transfer between T2+ and T3+, FeZ*- Fe3+ pair acts as leading

dipole.

According to this MW theory, ferrites are constituted with conducting larger
grains (g) and insulating thinner grain boundaries (gb). When an external electric field
is applied, that dipoles get accumulated (space charge) at the resistive gb producing
large polarization and simultaneously high €' at low frequencies. As tané occurs due to
absorption of electrical energy during rotation and vibration of accumulated dipoles at
gb, it is also high with higher polarization. Relaxation of dipoles is not possible above a
sufficiently high fas dipoles could not comply with field at high fand lags behind. Above
a certain frequency, dipoles acquire sufficient energy to cross the barrier potential and
electron hopping starts to take place. This characteristic frequency varies inversely
with the relaxation time (7). Fe304 and ZnFe204 NHSs with comparatively smaller 7 ~
10-4s can follow the ac electric field till much higher £ From such instance, conductive

grain becomes active and oacstarts to grow.

Maximum &’arises in CoFe20: at low frequency for higher exchange interaction

in it which helps to achieve higher polarization also. On the other hand, minimum &”is
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observed in NiFe;04+ NHS due to its smaller crystallite size and hence higher gb
impedance that causes restriction to movement of dipoles. The hump shown in £’ vs.
log(w) curve (Fig. 5.7(a)) for Fe304 and ZnFe204 NHSs can be an effect from change in
polarization mechanism that is from ionic to dipolar one. In Fig. 5.7(d), gac vs. fplots are

fitted with Jonscher’s power law:

Ope (@, T) = 0,4 (T)+ Aw®(T) 5.7

where, oqc is the dc conductivity of the material, A, the material dependent parameter
and s, the power factor to w (listed in Table 5.1). For ac mechanism of conduction, s
varies within 0 < s < 1. The lower s value for Fe304 and ZnFe204 suggests less ac and

more dc like conduction and this supports the experimental results in Fig. 5.6.

Figure 5.8 displays the Cole-Cole plots (p” vs. p’, for the samples fitted with
equivalent circuit (Fig. 5.8(f): inset) corresponding to the Maxwell-Wagner grain (g)
and grain boundary (gb) model. The arrows in Fig. 6.8 indicate increase in frequency

and activation of gb to g effects occur with that.
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Figure 5.8. Cole-Cole Plots (-p”vs. p’) for all ferrite samples: experimental and fitted; inset of (f):

equivalent circuit for fitting
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Table 5.2. Ry, G, Reand C,values for different ferrites

TFe204 NHSs,

TP Rep () Cev(nF) R:(Q) Ce(uF)

Mn 1143+17.1 13712 2954144 0.41+0.006
Fe 99.31+0.8 82.210.6 3.5+0.03 0.3+0.002
Co 2164+17 17.4+0.1 728.5%+7 10.6+0.1
Ni 296611216 7.210.04 11323477 2.4+0.02
Cu 3809+26 83.21+0.58 1803+16 1.3+0.01
Zn 18.7+0.1 20.5+0.2 11+0.1 1+0.008

Here, the curves are not proper semi-circular arc and that corresponds to their non-
Debye type relaxation of dipoles. The kink in each curve at different frequencies
emphasizes the presence of grain effect along with the grain boundary one [43]. The
resistive (Rg Rg») and capacitive (g () components are obtained by fitting the Cole-
Cole plots with the circuit in EC-lab software and the values are listed in Table 5.2. The
Rs and Ls part of the circuit represents the contributions from leads and electrodes that
come up at sufficiently high frequencies (> 5.5 MHz). The high value of grain boundary
impedance (Rg) in NiFe20s4 is the reason behind its low permittivity (Fig. 5.7(a))

whereas for Fe304 NHS, low value of Rg ensures high in it.

5.4 Conclusion

In summary, TFe204 (T= Mn, Fe, Co, Ni, Cu, and Zn) NHSs are successfully synthesized
and a detail study on their structural, magnetic and dielectric properties is presented
here. Lattice constants and crystallite sizes are observed to enhance with increase in
cationic radii and diameter of NHSs respectively. FTIR spectra depict T-O peaks shift
towards lower wavenumber with increase in T2+ radii. Maximum Hc¢ is found for

CoFe204 NHS (~ 576 Oe) due to its highest magneto-crystalline anisotropy (K ~
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4.52x10% J/m®) and super-exchange interaction whereas maximum Msis obtained for
Fe304 NHS (~ 73.6 emu/g). Day plots describe the studied ferrites belong in pseudo
single domain (PSD) to SD region within temperature region 100 K - 400 K. The
variation of & tand and oac with fat ~ 300 K for the ferrites are discussed through
Maxwell-Wagner two-layer model and hopping of charges between Fe3+ to Fe2+ as well
as T2+ to T3+ ions at A and B-sites. Analysis of dielectric relaxation mechanism ensures
it as modified-Debye type and Jonscher’s power law displays ac conduction mechanism
for TFe204 NHSs. Resistive and capacitive components of conductive grain and resistive
grain boundaries are obtained from equivalent circuit fitting over Cole-Cole plots where
NiFe204 NHS with smaller crystallite size found to have higher Rg and simultaneously
lower & This study on TFe204 NHSs will be highly effective to select a promising

material towards diverse applications from high-frequency devices to bio-medical field.
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Electromagnetic wave
attenuation properties of
Chapter 6 |MFe0. (M= Mn,Fe, Co,Ni,

Cu, Zn) Nano-Hollow spheres

Dielectric, magnetic and microwave absorption properties are investigated in detail for
transition metal based spinel ferrite (MFe204, M = Mn, Fe, Co, Ni, Cu and Zn) nano-
hollow spheres in frequency range from 1 GHz to 20 GHz. MnFe204 NHS is observed to
result in optimum electromagnetic (EM) wave absorption properties and further a
thickness and filler concentration dependent study on EM wave absorption is

performed in this chapter.



Chapter 6

6.1 Preamble

With on-going rapid development of high-frequency communication devices,
electromagnetic interference (EMI) or wave pollution is increasing rapidly which not
only interrupts smooth operation of electronics but also endangers human health [1-3].
In this scenario, EM wave absorbing materials (EMA) are in serious need to shield the
unwanted waves. For their tunable absorption bands, they are widely used in military
and civil fields such as stealth technology, anti-radiation sheets and anechoic
chambers [4-6]. In comparison to traditional EMA such as carbon-based materials with
large dielectric loss and metal powders with significant magnetic loss, ferrites with
combination of relatively better permittivity (¢£) and permeability () ensures wider

bandwidth (BW), higher impedance matching and EM wave absorption [4-7].

Impedance matching, significant dielectric and magnetic loss are the key sources
for a material to exhibit large microwave absorption with broad bandwidth [2,8]. Closer
values of £and g can ensure better matching between impedances of free space and
absorber. In addition, high £ and ux values lessen the required thickness (£ of the
absorbing material making it size-efficient [9,10]. In this context, oxygen close-packed
low-cost spinel ferrites with simple structure are highly suitable as the crucial
parameters such as & g and other related properties of these ferrites can be controlled
and tuned easily [11-13]. Moreover, C-, X-, and Ku-bands are extensively used in radars
and communication networks where ferrites play active roles [4]. Thermal and
chemical stability, resistivity, € and u values of ferrites largely depend on their
microstructure and inherent cations [11,14]. In order to tune the absorption properties,
several techniques such as chemical doping, morphology control and hybridization of
materials are introduced so far [4,14-17]. For instance; Liu et al. prepared yolk-shell
Fe304@Mesoporus SiOz hetero-structures to enhance the reflection loss (RL) and
absorption frequency range [17]. Graphene oxide functionalization [4] and Ni doping on
CoFe204[14] were performed to increase its EM attenuation. Size-dependent EMA
properties of Fe304 nano-discs were investigated in order to achieve strong magnetic

anisotropy, loss and hence absorption in it [15].
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Preference of light-weight and size-efficient EMA materials influences
researchers to focus on nano-structures and among those, nano-hollow spheres (NHS)
are a new drift [2,18,19]. Though by definition, nanomaterials should have dimension
<100 nm, NHS with size >100 nm also behave like nano because of their shell thickness
less than 100 nm [20]. Their high Mjs large surface to volume ratio, low density, ability
to withstand volume changes due to changes in temperature and pressure make them
useful in wide varieties of applications [21-23]. Moreover, repeated internal reflections
in their inner hollow core increases total path length of EM wave which enables more
absorption [18,19,24]. Additionally, lower density of NHSs overcomes the drawbacks in
practical usage of ferrites as EMA [2,19]. From our previous morphology dependent
EMA study, NHSs are revealed as superior EMA compared to its solid and bulk
counterparts [25]. Ferrite NHSs with their simple structure are comparable to other
efficient but complex EMA heterostructures in terms of wave absorption
properties [4,8,16]. Herein, almost same sized nano-hollow spheres of transition metal-
based earth-abundant MFe204 (M = Mn, Fe, Co, Ni, Cu and Zn) materials are synthesized
in facile solvothermal method and their EMA properties within widely-used frequency
range of 1 - 20 GHz are examined in-detail. The divalent cation, M2+ [M = Mn, Co, Ni, Cu,
Zn] substitution in Fe304 displays a clear enhancement of EM absorption properties
compared to traditional magnetite where MnFe204 NHS is found to exhibit an optimal
reflection loss (RL) of about —32.7 dB, total shielding efficiency ( SE7ota)) ~ —42 dB and a
high attenuation constant (@) ~ 196 Np/m. Significant dielectric and magnetic loss,
favorable impedance matching and multiple internal reflections in the hollow core of
NHS contribute to enhancement in absorption properties. Interestingly, with increase in
filler concentration (in epoxy resin matrix) from 0 wt% to 50 wt%, MnFe 204 NHS shows
a gradual increase in RLvalues and an excellent RL of about —45.6 dB at thickness ~ 4.2
mm is obtained for 50 wt% composite with a total effective bandwidth (RL < —10 dB
i.e. absorption > 90%) of ~ 3.6 GHz. Moreover, analysis of quarter-wavelength model
for best matching thickness (%) displays a good agreement between experimental and
simulated &, values. The overall results indicate that ferrites in the form of hollow

structures are much more efficient than their bulk counterpart and optimized MnFe204
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NHS is found to be most suitable for high-frequency applications as an efficient low-cost

microwave absorber.

6.2 Experimental

6.2.1 Synthesis Procedure

MFe204 (M = Mn, Fe, Co, Ni, Cu and Zn) NHSs are synthesized by one-pot template-free
solvothermal process using oleylamine as capping agent, as mentioned in Chapter 6 in
detail [20,26]. Ostwald ripening is considered as proposed mechanism which involves a
gradual growth and re-crystallization of particles to reduce the surface free
energy [19,26]. These particles assembled into hollow spheres with soft-templating

through the reaction under effect of oleylamine micelles [19,27].

6.2.2 Characterizations

X-ray diffraction (XRD) is carried out by PANalytical X'Pert PRO equipped with Cu Kq
radiation to know the parent phase of as-prepared samples. A FEI QUANTA FEG 250
field-emission scanning electron microscope (FESEM) (0.2 - 30 kV) and a FEG high-
resolution transmission electron microscope (HRTEM) (80 - 200 kV) are used to obtain
the information about size and shape of NHSs. Magnetic measurements are performed
using Vibrating Sample Magnetometer (Lake Shore Cryotronics) in a maximum applied
field of 14 kOe. Microwave properties of the samples are measured using an Anritsu
MS46122B Vector Network Analyzer (VNA) and a coaxial airline (Maury Microwaves-
8043S6) within the frequency range of 1 - 20 GHz. The composite samples for
microwave measurement are prepared by loading powder samples in different wt% s
in Epoxy Resin matrix and molding this mixture precisely. The final composites are in
toroidal shape with inner diameter (d) = 1.5 mm, outer d= 3.5 mm. Further analysis of
EM wave attenuation parameters from measured 2-port scattering (S)-parameters is
performed by polynomial fit model of Nicholson-Ross-Weir (NRW) algorithm based on

transmission line technique [28].
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6.3 Results and Discussion

6.3.1 Structure and Morphology
The structure and morphology part of MFe204 (M = Mn, Fe, Co, Ni, Cu, and Zn) NHSs are

elaborately described in the previous chapter. Therefore, in the chapter, only brief

related information is discussed.
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Figure 6.1. X-Ray diffraction plots at ~ 300K for all the six sample sets

X-ray diffraction patterns of all the studied samples, shown in Fig. 6.1, confirm single
phase spinel face-centered cubic structure as reported in the literature (JCPDS file no.
65-1123,19-0629, 22-1086, 10-0325, 34-0425, and 89-1010 for [M = Mn, Fe, Co, Ni, Cu,
and Zn] respectively) [2,14,29,30]. Lattice constants (a) and crystallite sizes (D) for the
ferrites are estimated from XRD patterns and listed in Table 7.1. Here, a value is found

to increase with cationic radii for different cation substitution whereas Dincreases with

larger diameters of NHSs.
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FESEM and TEM micrographs, displayed in Fig. 6.2, clearly illustrate nano-
hollow spheres (NHSs) of MFe204 with cavity inside. The estimated average diameters
and shell thicknesses of NHSs are listed in Table 6.1. NHSs possess lower density than
their bulk counterpart due to internal hollow core, hence they are light-weight and

much convenient for practical applications [25].

Figure 6.2. FESEM and TEM micrographs of MnFe:0. (a), (b); Fe304 (c), (d); CoFe204 (e), (f);
NiFe:04 (g), (h); CuFe:04 (i), (j) and ZnFe;04 (k), (1) respectively
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Table 6.1. Cationic radii [30,31], Lattice constants (a), Crystallite sizes (D), Diameters and Shell
thicknesses of MFe;04 NHSs

MFe;04 NHSs, Cationic a(x15%) D(*5%) D(iirgoezjr Shell thickness

M= radius (A) €] (nm) znm) (+ 2%) (nm)
Mn 0.66 8.326 35.3 250 70

Fe 0.83 8.397 29.6 235 60

Co 0.745 8.394 34.7 256 70

Ni 0.69 8.343 22.1 223 55

Cu 0.70 8.388 42.7 260 76

Zn 0.74 8.390 47.4 312 85

6.3.2 Dielectric and Magnetic Properties

Real (&) and imaginary (&”) parts of relative dielectric constant as a function of
frequency (# for MFe204 NHSs (20 wt% filled composites) are presented in Fig. 6.3(a)
and 6.3(b). £’ is associated with mainly contributions from interfacial and dipolar
polarization and at higher frequencies, an additional polarization from shifting of
ions [16,32,33]. Maxwell-Wagner grain-grain boundary model for ferrites is applicable
in £”vs. fplots for our investigated materials [7,16]. With increasing £ &’ decreases
because the responsible dipole pairs (Fe2+-Fe3*+ and M2+-M3+ in between tetrahedral
(A) and octahedral (B) sites) for polarization lags behind the electric field at higher
frequencies. The observed peaks at ~ 3 GHz and ~ 18 GHz in £’vs. fplots suggest
presence of dielectric relaxation and resonance respectively [15,16,32]. However, &7

related to energy dissipation of accumulated charges, increases with fand shows a

broad hump at respective frequencies of dielectric relaxation [4,32].

The dielectric loss, defined as tand; = £”/ £, is plotted as a function of frequency
in Fig. 6.3(c) which also follows the similar trend as £”vs. fcurves. The absence of M2+-
M3+ dipole pair, and the lower impedance value of Fe304 NHS can be responsible to its

lower values of &£”and tand: throughout the studied frequency region [34-36]. The

Page | 139



Chapter 6

exterior as well as interior surface of porous NHSs along with their higher surface to
volume ratio contributes in enhancing the interfacial area which increases dielectric
polarization [18,24]. Thus, larger interfacial area in NHSs increases polarization and
hence, amplifies tand, which makes NHSs more suitable towards electro-magnetic
wave absorbing materials [18,25]. A schematic representation in Fig. 6.3(d) emphasizes
the properties of NHSs towards their suitability and effectiveness as microwave

absorber.

Mn (a) 1.24 Mn (b) f’*\
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Figure 6.3. Frequency dependence (1 - 20 GHz) of (a) real (&%, (b) imaginary (&”) values of
dielectric constant and (c) dielectric loss (tand.), (d) A schematic approach showing
effectiveness of NHSs towards EM wave absorption

The variation of real (#’) and imaginary part (#” of relative permeability with
frequency are plotted in Fig. 6.4(a) and 6.4(b). ”is observed to decrease up to a certain
frequency then it maintains an almost constant value for all MFe204 NHSs (20 wt%

loaded composites), whereas u” displays characteristic resonance peaks for all the
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samples. Field dependent magnetization curves at 300 K (shown in inset of Fig. 6.4(d))
exhibits that saturation magnetization (Ms) decreases when Fe?* in Fe304 is replaced
with other cations (M = Mn, Co, Ni, Cu, Zn). The estimated coercivity ( H¢) and Msvalues
for ferrites are listed in Table 6.2. According to the Landau-Lifshitz-Gilbert (LLG)
equation, dynamic magnetic properties of the ferrimagnets are strongly related to the
parameters such as magnetic anisotropy and Ms [25,37]. Moreover, Globus equation,
p o< (Mg2D / K'/?), where K is the magneto-crystalline anisotropy constant, ensure
highest value of x’for Fe304 among other ferrites and lowest for CoFe204 NHS for its
maximum H¢ and K values [2,25]. Typical morphology of NHSs enhances the surface
magnetic anisotropy energy in MFe204 NHSs than bulk ferrites which is beneficial to

achieve higher loss and EM wave absorption in the system [7,15].
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Figure 6.4. Frequency dependence (1 - 20 GHz) of (a) real (¢, (b) imaginary (x”) values of
permeability and (c) magnetic loss (tand,), and (d) u “(u’)-2f- [inset of (d): M-H plots at 300 K
for all samples]
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From Fig. 6.4(c), magnetic loss tangent, defined as tand, = u”/ i is found to
follow almost the same nature with £ as shown in case of x” In general, dynamic
magnetic loss mostly arises from magnetic hysteresis, domain wall resonance, eddy
current effects, natural and exchange resonance. Here, due to low field and high
frequency ( £> 100 MHz), first two contributions are less effective for the samplesin 1 -
20 GHz frequency range [6,38]. From the natural resonance equation [7,39],
2rnf, = (4yK)/(3uyMs), where y is gyromagnetic ratio (~ 2.8 GHz/kOe for ferrites),
resonance frequency (£) is found around ~ 4 to 6 GHz for NHSs which suggests strong
EM absorption through magnetic loss at that region. Further, the eddy current loss
contribution to x” can be expressed as u"~ 2mu,u'?(d*o)f, where dis thickness of the
sample (here 4.2 mm), g; electrical conductivity and ug permeability of free space [25].
According to this equation, if x” (or tand,) only originates from the eddy current loss,
the values of u”(u’)2f-2will not contain any peak and be constant with frequency [6,9].
In order to know the probable causes of magnetic loss, u”(u’)2f -1 versus frequency
curve is plotted in Fig. 6.4(d). It can be noticed that a sharp peak is visible in all the
curves around 4 GHz and the value remains almost constant after ~ 10 GHz. Therefore,
resonance contributes for magnetic loss at low £ whereas eddy current loss has a

significant effect on absorption at higher frequencies.

Table 6.2. Saturation magnetization (Ms) and Coercivity (Hc) values for MFe;04 NHSs

MFe,04 NHSs, Ms He
M= (emu/g) (Oe)

Mn 55.0 152

Fe 71.0 131

Co 619 580

Ni 63.3 117

Cu 58.8 148

Zn 65.7 129

6.3.3 Microwave Absorption Properties

To understand EM wave absorption properties of MFe204 NHSs, frequency dependence

of reflection loss (RL) curves for the samples with 20 wt% filler concentration and 4.2
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mm thickness (£) are plotted in Fig. 6.5(a). Here, RL is calculated employing these

following equations based on transmission line theory [1,6,19],

1
Zy, = Zy(=)" tanh[j (72 (u,,)7] 6.1

c
RL =201log|(Z;,, —Zy)/(Zy, + Zy)| 6.2

where ur (= pu™- iu”) and & (= £~ ie”) are relative permeability and permittivity of the

material, c, the velocity of light, ¢, absorber composite thickness, Zp and Zj; are the

impedance of free space and input impedance of absorber respectively. Two

characteristic RL peaks for all the ferrites around ~ 4 GHz and ~ 12 GHz are witnessed

in the examined frequency band. Generally, high RL originates from either (i) higher

transmission of the incident wave which requires better impedance matching i.e.

| Zin/Zo| ~ 1 or (ii) high value of dielectric and magnetic loss [2,9]. Moreover, total

internal reflection in hollow core of NHS traps incident EM wave and increases the total

propagation path of it, hence absorbs it in better [18,19,24]. The peaks in RL vs. f
curves around 4 and 12 GHz can be attributed to strong magnetic and dielectric losses

respectively. An additional intense peak is observed for MnFe204 NHS at ~ 19.3 GHz
(RLmax = —32.7 dB) arising due to proper impedance matching with |Zi/Zg| nearly
equals to 1. To ensure the impedance matching, variation of | Zin/Zy| is plotted with fin

Fig. 6.5(c) which shows a good matching from ~ 10.5 to 14.7 GHz and beyond 18.6 GHz.
These frequency bands consisted of RL < —10 dB i.e. absorption > 90% constitute the

total effective bandwidth for the samples [40]. Here, Fe304 NHS with poor matching i.e.

| Zin/Zo| far from 1 displays lowest RL peaks also, as shown in Fig. 6.5(a). Thus, cation

substitutions on traditional microwave ferrite Fe304 can be an effective tool to enhance

RL from —6.7 dB to —32.7 dB as well as broaden the total effective bandwidth from 0

GHz to 4.6 GHz.
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Figure 6.5. Variation of (a) reflection loss (RL), (b) attenuation constant (&), (c) | Z./Zs| ratio
and (d) total shielding efficiency (SE7) with frequency (1 - 20 GHz) for all the samples

Further, attenuation constants (@) and shielding efficiency (SE), associated with
microwave loss and transmission through the ferrite/epoxy composites, are estimated
for the samples, shown in Fig. 7.5(b) and 7.5(d). Total SE (SEToza) is expressed as the
sum of the contributions from reflection (S£z) and absorption shielding (SE4) obeying
the equation [24,25],

SE;p = 10log <Pt/P0) = (SE, + SER) = 20log|S,, | 6.3
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where, SE, (dB) =10log (1—R), R =|S;;|* and SE, (dB) = 101log[(T/(1— R)],
T =S, |?. In this equation, Pt is the transmitted power, Po, incident power of EM wave,
S11 and S21, reflection and reverse-transmission co-efficient respectively.

Attenuation constant () is defined as [6,16],

a = \/iﬂf\/(#llgﬂ _ ‘u'lgl) + \/(‘u'/lgll _‘u'lel)z + (M”g’ +[1’8”)2 6.4’

Here, a is found to increase with frequency and maximum for lossy CoFe204 NHS (~
230 Np/m) whereas SE7oar is optimum for MnFe204 (—42 dB at ~ 10 GHz) following

nature of RL curves.

Favorable impedance matching at high fand maximum losses at lower fmake
MnFe204 NHSs most efficient microwave absorber compared to the other investigated
ferrites and hence, filler loading content and thickness dependent study of microwave

properties are carried out to assure its practical applications.

Figure 6.6(a) describes RL as a function of frequency for MnFe20s4 NHS for
different filler concentration for composite ¢= 4.2 mm. Enhancement of ferrite loading
from 0 wt% to 50 wt% in epoxy matrix shows an increase in RL from —3.4 dB to —45.6
dB. The &”and u’values are also highest for 50 wt% sample (shown in insets of Fig.
7.6(a)). With higher filler content, RLmax peak shifts towards lower frequency to
maintain thickness matching criteria [38,41]. Moreover, total effective bandwidth as
broad as ~ 3.6 GHz obtained for 50 wt% composite represents it as a potential
microwave absorber. In addition, composites consisted of epoxy resin matrix and
ferrite filler can maintain their stability for high-temperature applications up to
120°C [42]. Frequency dependence of RL for 50 wt% sample at different thicknesses is
presented in Fig. 6.6(b) and Fig. 6.6(c).
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Figure 6.6. Frequency dependence of RL varying with (a) filler concentration [Insets: Variation

of ¢”and p’with ffor composites with 0 wt%, 20 wt% and 50 wt% MnFe.0, NHS] and (b)

thicknesses (c) 3D representation showing RLuain MnFe;04 NHS (50 wt%) and (d) Simulated

and experimental matching thicknesses (¢.;) with frequency (1 - 20 GHz)

Relation of peak frequency at RLmax (fm) with matching thickness (#») can be

directly interpreted from quarter wavelength (A/4) model as,

_ nc —
ty = = (n=135,...) 7.5

Higher matching modes are visible for higher thicknesses and f» moves towards lower
frequency with increasing ¢ of the samples. A good agreement in experimental and
simulated ¢» can be noticed in Fig. 6.6(d) which may also provide a guidance for the

thickness design required for microwave absorbers [18,38]. The maximum RL obtained

Page | 146



Chapter 6

here for MnFe204 nano-hollow spheres with 50 wt% filler loading content is
comparable to other promising ferrite EMA composites such as NiFe204/r-GO nano
particles (~ —42 dB) [16], Fe304/Si02 nanorods (~ —28.6 dB) [7], CoFe204@rGO nano-
composites (~ —25.7 dB) [4], Fe304@TiO2 microspheres (~ —23 dB) [8], Magnetic
graphene@PANI@porous TiO:z ternary composites (—45.4 dB) [38] etc. Therefore,
light-weight MnFe204 NHS (50 wt%) composite is an attractive candidate for

microwave absorption and applications in high-frequency devices.

6.4 Conclusion

In summary, electromagnetic wave attenuation properties of as-synthesized low-
density MFe204 [M = Mn, Fe, Co, Ni, Cu, Zn] nano-hollow spheres (20 wt% filled in
epoxy resin matrix) are investigated in-detail within widely-used frequency range of 1 -
20 GHz. M2+ [M = Mn, Co, Ni, Cu, Zn] substitution in place of Fe2*+ displays a clear
enhancement of microwave absorption properties compared to traditional Fe30s
whereas, MnFe204 NHS is found to exhibit an optimal RL of ~ —32.7 dB, SErotas ~ —42
dB and a high @~ 196 Np/m. Losses through strong magnetic resonance and dielectric
relaxation are responsible for RL peaks of ferrites around ~ 4 GHz and ~ 12 GHz
respectively. An additional peak at ~ 19.3 GHz for MnFe204 NHS arises due to favorable
impedance matching. Multiple internal reflections in hollow core of NHS are also
considered as an influential source to high RL of NHSs. Further, filler loading content
and thickness dependent study is carried out on MnFe204 NHS composites and a
maximum RL of ~ —45.6 dB at ¢~ 4.2 mm with a broad total effective bandwidth (RL <
—10 dB) of ~ 3.6 GHz is observed for 50 wt% sample. According to A/4 model for best
matching thickness, experimental #» is found to agree well with calculated results.
Excellent RZ and broad BW observed in MnFe204 NHS (50 wt%) makes it a cost-

effective promising EMA material towards mass-efficient high-frequency applications.
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Enhancement of
Electromagnetic Wave

Chapter 7 Absorption in MnFe204

Nano-hollow spheres

Following the outcomes of previous chapter, herein dielectric, magnetic and microwave
absorption properties are investigated in detail for MnFe204 Nano-hollow spheres
(NHS) in the frequency range of 1-20 GHz, through precise modulation of their sizes
from 100 nm to 550 nm. Best impedance matching for 450 nm NHS of MnFe204 shows
the optimum response in an extremely light-weight composite of the studied material in

epoxy resin matrix



Chapter 7

7.1 Preamble

Ongoing rapid development of wireless and electronic high-frequency technologies
produces severe electromagnetic interference (EMI) or wave pollution to the
environment that also extensively threatens the human health [1,2]. To shield
unwanted EM waves, light-weight, stable and cost-effective yet efficient EM wave
absorbing (EMA) materials are extremely needed [2,3]. EMA materials are also widely
used in military and civil fields, such as stealth technology, anechoic chambers and in
modern metamaterials [4,5]. In this context, ferrites for their synergistic magnetic and
dielectric properties are superior choice over traditional dielectrics like carbon based
materials or magnetic ultrafine metal powders [2,4,6]. Moreover, proper tuning of
permittivity (&) and permeability (x) associated with ferrites, provide favorable
impedance matching in it, thus ensuring higher reflection loss (£L) and broader total
effective bandwidth (BW) [4,7]. Further, a sufficiently high value of £and y is desirable

to lessen the required thickness () of the absorbing material [8].

In spite of these advantages of ferrites, high density of bulk and solid
morphologies of ferrites makes them heavy and thus less usable for practical
applications [7,9]. To overcome this drawback, nano-hollow sphere (NHS) morphology
of ferrites is a convenient option. NHSs with their internal hollow core are of lower
density and this hollow core stimulates multiple internal reflections in it, which
enhance total propagation path-length and absorption of EM wave in NHSs [3,7]. In
addition, larger surface to volume ratio, porous nature of NHS morphology, presence of
both interior and exterior surfaces increase its interfacial area for dielectric
polarization enhancing & values as well as dielectric loss [3,10,11]. On the other side,
among low-cost and stable transition metal based ferrites, MnFe204 owns high x values

due to high magnetic moment of its divalent cation [12].

In recent years, researches on microwave absorption properties of ferrites
became quite popular [7,13-16]. Morphology control, chemical doping and
hybridization of materials are some promising techniques to tune the EM wave

attenuation capability [7,17-19]. For instance, size-dependent EMA properties of Fe304
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nano-discs were studied in order to achieve strong EM wave absorption through
magnetic losses [13]. Graphene oxide functionalization on MnFe204 [14] and NiFe204
nanoparticles [16] were performed to increase their EM wave attenuation. Yang et al.
observed a maximum RL of ~ —45 dB with a broad BW via controlled doping of Zn2+
ions on Fe304 NHSs [7]. In order to obtain light-weight, stable and cost-effective yet
efficient electromagnetic (EM) wave absorbing material, here, we investigated EM wave
attenuation properties of as-synthesized low-density MnFe204 nano-hollow spheres
(NHS) in-detail, varying their sizes [mean diameter (nm) of sample sets = 100, 220,
300, 450 and 550] within a widely-used frequency range of 1 - 20 GHz. In addition to
larger interfacial area and magnetic anisotropy of NHSs, multiple reflections in internal
hollow core promote better EM wave absorption. Here, tuning of NHS sizes is
demonstrated as an effective strategy to achieve excellent microwave absorber and
MnFe204 NHS of diameter ~ 450 nm is found to exhibit a maximum reflection loss ( RL)
of ~ —52.6 dB, total shielding efficiency (SE7ota) ~ —39.5 dB and a high attenuation
constant (@) ~ 285 Np/m. Significant dielectric and magnetic losses with most
favorable impedance matching (|Zin/Zo| ~ 1) for 450 nm NHS are the reasons behind
this outcome. Further, a thickness dependent study on 450 nm NHS composites reveals
that optimum RL reached ~ —55.4 dB at 9.6 GHz for £ = 5.1 mm with a broad total
effective bandwidth (RL < —10 dB ie. shielding > 90%) of ~ 3.7 GHz. Moreover,
analysis from quarter-wavelength model for best matching thickness (#») displays a
good agreement between experimental and calculated &, values. This study presents
optimized 450 nm MnFe204 NHS at much lower filler concentration (20 wt% in epoxy
resin matrix), as a highly promising low-cost and light-weight microwave absorber

suitable for practical high-frequency applications.

7.2 Experimental

7.2.1 Synthesis Procedure

MnFe204 NHSs are synthesized in a facile one-pot template-free solvothermal process

where MnCl2, 6H20 and FeCl3, 6H20 are taken in 1:2 molar weight ratios as
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precursors, Ethyl Alcohol (EtOH) and Ethylene Glycol (EG) in 1:2 ratio as solvents and
Urea as reducing agent. Taking all the components in a 100 ml beaker,
Polyvinylpyrrolidone (PVP) is added while stirring it. PVP, a non-ionic surfactant, plays
an important role in controlling size distribution [20] and the amounts of PVP taken
here to achieve sample sizes from 100 nm to 550 nm are listed in Table 8.1. The clear
homogeneous solution, after 30 min of stirring, is transferred to a 50 ml Teflon-lined
stainless steel autoclave and heated at 200°C for 24 h in an oven to obtain NHSs. The as-
prepared MnFe204 NHSs are washed by EtOH and distilled water several times,
collected through magnetic separation and dried by heating at 60°C for ~ 30 min.
Increase in amount of capping agent, PVP, prevents the growth of nano-crystals which
results NHSs of smaller diameter. During the reaction, urea helps to precipitate Mn2+
and Fe3* ions from chloride salts to its hydroxides and after the heat treatment,
MnFe204 phase is developed. The anticipated mechanism related to the synthesis of
NHSs is considered as Ostwald ripening which involves a gradual re-crystallization of
particles from smaller to bigger ones to reduce their surface free energy [21]. In
addition, self-templating with the help of gas bubbles formed by urea, under the effect

of PVP ensures controlled formation of stable hollow spheres [11,22].

All the chemicals for above preparation, having analytical grade and purity > 98%,

were purchased from Sigma-Aldrich.

7.2.2 Characterizations

X-ray diffraction (XRD) is carried out by PANalytical X'Pert PRO equipped with Cu K«
radiation to know the parent phase of as-prepared samples. A FEI QUANTA FEG 250
field-emission scanning electron microscope (FESEM) (0.2 - 30 kV) and a FEG high-
resolution transmission electron microscope (HRTEM) (80 - 200 kV) are used to obtain
the information about size and morphology of NHSs. Magnetic measurements are
performed using Vibrating Sample Magnetometer (Lake Shore) in a maximum applied
field of 14 kOe and at room-temperature (~ 300 K). Microwave properties of the
samples are measured using Anritsu MS46122B Vector Network Analyzer (VNA) and

coaxial airline (Maury Microwaves 8043S6) within the frequency range of 1 — 20 GHz.
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The composite samples for microwave measurements are prepared by loading 20 wt%
powder samples in epoxy resin matrix and molding this mixture properly. The final
composites are in toroidal shape with inner diameter (dx) = 1.5 mm, outer diameter
(dour) = 3.5 mm and thickness () = 5 mm. Each composite sample is properly inserted
in port one end of coaxial airline 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 [23].
7.3 Results and Discussion

7.3.1 Structure and Morphology

XRD patterns of all the samples, displayed in Fig. 7.1(a), confirm single phase spinel
face-centered cubic structure as reported in the literature (JCPDS file no. 65-1123).
From the enlarged (311) peaks for MnFe204 NHSs shown in Fig. 7.1(b), peak positions
are observed to shift towards left with increasing sample sizes while the peak widths
become narrower from 0.237° to 0.177°for sizes 100 nm to 550 nm. Average crystallite
sizes (D) as well as lattice strains (e) are calculated from the XRD peaks using
Williamson-Hall formalism [24] and lattice constant (a) is estimated from XRD pattern

using Bragg's law. XRD peaks of each set are fitted following the equation, 3, cos@ =

%+ 4esinf, where k is the Scherrer constant (here ~ 0.94), 4, the working wave

length, Sri, the FWHM of the selected peak and 6, the XRD peak angle. The D, a and e
values are summarized in Table 7.1 for respective set of samples where an obvious
enhancement in crystallite size and lattice constant with increase in sample size is

obtained along with a simultaneous decrease in lattice strain [25].

FESEM micrographs, displayed in Fig. 7.1(c)-7.1(g), clearly illustrate nano-
hollow spheres (NHSs) of MnFe204 with inside cavity. The average diameters of NHSs
are estimated from size distribution curves (inset of Fig. 7.1(f) is for 450 nm) and these

values are listed in Table 7.1 for all the sample sets. Moreover, due to the internal
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hollow core, NHSs are of much lower density than their bulk counterpart, therefore

they are light-weight and much convenient for practical applications [9].
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Figure 7.1. (a) X-Ray diffraction plots for all MnFe204 nano-hollow spheres at ~ 300 K, (b)
Enlarged XRD peak (311) for MnFe;04 samples, FESEM micrographs of MnFO NHSs with sizes
(c) 100 nm (d) 220 nm (e) 300 nm (f) 450 nm; inset: corresponding size distribution graph (g)
550 nm

The contrast between bright core and dark shells visible in TEM micrographs, shown in
Fig. 7.2(a)-7.2(e), also confirms hollow sphere structures of the samples. The average
shell thicknesses obtained from TEM micrographs are listed in Table 7.1. A
representative HRTEM micrograph and SAED pattern for 450 nm NHS, presented in Fig.
7.2(f) and Fig. 7.2(g) respectively, displays separation between parallel diffraction
planes (0.3 nm for (220), 0.26 nm for (311)) that matches well with the values
calculated from XRD data. Furthermore, bright spots in SAED pattern depicts single
crystalline nature of the sample and EDX spectra, in Fig. 7.2(h), illustrates constituent
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elements present in the sample. A line scanned EDX spectrometry, performed across
the diameter of one NHS of ~ 450 nm, is shown by an orange line in Fig. 7.2(i). Fig.
7.2(j)-7.2(1) show the EDX line scanning profile of Mn, Fe, and O, respectively that
visualizes the hollow core of size ~ 270 nm and shell width of ~ 90 nm. Here, hollow
spheres up to diameter ~ 450 nm will behave like nano as their shell thicknesses are <

100 nm [26].
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Figure 7.2. TEM micrographs for MnFO NHSs with sizes (a) 100 nm (b) 220 nm (c) 300 nm (d)
450 nm and (e) 550 nm (f) HRTEM micrograph and (g) SAED (Selected Area Electron
Diffraction) pattern for 450 nm NHS (h) EDX (Energy Dispersive X-ray) spectra shows
components of MnFO (i) EDX Line Mapping across the orange line for 450 nm NHS; line
mapping spectra shown for (j) Mn (k) Fe (1) O
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Table 7.1. Amount of PVP in chemical reaction, Diameters, Shell thicknesses, Lattice constants
(a), Crystallite sizes () and Lattice strains (e) of MnFe.04 NHSs

PVP Diameter sitell
Sample S (+ 29%) thickness a(£1.5%) D(*5%) e(x103)

Sets o (£ 2%) A) (nm) (+ 1%)
(mg) (nm) (nm)

Set1 180 100 29 8.373 36.78 3.2

Set 2 70 220 53 8.387 37.73 3.2

Set 3 55 300 62 8.392 38.05 31

Set 4 40 450 86 8.400 42.71 2.8

Set5 30 550 114 8.411 49.22 24

7.3.2 Dielectric and Magnetic Properties

Real (£) and imaginary (&”) parts of relative dielectric constant as a function of
frequency (/) for MnFe204 NHS samples are plotted in Fig. 7.3(a) and 7.3(b). Here,
dielectric constant is originated mainly from the contributions of interfacial and dipolar
polarization where the charge carriers and the dipole pairs Fe2+-Fe3+ and Mn2+-Mn3+ in
between tetrahedral (A) and octahedral (B) sites are responsible for this [16,26]. With
increasing £ dielectric relaxation occurs as these dipoles can not comply with electric
field frequency and lags behind the field [27]. Therefore, £”decays at high frequencies
following Maxwell-Wagner grain-grain boundary model for ferrites [25]. The high-
frequency peak observed in Fig. 7.3(a) for the samples at ~ 18 GHz suggests possible
presence of dielectric resonance in the system related to atomic polarization [16,28].
Large interfacial area of porous NHSs consisted of its exterior as well as interior surface
and higher surface to volume ratio contributes in higher polarization, hence in higher
£[3,10]. Moreover, with increasing size, £”enhances with increase in interfacial area of
NHSs but after a certain size (here, 450 nm), £’ tends to decrease with lowering
structural strain in the samples [29,30]. In Fig. 7.3(b), £ related to energy dissipation
of accumulated charges, increases with NHS sizes and shows a broad hump at
frequencies containing dielectric relaxation and resonance f region. Frequency
dependence of dielectric loss, defined as tand. = £”/ € displayed in Fig. 7.3(c), varies

with ffollowing similar trend as £”vs. fcurves. Larger interfacial area in NHSs increases
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electric polarization and hence tands, which makes NHSs more suitable towards electro-

magnetic wave absorbing materials [3,9].
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Figure 7.3. Frequency dependence (1 - 20 GHz) of (a) real (¢ (b) imaginary (¢”) values of
dielectric constant and (c) dielectric loss (zand;) (d) M-H plots at 300 K for all samples [inset of
(d): variation of saturation magnetization (Ms) and coercivity (Hc) with NHS sizes]

Field dependent magnetization curves at 300 K, displayed in Fig. 7.3(d), exhibits
increase in Msfrom 56.2 emu/g to 73.0 emu/g for 100 nm to 550 nm NHSs whereas Hc
decreases (shown in inset of Fig. 7.3(d)). NHSs with larger diameter and shell thickness
possess larger crystallite sizes (as listed in Table 7.1) and at the same time, lower
magnetic anisotropy and lattice strains. Consequently, magnetic spins orient easily
along the field direction with increasing sizes to enhance Msand reduce Hcapproaching

towards corresponding bulk values of MnFe204[20].
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Figure 7.4. Frequency dependence (1 - 20 GHz) of (a) real (#") (b) imaginary (u”) values of
permeability (c) magnetic loss (tand,) and (d) p"(u')-2f1value

The real (¢) and imaginary parts (u”) of relative permeability of all the samples
are plotted in Fig. 7.4(a) and 7.4(b) as a function of frequency from 1-20 GHz. ’values
are observed to decrease up to a certain fand then it maintains an almost constant
value for all MnFe204 NHSs. u”displays characteristic resonance peaks for the samples
at around 6 GHz. In case of larger NHSs (here 450 nm and 550 nm), presence of a
second magnetic resonance at around 19 GHz is noticed [31]. Dynamic magnetic
properties of the ferrimagnets are strongly related to the parameters such as magnetic
anisotropy and Ms according to the Landau-Lifshitz-Gilbert (LLG) equation [9,32].
Moreover, analysis from Globus equation, ' & (M2D / K'/%), where Kis the magneto-
crystalline anisotropy constant, results in enhancement of y#’with diameter of NHSs and

highest value of x’is obtained for 550 nm NHS [7]. Typical morphology of NHSs raises
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their surface magnetic anisotropy constants than bulk ferrites which helps to achieve

higher magnetic loss and EM wave absorption in the system [1].

Variations of magnetic loss tangent, defined as tand, = u”/ u, with f and
presented in Fig. 7.4(c), follow almost similar nature as g ”vs. fcurves. It is well-known
that dynamic magnetic loss mostly arises from magnetic hysteresis, domain wall
resonance, eddy current effects, natural and exchange resonance. The first two
contributions are less effective for the samples in the high-frequency region and due to
presence of low field in this study [18]. From the natural magnetic resonance
equation [1,33], 2nf. = (4yK)/(3uyM;), where yis gyromagnetic ratio (~ 2.8 GHz/kOe
for ferrites), resonance frequency (£) is found to be around 4 GHz for MnFe204 NHSs
which suggests strong EM absorption through magnetic loss at this region.
Furthermore, the eddy current loss contribution to x4 can be expressed
as p'"~ 2mu,u'*(d*o)f, where d is the thickness of the sample (here, 5 mm), o,
electrical conductivity and ug, the permeability of free space [9,19]. According to this
equation, if u” (or tand),) originates from the eddy current loss, the u”(u)-2f-1 versus f
curves will not contain any peak and be constant with frequency [8]. In order to
understand the probable sources of magnetic loss, frequency dependence of u”(u’)-2f1
is presented in Fig. 7.4(d). A sharp peak can be noticed for all the curves around 4 GHz
and the value remains almost constant after ~ 11 GHz. Hence, contributions in magnetic
loss can be attributed to resonance at low £ whereas eddy current loss has a significant

role in absorption at higher frequencies.

7.3.3 Microwave Absorption Properties

Frequency dependent reflection loss (RL) curves for MnFe204 NHS composites with 20
wt% filler concentration and 5 mm thickness (¢ are plotted in Fig. 7.5(a) to provide
insight into their excellent EM wave absorption properties. Here RL is calculated

following these equations [3,34]:

1
Zip = Zy(t5) 2 tanh[j (22L) (&, 2] 7.1

Cc
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RL =2010g|(Z,, — Z,)/(Z,, + Z,)| 7.2

where ur (=pu™- iu”) and & (= €™~ ie”) are relative permeability and permittivity of the
material, c, the velocity of light, ¢, absorber composite thickness, Zp and Z; are the

impedance of free space and input impedance of absorber respectively.
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Figure 7.5. Variation of (a) reflection loss (RL) (b) attenuation constant (@) (c) |Zn/Zs| ratio;
inset: magnified plot for | Z,/Zy| ratio vs. frequency showing | Zi,/Z| ratio is nearest to 1 for 450
nm NHS and (d) total shielding efficiency (SE7o) with frequency (1 - 20 GHz) for all the
samples

Characteristic RL peaks for the samples around 4 GHz, 10 GHz and 17 GHz are
witnessed in the examined frequency band where the peak frequencies are shifting
towards left with increasing area of NHSs [9,31]. Origin of high RL can be attributed to

either (i) higher transmission of the incident wave which requires better impedance
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matching i.e. |Zin/Zo] ~ 1 or (ii) high value of dielectric and magnetic loss [7,8]. In
addition, total internal reflections in hollow core of NHS traps incident EM wave which
increases its total propagation path, hence it gets absorbed in NHS to a greater
extent [3,11]. RL peaks around 4 and 17 GHz are related to strong magnetic and
dielectric losses respectively. The intense peak at ~ 10 GHz for the samples is mostly
arising from the impedance matching with |Zi,/Zo| nearly equals to 1 and for 450 nm
NHS, due to most favorable matching, RL reaches its optimum value ~ —52.6 dB at ~ 10

GHz [8].

To ensure the impedance matching, variation of |Zn/Zy| is plotted with
frequency in Fig. 7.5(c) that shows best matching for the samples is obtained at around
10 GHz which also supports the outcomes from RL vs. fcurves. Moreover, total effective
bandwidth (BW) [frequency bands with RL < —10 dB i.e. absorption > 90%] is found to
increase with NHS sizes, from 0 GHz (for 100 nm) to 4.2 GHz (for 550 nm). Thus, size
variation of an eminent cost-effective microwave ferrite, MnFe204 in its light-weight
NHS morphology is an effective strategy to enhance RL from —7.0 dB to —52.6 dB as
well as broaden total effective bandwidth. Mn-ferrite NHS of 450 nm diameter having
BW as broad as ~ 3.6 GHz and highest RL achieves maximum efficiency towards its

practical applications in high-frequency devices.

Further, attenuation constants (&) and shielding efficiency (SE), associated with
microwave loss and transmission through the samples, are estimated and shown in Fig.
7.5(b) and 7.5(d) respectively. a is defined in terms of relative permittivity and
permeability as [16],

a = \/inf \[(H"E" _ 'ulgl) + \/('Ll"E" _HIEI)Z + (‘u”g’ +Hl€n)2 73

Here, ais observed to increase with frequency and also with NHS sizes and it becomes
maximum ~ 285 Np/m for 450 nm NHS, whereas for 550 nm sample, with decaying &’
values, EM wave attenuation again decreases. Total SE (SETotal) is expressed as the sum
of the contributions from reflection (S£z) and absorption shielding (S£4) obeying the
equation [10],
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SEpor = (SE, + SEg) = 20log|S,,| 7.4

where, S2;7 is reverse transmission co-efficient. At ~ 9 GHz a broad peak is visible for all
SETotaivs. fcurves and a sharp increase in SE7.:a peaks is noticed from 100 nm to other
NHSs with enhanced internal reflections in hollow cores. SE7o¢ais also optimum for 450

nm MnFe204 NHS (— 39.5 dB at ~ 9 GHz) following trend of RL curves.

For a proper thickness design of the ferrite filler/epoxy composites
required for practical applications, a thickness modulated study on EM wave absorption
is carried out for 450 nm MnFe204 NHS. Figure 7.6(a) describes RL as a function of
frequency for different thicknesses from 3 to 6 mm and Fig. 7.6(b) illustrates these
results in three-dimension for better visualization. With increasing ¢ RL rises till 5.1
mm with a maximum AL value of —55.4 dB, then decreases again. This excellent RLmax
for t= 5.1 mm of 450 nm MnFe204 NHS filler is achieved in midst of widely-used X-band
region (at ~ 9.6 GHz) accompanied by a broad BWof ~ 3.7 GHz (RL < —10 dB for 8.6-
10.8 GHz and 15.2-16.7 GHz regions). Relation of RL peak frequency (/m) with matching
thickness (%x) can be interpreted from quarter wavelength (A/4) model as [16,18],

t 7.5

mzaﬁ%ﬁmzL&ag
where for odd values of n, reflected waves from two interfaces of the absorber become
out of phase. A good agreement between experimental and simulated &, can be noticed
in Fig. 7.6(c) where higher matching modes and hence more peaks are visible for
thicker samples and 7» shifts towards lower frequencies with increasing ¢ of the
samples [8,18]. A schematic representation in Fig. 7.6(d) summarizes the properties of
NHSs which makes them extremely suitable and effective as microwave absorber. In
addition, composites consisted of epoxy resin matrix and ferrite filler can remain stable
for high-temperature applications also up to 120°C [35]. The maximum RL obtained
here is comparable to other promising ferrite based microwave absorbers such as
NiFe204/r-GO nano particles (~ —42 dB) [16], Fe304/Si02 nanorods (~ —28.6 dB) [1],
MnFe204@rGO nano-composites (~ —29.0 dB) [4], Magnetic graphene@PANI@porous
TiO2 ternary composites (—45.4 dB) [18] etc. Therefore, light-weight 450 nm MnFe204
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NHS composite with only 20 wt% loading content is an attractive candidate for

microwave absorption and applications in high-frequency devices.
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Figure 7.6. Frequency dependence of RL varying with (a) thicknesses (b) 3D representation
showing RLmax in MnFe;0s NHS of 450 nm and (c) Simulated and experimental matching

thicknesses (t») with frequency (1 - 20 GHz) (d) A schematic approach showing toroidal
shaped sample and effectiveness of NHSs towards EM wave absorption

7.4 Conclusion

In summary, tuning of EM wave absorption properties within widely-used frequency
range of 1 - 20 GHz is performed by varying sizes (diameters in nm = 100, 220, 300,
450 and 550) of as-synthesized MnFe204 nano-hollow spheres (20 wt% filled in epoxy

resin matrix). Multiple internal reflections in hollow core of NHS, larger interfacial area
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and lower density make this typical morphology superior to its bulk and solid
counterparts in terms of efficient and practical EMA materials. Depending on the size
and structural properties of NHSs, dielectric and magnetic losses mostly increase from
100 nm to 550 nm NHSs. Intense RL peaks at around 4 GHz, 10 GHz and 17 GHz are
related to strong magnetic loss, favorable impedance matching and dielectric loss
respectively. Due to the best impedance matching with |Zi/Zo| nearly equals to 1,
MnFe204 NHS of diameter ~ 450 nm is found to exhibit the optimal RL of ~ —52.6 dB,
SETotal ~ —39.5 dB and a high @ ~ 285 Np/m. Further, a thickness dependent study on
450 nm NHS composites reveals maximum RL of ~ —55.4 dB at ~ 9.6 GHz for t= 5.1
mm with a broad total effective bandwidth (RL < —10 dB) of ~ 3.7 GHz. Analysis from
A/4 model for best matching thickness displays a good agreement in between
experimental and calculated ¢, values. Therefore, an excellent RL and broad BW
observed in 450 nm MnFe204 NHS at much lower filler concentration (20 wt%)
illustrates it as a mass-efficient and cost-effective promising EMA material towards

various high-frequency applications.

Page | 165



Chapter 7

References

[1]
2]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

X. Liu, Y. Chen, X. Cui, M. Zeng, R. Yu, and G. S. Wang, ]. Mater. Chem. A 3, 12197 (2015).
X. Qiy, L. Wang, H. Zhuy, Y. Guan, and Q. Zhang, Nanoscale 9, 7408 (2017).

M. Han, X. Yin, L. Kong, M. Li, W. Duan, L. Zhang, and L. Cheng, J. Mater. Chem. A 2, 16403
(2014).

Y. Ding, Q. Liao, S. Liy, H. Guo, Y. Sun, G. Zhang, and Y. Zhang, Sci. Rep. 6, 32381 (2016).
S. Sutradhar, S. Saha, and S. Javed, ACS Appl. Mater. Interfaces 11, 23701 (2019).

L. Quan, F. X. Qin, D. Estevez, W. Lu, H. Wang, and H. X. Peng, ]. Phys. D. Appl. Phys. 52,
(2019).

Z.Yang, Z.Li, Y. Yang, and Z. ]. Xu, ACS Appl. Mater. Interfaces 6, 21911 (2014).

Y. Zhang, H. Bin Zhang, X. Wu, Z. Deng, E. Zhou, and Z. Z. Yu, ACS Appl. Nano Mater. 2,
2325 (2019).

D. Mandal, A. Gorai, and K. Mandal, J. Magn. Magn. Mater. 485, 43 (2019).
R. Panigrahi and S. K. Srivastava, Sci. Rep. 5, 7638 (2015).

F. Wang, J. Liy, J. Kong, Z. Zhang, X. Wang, M. Itoh, and K. Machida, J. Mater. Chem. 21,
4314 (2011).

K. Vamvakidis, M. Katsikini, D. Sakellari, E. C. Paloura, O. Kalogirou, and C. Dendrinou-
Samara, Dalt. Trans. 43, 12754 (2014).

Y.Yang, M. Li, Y. Wuy, B. Zong, and J. Ding, RSC Adv. 6, 25444 (2016).

X. Zhang, G. Wang, W. Cao, Y. Wei, J. Liang, L. Guo, and M.-S. Cao, ACS Appl. Mater.
Interfaces 6, 7471 (2014).

M. Pardavi-horvath, ]. Magn. Magn. Mater. 216, 171 (2000).

J.Z.He, X. X. Wang, Y. L. Zhang, and M. S. Cao, J. Mater. Chem. C 4, 7130 (2016).

Page | 166



Chapter 7

[24]
[25]
[26]

[27]

[28]
[29]
[30]

[31]

[32]

[33]

W. Ruan, C. Mu, B. Wang, A. Nie, C. Zhang, X. Du, J. Xiang, F. Wen, and Z. Liu,
Nanotechnology 29, 405703 (2018).

P.Liy, Y. Huang, J. Yan, and Y. Zhao, ]. Mater. Chem. C 4, 6362 (2016).

Y. Zhang, X. Zhang, B. Quan, G. Ji, X. Liang, W. Liu, and Y. Du, Nanotechnology 28, (2017).
D. Sarkar, M. Mandal, and K. Mandal, J. Appl. Phys. 112, 64318 (2012).

M. Mandal Goswami, Sci. Rep. 6, 35721 (2016).

S. F. Soares, T. Fernandes, A. L. Daniel-da-Silva, and T. Trindade, Proc. R. Soc. A Math.
Phys. Eng. Sci. 475, 20180677 (2019).

0. Luukkonen, S. I. Maslovski, and S. A. Tretyakov, IEEE Antennas Wirel. Propag. Lett. 10,
1295 (2011).

D. Nath, F. Singh, and R. Das, Mater. Chem. Phys. 239, 122021 (2020).
D. Mandal and K. Mandal, J. Alloys Compd. 851, 1 (2021).
D. Mandal, M. Alam, and K. Mandal, Phys. B Condens. Matter 554, 51 (2019).

C.V.Ramana, Y. D. Kolekar, K. Kamala Bharathi, B. Sinha, and K. Ghosh, ]. Appl. Phys. 114,
183907 (2013).

R. Tang, C. Jiang, W. Qian, ]. Jian, X. Zhang, H. Wang, and H. Yang, Sci. Rep. 5, 1 (2015).
Y. Yang, W. Guo, X. Wang, Z. Wang, J. Qi, and Y. Zhang, Nano Lett. 12,1919 (2012).
H. Ge, Y. Huang, Y. Hou, H. Xiao, and M. Zhu, RSC Adv. 4, 23344 (2014).

I. Shanenkov, A. Sivkov, A. Ivashutenko, V. Zhuravlev, Q. Guo, L. Li, G. Li, G. Wei, and W.
Han, Phys. Chem. Chem. Phys. 19, 19975 (2017).

T. L. Gilbert, IEEE Trans. Magn. 40, 3443 (2004).

X. G. Liu, D. Y. Geng, H. Meng, P.]. Shang, and Z. D. Zhang, Appl. Phys. Lett. 92, 173117
(2008).

Page | 167



Chapter 7

[34] X.Li J. Feng Y. Du, . Bai, H. Fan, H. Zhang, Y. Peng, and F. Li, ]. Mater. Chem. A 3, 5535
(2015).

[35] H.-I. Hsiang, W.-S. Chen, Y.-L. Chang, F.-C. Hsu, and F.-S. Yen, Am. ]J. Mater. Sci. 1, 40
(2011).

Page | 168



Magnetic and Microwave

Ch ap ter 8 Properties of AOT

Functionalized Cobalt-
Ferrite Nanoparticles

In this chapter, Dioctyl sodium sulfosuccinate (AOT) functionalized cobalt-ferrite
nanoparticles (CFNPs) sets with average sizes from 12 to 22 nm are synthesized and
their in-detail magnetic characterizations are performed in search of hard-soft marginal
magnet for application in various fields. Further, microwave absorption properties of
bare and functionalized CFNPs are performed to observe effect of surface

functionalization.



Chapter 8

8.1 Preamble

Currently researchers have focused on transition metal oxide (TM) based magnetic
nanomaterials for their low cost, low thermal conductivity, physical and chemical
stability, unusual optical behavior, electronic and magnetic properties which differ
significantly from their bulk counterpart [1-3]. Among all the ferrite materials, the hard
magnetic cobalt ferrite (CFO) got popularity due to its high Hg large Msand strong
anisotropy [4]. These properties of CFNPs make them useful in magnetic recording [5],
magneto-optical and magneto-electric devices [6] and also in the field of biomedical

research [7] starting from catalysis to drug delivery [1,8] etc.

A magnetic material is expected to show its maximum coercive field when it
possesses its single domain size where domain wall movement is no longer possible
and magnetization takes place by rotation only [9]. Moreover in nano size range,
surface anisotropy, strain induced magnetostriction, inter-particle interaction etc.
contribute to intrinsic anisotropy, thereby increasing the coercivity further. On the
other hand due to higher thermal fluctuation in nanoscale, thermal demagnetization
takes place [10-12]. Therefore, most of the applications of a magnetic nanomaterial
require careful control in size to adjust both the single domain behavior and thermal

demagnetization.

A number of efforts were made to increase the coercivity in cobalt ferrite by
using various synthesis techniques such as mechanical milling, oil-in-water micro-
emulsion and surface treatment. Liu et al. [10] reported a high value in coercivity of 5.1
kOe of CoFe204 powder depending on mechanical ball milling time. They explained the
reason of high Hc on the basis of high density of defects and high level of strain
developed during the milling. A large value of coercivity 9.3 kOe at room temperature is
also reported for thin films deposited on SiO: single crystal substrate [12]. Further, a
very large coercivity 9.47 kOe was found in surface modified CFNPs with crystallite size
~ 20 nm [13]. This large Hcwas attributed to the accumulative effect of disordered

surface spins, large strain, and surface anisotropy due to oleic acid.

It is well recognized that due to ligand assisted surface modification technique
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coercivity of magnetic NPs can be increased to a large value. But those methods are
comparatively complicated and change of size of particles by those methods is not so
feasible. Recently we reported tuning of magnetic properties of different types of
surfactant modified CFNPs where enhancement of coercivity took place due to both the
surface modification of CFNPs and induced charge transfer effects [14]. In that study
AOT modified CFNPs exhibited the maximum coercivity at some critical size compared
to other surface ligands. That work inspires us to make further study on the AOT

modified CFNPs in search of TM based permanent magnet.

An in-depth magnetic characterization of Dioctyl sodium sulfosuccinate (AOT)
functionalized cobalt-ferrite nanoparticles (CFNPs) with average sizes from 12 to 22
nm, synthesized by co-precipitation of metal precursors are discussed here. The M-H
hysteresis loop at room temperature for different particle size reveals that coercivity
(Hc) value reaches the maximum (4.1kOe) at a critical size of 17.4 nm. Further,
magnetic relaxation (M vs. time) measurements indicate relatively high value of
magnetic relaxation time constant (t) for AOT assisted CFNPs. Therefore, high Hc,
significant saturation magnetization (Ms) coupled with high t ensure the permanent
magnetic characteristic of the material which have the potential to replace the
expensive rare-earth-transition metal based permanent magnetic materials. On the
other hand, materials with comparatively low value of Hc, remanent magnetization

(Mr) will be useful for bio-medical applications [15].

8.2 Experimental

8.2.1 Synthesis Procedure

The AOT functionalized CFNPs with controlled size distribution are synthesized by
surfactant mediated wet chemical co-precipitation process. A 50 ml aqueous solution of
0.5958 g CoClz, 6H20 and 1.352 g FeCls, 6H20 taken in 1:2 molar weight ratios, and also
a 4M NaOH solution (50 ml) are prepared. Next, the surfactant solution made up of
2.223 g 0.1 M AOT (Dioctyl Sodium Sulfosuccinate (C20H37Na07S)) dissolved in ethanol

is mixed with the above salt solution and stirred for 30 minutes. This homogeneous
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mixture is heated at a constant temperature of 80°C in a 250 ml three-neck flask. Then
the preheated sodium hydroxide solution at 40°C is added drop by drop to that
solution, keeping the flow rate, stirring speed and temperature constant followed by 1
hour stirring of the solution on hot plate. After the reaction is completed, the whole
mixture is left to settle down for 5 hours and then the black precipitate is collected by
centrifugation, washed several times by water and dried at room temperature. We
varied size of the particles changing the reaction temperature, reagent concentration,
stirring speed and reactant addition rate. Thorough control of these reaction
parameters allows us to obtain the sets of NPs of sizes 12 to 22 nm with dispersion less
than 10%. In case of bare particles the synthesis is done without using the
functionalizing material ‘AOT’ but keeping the other parameters same as taken in case

of functionalized particles.

Chemicals, having purity > 98%, are bought from Sigma-Aldrich and Loba Chemic for

the above preparation.

8.2.2 Characterizations

The structural phase and crystallite size of as-prepared AOT functionalized CoFe204 are
studied by powder X-ray diffraction (XRD) using Rikagu MiniFlex II diffractometer
equipped with Cu Kq radiation (at 15 mA and 35 kV) at the scanning rate of 1° per
minute in the 20 range of 20°-80°. A FEI QUANTA FEG 250 field-emission scanning
electron microscope (FESEM) (0.2-30 kV) and a FEG transmission electron microscope
(TEM) (80-200 kV) are used to investigate the size, shape, morphology of NPs. The
Energy-dispersive X-ray (EDX) spectra are recorded for elemental analysis of the AOT-
modified CFNPs. FTIR (Fourier transform infrared spectroscopy) is performed on the
AOT modified samples by a JASCO FTIR-6300 spectrometer in the range of 500-4000
cm1. DSC (Differential Scanning Calorimetry) and TGA (Thermal Gravimetric Analysis)
measurements are done using Q-2000 unit in the temperature range 300 Kto 500 K. All
the relevant magnetic measurements are carried out using a Vibrating Sample

Magnetometer (Lake Shore).
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8.3 Results and Discussion

8.3.1 Crystallography and Morphology

Figure 8.1 shows the X-Ray Diffraction plots of all the AOT functionalized CFNPs
indexing the crystal planes present. This graph confirms the inverse spinel face
centered cubic structure of CFNPs, as reported in the literature (JCPDS file no. 22-
1086). A small peak at approximately 40 degrees, shown in the XRD spectra for some

samples (‘@’,‘b’, ‘c’), indicates the presence of small amount of residues (NaCl).
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Figure 8.1. X-Ray Diffraction plots of all the AOT functionalized CFNPs with particle sizes (a)
12.5nm, (b) 13.5 nm, (c) 15.9 nm, (d) 17.4 nm, (e) 20.2 nm and (f) 21.3 nm, Inset 1: XRD plot of
bare CFNPs and Inset 2: (311) peak of (a), (c) & (f)

We calculated average crystallite size (D) and lattice strain (e) of the particles

k.1
from Scherer formula, D = and e = B
B .cos 6 4 tan 0

choosing three peaks from each XRD,
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where k is the structural constant (0.94), A, the working wave length, 5, the FWHM of
the selected peak in radians and 6, the XRD peak angle in degrees. The inset (1) of Fig.
8.1 shows the XRD plot for uncapped CFNPs. The inset (2) of Fig. 8.1 comparing peak at
35.4°, confirms the increase in particle size from ‘a’ to ‘f’ as the peaks getting narrower.

Table 8.1 shows the designation of the samples (in the graph) with their sizes and

lattice strains.

No. of Particles

Counts (a. u.)

Cu A \\\\
3 1

e | L] v T L T T
10 15 20 25 30 35
2 Energy (keV) 8 10 Particle Size (nm)

Figure 8.2. (a) FESEM, (b) TEM micrographs of AOT modified CoFe;04 NPs (c) EDX spectra
showing the composition for both capped and uncapped (inset) CFNPs. (d) Number of particles
vs. Particles sizes histogram plot from TEM micrograph showing the relative standard deviation

of sample f (21.3 nm)

The particle size and their spherical shape are studied from FESEM and TEM

micrographs shown in Fig. 8.2((a) and (b)). Capping is done here with organic molecule
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which could not be distinguished with TEM. EDX (Energy Dispersive X-Ray) spectra for
both functionalized and bare CFNPs (inset) are also presented in Fig. 8.2(c), which
confirms the constituents Fe, Co, O, Na, S, and C present in the AOT modified CFNPs. The
‘S’ element peak (marked in Fig. 8.2(c)) shown in EDX spectra proves the capping of
surfactant, which is not present in the EDX spectra of bare CFNPs. Particle size
distribution for sample ‘f" is plotted in Fig. 8.2(d) which shows relative standard

deviation of ~ 8.4% with an average particle size of 21 nm.
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Figure 8.3. (a) FTIR spectra of CoFe204_AOT NPs and of only AOT (b) DSC and TG curve showing
peaksat 110°C, 200°C, 400°C, 550°C

Figure 8.3(a) illustrates the FTIR spectra of AOT modified CFNPs and of only
AOT. FTIR spectra can offer information about redistribution of cations between
octahedral and tetrahedral sites of the inverse spinel structure in CoFe204 [16]. Analysis
on AOT show peaks at 1160 and 1052 cm~! corresponding to asymmetric and
symmetric stretch vibrations of the sulfonate (S-0) groups and at 1247 cm~1, which
corresponds to the ester stretch (-C(=0)-0-C) [17]. The intense peaks at 2854 and
2924 cm~1 correspond to methylene antisymmetric and symmetric vibrational modes
in AOT. The suppression or broadening of FTIR peaks of functionalized CoFe204 NPs in
comparison to the surfactant implies a serious surface modification of magnetic

NPs [14]. However, the peak obtained at 556 cm-! in CoFe204 sample is attributed to Fe-
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0 or Co-0 bond [13]. These comparative studies help to identify the strong coordination

of surfactant to NP surface.

Fig. 8.3(b) represents the DSC thermogram of AOT functionalized CFNPs which
shows a strong endothermic peak at 110°C due to the evaporation of structural water.
The small endothermic peaks near 200°C,400°C, 550°C are probably associated with the
thermal energy released due to the decomposition of ligand molecule. The descending
thermogram does not display any peak which confirms the entire decomposition of the
strongly attached micelle during ascending half. TGA is performed to show the
respective weight losses of AOT modified CFNPs (Fig. 8.3(b)) where thermal energy

changes occur.

8.3.2 Size Dependent Magnetic Measurements

5 20
a
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Figure 8.4. (a) M-H curve of all the samples with different particle size, at room temperature
300 K (b) Variation of coercivity and remanent magnetization with crystallite size of particles,

atroom temperature

Figure 8.4(a) describes M - H hysteresis loops of all the samples with maximum applied
field up to 14 kOe at room temperature. All the loops exhibit the characteristic features
of a ferrimagnetic material with sufficiently high Hc¢ values (141 Oe to 4.1 kOe) and Mg

values (2.95 emu/g to 18.13 emu/g). A material with a high H¢ is suitable for
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permanent magnets as these types of materials can prevent them from being easily
demagnetized. In addition to high Hg high Mg is also desirable to increase the energy
product required for a permanent magnetic material. The magnetic parameters such as
coercivity (Hc), and remanent magnetization (Mg) estimated from the hysteresis loops

with their corresponding sizes are listed in Table 8.1 and shown in Fig. 8.4(b).

Hcis found to increase with increasing crystallite size and reaches its maximum
value of 4.1 kOe at a size of 17.4 nm, beyond which it reduces. Our reported value of Hc
is much higher compared to Hc~ 1.2 kOe achieved by Toksha et al [18] for bare CFNPs

of nearly the same size.

Magnetic coercivity depends on several factors such as magnetic anisotropy,
defects, strain, size, doping, nature of the surface, and interface as well as inter -particle
interaction. Capping of surfactant reduces coagulation and interaction among the
particles. Therefore, magnetic anisotropy and interaction of surfactant ligand with NPs

are responsible for large coercivity.

Table 8.1. Sample name mentioned in the graph with their corresponding crystallite size, lattice
strain, Hg and Mz

R t
Sample  Crystallite Lattice Coercivity ema.nen.
Name Sizesin nm Strain (Hc) in kOe Magnetization
(Mg) inemu/g
12.5 0.0095 0.46 2.95
b 13.5 0.0088 0.142 3.63
c 15.9 0.0074 0.143 3.81
d 17.4 0.0066 4.10 5.39
e 20.2 0.0059 3.12 9.94
f 21.3 0.0058 2.03 18.13

The magnetic anisotropy can be calculated using the law of approach (LA) to
saturation [19]. Though LA to saturation is applicable to ferromagnetic materials, due
to the high magnetization, coercivity and anisotropy of CFNPs, hence it can be

applicable here [20-25].
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2 3
0.07619K*  0.0384 K
M(H)—Ms(l— —— — —3 3)
H2 Mg H3 Mg

8.1

where M(H) is the magnetization at an applied field of A, Ms is the saturation
magnetization, and K is the cubic magneto-crystalline anisotropy constant. To
investigate the effect of AOT surfactant on the CFNPs, we fitted the Eq. 8.1 to the M - H
curve (approach to saturation region) of bare CFNPs and AOT modified CFNPs (21.3

nm), as shown in Fig. 8.5.
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Figure 8.5. (a) M-H hysteresis loops at 300 K for AOT modified CFNPs and bare CFNPs (b) Eq. 1
fitted M-H curves at approach to saturation region

The anisotropy constant (KX) of AOT modified CFNPs is found to be ~ 11.9x105 ]J/m3,
which is much higher than that (~ 4.9x105 J/m3) of bare one. Higher value of K is
attributed to the surface spin pinning by surfactant molecules. For a spherical particle
with diameter D, surface area S, and volume V, the anisotropy energy constant (X) is

described by the relation
6

where Ky and Ks are the bulk and surface anisotropy energy constants, respectively.

Using Eq. 3, Ks is estimated to be ~ 3.1x105 J/m3 and ~ 10.1x10> J/m3 for bare and
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surface functionalized CFNPs respectively. As Ky is constant for a material, K increases

due to the increase in Ksresulting an increase in coercivity.

From the Neel model of the surface magnetic anisotropy [26-27],

Ey o CRY" (5.8,)? 8.3
Where Ej is surface anisotropy energy, L(r;) is pair-anisotropy constant, also can be
called K5 $; and é; are unit vectors along magnetization direction and distance between
spin 7 and j respectively. L(r;) and hence, surface anisotropy increases with the
decreasing separation between two neighboring spins at the surface due the adverse
break down of local symmetry at the NP surface and hence the lack of attraction in all
directions, resulting increase in surface anisotropy and hence increase in coercivity.
Bgdker et al. [19] reported further enhancement in A'when the surface is modified with
foreign molecules. Further coercivity is found to increase with increasing chain-length
of the surfactant, for example, NPs assisted with TTAB (higher chain-length) shows
higher coercivity than those capped with CTAB (shorter chain length) though they have
the same m-acceptor head group [14] due to the steric hindrance offered by tail part of
the surfactant. Hence, we can anticipate that surface anisotropy as well as the steric
hindrance associated with tail part of surfactant may be responsible for such a
difference in coercivity. Rakshit et al. [14] have reported that ligands with m-donor
head group and large tail group, such as AOT, results in greater Ms and Hc of 3d

transition metals in comparison to other ligands stated.

The increase in Hc for particle sizes from 22 to 17 nm (Fig. 8.4(b)) is may be
either due to multi domain to single domain transformation or rise of surface
anisotropy with decreasing crystallite size. However this multi to single domain shifting
is not probable for small particles obtained here, as for CFNPs, single to multi-domain
transformation generally occurs after 50 nm. For the smaller particles (from 17 to 12
nm), the anisotropy energy becomes comparable to the thermal energy and Hc decays

leading to thermally assisted jumps over the anisotropy barriers [10].
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The remanent magnetization increases with increase in particle sizes. Mg is low
for smaller particles because of the large value of surface spins in these particles tend to
freeze due to strong bonding between surfactant molecules and surface spin. For bigger
particles, other parameters such as domain wall alignment, inter-particles interaction

etc. plays a role in enhancement of Mgvalues.

The hysteresis loops at 100 K (Hc ~ 6.7 kOe) and 300 K (Hc ~ 2.03 kOe) as
shown in Fig. 8.6(a) indicate the increase in coercivity on lowering temperature. The
very large coercivity and low saturation magnetization at 100 K are related with a
pronounced growth of magnetic anisotropy inhibiting the alignment of the moment in

an applied field [18].
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Figure 8.6. (a) M-H curve for sample ‘e’ at 300 Kand 100 K. (b) M-H plot before and after DSC

Before and after DSC, M-H measurements of AOT modified CFNP of size 17.4 nm
are performed at room temperature and their Hcvalues are found to be 4.1 kOe and 1.5
kOe respectively (Fig. 8.6(b)). While performing DSC, beyond 200°C, AOT starts to
decompose resulting in lower coercivity. This observation is similar to the result
reported previously [28]. From this study we can conclude that micelles on particle
surface strongly arrest the surface spins introducing a steric hindrance with restriction

in free movement of surface spins of the magnetic nanoparticles.
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8.4 Magnetic Relaxation Behavior

To understand the dynamic behavior, the magnetic relaxation property of the samples
is measured. The relaxation time constant of the magnetic nanoparticles, 7,
characterizes the ability to retain the magnetization after the aligning field is removed.
It reflects the influences of Brownian and Neel relaxation. It is found that CFNPs with its
surface micelles shows a large value of 7 in comparison to bare CFNPs. Figure 8.7
illustrates the magnetic relaxation curves (M vs. time) at different temperatures and
sizes after magnetizing the NPs to its saturation value. In this case, non-interacting
magnetic CFNPs have probably surface spin-spin relaxation where magnetization

decays exponentially with time,

t

M(t) = Mye ™~ 8.4

where M(t) and Mpare magnetization of sample at time tand ¢ = 0, 7 is relaxation time

constant.
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Figure 8.7. (a) Comparison of temperature dependent relaxation time constants of AOT
modified CFNPs and uncapped CFNPs (b) 7 with different particle sizes (from 12 to 22 nm);
Inset: Mvs. time plots at different temperatures

Here rin every case is determined by fitting the Eq. 4 to the experimental data plotted

in Fig. 8.7(b) as a function of size. Relaxation time constant (7) decreases with size up to
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17.4 nm, beyond which it increases. As the size and surface area of the particles are
increasing, 7 increases [29]. Temperature dependence of 7 of bare and surface
functionalized CFNPs of about 20 nm is plotted in Fig. 8.7(a). Inset picture in 8.7(a)
shows the relaxation curves (M vs. ) of functionalized CFNPs at 100 K, 200 K, 300 K,
and 400 K after magnetizing the NPs to saturation field. 7 becomes maximum at room
temperature in both cases. Lowering of 7 with the temperature possibly can relate with
spin-glass like behavior of the material [30]. The size dependent curve of magnetic
relaxation time constant has a similarity with Ms vs. particle size curve. Recently,
magnetic relaxation switching (MRS) assays are employed to detect different

organisms [31]. Magnetic relaxation measurement in this regard is very important.

8.5 Electromagnetic Wave Absorption Properties
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Figure 8.8. Frequency dependence (1 - 20 GHz) of (a) real (&%, (b) imaginary (&”) values of
dielectric constant (c) real (¢ and (d) imaginary (u” values of permeability
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To evaluate the effect of AOT surface functionalization on CFNPs for high frequency
applications, frequency dependences of permittivity ( £), permeability () and reflection
loss (RL) are analyzed for the frequency region 1 - 20 GHz. Figure 8.8(a) shows
irrespective of with or without functionalization, real part of permittivity (&") slightly
decreases with increasing frequency similar to the results obtained in previous
chapters. Space charge and dipolar polarization mainly contributes to the permittivity
and conduction in the sample. A significant enhancement in £'value is observed for AOT
modified CFNPs due to larger effective interfacial area for polarization and charge
transfer effect on the surface of NPs [32]. As a result, dielectric loss i.e. imaginary part of

permittivity (£”) is also higher for the surface modified CoFe204 NPs.

Variations of real (¢) and imaginary (u” parts of permeability are plotted in Fig.
8.8(c) and 8.8(d). At the studied frequency range, dynamic magnetic parts do not seem
to change significantly due to surface functionalization by AOT. For 17.4 nm AOT
modified CFNPs, though the saturation magnetization is almost same as bare CFNPs but
coercivity value is larger. Now, with low applied magnetic field and at such high
frequency, hysteresis loss has lesser contribution to the magnetic loss [33]. Therefore,
only a small increase in g ”value is visible here for the AOT modified sample. Though for
high power applications, hysteresis loss plays an important role in magnetic loss.
Moreover, hard CFNPs remain magnetically stable throughout high frequency region

[34].

The frequency dependence of reflection loss (RL) curves for the samples with 20
wt% filler concentration and 4.5 mm thickness (¢) are plotted in Fig. 8.9. Here, RL is
calculated employing the equations based on transmission line theory, as mentioned in
the previous chapter [35]. The enhancement in dielectric and magnetic loss in surface
functionalized NPs also improve the EM wave absorption properties of AOT modified
CFNPs. The RL value for bare CFNPs is —17.3 dB at 12.9 GHz and for AOT coated CFNPs;
it is found much higher, ~ —30 dB at 12.6 GHz. The shift in peak frequency arises from

quarter-wavelength model due to increase in the value of permittivity. Therefore,
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surface functionalization of ferrite nanoparticles with ionic surfactant like AOT can be

considered as an effective tool to enhance electromagnetic interference shielding.

_304 —— Bare CFNPs ¥ _30dB
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Figure 8.9. Variation of reflection loss (RL) with frequency (1 - 20 GHz) for the samples

8.6 Conclusion

In summary, we prepared ferrimagnetic cobalt ferrite (CoFe204) nanoparticles (NPs) ~
(of sizes 12 - 22 nm) by wet chemical method using AOT as a surface assistant. The
observed coercivity ( Hc) value reaches maximum (4.1 kOe) for a critical size of 17.4 nm,
atroom temperature. The increase in Hc from 22 nm to 17 nm is due to rise of surface
anisotropy with decreasing crystallite size and steric hindrance from the surfactant
molecule. For the smaller particles (for 17 nm to 12 nm NPs), the anisotropy energy
becomes comparable to thermal fluctuation and therefore Hc reduces with smaller
sizes. Here we notice both the remanent magnetization and magnetic relaxation time
constant increases with increase of particle size. Samples with low Hg Mg, Msvalues
might be useful as soft magnet in many biological purposes such as bio-sensing,
hyperthermia, drug delivery, magnetic resonance imaging etc. and high Hg high

relaxation time constant along with sufficient Mz enable this material a possible
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replacement for expensive rare-earth transition metal based permanent magnetic
material. Among the high-frequency applications, surface functionalization of CFNPs
with AOT is found to enhance attenuation of electromagnetic wave pollution and 17.4

nm AOT modified CFNPs can serve as an efficient microwave absorber.
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Conclusion and Future

Chaptel‘ 9 Perspective

The current chapter briefly describes the overall conclusion of the present thesis and
scope of future studies related to this field.



Chapter 9

9.1 Overall Conclusion of this Thesis

In the present thesis, first of all, the diverse applications of ferrite nanoparticles are
revealed through tuning of their sizes, hence their magnetic properties. Among the
various applications of ferrites, the concerns related to electromagnetic (EM) wave
pollution attracted our attention. To diminish electromagnetic wave interference or
thus to enhance EM wave shielding, light-weight, stable, cost-effective yet efficient
microwave absorbing material are convenient and preferable options. Therefore, next,
we move on to a morphology dependent study on a popular microwave ferrite for high -
power applications, Nickel ferrite (NFO). The morphology dependent study shows a
promising enhancement in microwave absorption properties in case of NFO nano-
hollow spheres (NHS) and multiple internal reflections in their internal hollow core,
increase in their interfacial area due to dual surfaces, increase in magnetic anisotropy
due to typical morphology of porous NHSs etc. are responsible for this result. Following
this outcome, a detailed study on magnetic, dielectric and EM wave absorption
properties of earth-abundant transition metal based ferrites is performed which
provides a map to select an efficient material for applications from high-frequency
devices to bio-medical field as well as shows a clear enhancement of EM wave
absorption properties in other investigated ferrites compared to traditional magnetite
and MnFe204 NHS is found to exhibit an optimal reflection loss (RL). Further a size
dependent study on MnFe204 NHSs shows an optimized 450 nm NHS performs as an
excellent microwave absorber at only 20 wt% filler concentration in epoxy resin matrix.
Finally, surface modification on ferrite NPs is found to significantly enhance EM wave
absorption from —17.3 dB to —30 dB. These overall findings of this journey are

summarized below.

We have successfully synthesized crystalline NiFe204 nano-hollow spheres in a
facile one-pot 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 a soft ferrimagnetic material having Ms and Hg 63.5 emu/g and 122 Oe

respectively which are comparatively higher than that of its other morphologies. The
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variation of g Z, tand'and oac with frequency and temperature are explained in terms of
Maxwell-Wagner two-layer model 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 of ac type from Jonscher’s power law and 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.

Focusing on its application, as-synthesized NiFe204 nano hollow spheres are
found to exhibit strong EM absorption properties (RL< —10 dB) in the 9.1-12 GHz
range for an absorber thickness of 2 mm and an optimal RL (— 59.2 dB) at 11.7 GHz.
Also a comparative RL and SE study in widely used X-band frequency region is shown
for NFO NHS with its nanoparticle (RL ~ —51.9 dB at 11.6 GHz) and bulk (RL ~ —18.2
dB at 9.96 GHz) counterpart. Natural or exchange resonance peak is not found in either
permittivity or permeability data. The excellent absorption properties are mainly
associated with transmission of EM wave because of perfect impedance matching in the
microstructure with free space, high dielectric loss arising from interfacial polarization
and cationic hopping, moderate dynamic magnetic loss as well as with the wave
attenuation through multiple internal reflections in hollow core of NHS. On the
contrary, solid spherical NFO NPs and also NFO Bulk with less effective surface area,
show lower RL and SE with respect to NHS in 8—12 GHz. With the hollow interior, NHS
has lower density than bulk one, makes it a light weight absorbing filler material.
Hence, NFO NHS seems an interesting morphology towards its application as mass

efficient and broadband microwave absorbing materials.

Further, TFe204 (T = Mn, Fe, Co, Ni, Cu and Zn) NHSs are successfully
synthesized and a detail study on their structural, magnetic and dielectric properties is
presented. Lattice constants and crystallite sizes are observed to enhance with increase

in cationic radii and diameter of NHSs respectively. FTIR spectra depict T-O peaks shift
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towards lower wavenumber with increase in T2* radii. Maximum Hc¢ is found for
CoFe204 NHS (~ 576 Oe) due to its highest magneto-crystalline anisotropy (K ~
4.52x105 J/m’) and super-exchange interaction whereas maximum Msis obtained for
Fe30s4 NHS (~ 73.6 emu/g). Day plots describe the studied ferrites belong in pseudo
single domain (PSD) to SD region within temperature region 100 K - 400 K. The
variation of & tand and oac with fat ~ 300 K for the ferrites are discussed through
Maxwell-Wagner two-layer model and hopping of charges between Fe3+ to FeZ+ as well
as T2+ to T3+ ions at A and B-sites. Analysis of dielectric relaxation mechanism ensures
it as modified-Debye type and Jonscher’s power law displays ac conduction mechanism
for TFe204 NHSs. Resistive and capacitive components of conductive grain and resistive
grain boundaries are obtained from equivalent circuit fitting over Cole-Cole plots where
NiFe204 NHS with smaller crystallite size found to have higher Rg and simultaneously
lower & This study on TFe204 NHSs will be highly effective to select a promising
material towards diverse applications from high-frequency devices to bio-medical field.
Moreover, electromagnetic wave attenuation properties of as-synthesized low-density
TFe204 [T = Mn, Fe, Co, Ni, Cu, Zn] nano-hollow spheres (20 wt% filled in epoxy resin
matrix) are investigated in-detail within widely-used frequency range of 1 - 20 GHz. T2+
[T = Mn, Co, Ni, Cu, Zn] substitution in place of Fe2* displays a clear enhancement of
microwave absorption properties compared to traditional Fe304whereas, MnFe204 NHS
is found to exhibit an optimal RL of ~ —32.7 dB, SE7tas ~ —42 dB and a high a ~ 196
Np/m. Losses through strong magnetic resonance and dielectric relaxation are
responsible for RL peaks of ferrites around ~ 4 GHz and ~ 12 GHz respectively. An
additional peak at ~ 19.3 GHz for MnFe204 NHS arises due to favorable impedance
matching. Multiple internal reflections in hollow core of NHS are also considered as an
influential source to high RL of NHSs. Further, filler loading content and thickness
dependent study is carried out on MnFe204 NHS composites and a maximum RL of ~
—45.6 dB at t ~ 4.2 mm with a broad total effective bandwidth (RLZ < —10 dB) of ~ 3.6
GHz is observed for 50 wt% sample. According to A/4 model for best matching
thickness, experimental & is found to agree well with calculated results. Excellent RL
and broad BW observed in MnFe204 NHS (50 wt%) makes it a cost-effective promising

EMA material towards mass-efficient high-frequency applications.
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Therefore, tuning of EM wave absorption properties within widely-used
frequency range of 1 - 20 GHz is performed by varying sizes (diameters in nm = 100,
220,300,450 and 550) of MnFe204 nano-hollow spheres (20 wt% filled in epoxy resin
matrix). Multiple internal reflections in hollow core of NHS, larger interfacial area and
lower density make this typical morphology superior to its bulk and solid counterparts
in terms of efficient and practical EMA materials. Depending on the size and structural
properties of NHSs, dielectric and magnetic losses mostly increase from 100 nm to 550
nm NHSs. Intense RL peaks at around 4 GHz, 10 GHz and 17 GHz are related to strong
magnetic loss, favorable impedance matching and dielectric loss respectively. Due to
the best impedance matching with | Zi,/Zo| nearly equals to 1, MnFe204 NHS of diameter
~ 450 nm is found to exhibit the optimal RL of ~ —52.6 dB, SE7rotas ~ —39.5 dB and a
high a ~ 285 Np/m. Further, a thickness dependent study on 450 nm NHS composites
reveals maximum RL of ~ —55.4 dB at ~ 9.6 GHz for ¢ = 5.1 mm with a broad total
effective bandwidth (RL < —10 dB) of ~ 3.7 GHz. Analysis from A/4 model for best
matching thickness displays a good agreement in between experimental and calculated
tm values. Therefore, an excellent RL and broad BW observed in 450 nm MnFe204 NHS
at much lower filler concentration (only 20 wt%) illustrates it as a mass-efficient and
cost-effective promising EMA material towards various high-frequency applications.
Moreover, simpler ways to fabricate ferrite NHS rather than complex heterostructures
make NHS more interesting for application purposes. Measurements related to coaxial
line consists samples of volume 0.026 cc (considering ¢ = 5 mm) whereas
measurements in X-band with rectangular waveguide consist samples of volume 0.453

cc (considering t= 2 mm).

Furthermore, ferrimagnetic CoFe204 nanoparticles of sizes ~ 12 — 22 nm are
prepared by wet chemical method using AOT as a surface assistant. The observed Hc
value reaches maximum (4.1 kOe) for a critical size of 17.4 nm, at room temperature.
The increase in Hcfrom 22 to 17 nm is due to rise of surface anisotropy with decreasing
crystallite size and steric hindrance from the surfactant molecule. For the smaller
particles (for 17 to 12 nm NPs), the anisotropy energy becomes comparable to thermal

fluctuation and therefore H¢ reduces with smaller sizes. It is noticed that both the
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remanent magnetization and magnetic relaxation time constant increases with increase
of particle size. Samples with low H¢, Mg, Msvalues might be useful as soft magnet in
many biological purposes such as bio-sensing, hyperthermia, drug delivery, magnetic
resonance imaging etc. and high Hg high relaxation time constant along with sufficient
Mg enable this material a possible replacement for expensive rare-earth transition
metal based permanent magnetic material. Among the high-frequency applications,
surface functionalization of CFNPs with AOT is found to enhance attenuation of
electromagnetic wave pollution through increase in dielectric constant and magnetic

anisotropy.

9.2 Scope of Future study

We have successfully achieved a light weight, cost-effective, low cost and efficient EM
wave absorber in this thesis work. The optimized 450 nm NHS of MnFe204 can be
further surface modified with dielectric or magnetic materials. Layering with other
material on surface of NHS can enhance the interfacial area for dielectric polarization
due to core-shell structure as well as increase magnetic anisotropy due to spins pinning
or canting on the intermediate surfaces. Moreover, its dielectric and magnetic
properties also can be tuned by choosing proper core and shell material to obtain
broad-band EM wave absorption and closer values of permittivity and permeability for
better impedance matching. Microwave absorption properties of ferrites can also be
enhanced with smartly engineered metamaterials. The frequency selective surface
based metamaterials are designed such as their £ or x4 values become tunable (even
negative) and therefore they find applications in various high-frequency applications.
Further, preparation of transparent EM wave shielding materials will be interesting in
stealth technology. For high temperature applications of EM wave absorbers their
thermal properties should also be studied thoroughly. Thin films or different
nanostructures can be investigated to enhance the surface area or to reduce

dimensionality of the future absorbers.

The interesting properties of nano-hollow spheres, such as large surface area per

volume, low density, inner void space and potential multi-functionality make these
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appropriate for several applications apart from microwave absorptions. For instance,
the cavity inside NHS can be used as micro- or nano-containers for chemical reactions
or carriers for drug delivery. The void space of hollow structures can effectively
accommodate the volume change of high-capacity lithium-ion battery anode materials
and can provide high specific surface area for charge storage in supercapacitors.
Multiple reflection and scattering leads to enhanced light-harvesting capability and
superior power conversion efficiency. Ferro-fluid, which is basically immersion of
ferrite particles in dense liquid like oil, is a magnetic composite applicable from
industrial to biomedical fields. Use of low density nano hollow spheres as loading agent
in it can assure higher sustainability of the mixture preventing sedimentation or
agglomeration of the fluid. Finally, hollow structures also find scopes in sensing devices,
water purification applications etc. Thus, these possible applications open several

future scopes for ferrite nano-hollow spheres.
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