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ABSTRACT

Today, with the great advance in the technology especially in the fields of
telecommunications, the electromagnetic waves are at the origin of several problems
observed in the society. High-frequency devices are essential for humans, but they also
produce electromagnetic waves that can harm human health as well as some electronic
devices. Then one might ask: Should we go back to the time when all this did not exist?
However, with the improvement of the living conditions due to this advance, all these devices
are presented as being a necessary evil. So, it makes more sense to ask how to stop or reduce
these negative effects. In order to answer this question, the researchers began to synthesize
materials capable of absorbing or attenuating the intensity of these undesired waves.

Electromagnetic waves are composed of both electric and magnetic fields. So the
absorber materials must be able to absorb these two fields. Hexaferrite and bismuth copper
titanate materials are suitable candidates for absorbing the magnetic and electrical fields
respectively. In this research work, a combination of hexaferrite, BCTO and polyaniline
(PANI) materials was synthesized and characterized. In addition, properties such as
structural, optical, magnetic and dielectric have been studied for various compositions. . The
synthesis of hexaferrite and BCTO was carried out utilizing autocombustion sol-gel
technique. An oxidative polymerization technique was employed to prepare PANI. In this

research work, following samples been prepared and investigated:

BaixAlxFei2,yMn,O19 (x=0.6 and y=0.3)
BaFe12.2«AlCryO19 (x=0.0, 0.2, 0.4)
SrFe122CrBixO19 (x=0.0, 0.15, 0.2)
BaFe12oxBixAlkO19 (x=0.1)

BaFe;»xBixO19 (x=0.2)

Bai.«DyxFe12yCr,O19 (x=0.3 and y=0.6)
Baz2xCrxNixCozFe1202; (x=0.0, 0.1, 0.15, 0.2)
BizaCus.2«NixCo,Ti4012 (x=0.0, 0.1, 0.2)
[BiwxLax]2sCusTisO1 (x=0.1, 0.2)

NN N N N N N NN

The structural, magnetic, dielectric, EMI shielding and optical properties of these synthesized
samples were examined by the use of X-ray diffraction (XRD), Raman spectroscopy, Fourier

Transform Infrared (FTIR) spectroscopy, Field emission scanning electron microscope
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(FESEM), Impedance analyzer, UV-Vis-NIR spectroscopy, Vector network analyzer (VNA),
and Vibrating sample magnetometer (VSM).

The effect of heat-treatment temperature on the structural, dielectric, magnetic and optical
properties of M-type barium hexagonal ferrites Baj.AlFe124yMnyO19 (X=0.6 and y=0.3)
sintered at 750°C, 850°C, 950°C and 1050°C was investigated. From XRD patterns, all
diffraction planes defining magnetoplumbite hexaferrite were observed with presence of
secondary phases (oa-Fe,Os3). FTIR spectra revealed characteristic absorption bands of
hexaferrite between 400 and 600 cm™. Saturation magnetization and remanence were
observed to increase with the temperature from 6.78 to 33.97emu/g and 4.14 to 20.55emu/g;
however the highest value of coercivity was found to be 7779.94 Oe at 850°C. The dielectric
constant was increased with the temperature at lower frequencies and the highest value was
found to be 575. Band gap energy of prepared samples was observed to fluctuate in the range
3.31-3.62 eV which makes them suitable for UV-blue light emitting diodes (LEDS).

XRD analysis of BaFe22xAlCrO19 (x=0.0, 0.2, 0.4) samples reveals the formation of
hexaferrites with single phase and no impurity phase was detected. FTIR spectra show bands
at 437 cm™ and 590 cm™ which indicate the possible of hexaferrites. The micrographs of
FESEM shows agglomerated grains with hexagonal plate-like shape while the EDX spectra
confirm the composition of the synthesized samples. Dielectric constant decreases abruptly
at lower frequencies and an increment in dielectric constant at much higher frequency region
was observed Grain boundaries dominate the AC conductivity at lower frequencies while the
grains could be responsible for the observed dispersion at higher frequencies. The values of
coercivity for all the samples were found to be greater than 1200 Oe. This makes the prepared

samples useful for high-density perpendicular magnetic recording media.

The influence of Cr-Bi substitution on the structural, optical, electrical and magnetic
properties of strontium hexaferrites with general formula SrFe;,.5,CryBixO19 (with x=0.0-0.2)
was studied. XRD analysis reveals the single M-type hexaferrite formation with crystallite
size ranging from 33 nm to 42 nm. The observed peaks at 441, 552 and 598 cm™
wavenumber were observed using the FTIR spectra spectroscopy technique confirms the
formation of hexaferrite nanoparticles of SrFei,.xCrBixO19, the hexagonal shape of
hexaferrite was observed in the FESEM images. The band gap of the material lies between

2.11 to 2.37 eV. The saturation magnetization (Ms) and remanence (Mr) enhances with
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increasing Cr**-Bi** concentration. AC conductivity increases at higher frequencies while
dielectric constant and dielectric loss tangent decrease with frequency.

The single crystal structure of Co,Y barium hexaferrite (Baz..xCrkNixCo2Fe1202, (x=0.0-
0.15)) has been revealed by XRD analysis and confirmed by Rietveld refinement. The
crystallite size was found to be in the range 31.73-34 nm and lattice parameters (a and c)
were found to vary between 5.8611-5.8648A and 43.398-43.5088 A respectively. FESEM
micrographs show a flat hexagonal shape and non-uniform particles with 0.167 pm and 0.165
pm as the average particle size for x=0.0 and x=0.15 respectively. Highest values of
saturation magnetization and remanence were obtained for x=0.1 whereas the coercivity (Hc)
enhances with Cr¥*-Ni?* concentration. Typical behaviour of ferrite materials was been
observed with decrease in dielectric constant with the frequency. The optical band gap of
prepared samples lies between 0.74 to 2.16 eV which makes them adequate for many

electronics applications.

The XRD patterns revealed that the prepared BCTO electroceramic with chemical
composition BiysCus.oxNixCoxTi4O12 (x=0.0, 0.1, 0.2) are of single phase without the
presence of any other phases such as CuO and TiO,. FESEM micrographs showed particles
with well-defined cubic shape of bismuth copper titanate ceramics. EDX spectra showed all
the chemical elements of the prepared composition, this confirm the stoichiometry and the
purity of the synthesized electroceramic. UV-Vis-NIR spectrophotometer was used to study
the optical band gap in the region of 225-1000 nm wavelength and the highest value of 3.69
eV was observed in the sample having x=0.1. The dielectric response and impedance
spectroscopy of the electroceramic are discussed based on Debye-type relaxation process and
Maxwell-Wagner model. The sample having x=0.0 shows the highest dielectric constant
(3800) at room-temperature and a frequency of 42 Hz as compared to x=0.1 and x=0.2. The
Cole-Cole plots of complex impedance and complex electric modulus indicate that grain-
boundary resistance is the major contributor to the dielectric response of the prepared BCTO

electroceramic.

The effect of polyaniline (PANI) on optical properties of Bi-Al doped M-type barium
hexaferrite was investigated using UV-Vis-NIR spectrometer (Varian, Cary 5000). XRD
analysis of the prepared sample reveals the magnetoplumbite phase of M-type hexagonal
ferrites without the presence of any secondary phase. From XRD pattern, the presence of

polyaniline was also observed at around 25°. Lattice constants were found to increase with
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the increase in PANI. Rietveld refinement confirmed the purity of prepared M-type
hexaferrite with GoF (Good of fit) in the range 1.6-1.8. FTIR spectra show the presence of
two significant absorption bands between 400 cm™ and 600 cm™, indicating the formation of
ferrite phase. The peaks observed at 800 cm™ and 1600 cm™ wavenumber confirm the
presence of polyaniline. Band gap energies of prepared samples were found to be 2.24, 2.36
and 2.21 eV for HP1, HP2 and HP3 respectively.

Structural and optical properties of Bao 7Dyo 3Fe11.4Crg 6019 Nano-sized particles embedded
in PANI were carried out. XRD spectra of the prepared sample show magnetoplumbite phase
of M-type hexaferrite along with the presence of hematite (a-Fe;O3). The presence of
polyaniline was also observed at around 25°. Two specific bands in the range 400-600 cm™
were observed from FTIR spectra confirm the hexaferrites structure formation. Increasing the

amount of PANI caused the band gap to decrease from 1.96 to 1.59 eV.

Structural and magnetic properties of BaFei»xBixO19 (x=0.2) (BaM) and [Bi-
yLax]2sCusTisO12 (x=0.2) (BCTO) particles coated in poly pyrrole (PPY) were investigated.
XRD patterns show that prepared samples are of single phase without the presence of any
other phases. FTIR spectra show the characteristic functional groups of PPY in the range
800-1700 cm™. The lattice parameters of prepared BaM were found to be a=5.8976 A and
c=23.2051 A whereas the lattice constant of prepared BCTO was a=7.433 A. Saturation
magnetization of BaM was found to decrease after adding BCTO and PPY.

Co,Y/BCTO/PANI composite was synthesized using mechanical blending method. The XRD
analysis shows that the composite exhibit pure phase of Co,Y barium hexaferrite and bismuth
copper titanate (BCTO) which is also supported by Raman analysis. Resonance occurs over
the whole frequency region in the spectra of Co,Y/BCTO/ PANI composite with dielectric
losses dominating the lower frequency region due to interfacial polarization and magnetic
losses dominating the higher frequency region as a result of eddy current losses, natural and
exchange resonance. The observed values of shielding effectiveness for reflection are higher
than those of shielding effectiveness for absorption, this indicates that most of the incident
EM wave is reflected rather than absorbed. The Co,Y/BCTO/PANI composite shows total
shielding effectiveness value above 20 dB with maximum total shielding effectiveness value
of 31.97 dB at 10.30 GHz and matching thickness of 2 mm. The high value of total shielding

effectiveness is attributed to good impedance matching between the components of the
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Co,Y/BCTO/ PANI composite as well as higher dielectric losses as compared to magnetic

loses.

Six chapters were used in this thesis, with chapter one as a brief introduction to the
research including notions on magnetic materials, dielectric materials, conducting polymers
and theory on microwave absorption. Chapter two presents a review of the literature on the
materials used. Chapter Three gives methods of synthesis. Here, the method of synthesis of
each material is well detailed. Chapter four presents the principles of characterizations
techniques. The presentation and explanation of experimental data for each sample is given in

chapter five and the summary and conclusion are given in chapter six.
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Chapter 1: General Introduction
1.1 Preamble

Today, the world is experiencing state-of-the-art technology due to the discovery of certain
materials with interesting physical and chemical properties. Areas such as
telecommunications and high-frequency industries are the sources of electromagnetic waves,
which in some cases are a problem for electronic devices and for human health [1]. In fact,
such as cell phones, wireless local area networks, automatic control systems, sensors and
radio antennas are exactly the sources of unwanted electromagnetic (EM) waves. To solve
this problem, researchers have embarked on the synthesis of materials capable of absorbing

these unwanted electromagnetic waves at different frequencies.

Hexaferrite materials discovered in 1950 [2] have received great attention because of their
magnetic and dielectric properties, which is interesting compared to spinel ferrites and
garnets and has been used to absorb EM waves. However, these have shown limits for certain
frequencies. To improve the absorption properties, several hexaferrite-based materials have
been synthesized such as: M-type doped M-type hexaferrite / polyaniline [3], BZF / ATO[4],
PANI / BF [5], Polypyrrole / Strontium hexaferrite [6], Reduced Graphene Oxide/Strontium
Ferrite/Polyaniline  [7], PANI/Sr(MnTi)Fe;0019 [8], Sr(ZnZr)xFei12.2x010/PANI  [9],
SrFe11ZngsNip5010/NiFe,04/ZNnFe,O4 [10] but the synthesis of absorber nanomaterial with a

light mass and great absorption remains a challenge [5].

A variety of techniques were developed to produce nanoparticles including crystallization
method, melting method, citrate precursor method, ceramic method, micro emulsion
technique, solid state method [11-16]. These methods show several disadvantages such as
high temperature for sintering, non-homogeneity of particles, Long reaction and calcination
time, others techniques such as co-precipitation and sol-gel techniques have been employed
[17-21]. The sol-gel technique presents several advantages such as low temperature

formation, good homogeneity of particles and good control of microstructure [22].

In this work, the nanoparticles of hexaferrites and bismuth copper titanate will be synthesized
by the sol-gel method. The conductive polymer (polyaniline) used will be synthesized by
oxidative polymerization. The magnetic, structural and absorption properties for the

hexaferrites and the dielectric properties of the BCTO will be studied. Finally, the



nanocomposite consisting of hexaferrite, bismuth copper titanate (BCTO) and conducting
polymer (PANI) will be synthesized and the absorption properties studied in details.

1.2 Origin of magnetism

Magnetism is a phenomenon present in everyday life through magnetic materials. This
phenomenon is due to the magnetic moments of atoms that constitute matter. It is well known
that an atom consists of a nucleus and an electronic cloud that gravitates around the nucleus.
Consider the case of an electron that revolves around the nucleus as shown in the Fig. 1.1:

Magnetic Magnetic
moment
R /- Electron mo:nent_
P il b
Electron (
® ~T,
Atomic Dlre(‘.t?on
of spin
nucleus
(a) (b)

Fig. 1.1 Movements of the electron
From this figure, two behaviours of the electron can be observed:

The electron gravitates around the nucleus, describing an almost circular orbit. The
movement of the electron around the nucleus will create a current i which will be at the origin

of a magnetic moment called the orbital magnetic moment and defined by:
m,=i.5.n (1.2)

Where S=x7° is the surface of the orbit of radius r and n the normal to the surface of the orbit

passing through the centre of the nucleus.

e The electron also performs a spinning motion on itself and creates a magnetic moment

called the magnetic moment of spin and defined by:

ms = —h (1.2)

2m



With A = % where h is the constant of Planck, e and m are respectively the charge and the

mass of electron.

Then the magnetic moment given by an atom will be the sum of the orbital magnetic

moments and the spin moments of the electrons.
1.3 Magnetic materials

To classify magnetic materials, it is important to introduce the notion of magnetic
susceptibility (), which represents the ease with which the material reacts when it is
subjected to external magnetic excitation. Consider a magnetic material to which an external
magnetic field H is applied. The material will acquire a magnetization M which will be
proportional to the applied field (eg. 1.3).

M=y H (1.3)

Magnetic susceptibility has an electronic origin and depends on the temperature and nature of
the material. In the material, the electronic spins present a certain orientation. When the
material is subjected to a thermal agitation (elevation of the temperature), a disorder is
observed in the alignment of the spins; which reduces the susceptibility of the material.
Depending on the value of y the materials can be categorized as being diamagnetic,

paramagnetic, ferromagnetic, ferrimagnetic or antiferromagnetic.
1.3.1 Diamagnetism

The total magnetic moment of a diamagnetic material is zero, since all the electrons are
paired. The magnetic field applied to the material induces magnetization which is opposite to
its direction (Fig. 1.2), for this reason the diamagnetic materials are repelled by the magnetic
field, as soon as the external magnetic field is cut, the electrons go back to their initial

positions.

The diamagnetic materials are characterized by a negative magnetic susceptibility (x<0), very

weak (]x|~107%) and independent of the temperature.

Diamagnetic property is present in every atom, molecule and magnetic material. However,

any other magnetic behaviour will mask it because y is very small.
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Fig. 1.2 Diamagnetic material
1.3.2 Paramagnetism

Unlike diamagnetic materials, the atoms contained in paramagnetic materials have unpaired
electrons. These electrons of paramagnetic material are randomly oriented such that their net
magnetic moment is zero in the absence of an external magnetic field. Once the magnetic
field is applied, magnetic moments align automatically parallel to the applied field (Fig. 1.3),

thus the material acquire a magnetization which disappears directly when the external field is
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suppressed.
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Fig. 1.3 Paramagnetic material

Paramagnetic materials have small, positive and temperature dependent value of
susceptibility. This susceptibility is inversely proportional to the temperature and is defined
by:

c
X=7

(1.4)



Where, C represents the constant of Curie.
1.3.3 Ferromagnetism

As in paramagnetic materials, ferromagnetic materials also have atoms that have unpaired
electrons. These electrons are responsible for the magnetization of the material. Unlike
paramagnetic materials which do not exhibit spontaneous magnetization, ferromagnetic
materials exhibit a spontaneous magnetization in the absence of magnetic excitation. This
spontaneous magnetization is observed in regions called Weiss domains. Indeed, in
ferromagnetic materials, there are domains each containing spins. These domains are
separated from each other by a wall called Bloch wall. The spins contained in a domain are
all oriented in the same direction. This orientation varies randomly from one domain to

another so that the total magnetization of the material is zero (Fig. 1.4).

Fig. 1.4 Ferromagnetic material

Diamagnetic and paramagnetic materials exhibit linear magnetization under the effect of an
applied magnetic field. However, the magnetization depends on the intensity of the applied
field for the ferromagnetic materials. Indeed, when the ferromagnetic material is under an
external magnetic field, a progressive orientation of spins from one domain to another in the
direction of field will be observed (Fig. 1.4). However, when a weak field is applied, the
material can present a magnetization with Weiss domains still existing. But for a sufficiently
strong external field, all the spins of the material will be aligned in the direction of the

applied field. In this case, the material changes from a multi domain state to a single magnetic



domain state and is strongly attracted by the field. Removing the magnetic field describes the
magnetization type as seen in the hysteresis loop.

The positive and large value of susceptibility conforms to ferromagnetism in materials. It
decreases with increasing temperature. The material exhibits a ferromagnetic behaviour when
the temperature is below the Curie temperature (Tc). At a temperature above Tc, the
susceptibility decreases according to the eq. 1.5 thus making the material a paramagnetic
material.

(15)

1.3.4 Antiferromagnetism

As in paramagnetic and ferromagnetic materials, antiferromagnetic materials also possess
atoms that have unpaired electrons. But between two adjacent atoms, spins are oriented in
opposite direction (Fig. 1.5). The material then behaves like it consists of two regions A and
B possessing each a spontaneous magnetization which are oriented in opposite direction. In

the absence of applied magnetic field, there is no magnetization is observed in the material.
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Fig. 1.5 Antiferromagnetic material

When an external field is applied, a weak magnetization (Y is small) appears in the material.

This magnetization increase with the temperature up to a critical temperature called Neel



temperature (Tn). Above Ty, the susceptibility of the material decreases according to eq. 1.6
and the material displays a paramagnetic behaviour.

- (1.6)

T T+Ty

1.3.5 Ferrimagnetism

A particular case of antiferromagnetic material is ferrimagnetic material. In this type of
material, atoms possess spontaneous magnetization. This magnetization has a different
intensity and is oriented in the opposite direction between two neighbouring atoms (Fig. 1.6).
The material behaves as if it consists of two regions A and B. The total magnetization in the
ferrimagnetic material is therefore non-zero. Ferrimagnetic materials generally exhibit
behaviour very close to ferromagnetism. Below the Curie (Tc) temperature, magnetization is

dominant in a region. Above Tc, the behaviour of the material is rife with paramagnetism.

— & & & & &

Fig. 1.6 Ferrimagnetic materials

1.4 Hexaferrites

Magnetic materials are very useful in industries and have technological applications. Since
their discovery in 1950 by Philips [23], ferrites with hexagonal structure (hexaferrite) have
retained a great attention due to their good magnetic properties. However, classic magnetic

materials (metals) show some limitations in the process of miniaturization which is



fundamental in the advancement of the technology. This is due to their high density and high
weight. Considering their excellent magnetic properties and their relatively low density,
hexaferrite materials present themselves as adequate substitute of metals. Due to their
magnetic properties, these hexaferrites are used in applications such as permanent magnet,
magnetic record media, chip soft-magnetic components, motor components,
telecommunication, absorber material, sensors, microwave devices, military, radiation
shielding, EMI devices and biomedical [24-27]. Up to now, only six types hexaferrites are
recognized namely M-type (AFe;2019), Y- type (A2MezFe;,02,), U-type (AsMezFessOsp), W-
type (A2MezFei6027), X-type (AzMesFesOg6) and Z-type (AsMesFes041) Where A can be
barium and strontium and Me represents a divalent cations such as nickel, magnesium,
copper, cobalt and zinc [28]. Based on these two types and spinel ferrite, it is possible to form
others such as W=M+S, Z=M+Y, X=2M+S and U=2M+Y.

1.4.1 M-type hexaferrite

Hexaferrites of M-type have a general chemical formula of MeO.6Fe,O3 (with Me= Ba or
Sr) has the same structure as magnetoplumbite (space group P6s/mmc) [2] with typical lattice
constants of a=5.88 A and c¢=23.2 A [29]. M-type hexaferrite structure is built from the
S'RSR’sequence, where R is the block containing the barium or strontium atom (R =
MeFe;,011) and S (S = FegOg) is the spinel block containing two layers of oxygen. Rotating
S and R blocks 180 on the c-axis, S*and R* blocks are obtained (Fig. 1.7) [30, 31]. M-type
hexaferrite contains 38 0%, 24 Fe*" and 2 Me?* ions per unit cell. The main source of
magnetic properties in M-type hexaferrite structure is Fe** ions which occupy octahedral site
(12k, 2a and 4f,), trigonal, bipyramidal site (2b) and tetrahedral site (4f;). The tetrahedral
(4f,) with octahedral (4f,) crystallographic sites possess spin down that is responsible of
magnetic moment reduction of the structure [32]. High value of coercivity, saturation
magnetization and Curie temperature of Barium M-type hexaferrite (BaFe12019) was
observed to be 6700 Oe, 72 emu / g and 502 °C respectively [19, 33, 34] whereas M-type
strontium hexaferrite (SrFe12019) showed high coercivity of 7500 Oe, saturation
magnetization of 67.7 emu/g [21] and curie temperature Tc=475 °C [35]. For the
enhancement properties, the replacement of Fe®* ions by a cation from transition metals
and/or rare earth can be done. Different researchers modified the M-type hexagonal ferrite
magnetic properties by substituting Me?* or/and Fe®" ions sites with single or combination of
cations such as Mg*-Ti** [16, 36], Cr**-Ga?* [37], Ni** [38], AF*-Mn*" [39], Gd**-Co?*
[40], Mn?*-Ti** [41], Co*-Ti** [42], Gd**-Na* [43], Sc**-Mg** [44], La*"-zn** [45].
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Fig. 1.7 Left: cross section view of the M-type hexaferrite (BaFe;2019) structure. Right:

Perspective view of the M-type hexaferrite structure
1.4.2 Y-type hexaferrite

Y-type hexaferrite shows a hexagonal structure with space group R-3m and lattice constants
a~5.9 A and c~43.5 A [46]. Whereas M-type hexaferrite are generally hard material because
of their high coercivity value, compared to their counterpart Y-type hexaferrite with general
formula A;Me,Fe; 2,02, (A can be Ba or Sr and Me can be Co, Ni, Mg, Cu and Zn) that are
known to be soft magnetic material with planar magnetic anisotropic [2, 47, 48]. Y-type
hexaferrite is formed by sequence (RS) (RS)" and (TS) (TS)’ (TS)” respectively where S
(MeFe4Og) represent the spinel block, R (AFesO11) and T (A,FesO14) blocks consisted of
three and four oxygen layers (Fig. 1.8)[49]. Asterisk and prime blocks are obtained by a
rotation of 180 and 120 respectively along c-axis [30, 46]. The magnetic properties of this
type are dominated by Me?" and Fe®*" ions which are represented in six crystallographic sites
especially 3avi, 3bvi, 18hy;, 6¢v, 6civ and 6¢ v (Fig. 1.8)[50]. Among these sites there are
four octahedral sites (3av, 3byi, 18hy and 6cy) and two tetrahedral sites (6¢iy and 6¢ 1)

which have spin up and down as reported in Table 1.1.
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Fig. 1.8 Left: cross section view of the Y-type hexaferrite (BaMe,Fe;,019) structure. Right:
Perspective view of the Y-type hexaferrite structure

To improve the magnetic and dielectric properties of this material, many authors modified the
orientation of spins in those sites by doping with rare earth and/or transition metals. Lee and
Kwon studied magnetic properties of CoixZny Y-type barium hexaferrite [51]. They reported
that Curie temperature decreased from 600K (for x=0.0) to 378K (for x=1) whereas saturation
magnetization showed linear increase with Zn®* content. Highest value of Ms was found to be

68 emu/g for x=1 at OK while at room temperature (298K) it was found to be 34.9 emu/g for
x=0.75.
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Table 1.1 Distribution in crystallographic sites of Y-type hexaferrite, spin orientation and

number of ions of magnetic ions (Fe**, Me?*)

Sublattice Spin orientation  Crystallographic Block Number of ions
sites
3av 1 Octahedral S 1
3by 1 Octahedral T 1
18hy, 1 Octahedral S-T 6
6Cv ! Octahedral 2
6C1v ! Tetrahedral S 2
6C v ! Tetrahedral T 2

1.5 Bismuth copper titanate (BCTO)

Dielectric materials are materials known for their insulating properties. They are
characterized by a very high resistivity of the order of 10® to 10'°Q.m. From the macroscopic
point of view, these materials contain no charges because they do not conduct the electric
current. At the atomic scale, these materials contain so-called localized charges. Under the
action of an applied field, these charges move slightly from their equilibrium position
creating a dielectric polarization of the material. The positive charges are displaced in the
direction of the electric field and the negative charges in the opposite direction creating an

electric dipole and causing an electrical polarization.

The discovery of the perovskite material calcium copper titanate (CCTO) having chemical
composition CaCu3TisO1, and giant dielectric constant by Subramanian et al. in 2000 has
prompted renewed interest in materials with giant dielectric constant [52]. This is as a result
of the fact that advancement in miniaturization of electronics devices, supercapacitors,
actuators, catalysis and memory devices requires nanomaterials with giant dielectric constant
greater than 1000 [28, 53-56]. Unlike ferroelectric materials such as barium titanate
(BaTiO3), CCTO do not show ferroelectric properties even though they exhibit giant
dielectric constant (¢ ~ 10* for polycrystalline and £ =~ 10° for single crystals) from 100 to
600 K in the kilohertz region [57-59]. Although the internal barrier layer capacitance (IBLC)
model is commonly accepted as the origin of the high dielectric observed in CCTO ceramic,

the origin of the giant dielectric constant of this perovskite material has remained a subject of
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debate among the scientific community [60]. This is further supported by impedance
spectroscopy where the perovskite material was observed to exhibit a single-step internal
barrier layer capacitor where insulating grain boundaries separates the semiconducting grains
[61].

Bismuth copper titanate (BCTO) (BiysCusTiysO12) as a member of titanate family with
general formula ACusTisO;12 (where A=Ba, Ca, Sr, Gdass, Pras, Yass, Biys or Lays) shows a
dielectric constant above 1000 and has been rarely explored. It possess cubic structure with
Im-3 as space group and lattice parameter close to that of CCTO (7.391 A [62, 63]). Fig. 1.9
shows the unit cell structure of BCTO in 3D.

Fig. 1.9 BCTO structure in 3D

In this figure, big light blue balls placed at the extreme corners represent bismuth atoms (1/3
of bismuth sites are vacant) and centre of the unit cell, copper atoms (small blue balls) are
located at the centre of the edges and faces of the face of cube edge and titanium atoms are

located at the centre of TiOg octahedra.

Although some researchers have attempted to synthesized BCTO [64-66], the challenge of
obtaining giant dielectric constant while maintaining reasonable low dielectric loss still
remains an issue [67].
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1.6 Conducting polymers: polyaniline (PANI) and polypyrrole (PPY)

Plastics also called chemically polymer are a repeated chain of identical molecules called
monomers linked together by covalent bonds. These organic compounds are generally known
for their insulating properties and are used extensively as electrical insulators. At the end of
the 1970s, a new category of polymers was discovered by A. J. Heeger, A. G. Mac Diarmid
and H. Shirakawa: Intrinsic Conductive Polymers (ICP). Indeed, the ICPs are obtained by
doping a conjugated polymer (an unsaturated polymer containing an alternation of double and
simple bonds on the main chain) by oxidation or reduction. The alternation of the double and
simple bonds in the ICP allows having a delocalization of the charges which ensures the
conjugated bonds. For this reason, ICPs have properties similar to the properties of
semiconductors. The conductivity of the ICP is therefore done by doping which consists of
removing electrons (by oxidation) or adding (by reduction). These electrons can move along
the polymer chain which makes the polymer conductive.

Unlike saturated polymers such as polyethylene, ICPs have a different organic structure: each
carbon atom is bonded to only three atoms and there remains one free electron per carbon
atom that is responsible for the conductivity in the polymer. This conductivity depends on the

length of conjugation, the type of doping and the doping rate.

From the microscopic point of view, materials are classified into three categories: insulation,
semiconductors and conductors. This classification can be used for conductive polymers
except that charge carriers are not electrons as in metals but polarons and bipolarons. Because
of their m-conjugated bond, conducting polymers exhibit interesting electrical properties
which make them useful for many applications such as electro-chromic smart windows,
rechargeable batteries, sensors, antistatic coating, corrosion inhibitors, electronic, EMI
shielding, supercapacitors and electrodes [68-73]. The first conductive polymer is
polyacetylen (PAC) discovered by A. J. Heeger, A. G. Mac. Diarmid and H. Shirakawa. The
latter showed a conductivity of 10’ S.m™ comparable to that of copper (5.7*10" S.m™).
Subsequently, several other conductive polymers have been synthesized such as polypyrrole
(PPY), polythiophene (PTH), polyparaphenylene (PPP), polyaniline PANI). The figure
compares the conductivity of ICP with that of classical materials (Fig. 1.10). Among these
polymers, PANI and PPY present excellent properties and advantages such as low cost and

easy synthesis, good solubility, high conductivity, good redox properties, good environmental
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and chemical stability, tuneable properties and availability of raw materials which make it
convenient for many technological applications [73-75].

Conductivity Conducting polymers

Siver 10" polyacetylen
e polyaniline polypyrrole

Garmanium - 107 semi-
10* conductors

insulators

Sultur4 0%

Quartz 4

Fig. 1.10 Electrical conductivity of various polymers (depending on doping) and
conventional materials [76]

Conducting polymers can be good conductors. They also possess interesting mechanical
properties which gives them a wide range of applications. As compared to other ICPs,

polyaniline has remarkable properties such as stability to air.

PANI is obtained after polymerization of the aniline. This polymer results from the repetition
of the aniline of formula (Fig. 1.11)

NH,

Fig. 1.11 Structure of aniline
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The aniline can polymerize by forming C-NH-C amine bonds or C = N-C imine bonds, the
respective proportion of which defines the degree of oxidation of the final polymer. The
amine bonds indicate the reduced state and the imine bonds indicate the oxide state. Then the
general structure of the PANI can be obtained by the following reaction (Fig. 1.12):

NH,

CH,
.-"'JL:‘Q OH:

H J + (NH)S,0, + —
~ o 6h

SO,H -H,0

JE— JR— — H — H
i / x\‘ _',"r % . Jr'f l‘\‘\ | i’ \ |
N N=( =N )—N— ,)—N
oo A NS N/ W A
— e W L — | S—

Fig. 1.12 General formula of Polyaniline (PANI) [77]

where z is the degree of polymerization and (1-x) expresses the oxidation state. Three cases
are considered as a function of the value of x:

- (1-x) = 0, the molecular chain is completely reduced and Leucoemeraldine is obtained.
(Fig. 1.13)

- (1-x) = 0.5. The molecular chain is reduced to half and the Emeraldine base is obtained.
(Fig. 1.14)

- (1-x) = 1, a complete oxidation of the molecular chain is obtained and pernigraniline is
obtained. (Fig. 15)

H H
N\ N
e s W sl
H
Fig. 1.13 Leucoemeraldine

H
OO
Weme N was
Fig. 1.14 Emeraldine base
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Fig. 1.15 Pernigraniline

Of all three forms of PAni, only Emeraldine is stable at room temperature and has interesting

properties.
1.7 Shielding phenomenon

The absorption of electromagnetic waves is characterized by the attenuation of its intensity
through the passage of a material which plays the role of absorber. This electromagnetic
shield must be endowed with interesting absorption properties (permeability and
permittivity). Permittivity is a physical property that describes the response of a given
medium to an applied electric field, whereas magnetic permeability defines the ability of a
material to allow a magnetic field to pass through it. The electromagnetic shield is therefore
characterized by its permittivity, permeability, thickness and the propagation frequency of the
EM waves. In fact, electronic systems consist of electronic components operating at low or
high frequency and also emitting electromagnetic waves. These waves are capable of creating
malfunctions in the circuit. In this case the impact is of internal origin. On the other hand,
these waves can come from external sources such as radars and wireless communications.
Ideally, the purpose of shielding is to prevent any impact of these waves on a sensitive
device. However, the reality is not the case. We always observe some of these waves that
cross the circuit and endanger some electronic components. The goal is to reduce the
intensity of these waves as much as possible. Fig. 1.16 shows the representation of the
electromagnetic shield. In this figure, we note that the shielding is based on the principle of
reflection, absorption and multiple reflections. In order to minimize the intensity of the wave,
it would be important to return a large part by the phenomenon of reflection on the first
surface of the shield. For this, the material must have good conductivity. Another part of this
wave will cross the first surface of the shield and will reach the second surface (exit surface)
on which one part of the wave will be reflected and another will be transmitted. The intensity

of this transmitted wave must be sufficiently reduced so that the impact on an electronic
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component is less. It is important to note that during the passage of the wave through the
shielding material, it loses its intensity due to the fact that the material absorbs a part; it is the
phenomenon of absorption. The phenomenon of multiple reflections can be observed inside
the shield as shown in Fig. 1.16. The shielding effectiveness of the electromagnetic radiation
defined as being the ability of the material to block or attenuate the wave intensity can be
expressed as:

Where, SER, SE,, SE, respectively represent shielding effectiveness due to the reflection,
absorption, multiple reflections and SE; represent the total shielding effectiveness. The total
shielding efficiency represents the logarithmic quantity of the transmitted and incident power

ratio and is defined as follows:

Where, P, E and H represent power, electric field and magnetic field respectively.

In the practical, one of the objectives sought is to neglect the phenomenon of multiple
reflection that one could observe if certain conditions are not respected. For this, SE,, can be
neglected ¢-10dB) if SE, >10dB [78]. In this case the total shielding effectiveness can be

written as:

SE; = SEr + SE, (1.9)
With

SEr = —10log,,(1 — R) (1.10)
SE, = —101ogyo(1 — Aesr) = —10log;o () (1.12)
Where, Agrr = 1;?: is effective absorption, T and R are transmission and reflection

coefficients respectively.

When the phenomenon of multiple reflection exists, SE,, is defined as [79]:

SE, = —20logo(1 —e ~/8) (1.12)
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Where ¢ and t are skin depth and shield thickness in inches. The skin depth is the distance

required for the wave to be attenuated to 1/e or 37% as observed in Fig. 1.16.

Incident Signal (E;, Hy) Absorbance
(A)
Reflected Signal (E,, H,) _, /TR Transmitted Signal (E,, H)
(Primary Reflection) (Primary Transmission)
Muftiple
..‘.Intemal
Reftections
: (MIRs) .
Re-reflected Signal (Err, Hyr) 1S Re-reflected Signal (E.,, H,,)
(Secondary Reflections) = (Secondary transmissions)
E,H; \ h:rlllu\ Residual Field
) | e Strength
| E; H; ¢ T
(37 % Ei, Hy) 0 Distance from shield u‘lge’t

Fig. 1.16 Graphical EMI shielding representation

When the phenomenon of multiple reflections exists, we notice that SE,, depends on both ¢
and t. When the shield is thin (t<¢), the multiple reflections will generally be observed.
However, if the shield thickness is considerable (t=0), then the shield could show

SE, >10dB. Therefore SEM can be safely neglected. In this case SE, can be written as:
SE, = 20(5)loge = 8.68t(afu) /2 (1.13)

Where,a, f and u represent conductivity, frequency and permeability.

From this equation, we notice that SE, depends on physical characteristics of shield (t, ¢ and
W) unlike SE; that depends on impedance of incident wave and therefore of the type of

source.

As mentioned above, the shield should have good dielectric, electrical and magnetic

properties. The quality of shield is then characterized by its magnetic and electric storage and
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losses defined by the complex (&*) permittivity and complex permeability (u*) given by
equations (1.14) and (1.18).

e (w) =&'(w) — je""(w) (1.14)

Where the real part €’is the dielectric constant that represents the storage ability of the
electrical energy and the imaginary part & represents the dielectric loss [5]. €’and " are

defined by the following expressions:

e'(w) = g..cos(6,) (1.15)
" (w) = &..sin(5,) (1.16)
tans, = = (1.17)

Where &, represents dielectric loss angle which is formed by the electric field and electric
displacement vectors and tand, is dielectric loss tangent. High value of dielectric loss

tangent implies high attenuation of the wave as it moves through the material.
w(w) = (w) —ju'"(w) (1.18)

Where the real part (u') represents the storage ability of the magnetic energy and the

imaginary part (u'") represents magnetic loss [5].

The magnetic loss tangent of shield is given by
tand,, = ';—',' (1.19)

Where §,, represents magnetic loss angle, high value of magnetic loss tangent implies high

attenuation of the wave as it moves through the material.

The attenuation ability of shield is also determined by the nature of total loss tangent (tand;)

defined by the following relation:

tandr = tanéd,, + tand, (1.20)

tand; = ‘;— += (1.14)

&l

The reflection loss (RL) of a EM shielding having certain thickness can be evaluated from the

using the equation below [80-82]:
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RL (dB) = 20log |22} (1.15)
With
Zin = \gtanh (j %) ure* (1.16)

Where Z;,, is the normalized input impedance relating to the impedance in free space, €* and
u* are respectively complex permittivity and complex permeability, A is the wavelength of
electromagnetic wave and t is the shield thickness.
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Chapter 2: Literature review

2.1 M-type hexaferrite

Kaur et al. (2017) have discussed M-type barium Gd-Co substituted Ba;xGdxCoxFe12xO19
(0.0,0.1, 0.2, 0.3, 0.4, 0.5, and 0.6) hexaferrite. Typical modified Pechini sol gel method was
utilized for the synthesis. XRD was used to verify the crystalline magneto-plumbite structure
development. FT-Raman spectra of vibrational mode depicted the P63/mmc formation. UV-
Vis-NIR spectra illustrated the substitution of material the gap band of optical energy
augmented from 3.99eV to 4.28eV. TEM and XRD have confirmed hexaferrite phase
development through non-homogeneous phase. The saturation magnetization and coercivity
have been analyzed using VSM. The material formulated can be utilized as recording media
as it possess high surface area, magnetization saturation (>2500 Oe) and high coercivity. The
nun-consistent ferroelectric feature was observed in comparison to the ferroelectric hysteresis

loops standards.

Baykal et al. (2017) have studied the Cu-Mn substituted M-type Baj-oxMnCuxFe2019
(0.0<x<0.1) hexaferrites. The sol-gel auto combustion method was utilized. Electron
microscopy was used for confirmation of nano size of formulated products. Fe Mossbauer
along with VSM was opted for coercive field of BaFe1,019 hexaferrites and saturation
magnetization (Ms) and revealed that there were reducing as the Mn and Cu concentration
increased. FT-IR and XRD confirmed the pure M-type hexagonal phase formation. SEM
analysis depicted crystalline of high purity with flaked nano-size. The product compositional

purity was illustrated by EDX as well as elemental mapping.

Alange et al. (2016) have discussed the barium hexaferrites Al-Cr Co-substituted M-type
BaCrcAlFe12-2x019 (x=0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) nanoparticles. The method opted for
synthesis was sol-gel auto combustion. For the characterization of prepared product SEM,
XRD and FT-IR were utilized. SEM image revealed grain sizes found in nanometer range.
XRD patterns indicated the hexagonal features of the formulated material. The Mr, Hc and

M; Values were intensely affected by Cr®* as well as AI**

co-substitution. The loss of tangent
(tan 6), dielectric constant (¢”) and dielectric loss (¢””) showed compositional dependence and

frequency.

Ghzaiel et al. (2016) have studied the barium hexaferrites (BaMeFe;1019)

polyaniline/substituted. The composites had electromagnetic wave absorbing properties lying
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between 1 to 18 GHz range of frequency. For the preparation of 10%volume hexaferrite
fraction solid-based polymerization was opted. There was shift of polyaniline/ substituted in
reflexion loss to low frequencies from the KU band to X band. Magnetic studies revealed the
ferromagnetic characteristics to all the composites. There was slight increase in coercivity
values because of PANI matrix. Vector network analyser was sued to measure the EM
parameters. Dielectric constant was found to increase in addition of hexaferrites. There was
reduction in maximum of magnetic losses and high frequencies shift caused by Fe** doping.

Pattanayak et al. (2016) discussed the electrical features, fabrication as well as the magnetic
properties of composite system in view of ferroelectric material (NaosBio5TiO3) and strong
ferromagnetic (BaFei12019). Solid state reaction technique was used in preparation of
polycrystalline composite system. XRD patterns illustrated the pure NBT and BaM phases.
Analysis of conductivity properties and electric relaxation was performed in the range of
frequency from 100 HZ to 1MHz with 30-200°C temperature range. Detection of grain
boundary revealed three existing grain boundaries that are: a) BaM-BaM interface, b) NBT-
NBT interface and c) BaM-NBT interface. The saturation magnetization and coercive field
showed decrease for composite system based on magnetization study. SEM analysis revealed

polygonal and hexagonal grains packed individually.

Alam et al. (2015) studied the microwave absorption, structural as well as magnetic
behaviours of Zn-Co-Zr substituted barium M-type hexaferrite nanoparticles, and they
employed co-precipitation technique for the synthesis using polyvinyl alcohol. For
characterization of prepared material, SEM, XRD FT-IR, VSM and thermal analysis (TGA-
TDA) were used. XRD depicted the formation of magnetoplumbite structure in all samples
with 44+3nm average nanoparticle crystallite size range. The thermal curves illustrated the
production of barium hexaferrite at 709°C as low temperature. VSM revealed a decrease in
H. and Ms when the dopants percentage increased. The reflection loss outcome shown that
the ferrite barium composition possessed suitable reflection loss (RL < -10dB) with the

bandwidth which was used as single layer absorber in 8 to 12 GHz frequency range.

Pattanayak et al. (2015) have studied the polycrystalline M-type hexagonal Barium ferrite
(BaFe12019). The solid state technique was opted for product preparation. XRD and SEM
analysis confirmed the grain growth and single phase of micrometer range. XPS study
illustrated the Fe** and Fe®" presence. The investigation of electric transport properties was
done in 100HZ to IMHz frequency range with 30°C to 200°C. The polarization of the
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interfacial (electrode surface and grain boundary) at room temperature was found to be
active. The appearance of the intrinsic grain boundary as well as extrinsic grain boundary

conduction was the single relaxation mechanism.

Chawla et al. (2014) Synthesized Co-Zr doped barium M-type hexaferrites nanocrystalline
via sol-gel route at low temperature. For the characterization of the Co-Zr powder, XRD,
FTIR, EDS TEM and TGA-DTA were utilized. XRD confirmed the single M type phase of
barium hexagonal ferrites. x=1.0 was the maximum substitution. The observed hexagonal
platelets average size was 41.62nm. M vs H studies demonstrated that for Ms slightly varied
from 63.63 to 56.94emu/g whereas for Hc the observation shown a drastic decrease from
5428 to 630 Oe. The preparation of pure Co-Zr doped nano scale ferrites comprised of
BaCoyxZryFeq2-2019 Was successfully done using sol-gel technique at 850°C.

Singh et al. (2014) investigated the BaFe;,019 hexaferrite. The sol-gel technique was used for
the synthesis. TEM and XRD used to characterize the obtained product. XRD patterns
depicted the hexagonal structure of the obtained product without the secondary phase in
which the particle size was 49nm. The high value of DC resistivity was resulted at room
temperature it was found to be 5.5 x 10° Q cm. Both of dielectric constant and loss tangent
decreased with the rise in frequency whereas the electrical conductivity increased with rise in
frequency. The Yy and RLF investigation was performed investigation was performed in the
frequency range of 75 KHz to 30 KHz. The coercivity value was found to be high (2151.3
Oe) as well as high saturation magnetization (32.5 emu/gm). The obtained nano hexaferrite
possessed high T, (764 K) as described by M-T study.

Cernea et al. (2013) discussed the preparation of hexagonal ferrites BaySr;xFe12019 (x=0.05,
0.15, 0.25, 0.35) using sol-gel technique with conventional solid state reaction method. For
the investigation of their magnetic behaviours, Mdssbauer spectroscopy and magnetometry
were used. The hexaferrites obtained using the conventional solid state reaction method
exhibit low quantity of BaFe,O, as secondary phase while the hexaferrites prepared using sol-
gel method present nearly a single phase. Using the Mdssbauer spectra, the specific elemental
five Fe** sites cells have been discovered and their relative occupancy has been shown. The
analyzed samples magnetic features depict magnetic properties sensitivity (anisotropy and

magnetic moment) in respect to various Fe** sites occupancy.
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Ali et al. (2013) Reported for the Cr-Ga doped barium M-type hexaferrites) using rare earth
new substitution. Sol-gel method was opted for the preparation. XRD, FT-IR,
Thermogravimetric, DSC, EDS, VSM and SEM were utilized for the characterization. XRD
patterns depicted the M-Type hexaferrite phase formation. The crystallite size range was
observed between 17nm and 45nm. The retentivity and also the saturation magnetization
reduced from 36.8-18.1 emu/g and 48.9-26.9 respectively. The ‘c/a’ value ratio of M-Type
hexaferrites were ranging between 0.67 and 0.76. SEM analysis illustrated the grain size of
the formed M-Type hexagonal platelets.

Sharbati et al. (2012) have discussed M-Type hexaferrites Mn-Ti-Sn substituted strontium
(SrMny2(TiSn)wsFe12-xO19). The method opted was citrate sol-gel. TEM, XRD, VSM and
VNA were used for the product analysis. The resulted products exhibited the high purity
hexagonal structures. XRD patterns depicted the hexagonal crystalline features. The
absorbers thicknesses were found to be 1.6mm. The minimum reflection loss of -39dB was
shown by the composite of x=3 at 9.7 GHz possessing -20dB bandwidth above the prolonged
range of frequency between 9.3 GHz and 12 GHz.

Xie et al. (2012) have synthesized the magnetic composites SrCoxFei»xO19 (X=0.0-0.3)
product using co-precipitation high temperature sintering technique utilizing low reagents of
low cost. For characterization of the products, SEM, XRD, FTIR and VSM were used. The
saturation magnetization was shown to be the largest based on the magnetic analysis which
was 42.5emu/g. FTIR, XRD, SEM analysis depicted the soft and hard magnetic phases as

composition of the resulted composites.

Dhage et al. (2011) discussed the synthesis of Al-doped M-type hexaferrite BaFei,«AlO1g
nanocrystalline. For sample solution synthesis, combustion method was used. The sintered
samples were characterized using SEM, EDX, VSM, XRD and TEM techniques. For the pure
barium hexaferrite a unique single hexagonal phase structure was observed and as for the
samples, the barium hexaferrite M-phase a-Fe,O3; peaks are observed at 0.25 < x > 1.00 in
XRD pattern. The saturation magnetization (M) as well as magnetic moment (ng) reduces
from 38.567 to 21.732emu/g; also from 7.6752 to 4.2126pg correspondingly, with rise in
substituted A" x whereby x= 0.0 to 1.0.

Liu et al. (2002) studied the magnetic characteristics of Sr;«LacFe12019 along with the effects
of La®*"-substitution on structure. They opted sol-gel method for preparation and XRD, VSM

and TEM for the investigation. The end product was composed of SrogsLagisFei1.85019
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calcined at 850 ‘C. Magnetic properties of o5 = 74.1 Am?/kg with He= 498.4 kA/m were
obtained. Results showed that suitable quantity of La®* augments the os and He. With Sry.
xLaxFe12019 (x= 0.15) fine grains, magnetic parameters of H¢; = 498.4 kA/m and o5 = 74.1

Am?/kg were resulted.

Dimri et al. (2009) discussed the dielectric and magnetic parameters of barium hexaferrite
nanoparticles. The chemical method was used for the synthesis. The observation indicated
that the permeability and permittivity values of nanoparticles are lower in comparison to the
bulk material values. The calculated bulk values using Looyenga’s formulae utilizing the
measured values were shown to be less when compared to bulk samples values. The CoZr
increase concentration is directly proportional to lattice parameters values.

Maswadeh et al. (2015) have synthesized and characterized barium hexaferrites BaFe1,019
(BaM) using 11.5-16.16 ratio for Fe:Ba by ball milling. They reported that the preparation of
BaM can be accompanied by the secondary nonmagnetic phases which may affect the
magnetic properties by decreasing the yield of the desired BaM magnetic phase. XRD
diffraction revealed the presence of both pure hexaferrite and a-Fe,O3 phases with no other
secondary nonmagnetic phases. Rietveld refinement was used for quantitative analysis which
revealed that the optimum Fe:Ba required to fabricate a pure M-type barium hexagonal ferrite
is between 11.7-12.

Igbal et al. (2008) have investigated on the magnetic and electrical properties of
nanoparticles of Sr-M type hexaferrite with formula SryZr,CuxFei2.2xO19 (with x= 0.0- 0.8)
fabricated using chemical co-precipitation route. Structural characterization of synthesized
samples was carried out by XRD, FTIR, SEM, TEM and EDX analyses. For M-type
hexaferrite the single phase pattern was revealed by XRD characterization and FTIR spectra.
Scherrer formula was used to estimate particle size between 26 and 37 nm, which is
comparable to that obtained from SEM (40-80 nm) and TEM (30-60 nm). They also reported
that in the temperature range 300-675 K, SrFe;»,019 was a semiconductor. However, the
resistivity reached a maximum value at a temperature called metal-semiconductor
temperature (Twms) by adding ZrCuy with x=0.2-0.8. Tu.s increased with substitution for
x < 0.4. Curie temperature was decreased with the addition of Zr-Cu substitution. Moreover,
dielectric constant, dielectric loss factor and drift mobility showed a decrease for x < 0.4

when activation energy and DC electrical resistivity increased.
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Kaur et al. (2015) prepared Bag;LagsFe117C003019 by the use of sol gel autocombustion
route at 700, 900, 1100 and 1200°C. Influence of heating temperature on structural, magnetic,
dielectric and optical properties was investigated. XRD analysis revealed that at 700 °C the
pure M-type hexaferrite phase formation was observed. Weight loss of the samples was found
to remain unchangeable from 680°C. The metal-oxygen bond vibration was observed at 432
cm™ and 586 cm™ in FTIR spectra. The sample heated at a temperature of 900°C was found
to have the highest value of coercivity of 5602 Oe and optical band gap of 4.1 eV.

2.2 Y-type hexaferrite

Mahmood et al. (2016) have employed the conventional ball milling technique to synthesize
at 1200°C and characterize T- doped Me,Y hexaferrites with Me = Co®*, Mg** and Cr?*, and
T = Fe** and Ga®*. The single phase pattern of Co,Y ferrite was revealed by the XRD
analysis, magnetic parameters and Mossbauer spectra. Moreover, the presence of second
phases of M-type hexaferrite and BaCrO, were also observed in XRD patterns of CoCr-Y
sample. Saturation magnetization was observed to slightly increase from 34emu/g to
37.5emu/g as a result of growth of M-type hexaferrite in the sample. Concerning the Cr,Y
sample, XRD patterns reveals M-type phase as the majority in the sample which caused the
high value of coercive field (1445 Oe). However, the Ba,CoMgFe;1Ga0,, sample exhibited
the smallest value of saturation magnetization (26.6 emu/g) as a result of reduction of super-

exchange interactions caused by the Mg?®" substitution.

Adeela et al. (2016) have synthetized nanoparticles of Ba,Co,.xMnsFe;,02, (x= 0.0, 0.1, 0.3,
0.5, 0.7, and 0.9) utilizing hydrothermal technique. XRD and FTIR analysis established the
Y-type hexaferrite structure formation. From SEM and EDX analysis, they observed that the
grain size increased with the increase in Mn concentration. Additionally, the increase in Mn
concentration contributed to the increase in the coercivity and squareness ratio form 4550e to
2550e and 0.26 to 0.56 respectively.

Irfan et al. (2016) used XRD, SEM and the dielectric spectroscopy to carried out the
magnetic, grain morphology and dielectric properties of synthetized SroMnNiFe;20,, +
XY,03 (x=0-5 wt.%) ferrite. Capacitive and resistive properties of samples were characterized

by the single semicircle in Cole-Cole plot as a result of grain boundary contribution.

Odeh et al. (2016) defined the synthesis of Ba,Co,xZn«Fe1202, hexaferrites by sol-gel

technique. XRD outcome depicted the stable sample of Zn-substituted structure possessing
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standard Y type hexaferrites patterns. The sample coercive field value was the least value at
x=2.0. On basis of the dielectric measurements results, the samples were observed as
insulators. As zinc content increased, it leads to decrease in AC conductivity. The dielectric
constant of obtained barium hexaferrites was high in low-frequency range while there was

increase in relative dielectric permittivity with rise in frequency.

Ahmad et al. (2015) have synthesized Y-type hexaferrite SroNiFe;202 using sol gel
autocombustion with various temperatures (800-1200°C). SEM, VSM, XRD and FT-IR
techniques were used for sample analysis. The pure hexaferrites Y type appeared at 1000°C
and the complete formation was observed at 1200°C using XRD analysis. Using IR
spectrum, the heated sample at 1200°C depicted the hexagonal Y type ferrite single phase of
the sample. The saturation magnetizations along with the coercivity highest values were
obtained at the 1000°C because of M-type hexaferrite presence.

Awawdeh et al. (2014) have studied Mossbauer and physical properties of Zn doped Co,Y
hexaferrite (Ba,ZnxCo,«Fe1202,) samples. The sample synthesis was done through citrate sol-
gel auto combustion technique for 4 hours at 1100 ‘C. The sample was analyzed using XRD,
SEM and Mossbauer spectroscopy. The single Y-type hexaferrite presence among the
sintered materials was depicted by XRD analysis. SEM images revealed the change in
particle shape along with the size reduction by factor 10. There was a decrease in hyperfine

field (Bnt ) that was related to both components in regard with milling time increase.

Ahmad et al. (2013) discussed the Sr-substitution effect on Sr-doped Ni,Y ferrites Y type.
The synthesis was done at 1150°C for 3 hours using sol-gel combustion technique. SEM,
XRD, VSM and EDX spectroscopy were used for the sample analysis. XRD patterns
illustrated that the samples single phase can be resulted by the substitution of Sr®* ions with
Ba®* sites. The bulk density along with the X-ray density showed a decrease as well as
increased porosity in respect to rise of Sr-concentration. SEM spectrum depicted the grain
size ranging from 2.68um and 2.06um. There was increase in coercivity with respect to Sr
concentration increase. The saturation magnetization obtained was ranging between (51.5-
57.8 emu/q).
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Ali et al (2013) investigated the synthesis of Y-type strontium hexaferrite Co,Sr,Fe;,02,
utilizing the micro emulsion route as well as the polypyrrole doped with
dodecylbenzenesulphonic acid (PPY-DBSA) synthesis. FTIR, XRD, VSM and SEM were
used for the sample analysis. The observation revealed that the ferrite polymer mixture
enhanced the coercivity, whereas reduction in remanence and saturation magnetization was
observed. They illustrated that the coercivity value improvement assured the synthesized
products benefit that was 1896 Oe in the prepared samples. The signal-to-noise ratio
achievement was as a result of small sized particles obtained in the synthesized composite of
expected composite ferrite-polymer sample used in high density recording media.

Elahi et al. (2013) reported the synthesis of Sr,Ni,.«MgxFe1202, (x=0.0, 0.1, 0.2, 0.3, 0.4, 0.5)
hexagonal Y type ferrites employing sol-gel autocombustion route. Investigation of electrical,
magnetic and structural behaviours was done with Mg®* substitution at Ni** sites. FTIR
spectra depicted the ferrites peaks absorption features of sintered sample. XRD patterns
illustrated the single Y type hexaferrite phase and different parameters including; bulky
density, cell volume, lattice constants and X-ray density. The ferrites revealed hexagonal
platelet shape like which is appropriate for microwave absorption. Retentivity (Mr),
saturation magnetization (Ms), magnetic moment (ng) and coercivity (Hc) shown decrease

with rise in Mg content.

Ali et al. (2014) discussed the Th-Mn substitution role of Y type hexaferrite magnetic
behaviours. Micro emulsion method was utilized for the synthesis. The study of the
manganese doping effect at octahedral terbium site and tetrahedral site was conducted. The
sample SEM analysis depicted the plate like shape grains. The Sr-Y great approximation
formula was obtained at the highest substitution. The coercivity high values confirm the

present samples use in the perpendicular recording media.

Song et al. (2016) illustrated the Al-substitution impact on microwave absorption
characteristics along with magnetic characteristics of BajsSrosCoZnAlFe;x02, (x=0-1)
hexaferrites single phase. SEM, VSM and XRD analysis were used. The results depicted that
there was no Al-substitution effect on Y type hexaferrites structure. The observed samples
morphologies revealed a plate-like structure. The Ba; sSrosCoZnAlFe12.«O2, permeability as
well as the complex permittivity was analyzed employing VNA. Reflection loss was
determined between 1-18 GHz frequency range. The maximum sample absorption was found
to be -19dB at 11.5GHz.
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Bierlich et al. (2012) used mixed-oxide technique for the preparation of Y-type
polycrystalline hexaferrites with general formula Ba;Co,_y yZn,CuyFe1202; (0< X <2 and 0 <
y < 0.8). They reported the formation of single Y-type hexaferrite phase after sintering at
1000°C. Large grains and dense samples were obtained after sintering at 1200°C which
showed an increase in permeability with increase in Zn concentration. The maximum of
permeability was found to be p’=35 at IMHz when x=1.6 and y=0.4. They also reported that
a resonance frequency of 500MHz was observed for Zn-rich samples (y=0 and
y=0.4).Saturation magnetization showed an increase with increase in concentration of Zn. It
was observed that the temperature of maximum shrinkage was decreased up to 950°C by the
addition of Bi,Os. In addition, an increase in Cu-concentration also decreases the temperature
of sintering up to 900°C which permits the amalgamation of the ferrites with Ag metallization
for multilayer technologies. Nevertheless, a sintering at low temperature of Co,Y exhibits
good properties at high frequency such as permeability of p’= 10 and a resonance frequency
of 1 GHz.

Haijun et al. (2002) investigated on the preparation and microwave properties of Zn doped
Co,Y hexaferrite (BayZn,Co,,Fe1202,) using citrate sol-gel route and sintered at a
temperature of 1100°C for 5h. The method of transmission/reflection coaxial line was utilized
for measuring of complex dielectric constant and permeability of prepared specimen in the
frequency range 100 MHz- 6GHz. In 0.1-6 GHz, complex permittivity showed a decrease
with rise in frequency. Moreover, it was observed that the frequency of resonance of samples

was strongly dependent on the concentration of Zn.

Xu et al. (2012) presented the high absorbance of absorbing materials of Cu-doped Co,Y
hexaferrite rod (Ba,Co1sCug2Fe12022). The synthesis was done employing conventional
solid-state technique. The anisotropy magnetocrystalline fields along with the shape self-bias
field excitement results into FMR. In the range frequency of 10GHz -12.2 GHz, the ferrite
rod absorbance (A(w)) was found higher than 98%. The light weight with high absorbance of

the ferrite rod made it ideal for microwave —absorbing material.
2.3 Bismuth copper titanate (BCTO)

Deng et al. (2017) studied the Y2;3CusTisO12 (YCTO) ceramic dielectric and mechanism
characteristics. The sintering of YCTO was done in pure O, atmosphere and air. There was a
drastic decrease in YCTO-O; dielectric loss and permittivity in low frequency. The modulus

(M”) as well as frequency dependent impedance (Z”) YCTO-O, with YCTO air spectra
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revealed the thermal activated procedure. The relaxation times distribution was observed to
be temperature independent based on Z” and M” spectra scaling features. The Nyquist plot of
impedance adherence depicted that the sample electrical response origin was from grains
boundaries and grains. The electrical local response time distribution was shown to be
temperature independent.

Gautam et al. (2016) discussed the 0.5Biy;3CusTis012-0.5BisLaTisO;, nano composite
magnetic and dielectric properties. Semi wet route was used for the sample synthesis utilizing
metal nitrate of high purity along with solid TiO, in a stoichiometric ratio. XRD analysis
depicted Biy;3CusTisO1, (BCTO) and BisLaTisO;, (BLTO) presence in the compounds
sintered for 8 hours at 900°C. The composite TEM analysis revealed the nanoparticles
presence between the range of 553 nm. SEM images depicted the spherical grains as well as
plate-like structure. The weak nature of ferromagnetic in M-H and M-T curve was shown by
the composite magnetic feature. The space charge polarization presence led to high dielectric
constant value (¢’=13.94x103).

Gautam et al. (2016) studied Biy3CusTisO12 (BCTO) ceramic characterization with semi-wet
route synthesis. For characterization of the sample EDX, XRD and SEM were used. XRD
spectra revealed the ceramic BCTO single phase development at 1073K. The calculated
grains average dimensions analyzed by AFM and SEM were ranging from 0.73 +0.2 um
exhibiting perfect grain boundaries. The investigation of magnetic properties was done at
temperature range of 2 to 300k with 7tesla magnetic field. The field cooled (M™) along with
the zero field cooled (MZ™) were used for the calculation of Curie temperature with applied
magnetization at 100 Oe, the obtained Curie temperature was 125K. The BCTO sintered

ceramic highest dielectric constant was (£'=2.9x104).

Yang et al. (2016) investigated BisCusTisO12 (BCTO) ceramic mechanism and colossal
dielectric permittivity. Solid state reaction route was utilized for the sample fabrication. SEM
depicted uniform dense grains of size ranging between 2 to 3um. The dielectric permittivity
obtained was 3.3x10° with low frequency. The detected Bi,sCusTisO12 ceramic dielectric
response comprised of three types which situated in high frequency range, middle frequency
range and low frequency range. The activation energy of 0.30 eV was obtained for dielectric
response middle frequency whereas 0.70eV activation energy was found for dielectric

response in high frequency.
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Yang et al. (2016) studied the Bi,;sCusTisO12 ceramics dielectric constant vs non-Ohmic and
voltage properties. Sol- gel technique (BCTO-SG) as well as traditional solid state technique
(BCTO-SS) was used for the sample preparation. A high dielectric constant value of BCTO-
SG ceramics was revealed as 1.1x10* whereas that of BCTO-SS ceramics showed low value
of dielectric constant (3200). With increased voltage application at 100 KHz, BCTO-SS
ceramics dielectric constant reduced whereas that of BCTO-SG ceramics augmented. Non-
linear coefficients of BCTO-SG ceramic as well as BCTO-SS were 1.01 and 1.65
respectively. The BCTO-SG and BCTO-SS ceramics electric fields breakdown were 0.48 and
1.21 kV/cm correspondingly.

Kumonsa et al. (2015) reported a novel approach for perovskite ACusTisO1, ceramic
product. The ACusTi;O1, A-sites were occupied by Bi**, Ca** and Na* at 33% at each level
allowing Naj;3Cay3BiysCusTisO12 formation. The ceramic showed high ¢ value equals to
2.5x10" and low loss tangent of 0.038 at 1 KHz stable temperature. The dielectric relaxation
feature of high frequency exhibited the activation energies between 0.110-0.121 eV. X-ray
photoelectron spectroscopy was used to analyze the Cu cations valence states (i.e., Cu*, Cu®",
and Cu®") in the ceramic product. The impedance spectroscopy analysis depicted that the

formed product consisted of insulating grain boundaries and semiconducting grains.

Singh et al. (2015) discussed BiysCusTizg0Fe 10012 combustion synthesis with the help of
raw material of TiO,. Gycine-nitrate solution combustion method was opted for the sample
synthesis. The powder of solid TiO, was applied as the main source for titanium at lowest
temperature. XRD patterns depicted the ceramic single phase sintered for 12 hours at 900°C.
The particle size was analyzed by Bright-field TEM and was observed to be 1607 nm. SEM
images illustrated the presence of distributed bimodal grains of sizes ranging between
500nm- 1.5um. The electrode effects along with the grain boundaries activation energies

were obtained as 0.54 and 0.47 eV respectively.

Yang et al. (2015) reported Bi,;sCusTisO12 ceramics dielectric features and the synthesis
using sol-gel technique. The dielectric properties of the resultant measured at 1 KHz was
found to be 1.2x10%. The Maxwell-Wagner relaxation led to the occurrence of dielectric
relaxation I at 200°C. On the other hand the dielectric relaxation II was obtained at 300°C, for

the sample that was obtained using the sol-gel technique.
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Liang et al. (2014) investigated NagsBipsCusTisO1, (NBCTO) ceramics behavior phase
formation and the electric features. Solid-state and sol-gel techniques were used for the
sample synthesis. TG-DSC and XRD outcome depicted that there was temperature reduction
by 100°C in the NBCTO phase formation while using sol-gel technique. The NBCTO
ceramics obtained using sol-gel method exhibited stable temperature and low dielectric loss

in the temperature ranging from RT to 150°C.

Piir et al. (2014) studied bismuth copper titanate pyrochlores characteristics and chemistry.
The ceramic process was used to obtain the copper that comprised pyrochlores bismuth
titanates (Bi,CuyTi,07 — §) with the range of concentration from 0.08 <x <0.6and 1.4 <y <
2. A copper part atom reversibly undergo reduction to Cu?* at 930-960°C due to the
substitution of copper ions to A-sites. The total dependence of samples conductivity in

temperature range T>450°C followed the Arrhenius law.

2.4 Objectives of the study

The aim and objectives of this research project is to synthesize a new nanocomposite material
based on hexaferrite material (with a high anisotropy and high coercivity), dielectric material
bismuth copper titanate (BCTO) (with a dielectric constant above 1000) and conducting
polymer (polyaniline) which will be able to absorb electromagnetic wave in the frequency
range 0-40 GHz. Polyaniline is used as matrix and conducting material. The main objectives

are:

e Investigation of magnetic properties of rare-earth/transition metals doped hexaferrite

e Investigation of dielectric properties rare-earth/transition metals doped bismuth
copper titanate (BCTO).

e Investigation of microwave absorption properties the composites comprise of

hexaferrite /BCTO/conducting polymer.
2.5 Scope of the study

Recently, radiation or electromagnetic waves remain a great danger not only to humans but
also to certain electronic devices. To solve this problem, one solution is to design the
materials capable of absorbing these radiations. EM waves are constituted of the magnetic

and electric fields and therefore excellent magnetic and dielectric properties of absorber
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material are sought. Ferrites such as hexaferrites are known for their good magnetic
properties which makes them good candidate for absorbing magnetic field. Generally, these
magnetic materials don’t have good dielectric properties. So, it is necessary to associate to
them materials with excellent dielectric properties. Dielectric materials such as bismuth
copper titanate (BCTO) have a very high electrical permittivity (greater than 1000). This
makes it an excellent electrical field absorber.

In the electromagnetic shielding mechanism, the material in addition to being a good
absorber of magnetic and electric fields must also have good electrical conductivity in order
to reduce the intensity of the electromagnetic wave by reflection when it falls on the shielding
material. Indeed, the theory of shielding suggests that the absorber material must be highly
conductive with low permittivity and permeability [83]. For this reason, the metals have been
very good candidates. Due to the evolution of technology in miniaturization, metals have
several limitations such as high density (e.g. 8.9 g/cm® for copper). However, conjugated
polymers also known as conductive polymers contain w-bonds which are responsible of their
conduction. The conductive polymers therefore have conductivity comparable to that of
metals and unique properties such as flexibility, corrosion resistance, low density ¢ 1.1-1.3

glem®) etc.
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Chapter 3: Method of synthesis
3.1 Introduction

Synthesis methods are one of the most important things that have to be mastered for
preparing of nanomaterials. Due to the used method, structural properties such as particle
size, purity and even magnetic properties as coercivity can be affected. In order to obtain
inorganic nanoparticles, several techniques are used for the synthesis which include
hydrothermal reaction, salt-melt technique, glass crystallization technique, co-precipitation
process, solid-state reaction technique, reverse micro-emulsion method, melting method,
citrate precursor method, conventional mechanical grinding, stearic acid gel, ceramic method,
sol-gel auto-combustion method and so on. Among these multiple techniques some present
limits and disadvantages. Glass crystallization and conventional mechanical grinding
techniques exhibit some disadvantages in the synthesis for example introducing impurities
into material compositions and time consuming [22]. However, synthesis routes like sol-gel
and co-precipitation techniques show more advantages than others such as low cost,
simplicity, low temperature of formation, low time of formation, good homogeneity and good
microstructure.

In this chapter, autocombustion sol-gel technique was employed to synthesize doped
hexaferrite and bismuth copper titanate nanoparticles. However, oxidative polymerization
method was used to synthesize organic compounds as polyaniline and polypyrrole.
Mechanical grinding technique which consists to mix a certain amount of different
compounds was employed to synthesize composite materials.

3.2 Principle of synthesis methods

3.2.1 Sol gel autocombustion method

Because of its different advantages, the sol gel method is one of the most used methods in
recent decades. It uses as raw materials the nitrates of metals. The procedure can be
summarized in four steps.

Step 1: Obtain the sol-solution by dissolving the raw materials in a solvent that can be
distilled water or ethylene glycol.

Step 2: Obtain the gel solution by homogenizing the liquid solution (sol-solution) on the
magnetic stirrer till the viscous solution is obtained.

Step 3: Obtain the precursor material by evaporating the solvent.

Step 4: Carry out the calcination or the sintering on basis of temperature formation of the

expected material.
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3.2.2 Oxidative polymerization

This method consists of polymerizing the aniline using Ammonia persulphate [(NH4)2S,Os]
as oxidant. The reagents are poured in the strong acid which can be hydrochloric acid (HCI)
or sulphuric acid (H,SO4) with concentration of 1M. The synthesis is done at a low
temperature (0-2°C) due to the fact that the reaction is highly exothermic.

3.3 Synthesis of materials
3.3.1 Synthesis method of AI** -Mn®* substituted M-type barium hexaferrite

M-type hexaferrite with chemical composition Baj.xAlFe12.,MnyO19(x= 0.6 and y= 0.3) was
prepared using sol-gel method auto-combustion. The starting materials were, Fe
(NO3);-9H,0 (Loba Chemie; 98% purity), Ba(NOs3); (Loba Chemie; 99% purity),
Al(NO3)3.9H,0(Loba Chemie; 98% purity),and Mn(NO3),.xH,O(Sigma Aldrich; 98% purity
were dissolved in 50mL distilled water in a beaker in proper stoichiometric. Citric acid (Loba
Chemie; 99.5% purity), was added to the solution with 1:1.5 as ratio. Then ammonia solution
was added drop by drop to adjust the pH of solution to 7.0. This solution is stirred using
stirring magnetic at 80°C to homogenize the solution and was obtained the gel solution. The
gel solution was heated at around300°Cusing hot plate for ignition of the gel. Water was
evaporated and gel was burnt to obtain a dendritic powder. Subsequently calcined at 750, 850

950 and 1050 C for around 5 hours, hexaferrites powders were obtained.

3.3.2 Synthesis method of AI**-Cr** substituted M-type barium hexaferrite

Al-Cr substituted barium hexagonal ferrites with chemical composition BaFe1,.oxAlKCrO1g
(x=0.0, 0.2, 0.4) were synthesized by the sol-gel autocombustion method. AR grade
chemicals such as Ba(NO3), (Loba chemistry, purity 99%), Fe(NO3)3.9H,0 (Loba chemistry,
purity 98%), Al(NO3)3.9H,0 (Loba chemistry, purity 98%) Cr(NO3)3.9H,0 (Loba chemistry,
98% purity), ethylene glycol (C,H¢O,) (Loba chemistry, 99.5% purity) and citric acid
(CsHg0O7.H,0) (Loba chemistry, 99% purity) were used as starting materials. Initially, the
appropriate measurements in stoichiometric ratios were made for each of the metal nitrates
and dissolved in 50 ml of ethylene glycol. Citric acid was added with 1:1.5 molar ratio of
cations to citric acid. Thereafter, ammonia solution was added drop by drop so as to

neutralize the solution (pH=7.0). The resultant mixture was placed on a magnetic stirrer and
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heated to a temperature of about 85-100 °C. After 3 hours, a brown viscous gel was obtained
which upon further heating to 300C results in autocombustion and formation of a fluffy

precursor material which was heated at 1000 °C for 7 hours.

3.3.3 Synthesis method of Cr**-Bi*" substituted M-type strontium hexaferrite

Chemical formula of SrFe;;xCrBixO19 (x=0.0, 0.15, 0.2) of Cr-Bi substituted M-type
strontium hexaferrite was synthesized via autocombustion sol gel route. All reagents are of
AR grade with purity between 98-99.5% such as [Sr(NOs).], [Fe(NO3).9H,0],
[Cr(NO3)3.9H,0], [Bi(NO3)3.5H,0], [C2HsO,] and citric acid [CsHsO7.H,0] were used as
starting materials. Metal nitrates were dissolved in 50 mL of ethylene glycol in a beaker of
500 mL at the appropriate stoichiometric ratios followed by addition of citric acid (cation to
citric acid ratio of 1: 1.5). Then, the pH value of the solution obtained is adjusted to 7.0 by
adding ammonia hydroxide solution. Magnetic stirrer at 80-100°C was used to stir the
mixture homogenously until it evaporates and form a brown gel after 4 hours. The precursor
material was obtained after heating the gel at 280-300 °C, and sintered for 6 hours at 1000 °C
to obtain the final SrFes2.o.CrBixO19 (x=0.0, 0.15, 0.2) powder.

3.3.4 Synthesis method of Cr**-Ni?* substituted Y-type barium hexaferrite

To synthesize Cr-Ni substituted Co,Y hexaferrite [Ba,..xCrkNixCo,Fe1202, (x=0.0, 0.1, 0.15)]
nanoparticles, high purity (99-99.5%) AR grade raw materials such as barium nitrate
[Ba(NO3),], ferric nitrate [Fe(NO3)3.9H,0], chromium nitrate [Cr(NO3)3.9H,0], nickel
nitrate [Ni(NO3),-6H,0], cobalt nitrate [Co(NO3)..6H,0] and citric acid [C¢HsO7.H,O] were
used. Metal nitrates were dissolved in 100 mL of deionised water, and then citric acid with
1:1 ratio to cations was added as fuel. Adding ammonia hydroxide drop by drop make the pH
of the mixture 7.0. The mixture was stirred and heated at 80-100°C temperature until a brown
gel was obtained after evaporation of most of the solvent. The brown gel was transferred and
heated at 280-300°C temperature to get a dried precursor material which was sintered at
1100°C for 6h to obtain Ba,-,xCryNixCozFe1,0,, (x=0.0, 0.1, 0.15) powder.

3.3.5 Synthesis method of Ni**-Co®" substituted bismuth copper titanate

Sol-gel autocombustion method was used to prepare BiysCusoxNixCoxTi4012 (x=0.0, 0.1,
0.2). High purity AR grade materials (99%-99.5%) such as Bi(NO3)3-5H,0,Ni(NO3),-6H,0,
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Cu(NO3)2-3H20, Co(NOs),-6H20, TiO, and CgHgO7 were obtained from LOBA Chemie and
CDH. Stoichiometric ratio of the materials is dissolved in a deionised water to form an
aqueous solution; with citric acid as a fuel, with cations to citric acid molar ratio of 1:1.5. The
solution prepared was heated at 80-100 °C temperature for 3 hours, a light blue gel was
gotten which is further heated at 300 °C to give a black bismuth copper titanate ceramic
precursor. The precursor was heated at 900 °C for 7 hours and then grinded with mortar and
pestle to get the final product.

3.3.6 Synthesis method of Bi**-AI** substituted barium hexaferrite and polyaniline

Sol- gel autocombustion method was used to synthesize BaFe;;gBio1Aly1019 powder.
Initially, AR grade chemical with high purity (98-99.5%) such as Ba(NO3),, Fe(NOs3)3.9H.0,
Al(NO3)3.9H,0, Bi(NO3)3.5H,0, ethylene glycol (C,HsO2) and citric acid (CsHsO7.H,0)
obtained from LOBA Chemie and CDH were used as raw materials. Appropriate
stoichiometric measurement of each metal nitrate was done and 50 mL of ethylene glycol
solvent was used to dissolve the metal nitrates. Addition of citric acid in the molar ratio
1:1.5s0 as to serve as agent of autocombustion. Then, the neutral mixture was obtained by
adding ammonia hydroxide. The obtained solution is homogenized with a magnetic stirrer at
a temperature of 80-100°C for 3 hours, a brown gel was formed which was placed under 280-
300°C to evaporate the remaining solvent and the precursor material was formed. A high
temperature furnace has been used to get BaFei;gBip1Aly1019 powder at 1000C after 6

hours.

The synthesis of PANI has been done via oxidative polymerization method. In this process,
hydrochloric acid has been placed under rotation at 0°C in an ice bath, and then a certain
amount of aniline monomer was added gradually. After 30 min, Ammonia persulphate (APS)
dissolved in water has been added. The set has been allowed for 6 hours to permit the
reaction to take place. Then the filtration and washing were done using deionised water and
methanol then dried in an oven at 60°C temperature. After 2 days, PANI was obtained with

green colour.

Mechanical grinding process has been using to blend the previous prepared samples using a
mortar and pestle. The mixture has been done according to the ratios (hexaferrite: PANI) 1:1,
1:1.5and 1:2 (Table 3.1).
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Table 3.1 Sample code and composition of BaFe; sBig1Alp1019-PANI

Sample code Ratio
HP1 1:1
HP2 1:1.5
HP3 1:2

3.3.7 Synthesis method of Dy**-Cr®* substituted barium hexaferrite and polyaniline

Dy-Cr doped barium hexaferrite (Bap;DyosFe114Cro3019) was prepared using
autocombustion sol-gel technique. Chemicals with AR grade such as Ba(NO3), (99% purity),
Fe(NO3)3.9H,0(98% purity), Dy(NO3)3.9H,0 (98% purity) and Cr(NO3)3.9H,0 (98% purity)
from LOBA Chemie were used. 50 mL of ethylene glycol was used to dissolve the material
in the ratio 1:1.5 of cations to citric acid ,then ammonia hydroxide was added dropwise to
make the pH of the solution 7.00. The resulting mixture was heated at 80-100 C temperature
for 3 hours, a gel solution was obtained which was brought to around 350 °C to evaporate the
remaining water in the sample and precursor material was formed. The precursor material
was put inside the furnace for a temperature of 1000 °C for 6 hours to obtain the hexaferrite

powder.

The synthesis of PANI has been done via oxidative polymerization method. In this process,
hydrochloric acid has been placed under rotation at 0°C in an ice bath, and then a certain
amount of aniline monomer was added gradually. After 30 min, Ammonia persulphate (APS)
dissolved in water has been added. The set has been allowed for 6 hours to permit the
reaction to take place, then deionised water was added, and the mixture was filtered and
washed with methanol and deionised water then dried in an oven at 60°C temperature. After

2 days, PANI was obtained with green colour.

The powders obtained from these two previous methods were blended in a mortar with a
pestle using a mechanical grinding method. Indeed, the amount of polyaniline was varied
from one sample to another according to the ratios 1: 1, 1: 2 and 1: 3 (hexaferrite: PANI)
(Table 3.2).
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Table 3.2 Sample code and composition of Bag 7Dyo 3F€e11.4Cro301o/PANI

Sample code Ratio
HP11 1:1
HP22 1:2
HP33 1:3

3.3.8 Synthesis method of Bi** substituted barium hexaferrite, La*" substituted bismuth

copper titanate and polypyrrole

BaFe;; sBip 2019 Sample was prepared via sol-gel autocombustion method. The chemicals of
AR grade having high purity of 98-99.5% include Ba(NOs),, Fe(NO3);.9H,0,
Bi(NO3)3.5H,0 and ethylene glycol (C;HgO,) from LOBA Chemie were used as raw
materials. Initially, 50 ml of ethylene glycol was poured in beaker then metal nitrates in
stoichiometric measurement were added. The cations to citric acid molar ratio of 1:1.5 were
added. The mixture was neutralized (pH=7.00) by adding ammonia hydroxide dropwise. The
mixture was homogenized at 85-100 °C temperature and the rest of the solvent was
evaporated. After 3 hours, a viscous gel was obtained and dried at 300 °C on a hot plate to get
the precursor material which was heated in the furnace at 1100 °C temperatures for 6 hours

and BaFei; gBio 2019 powder was obtained.

Also bismuth copper titanate [BigxLlax]2sCusTisO12 (x=0.2) was prepared using
autocombustion sol-gel technique with high purity analytic reagents grade (99%-99.5%). The
starting material included bismuth nitrate [Bi(NOs)3-5H,0], copper nitrate
[Cu(NOg3)2:3H20,], lanthanum nitrate [La(NO3)3.6H20,] and titanium dioxide (TiOy,) .
Materials in stoichiometric quantities were dissolved in deionised water forming aqueous
solution; addition of citric acid in the ratio of 1:1.5 so as to serve as agent of autocombustion.
The mixture was stirred and heated at 85-100 °C temperature. After 4 hours, a blue gel was
formed and dried at 280-300 °C temperature, the precursor obtained was heated at 900 °C
temperature for 7 hours and then grinded with mortar and pestle to obtain [Big-
xLax]23CusTisO12 (x=0.2) powder.

Polypyrrole (PPy) was synthesized via oxidative polymerization of pyrrole monomer. 2 ml

pyrrole was gradually poured in 70 ml concentrated hydrochloric acid solution (HCI) at 0 °C
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in an ice bath for 30 min (A). Aside, 4.98 g of ammonia persulfate (APS) was dissolved in30
ml HCI (B). Then (B) solution was added drop by drop inside (A) solution with vigorous
stirring. After 6h around, the precipitation took place. The obtained mixture was filtered and
washed with distilled water and dried in air for 5 days.

The previous prepared samples in ratio 1:1:1 were blended in a mortar with a pestle using a
mechanical grinding. The obtained powder was our composite (Table 3.3).

Table 3.3 Sample codes and composition of prepared samples

Sample Sample composition

code
BBPY1 BaFe11.8Bio2019
BBPY2 [Bi(19Lay]23CusTisO12 (x=0.2)

BBPY3 BaFell_gBio_golg / Bi(l.x) Lax]2/3Cu3Ti4012 (X:OZ) /Ppy

3.3.9 Synthesis of Ni**-Cr*® substituted barium Co,Y hexaferrite, La®" substituted
BCTO and PANI

Co,Y hexaferrite with chemical composition Ba,.xCriNixFe1202, (x=0.2) was prepared via
autocombustion sol gel route. AR grade reagents in stoichiometric ratios were measured and
poured in 500mL beaker containing double deionised water. Citric acid was added into the
beaker in the molar ratio of 1:1.5 with cations having molar ratio of 1. Drop wise ammonia
addition was carried out until the pH of the mixture becomes 7.00. Constant and continuous
stirring of the mixture at 80-100 °C temperature, the solvent evaporate and turns to gel, the
temperature was elevated up to 280-300 °C and the gel underwent autocombustion to give the
precursor material which was sintered for 6 hours at 1100 °C to give Ni*2-Cr*® substituted

barium Co,Y hexaferrite.

BCTO electroceramic with chemical formula [BiixLax]2sCusTisO12 (x=0.15) was
successfully prepared via sol gel auto combustion route. AR grade reagents in stoichiometric
ratios were poured into a beaker containing 50 mL of double deionised water, citric acid in
1:1 molar ratio with cations was added. The mixture was stirred and heated at 80-
100°Ctemperature ; a light blue gel was obtained after evaporation of most of the solvent.

The light blue gel undergo autocombustion after it was subjected to 280-300°C temperature, a
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black BCTO precursor was obtained. The precursor obtained was crushed using mortar and

pestle and calcinated at 900 °C for 7 hours.

The synthesis of PANI has been done via oxidative polymerization method. In this
process, 182.3 ml of hydrochloric acid was placed under magnetic stirring in an ice bath at
0°C, and then 46.56 mL of aniline monomer was added gradually to the mixture and stirred
for 6 hours for complete polymerization, this was labelled as solution A. 80.94 gm of
ammonium persulphate (APS) was poured into another beaker containing 100 mL of double
deionised water and allowed to dissolve, this was labelled as solution B. After 6 hours,
solution B was mixed with solution A and the colour of the mixture gradually changes to dark
green, deionised water was added to dilute the mixture and the resulting mixture was aged
for 24 hours in room temperature. The mixture was filtered and washed with methanol and
deionised water followed by drying in oven at a temperature of 60°C. The resulting PANI
granules were grinded with mortar and pestle, fine green PANI powder was obtained.

Ni*?-Cr*® substituted barium Co,Y hexaferrite powder, La** substituted BCTO
powder, and PANI were weighed in the ratio of 1:1:1 and grinded with mortar and pestle in

order to get a homogeneous mixture of Co,Y/BCTO/PANI nanocomposite.

Table 3.4 Sample composition and code for Co2Y/BCTO/PANI nanocomposite

X Sample composition Sample code
0.2 Bay 6Cro.2Nip 2C02Fe1202; CoY
0.15 Bios1Lap15CusTisO12 BCTO
- Ba; 6Cro2Nip2C02Fe1202,/ Co,Y/BCTO/PANI
BiosLao15CusTisO12/PANI
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Chapter 4: Characterization techniques

This chapter presents the different techniques employed to characterize the prepared samples.
Structural, magnetic, dielectric, optical and microwave absorption properties were
investigated. For that, X-Ray Diffraction (XRD), Fourier Transform Infra-red (FTIR)
spectroscopy, UV-Vis-NIR spectroscopy, Vibrating Sample Magnetometer (VSM), Raman
spectroscopy, Emission Scanning Electron Microscopy (FESEM), Vector Network Analyser
(VNA), Impedance analyser, Field Energy-dispersive X-ray spectroscopy and Mapping were
utilized.

4.1 X-Ray Diffraction

X-Ray diffraction is a widely utilized technique for sample characterizations. This technique
is non-destructive and concerns the interaction between X-ray and the matter. When the
monochromatic beam of X-ray interacts with the specimen, it is scattered in random
directions with the same energy with the incident photons: it is elastic diffusion or Rayleigh
diffusion. It is very important to know that this characterization technique only functions on
crystallized or semi-crystallized matter. So, if the sample to analyse has a regular
arrangement of atoms, the scattered light is oriented in specific directions which are
determined by wavelength of X-ray, dimensions and orientation of crystal lattice. Fig. 4.1
shows the illustration of X-ray diffraction. In general, scattered rays interfere either in

constructive or destructive manner.

Fig. 4.1 lllustration of X-Ray Diffraction
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But only constructive interferences are detected which correspond to the observed peaks in
X-Ray Diffraction patterns. Those peaks represent diffraction planes of the crystal structure
as shown in Fig. 4.2. Constructive interferences obey Bragg's Law given by:

2dsinf = nl 4.2)

Where d is d-spacing between consecutive atomic planes, 4 is the wavelength of the

radiation. 6 is the half deflection angle, and n is the order of reflection (n is a whole number).
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Fig. 4.2 Example of X-ray diffraction patterns of BCC crystal
The X-ray diffraction is used to:

e |dentify the various compounds or phase in a sample and texture

e Measure or estimate dimension of crystal lattice (d-spacing, lattice parameters,
volume)

e Define the crystal structure of a material

e Determination of crystallite size, space group, density and strain
4.2 Impedance analysis

Impedance spectroscopy is a technique which measures electrical and dielectric properties
such as resistance and capacitance of a sample by applying a sinusoidal AC excitation signal
and by varying the frequency in the defined range [84]. This technique is widely used to

characterize various types of materials such as insulator, semiconductor and even ionic
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materials using impedance analyser or LCR meter as measuring devices. Firstly, the
procedure is used to make pellet of sample. Then apply or coat the sectional surface area with
silver paste in order to obtain parallel plate capacitor with the sample as the dielectric
medium. The measured capacitance and resistance is then used to evaluate parameters of

dielectric properties (dielectric constant, dielectric loss etc.).
4.3 Electron microscopes (FESEM/EDX/Mapping)

FESEM is a helpful electron microscopic technique used to visualize images and examine
structural information of micro-structured materials of specimen in high resolution. This
technique is based on electrons-matter interactions. Indeed, electron generated from a X-ray
tube are used to estimate the size and the morphology of specimen. The incident electrons
striking the surface of the material causes electrons emission such as backscattered electrons
and secondary electrons, X-ray, heat and even transmitted electrons. However, specially
secondary and backscattered electrons are responsible of principal information regarding
surface morphology (topological contrast) of sample. To avoid the collection of spatial
charge that may destroy FESEM micrographs, the test specimen is first earthed. The electrons

beam scans the surface of specimen, then exhibit the contained particles as response.

Energy-dispersive X-ray spectroscopy and mapping are used to identify each chemical

element that is contained in the specimen.

Study of the morphology and composition of the prepared samples was carried out using
FESEM, EDXS and mapping (FEI Nova NanoSEM 450 FESEM).

4.4 Generality on spectroscopy

In order to obtain different information with regard to the material, it is generally subjected to
an excitation according to which it gives an answer. This answer exclusively depends on the

excitation type which can be:

e Laser

e Polychromatic light
e Optical source

e Electrical field

e Magnetic field
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Spectroscopy can therefore be defined as a characterization technique essentially based on the
interaction between electromagnetic radiation and matter. This radiation depending on its
wavelength can be absorbed, emitted or diffused by the material.
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Fig. 4.3 Different types of transition

Generally, once the electromagnetic radiation in contact with the material, there will be
energy transfer. Depending on the type of radiation (ultraviolet, visible or infrared) (Fig. 4.3),
the internal structure of the material will be disturbed and there will be a transition from one

energy level to another that can be:

e Rotational transition
e Vibrational transition

e Electronic transition

Since energy levels are quantified, the difference in energy between two consecutive levels

must be AE=hv. From Fig. 4.3 the following relation can be written:

Eelec'[ronic> Evibrational> Erotational
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4.4.1 Fourier Transform Infra-Red (FTIR) spectroscopy

FTIR spectroscopy being a useful technique was employed to study interactions between
infrared and the matter. Its goal is the vibrational study of molecules in the matter. This
technique makes it possible to determine the different functional groups and residues present
in a sample. It is well known that IR region is from (0.7-1) to (200-350) pm which can be
delimited into three ranges:

e Near-infrared between 13000-4000 cm™
e Mid-infrared between 4000-400 cm™

e Far-infrared between 400-10 cm™

Generally, the mid-infrared is used in FTIR spectroscopy and the wavenumber of a radiation
is used instead of its wavelength or its frequency. The wavenumber (o) refers to the number

of oscillations or vibrations per unit of length and is defined by:

o= 4.2)

1
2
Where 1 is the wavelength in cm and ¢ in cm™.

Indeed, for a covalent bond A-B modelled by two balls of masses ma and mg connected by a

spring with constant stiffness K. The frequency of vibration can be expressed by:

1 |K
2T Al K

(4.3)

Where p = Z4™E s the reduced mass of the system.
ma+mpg

FTIR spectroscopy involves passing infrared radiation through the material that can be
absorbed by the molecules it contains. In order for the matter to absorb energy, the vibration
frequencies of the molecules must be equal to that of radiation. In general, when light falls on
the sample, one part is reflected, another is absorbed and another is transmitted. The absorbed
light by the specimen correspond to the specific frequencies of energy which refer to the
vibrational energy of functional group in the sample. The transmitted light that carries the

molecular information of the sample is collected by a detector.
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Fig. 4.4 Components in FTIR spectrometer

It is important to note that before sample analysis, a raw signal reference called interferogram
is obtained which serve as a reference spectrum (background) by applying the Fourier
transform. Then, when analysing the sample, there will be a superposition between the
sample spectrum and the background in order to obtain the desirable spectrum, i the desirable
spectrum is obtained after the interferogram automatically subtracted the spectrum from the
background of the sample spectrum using Fourier transform software. Fig. 4.4 shows the

components in FTIR spectrometer [85].

The ratio of the transmitted intensity (I) and the incident intensity (lo) defines the

transmittance (T) and is given by:

T =+ (4.4)

Io
If I = 0, then all incident radiation is absorbed.
If I = 100%, then all incident radiation is transmitted.

The ability of the material to absorb radiation can also be defined by the absorbance (A). This

is directly related to the transmittance by the following relation:
A = —logT (4.5)

Today, the FTIR spectroscopy gives many advantages including
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e Improved signal to noise ratio
e Faster acquisition of IR spectra

e Superior wavenumber accuracy
4.4.2 UV-Vis-NIR spectroscopy

This technique is largely for identifying chemical species in a sample. The particularity of
this technique is to study the electronic transitions of atoms. This technique uses a
monochromatic radiation which may be in the range of UV, visible or near infrared. When
the radiation falls on the sample, it can cause an electronic transition of the molecule. From
this spectroscopy, it is possible to evaluate all the electronic transitions and certain properties
of the sample can also be determined such as band gap energy which makes it possible to
define the nature of the sample namely insulator, semiconductor or conductor. Generally,
when the light (energy) falls on the sample, it is absorbed. The absorbed energy favours the
transition of the electrons from the ground state (on one of the three molecular orbitals n, 6 or
7) to an excited state. Depending on the amount of absorbed energy, the electron can be on
o* or * orbital (Fig. 4.5). As shown in Fig. 4.5, only o- 6*, n- n*, n- ©* and n-c* transitions

are possible in UV-Vis spectroscopy.
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Fig. 4.5 Possible transitions in UV-Vis spectroscopy
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4.4.3 Raman spectroscopy

As FTIR spectroscopy, Raman spectroscopy also concerns the vibrational transitions of
atoms. It is complementary to FTIR spectroscopy because it is more interested in the
diffusion of light by the material than its absorbance. After the irradiation of the material by a
monochromatic radiation (Laser) taken in the region of UV, visible or infrared, the radiation
is almost all transmitted (about 99%) and a thin part is diffused (1%) (change of direction
propagation of photons randomly).

In the diffusion of light by matter, we distinguish two main types:

e Elastic diffusion. In this case, the frequency of scattered radiation is equal to that of
incident radiation (same energy): it is Rayleigh scattering.

AE =hv—hv' =hAv =0 (4.6)

e |nelastic diffusion. The scattered radiation and incident radiation have different

frequency: it is Raman scattering.
AE =hv—hv' = hAv # 0 4.7
Where v and v’ are frequencies of incident and scattered photons respectively.

Raman scattering highlights two scenarios:

e Whenv' <v (v =vy, —v,,). The molecule initially in its ground state moves to a
virtual vibrational state after irradiation of the sample. After a brief moment in this
state, the molecule will emit a photon whose energy is lower than that of the incident
photon. The molecule thus finds itself in a state of excited vibration: it is the Stokes
Raman scattering (Fig. 4.6).

e Whenv' >v (v =v, +v,). Here the molecule is initially in an excited state. When
the electromagnetic radiation falls on it, it migrates to a virtual vibrational state and
then emits a photon whose energy is higher than that of the incident photon. The
molecule is then in a state inferior to the initial state: it is the anti-Stokes Raman

scattering (Fig. 4.6). This case is very rare.
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Fig. 4.6 Jablonski diagram of quantum energy transitions for Rayleigh and Raman scattering
4.5 Vibrating sample magnetometer (VSM)

The magnetic properties of the material can be determined using a VSM. This technique was
discovered in 1955 by Simon Forner [86]. It is based on Maxwell’s equation which explains
that a change in magnetic field will produce an electric current. From this technique,
magnetic parameters including coercivity (Hc), remanence (M), saturation magnetization

(Ms) and squareness ratio (M,/Ms) can be estimated.

To analyze the sample, it is placed in a uniform magnetic field which enables the alignment
of the magnetic moments present in the sample along its direction, thereby causing a parasitic
magnetic field due to magnetic dipole moments which in time varying that can be detected by
a set of pick-up coils. The induced current generated is amplified using a trans-impedance

and lock-in amplifier.

Vibrating sample magnetometer (Micro sense E29 VSM) was employed in this work to

investigate the magnetic properties of prepared samples..
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4.6 Vector network analyser (VNA)

VNA is an instrument aimed to determine the network parameters of electrical network. It
uses the principle of measurement of transmitted and reflected waves when a signal passes
through a device under test (DUT). From the VNA instrument it is possible to obtain the S-
parameters which represent the distribution parameters of the cell (DUT), in module and in
phase, in a broad band of frequencies. In fact, the S-parameters indicate the electromagnetic
energy distribution and link the incoming and outgoing waves. To understand how a VNA
instrument functions, let’s consider the case of a device with two ports of access (Fig. 4.7).

The second order distribution matrix [S] is defined by:

[S] _ Sll 512]

B 521 522

Where Si; and Sy, are the coefficients of reflection at ports 1 and 2 respectively, S;2 and Sy;
are the coefficients of transmission from the second to the first access ports and from the first
to the second access port respectively. The following relations represent the expressions of

S11, S», S12 and S,1 coefficients.

S11 = o (4.8)
a1 a2=0

S1z = 2 (4.9)
a Cl1=0
b,

So1 === (4.10)
a1 Cl2=0
b

SZZ = (4.11)
az a1=0

With a, and a, are incident powers, b, and b, are transmitted powers at ports 1 and 2

respectively as shown in Fig. 4.7.
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Chapter 5: Results and discussions

5.1 Effect of temperature on the magnetic and dielectric properties of nano-sized M-

type barium hexagonal ferrites
5.1.1 XRD analysis

The powder XRD patterns of sintered Ba;.xAlxFe12.,Mn,O19 (x= 0.6and y= 0.3) sample at 750,
850, 950and 1050°C for 5h are shown in Fig. 5.1.The analysis of these patterns shows that all

the calcined samples are in the crystalline phase.
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Fig. 5.1 XRD patterns for Bay.xAlFe12yMnyO19 (x= 0.6and y= 0.3) at different temperatures
for 5h.

The presence of hkl peaks (008), (107), (114), (108), (205), (110), (217) shows the formation
of M-type hexaferrite. These peaks are in agreement with literature [87, 88]. The highest peak
at 1050°C is (104). This peak doesn’t characterize hexaferrite but the presence of hematite (a-
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a(A)

Fe,O3). This can indicate that the sample has to heat at a temperature above 1050 C to obtain
monophase hexaferrite.

The variation of lattice constants (a and c¢) according temperature is shown in Fig. 5.2.
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Fig. 5.2 Variation of lattice constants (a and ¢) with temperature
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The lattice constants shown in Table 5.1 were calculated using the following relation [89]:

1 4 h2+hk+k2] 12
—— =-—|+= 51
d?, 3 [ a? c2 ( )

The values of both parameters change with increase in temperature (Fig. 5.2).This can be due
to micro structural defects and interaction between cations. The cell volume has been

obtained using the following relation:

Veeli=a2csin120° (5.2)

Where a, and c are lattice parameters. The cell volume change with heat temperature (Table
5.1).
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Table 5.1 Variation of diffraction angle (2theta), d spacing (d), full width at half maxima (),
lattice parameters (a and c) and volume of cell with calcination temperature for prepared
samples

T(°C) 2theta(®)  d(A) BC) a(A) c(A) D(nm)  Vear (A%

1050 34.22 2.6182 0.227 5.8722 23.2792  40.7 695.2
950 23.18 3.8341 0.233 5.8811 23.0046  38.7 689.1
850 32.34 2.7660 0.679 5.937 22.9688  13.5 701.1
750 35.82 2.5049 1.116 5.915 23.4234 8.3 709.7

This is due to variation of lattice parameters. The crystallite size (D) is calculated from the

Sherrer’s formula:

_ KA
- Bcosb

(5.3)

Where K is the Sherrer’s constant, A the wavelength of the X-rays employed (1.5046 A), B
the full width at half maxima and 0 is the Bragg angle. The values of crystallite size (D)
increases with increase in temperature (Table 5.1). This can be explained by the formation of

the hexaferrite agglomerations.
5.1.2 FTIR analysis

FTIR study has been done to confirm the formation of ferrites and to get information about
the presence of functional groups which are remains of chemicals used in the synthesis
process. Fig. 5.3 shows different spectra of samples calcined at 750, 850, 950 and 1050 C.
The peaks observed near 2361 cm™ for temperatures less than 1050 C can be attributed to the

presence of CO, absorbed by the sample from the atmosphere.

This band disappears at 1050°C. This can indicate the contribution of CO, ions in the
reaction [90]. The presence of two peaks with high intensity in the range 400-600 cm™
characterizes the formation of hexaferrite. These peaks are due to stretching vibration of
metal- oxygen bond [87]. The bands between 448-455 cm™ and 541-586 cm™ characterize the
vibration of octahedral and tetrahedral sites [89] respectively and this indicate the occupation

of sites by AI** and Mn?* ions.
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Fig. 5.3 FTIR spectra for Ba;xAlxFe1o.,Mn,O19 (x= 0.6and y= 0.3) at different temperatures
5.1.3 FESEM analysis

Fig. 5.4 shows FESEM images of samples Baj.xAlxFe12yMnyO19 (x= 0.6and y= 0.3) calcined
at 950°C and 1050°C respectively. It can be observed a homogeneous distribution of particles
and non-uniformity in particle size and shape. However, some particles show a hexagonal
like structure which represents the hexaferrite structure. The particle size has been
determined from normal distribution of particles. The average size of particle was found to be
167 nm and 47 nm for 1050°C and 950°C respectively. It can be noticed that the particle size
increases with increasing in the calcination temperature keeping the shape. Similar

observation was made by A. Ataie et al [91].
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Fig. 5.4 FESEM micrograph of BaixAlFe1o.,MnyO19 (x= 0.6and y= 0.3) samples calcined at
(a) 1050°C, (b) 950°C

5.1.4 Thermogravimetric analysis

The influence of temperature on samples was studied from Thermal gravimetric
analysis/differential Thermogravimetric analysis/derivative Thermogravimetric
(TGA/DTA/DTG). Fig. 5.5 shows TGA/DTA/DTG curves of M-type hexaferrite Baj-
xAlxFe1,.yMnyO19 (X= 0.6 and y= 0.3) powder. From this figure, the weight decrease between
0 and 650°C. This is due to decomposition of remaining organic matter, decomposition of
precursor and conversion of hematite into hexaferrite phase. This can be explained by the
oxidation- reduction reaction between the metal nitrates and citric acid. After 650 C, weight
loss becomes approximately constant which indicates the formation of M-type hexaferrite. In
DTA curve, the first variation in peak is observed near about 100°C associated with
endothermic peak on account of loss of water. The prominent effect shown by TGA/DTA is
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at 400°C. DTG (derivative Thermogravimetric) gives slight peak at 500°C because of
recrystallization of sample.
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Fig. 5.5 TGA/DTA/ DTG traces for hexaferrite powders
5.1.5 Magnetic analysis

Fig. 5.6 shows hysteresis loops of Baj.xAlxFei12yMn,O19 (x= 0.6and y= 0.3) sintered at 750,
850, 950 and 1050 C. The magnetic parameters saturation magnetization (Ms), coercivity
(Hc), remnant magnetization (M;), magnetic moment (ng) and anisotropic constant (K) have
been determined by hysteresis loop (Table 5.2). Fig. 5.6 shows that saturation magnetization
and remnant magnetization increase with the temperature. In the literature, the intrinsic value
of coercivity of pure hexagonal ferrite is H;=67000e calculated using the stoner and
wohlfarth model of single-domain particles [19]. Fig. 5.7 shows the highest value for
coercivity (77800e) was found in the sample calcined at 850°C and saturation magnetization
shows a continuous increase with increase in temperature. These results are in agreement
with the literature [89]. The highest value for coercivity is above to the coercivity value for
pure M-type barium hexaferrite (67000¢). This is due to doping by AI** and Mn** ions. In
this present investigation, coercivity range is 6341-77800e which is too high (above 12000e
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or 95.6 KA.m™). So this kind of materials cannot be used as longitudinal magnetic recording
media but they can be used as high density perpendicular magnetic recording media [92]. The
wide width of the loop (high coercivity and high remnant magnetization) can indicate that
BaixAlFeroyMnO19 (x=0.6 and y=0.3) could be suitable for applications requiring hard

magnetic materials.
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Fig. 5.6 Hysteresis loop for Ba;xAlxFe12.,MnyO19 (x= 0.6and y= 0.3) at different temperatures

The squareness ratio (Mr/Ms) has been calculated from magnetic parameters determined
from hysteresis loop (Table 5.2). If this parameter is equal or above to 0.5, it indicates that
the material is in single magnetic domain and if it is less than 0.5, it can indicate the

formation of multi-domain structures [93].
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Table 5.2 Effect of temperature on magnetic properties of BaixAlFei2.,Mn,O19 (x= 0.6, y=
0.3)

T(°C) M (emu/g) M, (emu/g)  H (Oe) M,/M; ratio  7a(His) K(HA®/Kg)

1050 33.97 20.55 6341.37 0.6049 6.3563 10.77 84
950  15.55 9.41 7367.81 0.6051 2.9096 5.72848
850  12.92 7.96 7779.94 0.6160 2.4175 5.02585
750 6.78 4.14 6986.78 0.6106 1.2686 2.36852
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Fig. 5.7 Variation of saturation magnetization and coercivity with temperature for Baj-
xAlFe1,yMny,O19 (x= 0.6and y= 0.3)

In this work, the range of squareness ratio is 0.6 - 0.61(Table 5.2) indicating that the prepared
hexaferrite is in the single magnetic domain. The following relation has been used to

calculate the anisotropic constant (K) [89]:

H, == (5.4)

noMs
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Where o is permeability in vacuum (47x107H/m), Ms is saturation magnetization and Hc is
coercivity.

The magnetic moment () has been calculated using the following equation®:

MM
Np = % (5.5)
Where M represents molecular weight of sample and Ms is saturation magnetization.
Magnetic moment (ng) is proportional to Ms; then magnetic moment increases with

saturation magnetization (Table 5.2).
5.1.6 Impedance analysis

Ambient impedance analysis was done using impedance analyzer in the range frequency of
100 Hz-120 MHz. The hexaferrite pellets were made with 1 cm of diameter and 4 mm of
thickness.

Fig. 5.8 respectively shows the evolution of the real and imaginary parts of the impedance (Z'
and Z" resp.) at room temperature. We note that Z' and Z" show the same evolution, i.e. say

they decrease at low frequencies and become constant from 10MHz
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Fig. 5.8 (a) Real part of impedance; (b) Imaginary part of impedance
The evolution of Z' is confirmed by the literature [94]. Moreover, the highest values of Z' and
Z" have been observed for the lowest frequencies and these values are independent of the

temperature.
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Fig. 5.9 Cole-Cole plots of Bay.xAlyFe12yMnyO19 (x= 0.6and y= 0.3) samples

The following (5.6) and (5.7) equations can be applied to estimate the real and imaginary

parts of impedance at room temperature:

Z =|Z|cos6 (5.6)
Z' =|z|sino (5.7)

Where Z represent impedance and 6 is the phase angle. Complex impedance can be defined

by the following relation:
z2'=7'-jz (5.8)

To differentiate the grain and grain boundary contribution to conduction, we made complex
impedance plane plot known as cole-cole plot. Generally, Cole-Cole plot is defined by a
semi-circle of a curve or a semi-circle arc where the left side of the arc represents the
contribution of grain resistance and the right side depicts the total contribution of grain
boundary and grain resistance [39, 95]. This corresponds to the high and low frequencies

respectively.
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However, the intermediate frequencies represent the grain boundary contribution [23]. As
compared to the grain contribution, the grain boundary contribution is clearly observed in
Fig. 5.9. It can be noticed that the high value of grain boundary resistance was obtained at
850°C. The resistivity and dielectric properties depend of the high grain boundary resistance.

5.1.7 Dielectric study
The complex permittivity of ferrites can be defined by:
& =c—je (5.9)

Where e'and ¢" are dielectric parameters of material and they represent dielectric constant
and dielectric loss respectively. Equations (5.10) and (5.11) give expressions of real and

imaginary parts of complex permittivity respectively[96].

. Z
€ =5t 7? (.10)
0
. Z
by (611)
0

Where, C, represents the capacitance of vacuum, Z is the impedance and f is the frequency.

Dielectric loss tangent can be evaluated using the following expression:

tans, =< (5.12)
&

Fig. 5.10 and Fig. 5.11 (a) show respectively the dielectric constant, dielectric loss and

dielectric loss tangent versus frequency of Bai AlxFe12.,MnyO19 (x= 0.6and y= 0.3) samples
calcined at 750, 850, 950 and 1050°C.
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Fig. 5.10 (a) Dielectric constant of sample, (b) Dielectric loss of sample

It can be remarked that the dielectric response observed define the ferrite materials behaviour
i.e. the dielectric constant is high at low temperature then decreases when the frequency of
applied field increases (Fig. 5.10(a)). This decreasing of dielectric parameters can be
explained on the basics of the space charge polarization as predicted by Maxwell- Wagner
[89][97]. The presence of the space charge polarization is due to the heterogeneity of the
structure of samples which can be responsible of the conduction in the sample due to the
electron transfer between Fe?* and Fe** ions [93][95]. In the frequency range [10MHz-
120MHz], dielectric parameters of samples become almost unchangeable and there is no
dielectric resonance. Highest value of dielectric constant was found to be 575 at 1050 T at
lower frequencies. At low frequency, the dielectric constant depends of the temperature i.e. it

increases with the increase in the temperature (Fig. 5.11(b)).
5.1.8 AC conductivity analysis

AC conductivity (oac) of samples at room temperature can be defined as a function of

frequency and of the dielectric loss according the following formula:

Opc =27¢ &, (5.13)
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Fig. 5.12 AC conductivity (cac) of Ba;xAlFe12yMnyO19 (x= 0.6and y= 0.3) samples
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Where ¢, is the permittivity of vacuum; Fig. 6 Show the evolution of AC conductivity of Ba;.

xAlFero,MnO19 (x= 0.6and y= 0.3) samples versus of frequency of applied field. It is
observed that the conductivity increases with the increase in the frequency. This increasing is
slightly in the range 100 KHz-70MHz and become significant for frequencies above 70MHz.
The increase of conductivity can be a direct consequence of electron hopping between Fe?*
and Fe** which result in the displacement of ionic charges caused by applied field. So that
makes the material polarized [89]. This increasing of conductivity can also be a consequence

of the decrease in dielectric constant of material as showed on Fig. 5.10.
5.1.9 Optical analysis

The optical properties of BaixAlkFei2.,MnyO1g (x= 0.6and y= 0.3) samples were performed
using UV-Vis-NIR absorption spectra. It is knew that the absorption region for ultraviolet is
(200-400 nm), visible is (400-800 nm) and infrared is (800-1100 nm).
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Fig. 5.13 Absorbance Spectra of Bai.«AlxFe1o.,Mny,O19 (x= 0.6and y= 0.3) samples
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Fig. 5.14 Optical band gap for Bai.«AlxFe12yMnyO19 (x= 0.6and y= 0.3)

Fig. 5.13 shows the absorbance spectra for prepared samples. This absorption is characterized
by the passage of electrons from the valence band to the conduction band. The required

energy for this transition is defined by the band gap energy Eq given by [89, 98]:

(ahv)? = A(hv—E,) (5.14)

Where v is frequency and A is a constant.
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Table 5.3 Influence on temperature on band gap of BaixAlFe12.,MnyO19 (x= 0.6and y= 0.3)

Temperature (C) 750 850 950 1050

Band gap (eV) 3.44 3.31 3.62 3.50
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Fig. 5.15 Influence of temperature on the band gap

The band gap was obtained by plotting the graph. Fig. 5.14 shows the spectra for band gap
energy. The band gap values obtained from the graph are contained in Table 5.3 below and
its evolution according temperature is shown on the Fig. 5.15. It has been reported that
nanomaterials with band gap values of around 3.5 eV are suitable for UV-blue light emitting
diodes (LEDs) [17]. Hence the prepared material could be useful in LEDs. From UV-NIR
spectra (Fig. 5.13), it was concluded that absorption region for the samples is~200-600 nm
[18, 89].
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5.2 Structural, dielectric and magneto-optical properties of Al-Cr substituted M-type

barium hexaferrite
5.2.1 XRD analysis

XRD pattern of BaFe;,.2xAlCrO19 (x=0.0, 0.2, 0.4) is presented in Fig. 5.16. The observed
diffraction peaks were indexed with standard patterns (JCPDS 39-1433) and were found to
conform magnetoplumbite phase of pure crystalline M-type hexagonal ferrites with space
group P6s/mmc [89]. Secondary phase such as a-Fe,O3; has not been observed; hence, the
purity of the synthesized sample can be ascertained. Additionally, the pure and crystalline
phase obtained shows that the substituted ions have been successfully substituted in the
crystallographic sites. The lattice parameters (a and c¢) and volume of unit cell (V,,;) of the
prepared samples were determined using the following formula and tabulated in Table 5.4
[55].

= P () 4 £ (5.15)
Veew = 2 a’c (5.16)
where dy; represents d-spacing, hkl are the miller indices. From Table 5.4, It has been
observed that the values of a, ¢ and V,,; decrease with increase in AI**-Cr** substitution,
this could be attributed to the fact that the ionic radius of AI** (0.535 A) and Cr** (0.520 A)
are less than that of Fe®* (0.645 A) [88, 99]. When either AP or Cr** substitutes Fe** in the
hexagonal lattice, a shrinkage or distortion of the hexagonal lattice occurs as a result of
difference in ionic radius thereby leading to decrease in a, c and V... Similar results were
obtained by Dhage et al. [100]. The c/a ratio was found to be 3.931, 3.925, and 3.934 for the
samples with x=0.0, x=0.2, and x=0.4 respectively. Hexaferrites material with c/a ratio less
than 3.98 are assumed to exhibit hexagonal structure [101]. Hence, it can be concluded that
the prepared material exhibit hexagonal structure. The values of crystallite size (D), X-ray
density (d,), bulk density (d,,)surface area (S), and porosity (P) were calculated from
equations (5.17), (5.18), (5.19), (5.20) and (5.21) respectively, and presented in Table 5.4

[89].

kA

= st (5.17)
_ 2M
dx - NaVecen (518)
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(5.19)

__ 4m
m T opg2t
__ 6000
S=u (5.20)
(5.21)

P = (%=%1) x 100

X

Where k is the Scherer’s constant whose value is 0.9 for hexaferrites, 2 =1.54056 A is X ray
wavelength, g is full width at half maxima (in radian), 6 is the Bragg angle, M is the
molecular mass of the sample, N,=6.022 x 10% mol™ is the Avogadro’s number, m, d and ¢
are respectively the mass, diameter and thickness of the pellet. According to Ashiq et al.
materials with a grain size less than 50 nm are good candidates for media recording [93].

Hence, the prepared samples can be useful in magnetic recording [87].
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Fig. 5.16 XRD pattern of BaFei2xAlkCrkO19 (x=0.0, 0.2, 0.4)
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It was observed that the specific surface area of prepared sample lays in the range 28-41
cm?/g and strongly depend of crystallite size. It can be noted that smaller the crystallites size
higher the surface area and therefore the number of atoms is greater at the surface. From
Table 5.4, it is noticed that the X-ray density decreases with increase in Al-Cr concentration;
this could be due to the fact that the atomic weight of Al (26.98) and Cr (51.99) are lower
than that of Fe (55.845). The bulk density is showing lower value than the theoretical one
because of the presence of pores in the samples. It is observed that the bulk density decreases
while the porosity of BaFe;22xAlkCrO19 (x=0.0, 0.2, 0.4) increases with the increase of Al-Cr
concentration. Heat treatment or synthesis methods may be the reason for the increment of
porosity. The observed values of lattice parameters are in agreement with those observed in
the literature [32].

Table 5.4 Crystallite size (D), lattice constants (a and c), volume cell (Vcen), bulk density
(dm), X-ray density (dx), porosity (P) and surface area (S) for BaFe;2.2xAlCrO19 (x=0.0, 0.2,
0.4) samples

x a(d) c@) Veew c¢/a S d,(g/cm® d (g/cm®) P(%) D(nm)
(A3) (x107cm?/g)

00 5.873 2309 689.79 3.93  28.4620 3.234 53504  39.56 39.40

0.2 5.869 23.04 687.04 393  40.5468 3.132 53402 4145 27.71

04 5.855 23.024 68598 3.94  31.3541 2.358 53168  55.62 35.38

5.2.2 FTIR analysis

The FTIR spectra of BaFeizAlCrO19 (x=0.0, 0.2, 0.4) is shown in Fig. 5.17. Two
significant peaks can be observed at 437 cm™ and 590 cm™. The peaks appearing between
400 cm™ and 600 cm™ are the result of vibration of metal-oxygen bond which gives the idea
of the formation of ferrite phase [30]. Additionally, the absorption band around 437 cm™
corresponds to the assignment of the Fe-O bending by Fe-O4 and Fe-O stretching by Fe-Og
while the band around 590 cm™ corresponds to the Fe-O stretching by Fe-O, [87]. A band
around 2361cm™ can be observed in the samples with x=0.2 and x=0.4, this band can be

assigned to the presence of CO, absorbed from the atmosphere by the sample [54].
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Fig. 5.17 FTIR spectra of BaFe1,.xAlkCriO19 (x=0.0, 0.2, 0.4)

The lack of this peak in sample with x=0.0 can be due to the fact that CO, was less in the

room during the FTIR spectra recording of this sample.
5.2.3 Raman spectroscopy

Fig. 5.18 shows the Raman spectra of BaFe;,2AlCrO1g (x=0.0, 0.2, 0.4) recorded in the
range 150 to 800 cm™ at room temperature. It was noticed that the substitution of the Fe**
ions by the ions of AP and Cr®* in the different sites causes a decrease in intensity of the

peak and broadening of Raman modes.
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Fig. 5.18 Raman spectra of BaFe1,.2xAlCrO19 (x=0.0, 0.2, 0.4)

M-type barium hexaferrite is well known for the complexity of its structure which does not
allow making a direct relationship between the doping rate and the displacement of
vibrational bands observed on the Raman spectra. Group theory analysis of hexaferrites on
the basis of Dg; symmetry give rise to 42 Raman active modes which are distributed in the
form of irreducible representation as 11A;y + 14Eiq + 17E5; [102]. Raman modes are
observed at 171, 204, 281, 317, 407, 513, 606 and 674 cm™. The Raman modes at 171, 204
and 281cm™ could be respectively attributed to Eig, E1g and Ezq Symmetry corresponding to
the vibration of S-block whereas the Raman modes at 317, 407, 513, 606 and 674 cm™
corresponds to the vibrations of 12k octahedral site, 12k and 2a octahedral site, 4f, octahedral

site, 2b bi-pyramidal site due to of Aig, E1g, A1g, A1g, and Azg Symmetry respectively [40].
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5.2.4 FESEM and EDX analysis

FESEM micrographs of BaFe;2-2xAlkCr«O19 (x=0.0, 0.4) are presented in Fig. 5.19(a) and (c)
respectively. It can be observed that the particles exhibit a homogeneous distribution with
hexagonal plate-like shape. The hexagonal; shape of the prepared samples causes a decrease
of grain boundary and surface energy [103]. It is also noticed that particles are agglomerated
that can be due to magnetic interaction between the individual grains of the prepared samples
[55]. Fig. 5.19(b) and (d) show particle size distribution of BaFe;;O;9 and
BaFe1; 2Alp4Cro4019 respectively. It has been revealed that these distributions follow normal
distribution law. From these figures, average particles sizes were found to be 90.11 nm and
108.33 nm respectively. Fig. 5.20 presents the element analysis of BaFe;2-,xAlkCrO19 (x=0.0,
0.4). Each element of the sample composition (Ba, Fe, Al, Cr and O) can be observed in the
EDX spectra. This confirms the stoichiometry of the prepared samples

Counts

80 100 120
Particle size (nm)

Counts

80 100 120
Particle size (nm)

Fig. 5.19 FESEM micrograph and particles size distribution of BaFe;,.oxAlCriO19 (a) x=0.0
and (b) x=0.4
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5.2.5 Optical analysis

The study of the optical properties of BaFei2.2AlCrO19 (X=0.0, 0.2, 0.4) was carried out
using UV-vis spectroscopy in the range 225-800 nm. When radiation is incident on materials
capable of conducting current, electrons in the valence band absorb energy from the
radiation.

cps/eV

4.0 (a) El AN Series -": “”::t ;A:::. ?E::o: (1 -.’:'"J)

keV

Fig. 5.20 EDX spectra of BaFe;2.2xAlxCryO19 (a) x=0.0 and (b) x=0.4
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This absorbed energy allows them to move to higher energy levels (conduction band). This
energy therefore corresponds to the energy difference between the valence band and
conduction band and defines the band gap calculated by the following relation [55]:

(ahv)? = A(hv — E,) (5.22)

Where E, represents band gap energy, A is a constant and «a is the absorption coefficient, v is

the frequency of incident radiation, and h=6.6260 x 1073* J.s is the Planck’s constant.

The graph of E, is presented in Fig. 5.22, the values of E;, have been evaluated by

extrapolating the linear part of the graph of (ahv)? against E,,.
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Fig. 5.21 Absorption spectra for BaFe1,.oxAlCrO19 (x=0.0, 0.2, 0.4) prepared at 1000 °C
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Fig. 5.22 Band gap of BaFe12»xAlCrO19 (a) x=0.0, (b) x=0.2 and (c) x=0.4 (d) variation of
band gap with composition (x)

The values of Eg for the sample with x = 0.0, x = 0.2 and x = 0.4 are respectively 2.06, 2.29
and 2.12 eV. It can be noted that D and E, vary inversely i.e. the larger the crystallites size,
the lower the band gap energy. This behaviour was revealed by Baykal et al. [104]. This can
be justified by the effect of quantum confinement. From UV-Vis-NIR spectra (Fig. 5.21), the

absorption region for hexaferrites has been found to be 200-600 nm. This result is supported
by the literature[40].

5.2.6 Dielectric analysis

Fig. 5.23 and 5.24 respectively presents the variation of the dielectric constant (¢') and
dielectric tangent loss (tan 6,) with frequency for BaFe;,»xAlkCrO19 (x=0.0, 0.2, 0.4). The

values of &’ and tan § were calculated using equation (9) and (10) respectively [96] and are
listed in Table 5.5.
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g =2 (5.23)

wCyZ?

14

tand = ‘Z—, (5.24)

where Z" is the imaginary part of complex impedance, w = 2xf is the angular frequency and
C, is the geometrical capacitance. The response of the samples is matching with typical
ferrite material i.e. ¢’ is high at lower and intermediate frequencies and decreases with
increase in frequency, this could be attributed to interfacial and dipolar polarization [89].
Remarkably, a sudden and steady increase in dielectric constant is observed at higher
frequencies as a result of electronic polarization. The values of dielectric constant and
dielectric loss tangent at lower, intermediate, and higher frequencies are presented in Table
5.5. It can be observed that the values of dielectric constant decreases with increase in the
concentration of AIF*-Cr®*. Similarly, for all frequency range, the values of tan J. decrease for
the sample with x=0.2. At lower and intermediate frequencies, tan J. shows an increasing
trend for x=0.4. However tan . decreases at higher frequencies for x=0.4. This behaviour can
be explained on the basis of Maxwell-Wagner model which assumed ferrites to be made up
of conducting grains separated by insulating grain boundaries [105]. When electric field is
applied, charge carriers are displaced from their mean position; the charge carriers align
themselves at grain boundaries if the grain boundaries have more resistance as compared to
the grains [32, 106]. This scenario causes the surface charges to gather at the interface of the
grain boundaries thereby resulting in interfacial polarization and consequently large dielectric
constant. Polarization in ferrites materials occur as a result of conduction by hopping of
electrons between Fe** and Fe** [107]. The process of polarization decreases as the frequency
of the applied electric field increases; this is because at higher frequencies, the conduction by
hopping of electrons between Fe** and Fe?" lag behind the applied electric field. Koop’s
stated that, at lower frequencies grain boundaries are more effective whereas at higher
frequencies grains are more effective [108]. Hence, polarization increases as frequency
increases which leads to decrease in the dielectric constant at higher frequencies. The
appearance of £'could be attributed to grain boundary defects, oxygen vacancies and space
charge polarization [28]. The high values of tan §, at lower frequencies is as a result of grain
boundary effects which require high energy for conduction by hopping of electrons between
Fe** and Fe® to occur whereas the small values of tand, are observed at higher frequencies
because of the effectiveness of grains at higher frequencies [109]. Fig. 5.25 presents the

variation of AC conductivity with frequency for BaFeizAlCrO19 (x=0.0, 0.2, 0.4).
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Conductivity in ferrites is attributed to AC conductivity (o4¢) as a result of band conduction
and DC conductivity (opc) as a result of hopping conduction [110]. The total conductivity
(a;) can be evaluated using the Jonscher power law [111]

o:(w) = apc + 0(w) (5.25)
o(w) = Aw*® (5.26)
Where o(w) is the frequency dependent conductivity also called o4., @ Is the angular
frequency, s is the temperature dependent constants and A is the material intrinsic property
dependent constant. g, remains constant at lower and intermediate frequencies whereas a
sudden increase in g, at higher frequencies is vividly observed, this could be attributed to
ionic conductivity [112]. Grain boundaries contribute to o, at lower frequencies whereas the
observed dispersion at higher frequencies could be due to the conductivity of grains [28].
Additionally, the activeness of the mechanism of conductivity is increased whenever the
frequency of the applied field is increased thereby leading to increase in space charge
polarization at higher frequencies and thus the sudden increase in conductivity at the high
frequency region [113].

Table 5.5 Dielectric constant (¢') and dielectric loss tangent (zan ;) of BaFe;;-2xAlCrO19

(x=0.0, 0.2, 0.4) at low, intermediate and high frequency

X Low frequency (101 Intermediate frequency High frequency (120 MHz)
Hz) (21.667KHz)
&' tand, g’ tand, e tand,
0.0 20 0.309 12.5 0.0883 14.4 0.133
0.2 14.5 0.278 10.5 0.0494 14.2 0.0965
0.4 11.4 0.337 8.26 0.0638 9.66 0.0742

5.2.7 Magnetic analysis

Fig. 5.26 presents the M-H hysteresis loop of BaFe1,.oxAlCrO19 (x=0.0, 0.2, 0.4). The values
of coercivity (H_.), saturation magnetization (M), remnant magnetization (M,) were
determined from the hysteresis loop and tabulated in Table 5.6. Magnetism in ferrite results
from the net magnetic moment of Fe*" ions with spin up and spin down in sublattice sites
[114]. The hexagonal lattice of M-type hexaferrites consists of 24 Fe** ions, these 24 Fe®*

ions are distributed among five crystallographic sublattice which are one tetrahedral
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sublattice (4f;), one bipyramidal sublattice (2b) and three octahedral sublattice (12k,2a, and
41,,) [115]. According to Gorter model, ferrites consist of a ferrimagnetic structure consisting
of eight antiparallel spins (12k,2a and 2b) and four parallel spins (4f1 and 4f2) which are
coupled by super exchange interactions via the O% ions [116]. The values of M, are in the
range 15.156-88.032 emu/g whereas the values of M,. are in the range 7.914-46.437 emu/g. It

has been reported that AFP*

ion prefer to occupy 12k and 2a sites [117]. The decrease in the
values of M, and M, (for x=0.2) are observed because A" ion with Oy, replaces Fe** ion
with 5ug [100]. Additionally, substitution of cation results in the weakening of the super
exchange interaction of the type Fea**—~O—Feg®, this causes the collapse of the magnetic
colinearity of the lattice and subsequently decrease the magnetic parameters [118]. This is
further supported by the fact that AI** ions substitution in the hexagonal lattice may results in
the weakening of the magnetic ions interaction and collapse of long range magnetic ordering
[119].
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Fig. 5.23 Dielectric constant of BaFe1,.oxAlCrO19 (x=0.0, 0.2, 0.4)
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Fig. 5.24 Dielectric loss tangent of BaFei,.2xAlCrO19 (x=0.0, 0.2, 0.4)

It has been reported that Cr** ions prefer to occupy 12k, 2a and 4f, sites. The observed
increase in the values of M, and M, ( for x=0.4) could be attributed to the fact that the
number of Cr** ions occupying 4f, site with spin up are more than those occupying 12k and
2a sites with spin down even though the magnetic moment of Cr®* ion (3uz) is less than that
of Fe*" ion (5u5) [114, 120]. The values of H,. were found to be in the range 1639.35-4615.44
Oe, H. greater than 1200 Oe are useful for high-density perpendicular magnetic recording
media [92]. The values of SR was respectively found to be 0.48, 0.52 and 0.53 for the
samples having x=0.0, x=0.2, and x=0.4. The prepared samples can be considered as single
domain if the values of SR is greater than or equal to 0.5; on the other hand, the prepare
samples can considered as multi-domain if the values of SR is less than 0.5 [121]. Hence, the
sample with x=0.0 is multi-domain whereas the samples having x=0.2 and x=0.4 are single

domain.
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Fig. 5.25 AC conductivity of BaFe1,.2xAlkCriO19 (x=0.0, 0.2, 0.4)

Table 5.6 Magnetic parameters of BaFei22xAlkCrO19 (x=0.0, 0.2, 0.4) samples at room

temperature

X Ms(emu/g) Mr(emu/g) Hc(oe) SR(Mr/Ms) K(HAZ/Kg) NB(”B)

0.0 81.25 38.78 1639.35
0.2 15.16 7.91 4615.44
0.4 88.03 46.44 4090.71

0.48 6.659 16.16
0.52 3.498 2.99
0.53 18.005 16.87
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Fig. 5.26 M-H hysteresis loop of BaFe12-2xAlkCriO19 (x=0.0, 0.2, 0.4)

5.3 Effect of Cr-Bi substitution on the structural, optical, electrical and magnetic

properties of strontium hexaferrites
5.3.1 XRD analysis

Fig. 5.27(a) shows the XRD patterns of prepared SrFe;,.xCriBixO19 (X=0.0-0.2) samples. The
observed peaks were indexed using JCPDS card number 39-1433 [89]. These peaks
correspond to the precise diffraction angles (28) and define the hexagonal phase of M-type

hexaferrite structure with P63/mmc as space group.
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Fig. 5.27 (a) XRD patterns and Rietveld refinement (b) x=0.0, (c¢) x=0.15 and (d) x=0.2 of
SrFe12-2xCryBixO19 (x=0.0-0.2)

The absence of impurity has been observed which indicates that the Cr®* and Bi** ions have
been incorporated into the hexagonal structure. This is supported by the XRD Rietveld
refinement given in Fig. 5.27 (b), (c), (d) where it can be observed that all the reflection
peaks of experiment data (Ycal) and theoretical data (Yobs) are matching. Rietveld
refinement was carried out using FULLPROF package; linear interpolation method to model
the background while Thompson-Cox-Hastings pseudo-Voigt (TCH p-V) with axial
divergence asymmetry function was used to refine the shape of peaks. Parameters such as
unit cell, atomic position, background, zero correction, half-width (U, V, W), overall B-factor
and scale factor were varied in the refinement process whereas the occupancy of all the atoms
remained unchangeable. It was found that goodness of fit (GoF) corresponding to space
group P63/mmc were between 1.05-1.7 which indicate the reliability of the refinement (Table

5.8). The unit cell parameters a, ¢ and its volume (V,.;) of the prepared samples SrFe,.
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2xCrBixO19 (x=0.0-0.2) was calculated using formulae defining the hexagonal structure and
are reported in Table 5.7 [54, 122]

1 4 (h%+hk+k? 12
% = g(—) + = (5.27)

a? c?

V3
Vcell = 7a2C (528)
Where dpy is d-spacing, hkl are the miller indices for of the peaks. From Table 5.7, it can be
observed that a and ¢ vary between 5.85-5.87 A and 23.2-23.7 A respectively. Clearly, a and

$_Bi*" as aresult of

c does not show regular variation with change in the concentration of Cr
the differences in the ionic radii of the substituents with Fe** [99, 123]. The values of V.,
increases with increase in Cr¥*-Bi®* substitution, this may be due to the fact the dopants ions
have larger ionic radii than Fe®". Generally, substitution of Fe** ions by other cations in
hexagonal lattice leads to either shrinkage or expansion of the hexagonal lattice which
respectively decreases or increases the V,..;. M-type hexaferrite crystal structure can be
ascertained when c/a ratio is lower than 3.98 [101]. In this research, the c/a ratio was found
to be 3.960, 3.973 and 3.954 for x=0.0, x=0.15 and x=0.2 respectively thus confirming
hexagonal structure formation of synthesized samples. Experimental density (d,,,), theoretical
density (d,), crystallite size (D), porosity (P) and surface area (S) are respectively evaluated
from eqn. (5.29), (5.30), (5.31), (5.32) and (5.33) and the values are reported in Table 5.7

[89].

0.91

= (5.29)
dy = n’:;t (5.30)
d, = NAZ;”;” (5.31)
P=(1 —‘fi—m) x 100 (5.32)
S = f)‘);o (5.33)

Where A(1.540564) is wavelength of the incident radiation, g is FWHM (full width at half
maxima in radian), 6 represents reflection angle, M is the sample molecular weight, N,

(6.022 x 10%® mol™) represents the number of Avogadro, t m and r are the thickness, mass,
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and rayon of the pallet respectively. It was found that the average crystallite size of prepared
samples is in the range of 33-42 nm.

Table 5.7 Volume of unit cell (V,.;), lattice parameters (a and c), Crystallite size (D),
theoretical density (d,), experimental density (d,,), porosity (P) and surface area (S) of
SrFe12-2XCrXBiX019 (X:OO-OZ)

x 0.0 0.15 0.2
D(hm) 38.67 41.993 33.258
a(A) 5.8636 5.8572 5.8671
c(A) 23.22 23.2722 23.2022
Ve (A% 691.39 691.43 691.68
cla 3.96 3.973 3.954

d..(g/cm?) 5.099 5.207 5.241

d,,(g/cm?) 3.037 3.165 2.823

P (%) 40.44 39.205 46.068
$ x 107 (cm?/g) 30.430 27.440 34.4221

It has been reported that hexaferrites with grain size less than 50 nm are convenient for low
signal to noise ratio and can therefore be used for magnetic recording media [93]
Furthermore, media noise resulting from the coupling between magnetic grains is a necessary
factor which delimits the performance of high density recording media [124]. The theoretical

3. Bi** ions, this can be attributed to the molecular

density enhances with concentration of Cr
mass and volume of unit cell of the sample. In comparison, the theoretical density is higher
than the experimental density, the reason of this difference can be related to the appearance of
certain pores that evolve during the synthesis process [125]. The values of porosity and
surface area were found to be in the range 39-47% and 27-35 cm?/g respectively. According
to the equation (7), surface area is strongly linked to the crystallite size of sample and it was
found that S and D vary inversely i.e. the more surface area than lesser the crystallite size

and hence the number of atoms on the surface is large [126].
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Table 5.8 Conditions for data recording and reliability factors of SrFe;22xCrBixO19 (X=0.0-

0.2)

x 0.0 0.15 0.2
Wavelength (A) 1.540590 1.540590 1.540590
Step (°) 0.02 0.02 0.02
Profile function TCH p-V * Axial TCH p-V * Axial TCH p-V* Axial

Half-width

Space group

Reliability factors

(%)

divergence asymmetry

U=0.078150
V=-0.115560
W=0.066786

P6s/mmc

R,=29.5
Rup=26.7
Rexp=25.4
GoF=1.05
x?=1.11

divergence asymmetry

U=0.239234
V=-0.253393
W=0.099911

P6s/mmc

R,=19.5
Rup=27.1
Rexp=17.0
GOF=1.6
X?=2.55

divergence asymmetry

U=0.354314
V=-0.337038
W=0.136464

P6s/mmc

R,=19.4
Rwp=28.0
Rexp=16.7
GOF=1.7
X?=2.817

5.3.2 FTIR analysis

Fig. 5.28 shows the FTIR spectroscopy spectra of SrFe;z.oxCrBixO19 (Xx=0.0-0.2) samples

calcinated at 1000 °C for 6h. Characteristics bands are observed on each spectrum in 400-600

cm™ range specifically at 441, 552 and 598 cm™. These striking bands are usually observed

as a result of a vibration of metal-oxygen (Fe-O) they give an idea of the hexaferrites

structure formation [30]. The small band observed at about 1554 cm™ reveals the metal-

oxygen-metal (M-O-M) bond vibration which is represented by iron-oxygen-iron and cobalt-

oxygen-cobalt [127].
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Figure 5.28 FTIR spectra of SrFe;,2xCrBixO19 (x=0.0-0.2)

The observed band at 2354 cm™ refers to the CO, absorption from the atmosphere [128]. The
peak observed at 2900 cm™ wavenumber is attributed to the moisture presence in the sample
whereas the peak observed at around 3700 cm™ wavenumber indicate the hydroxyl functional
group in the sample [89]. From Fig. 5.28, It can be seen that the intensity of the peaks
between 400-600 cm™ increase with increase in the Bi**-Cr** substitution for the sample with
x=0.2, this indicate that the sample with x=0.2 absorb more of the incident radiation used for

the experiment as compared with the samples with x=0.0 and x=0.15.
5.3.3 Raman spectroscopy

The vibrational modes of the prepared samples were determined by Raman spectroscopy.
Fig. 5.29 shows the Raman spectrum of SrFe;,CrBixO19 sSamples recorded in 150-800 cm
! wavenumber range. The unit cell of BaM compound made up of 64 atoms has 42 active

Raman modes including 11Alg + 14E1g + 17E2g [40, 129]. The Raman spectra shows the
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different bands with varying intensities, these bands are characteristic bands of hexaferrite.
Using the reference data provided by Kreisel et al. the bands observed on the Raman
spectrum have been attributed to the vibrational modes (Table 5.9) [102]. The band at about
680 cm™ may be due to bipyramidal sites (2b) vibration as a result of A1g Symmetry. Bands
at 606, 527, 468 and 325 cm™ may refer to the vibration of the Fe-O bond (metal-oxygen)
corresponding to the sites 12k, 2a and 4f2. The band observed at 410 cm™ is dominated by a
mixed vibration of A;g symmetry mainly at octahedral sites 12k and 2a whereas the band at
173 cm™corresponds to the vibration of E 4 symmetry of the whole spinel blocks [129, 130].

Table 5.9 Raman active modes of SrFe;2.oxCrBixO19 (x=0.0-0.2)

Raman active mode (cm™) Symmetry  Reference (cm™) Mode assignment
177 Eig 173 Whole spinel block
325 Eag 319 Octahedral (12k)
410 Aug 409 Octahedral(12k dominated)
468 Aug 467 Octahedral (12k and 2a) site
527 Eig 527 Octahedral (12k and 2a) site
606 Eag 606 Octahedral (4f,)
680 Agg 684 Bipyramidal (2b)

5.3.4 FESEM analysis

FESEM micrographs of SrFe;22«CryBixO19 (x=0.0 and x=0.2) are given in Fig. 5.30. Clearly,
a homogeneous distribution of grains with shape close to hexagonal plate-like can be
observed especially in the sample with x=0.2. An agglomeration of grains is also observed
due to magnetic interactions between the grains [55, 104]. The average particle sizes for
x=0.0 and x=0.2 were observed to be respectively 0.175 pum and 0.967 um (Fig. 5.30). Fig.
5.31 represents the EDX analysis of SrFei;.oxCrBixO19 (x=0.0 and x=0.2). The host and
substituted chemical elements along with their weight percentage are detected in the EDX
spectra, this approves the stoichiometry and purity of the synthesized samples as observed

from XRD analysis.
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Fig. 5.29 Raman spectra of SrFe;,.oxCrBixO19 (x=0.0-0.2)
5.3.5 Optical analysis

Optical properties of SrFeiz.oCrBixO19 (x=0.0-0.2) were studied by the UV-vis-NIR
spectroscopy. Fig. 5.32 presents the UV-Vis absorption spectrum of prepared nanoparticles
recorded in the wavelength range 225-1000 nm. From this figure, it can be noticed that
undoped hexaferrite (x=0.0) mainly absorbs the light with wavelength below 650 nm and
samples with x>0 show a slight red-shift of spectral response up to approximately 680 nm for
x=0.15 and 730 nm for x=0.2. As the Cr**-Bi** concentration increases, the absorption region

shifts towards higher wavelength.
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Fig. 5.30 FESEM micrographs and particle sizes distribution of SrFe1,.2xCriBixO19 (x=0.0 and
x=0.2)

Due to the absorption of light, the electrons of the valence band can move to higher energy
levels belonging to the conduction band. The gap between the valence band and the
conduction band represents the space that must be crossed by the electron that absorbs an
energy corresponding to band gap energy. The band gap energy can be evaluated from

absorption coefficient (o) given by Tauc relation [131].
ahv = A(hv — Eg)" (5.34)

Where hv refers to the energy of photon, A represents a transition probability dependent

parameter and the exponent n is an index which indicates and defines the absorption process.
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Fig. 5.31 EDX spectra of SrFe;,-2xCriBixO19 (x=0.0 and x=0.2)

The index n can take theoretical values such as 2, 1/2, 3 or 3/2 which refer to indirect
allowed, direct allowed, indirect forbidden and direct forbidden transitions respectively, in
this study we focus on direct allowed transition (n = 1/2). Fig. 5.33 shows different plots of
(ahv)? as a function of the photon energy (hv), in accordance to equation (8). Band gap
energy (E,) of samples can be estimated by drawing tangents on the graph as shown in Fig.
5.33. Values of E, for prepared samples were found to vary between 2.11 and 2.37 eV. The
band gap energy for undoped sample (x=0.0) was found to be smaller than that found by
Karmarkar et al. [132]. This is due to the fact that the band gap energy may be influenced by
the crystallite size of a sample [40, 103, 133, 134]. In this work, it is noticed that D and E,
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vary inversely i.e. the more the crystallites size, the lesser the band gap energy. Baykal et al.
observed similar scenario which can be attributed to quantum confinement effect [104].

The absorption spectra can be divided into weak absorption, absorption edge, and strong
absorption zone. The weak absorption zones is a consequence of the presence of impurities
and defects in the samples, the absorption edge occur as a result of structural or lattice
disorder, and the strong absorption zone give rise to the band gap of the material [135]. The
density of states will shift into the region of the band gap when excited electrons encounter
these structural or lattice disorder. When these shifting of density of states into the band gap
region becomes accumulated and form a sequence near the valence and conduction band, a
tail like energy level called Urbach tail is created [136]. The energy associated with this so
called Urbach tail is called the Urbach energy and the presence of this so called Urbach
energy narrows the effective band gap [137]. The relation defining the Urbach energy (Ey) is
given by

a = ayexp (Z—Z) (5.35)

Where «, is a constant, hv is the energy of the incident radiation, and E; is the Urbach
energy. Equation (5.35) can be transformed to give the equation of a straight line by applying

logarithmic simplification
= (L
Ina = (EU) hv + In e, (5.36)

Fig. 5.34 presents the variation of E, and E;; with increase in Cr¥*-Bi** concentration. The

values of E; of the prepared samples were calculated by linear fitting of the graph of In«
against hv and taking the reciprocal of the slope. The values of E; was found to be 0.78,
1.70, and 2.69 eV which respectively correspond to x=0.0, x=0.15 and x=0.2 (Table 5.10).

$*_Bi*" substitution, this shows that increase in

The values of E; enhances with rise in Cr
Cr¥*-Bi** concentration causes more structural defects in the samples. This was expected as
the ionic radii difference of the substituted cations with Fe3+ results in lattice distortion

thereby leading to structural defects.
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Fig. 5.32 UV spectra of SrFes2.2,CrBixO19 (x=0.0-0.2)

Table 5.10 Urbach energy and band gap of SrFe;,.,CrBixO19 (x=0.0-0.2)

x Urbach energy (eV) Band gap (eV)
0.0 0.78 2.37
0.15 1.70 2.11
0.2 269 2.18
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Fig. 5.33 Band gap of SrFe12.2CrBixO19 (x=0.0-0.2)
5.3.6 Magnetic analysis

Fig. 5.35 shows the hysteresis loop of SrFe;2.2xCrBixO19 (x=0.0-0.2) samples. These curves
reveal the ferromagnetic behaviour of synthesized samples. Magnetic parameters including
saturation magnetization (Ms), coercivity (Hc), and remanence (M,) were determined from
these curves. Different external factors can impact the magnetic properties of a material such
as the synthesis process, heating temperature, heating time, doping and concentration of
dopants [97].The highest value of Hc was found to be 6339.31 Oe for x=0.0. This obtained
value of Hc is smaller than the theoretical limit value of SrFe;2019 (Hc=75000¢) reported in
the literature [91, 138-140]. The H. varies from 2759.04 Oe to 6339.31 Oe as shown in Table
5.11. It was found that H; and D vary inversely i.e. the higher the values of D, the lesser the
values of H. as reported by M. Jean et al. [141, 142].
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Fig. 5.34 Variation of band gap and Urbach energy with Cr**-Bi** concentration

It can be observed that all samples have H. values higher than 1200 Oe, this makes them
useful for magnetic recording media of high density [88, 92]. The value of M and M, was
observed to increase gradually with increase in Cr®*-Bi** concentration. Ms was found to vary
between 18.55-64.73 emu/g and M; varies in the range 9.95-34.27 emu/g. The value of M
was observed to be highest for x=0.2 (Ms=64.73 emu/g) which is 95.6% of the theoretical
value (Ms=67.7 emu/qg), this is higher than those observed in other synthesis method (50-60
emu/qg) [138, 140]. The observed increase in Ms and M, can be explained by the distribution

3*_Bi*" ions on the Fe3* sites which are one tetrahedral sublattice

of magnetic moments of Cr
(4f,), one bipyramidal sublattice (2b) and three octahedral sublattice (12k, 2a, and 4f,) [115].
In the hexagonal lattice, 12k, 2a and 2b sites have spin up while 4f; and 4f, sites have spin
down [93]. It was reported that Cr** ions with 3ug choose to occupy 4f, (down), 12k (up) and
2a (up) sites [143]. Additionally, the increase in Ms and M, may be explained by the fact that
Cr® ions prefer to occupy 4f, sites in preference to 12k and 2a sites which increased the
magnetic moment and therefore the Mg and M,. However, the preference of occupation of
Cr¥ ions in 12k, 2a and 4f; site is much influenced by Cr®* ions concentration. Roohani

reported that when the concentration of Cr®" ions is less than 0.25, then Cr** ions move to 4f,
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sites in preference to 12k and 2a sites and the contrary happens when the Cr®" ions
concentration is greater than 0.25 [120]. Unlike Cr** ions, Bi*" ions are diamagnetic with
magnetic moment equal to zero [144]. Hence, no positive contribution to magnetic
parameters will be observed. However, the contribution of Bi** ions to the increase in Ms and
Mr values is such as during the heating process, Bi*" ions oxidize to Bi®* ions which move to
41y sites (spin down) preferentially[145]. The ratio between M, and Ms has been calculated
and values are given in Table 5.11. It is observed that M,/M; ratio is between 0.503-0.536
which specifies that all prepared samples are in single magnetic domain [32, 47]. Magnetic
moment (ng) and anisotropic constant (K) have been calculated by equations (5.37) and
(5.38) respectively [89]:

MxM
Ng = ﬁ (537)
2K = uyMH, (5.38)

From Table 5.11, we can see that ng is ranges between 3.53-12.6 yg and the values of K
found in the range 5.88-9.49. On another hand, both of nz and K increase with the increasing
Cr¥*-Bi*" concentration. Equation (5.37) shows the direct proportionality relationship
between Ms andng, it is observed that magnetic moment increases with saturation

magnetization, this scenario can be verified in Table 5.11.

Table 5.11 Magnetic parameters for prepared samples

X Ms (emu/g) Mr Hc (Oe) M/ Ms ng (Us) K
(emu/g) (HA%/Kg)
0.0 18.55 9.95 6339.31 0.536 3.53 5.88
0.15 26.17 13.17 2759.04 0.503 5.08 7.22
0.2 64.73 34.27 2932.42 0.529 12.65 9.49
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5.3.7 Electrical and dielectric properties

Impedance spectroscopy was employed in order to analyze the dielectric response of the
prepared samples. Dielectric constant (&) of synthesized samples was evaluated using the
expression below [32]:

g =L (5.39)

805

Where C is measured in capacitance, &, is permittivity in vacuum space and S represents the
surface area of pellet. Fig. 5.36 and 5.37 gives the variation of dielectric constant (¢”) and
loss tangent (tan 6¢) versus log of frequency at room temperature of synthesized samples in
the frequency range of 100 KHz-120MHz. These figures reveal that dielectric parameters (&’
and tan ) are higher at lower frequencies then decrease with the increase in frequency. This
behaviour may be a consequence of two reasons: on the first hand it may be assigned to

dipolar and interfacial polarization [89] and on the second hand it may be due to the rapid
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variation of applied electrical field which logically increase the polarization. According to
Koop, the effectiveness of grain boundaries is more important at lower frequencies whereas
that of the grains is more important at higher frequencies which are responsible of the
increase in polarization with frequency [108]. Higher values of &’ and tan o, observed at
lower frequencies can be assigned to the heterogeneity of sample structure caused by Fe®*
ions, voids, grain boundary defects and interfacial dislocations [37, 108]. At lower
frequencies, the dielectric constant decrease with the increase in frequency of applied field,
this observed behavior could be due to space charge polarization as predicted by Maxwell-
Wagner and Koop’s theory [146]. The dielectric response is a normal behavior for ferrite
materials which has been observed by several authors [99, 147]. It is worthy to note that €’
and tan d. are related to the stoichiometry, types and number of charge carriers and so on,
which in turn depend strongly on factors such as synthesis method of sample, heating
treatment, doping and concentration of the dopants [14].
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Fig.5.36 Dielectric constant (€’) of SrFe12.2xCrBixO19 (x=0.0-0.2)
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M. Anis-Ur-Rehman has reported the porosity of the material also enhances tan de Which
certainly due to humidity absorbed by the pores [148]. It was also found that €’ increases for
X<0.15 then decreased. The higher value of dielectric constant (&) at lower frequency is
obtained for x=0.15 indicating that with this doping the material is most resistive. The

relation below has been used to evaluate AC electrical conductivity (cac) of the samples:
Ouc = €€ wtand, (5.40)

Where, w = 2rf is the angular frequency and f the applied field frequency. AC conductivity
(oac) in ferrites occurs from conduction mechanism. Indeed, the conduction mechanism and
dielectric behaviour of ferrites are strongly correlated to the phenomenon of dielectric
polarization which is similar to the electric conduction process as mentioned by Iwauchi and
Rezlescu [149, 150].
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Fig. 5.37 Dielectric tangent loss (tan d) of SrFe12.2xCriBixO19 (x=0.0-0.2)
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The polarization in ferrites originate from heterogeneity of the which result from electron
transfer between ferric (Fe®") and ferrous (Fe?*) ions at the octahedral sites according to the

reaction below:
Fe?* & Fe3t 4+ e~

Fig. 5.38 displays the evolution of AC conductivity against logarithm of the frequency of
prepared samples in the range 100 KHz-120MHz. It was observed that the conductivity is
frequency independent at lower and intermediate frequencies. However, it abruptly increases
at higher frequencies. The main reason of this behavior of conductivity is associated to
electron exchange between Fe®** and Fe®* ions which increases with applied electrical field.
The highest value of conductivity was obtained for x=0.15 indicating that SrFe;;.2xCriBixO19
(x=0.15) is most conductive. This increase in conductivity can also be a direct result of the
decrease observed in dielectric constant. The total conductivity is defined as the sum of two
terms given below [96, 151]:

O-T = O—DC + O—AC (541)
where the first part o, = o(T) indicate the DC conductivity as a function of temperature

and can be expressed according to the Arrhenius relation [152]:
O-DC = O'Oe_E/kT (542)

Here E represents the energy of activation, k is constant of Boltzmann and o, as pre-
exponential constant. This conductivity refers to the drift mobility of free charge carriers. The
second part o, = a(w, T) is temperature and frequency dependent function which represents
AC conductivity and can be defined as [153, 154]:

O-AC = A(,l)s (543)
Ino(w,T) = plnw + InA(T) (5.44)

w = 2nf is angular frequency, A(T)is a temperature and intrinsic property dependent
constant of the material, s(T) is a temperature dependent variable varying between 0 and 1
[155]. The estimation of exponent ‘s’ can be done by plotting In o(w, T) as a function of In w

according to the equation (15).
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Fig. 5.39 shows the plot of In g,-with Inw. It can be observed that obtained plots are an
almost straight line which is confirmed by equation (16). From equation (16), exponent ‘s’
represents the slope of the straight line and In A(T) is the intercept with vertical axis (Inw=0).
According to the value of ‘s’, it is possible to know the origin of conduction. If s = 0, the
electrical conduction originate from DC conduction and if s # 0, the electrical conduction
originate from AC conduction [24]. From Fig. 5.39, exponent ‘s’ was observed to be 0.785,
0.744 and 0.779 for x=0.0, x=0.15 and x=0.2 respectively. Hence it can be deduced that the
domination of the conductivity in the samples occurs from AC conduction which is linked to

electron transfer between Fe* and Fe®" ions.

Fig. 5.40 and 5.41 present the present the real (Z’) and imaginary (Z’’) part of complex
impedance of prepared samples at room temperature as a function of applied field frequency
in the range 100 KHz-120MHz also called Nyquist plots of impedance. Both Z’ and Z*’ for
all samples was showing a decrease at lower frequencies, then became unchangeable from

intermediate to higher frequencies with rising of applied frequency.
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Fig. 5.39 Variation of In a(w, T) with Inw for SrFe;2,CryBixO19 (x=0.0-0.2)

This decrease in complex impedance (Z*) shows the probability of increase in AC
conductivity. Within a heterogeneous structure, the contribution of grain boundaries for
electrical properties can be well appreciated by Nyquist plot. Fig. 5.42 presents Nyquist plots
of impedance (Z’° vs Z’) of prepared samples. In general, Nyquist plot consist of three
semicircles where the semicircle at the left side (higher frequencies) shows the contribution
of grain, the semicircle on the middle (intermediate frequencies) represents the contribution
of grain boundaries while the semicircle at the right side (lower frequencies) gives the
contribution of interface [156]. The radii of semicircles gives the resistance of grains, grain
boundaries and interface according to the region of the sample [157]. In the present work, we
did not observed three semicircles. The contribution of grains cannot be observed because of

very weak presence of semicircles at higher frequency of applied field. The observed arcs at
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lower frequencies can be assigned to grain boundaries resistance contribution and therefore,
only grain boundaries are responsible for the high dielectric constant at lower frequencies.
This lead to deduce that Nyquist plot reveal the insulating behavior of samples at lower
frequencies which become semiconductor at higher frequencies [158]. Comparing the radii of
semicircles, it was observed that the grain boundaries resistance contribution declines then

rise with Cr¥*-Bi®* concentration.
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Fig. 5.40 Real part of complex impedance (Z’) for SrFe;2.2xCrBixO19 (x=0.0-0.2)
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5.4 Effect of Cr-Ni substitution on optical, electrical and magnetic properties of Co,Y

barium hexaferrite
5.4.1 XRD analysis

XRD patterns of Co,Y hexaferrite Bay»xCriNixCozFe1202, (x=0.0-0.15) is given in Fig. 5.43.
The observed diffraction peaks in this figure have been indexed using as JCPDS card: 440206
[159]. These peaks correspond to diffraction planes (0012), (110), (113), (1013), (116), (119),
(0210) and (0315) in which certain peaks were reported by R. Jotania and P. Patel [160].
These obtained planes refer to Y-type hexaferrite phase with R-3m as space group. It can be
noticed that all sintered samples show a single phase which is confirmed by the absence of
any impurity. The lack of any second phase in XRD patterns can indicate that substituted ions
have perfectly occupied crystallographic sites of Ba®* ions. In order to confirm these results,
Rietveld refinement was carried out in the goal to confirm the purity of prepared samples
revealed by XRD patterns. It can be observed that the diffraction planes of experiment data
obtained from XRD analysis (Ycal) match with and the theoretical data (Yobs) which
confirm the single phase of the structure. The parameters that justify the accuracy of fit were
found to be 1.10 < GoF < 1.30, 16.60% < Ry< 20.40%, 14.40% < Rup < 18.80%, 12.90% <
Rexp < 14.30% (Table 1). In the background (blue line) of Rietveld refinement, a peak can be
observed at around 35.42°. This peak is the diffraction plane (0015) which is also a plane of
the Y-type hexaferrite structure as revealed by the XRD diffraction. It was observed that the
intensity of (0015) peak increases with Cr**-Ni?* concentration which may indicate that Cr**-
Ni?* ions favor the formation of that plane (Fig. 1). Others information such as unit cell

constant (a, ¢) and volume (V) were estimated by hexagonal formulae [161]:

1 4 (h%+hk+k? 12
2= )ta (5.45)

a? c?

Ve = a®c siny (5.46)

In these formulae, d and hkl represent d-spacing between two consecutive planes and miller

indices respectively, y = 120 which is angle between x and y-axis in the representation (X, Y,

2).

Lattice parameters and volume of unit cell are reported in Table 5.12. It can be observed that
a, ¢ and V were found to be between 5.8611-5.8648 A, 43.5088-43.398 A and 1294.381-
1292.727 A3 respectively. These results are close to those reported by M. Zhang et al. [162].
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It is observed that a parameter increases whereas ¢ parameter decreases. This observed
fluctuation in parameters a and c led to a decrease in volume of unit cell which result from
substituted ions. Indeed, after a substitution, the crystal structure generally undergoes a
distortion (shrinkage or stretching) because of ionic radii of dopants. In the present research
work, Ba®* ions (rg,2+=1.49 A [163]) was replaced by Cr** (r.,s+=0.52 A [164]) and Ni**
(rni2+=0.83 A [165]) ions which caused the observed decrease in V. It was also observed that
the intensity of peaks slightly decrease with Cr-Ni concentration. The calculation of c/a ratio
is worth to confirm the Y-type hexagonal structure. The c/a ratio of prepared samples was
found to be 7.39-7.43 which is in agreement with values reported by Ali et al [166].

The crystallite size (D), calculated density (d,), experimental density (d,,), porosity (P) and
specific surface area (S) were estimated by below formulae:

kA
= Teosd (5.47)
dp =7 (5.48)
14
_ M
dr =35 (5.49)
_ dm
P=(1-"m/,)x100 (5.50)
X
__ 6000
5= 4 (5.51)

where k=0.94 is the Sherrer’s constant [167], m and Vp are respectively the mass and volume
of pellet, n=3 (for Y-type hexaferrite), and M are respectively the number of atom per unit

cell, molecular weight of sample.

From Table 5.12, it is observed that d, from 5.444 to 5.356 g/cm® decreases with Cr-Ni
content. These values are closed to those found by S. Bierlich and J. Topfer [168]. The
calculated density of undoped sample is 0.11% less than theoretical density (5.45 g/cm?®)
reported by G.F.M. Pires Janior et al. [169]. This observed decrease is related to the fact that
the molecular weight of pure Co,-Y type hexaferrite (Ba,Co,Fe;20,,) decreases after
replacing Ba** ions by Cr** and Ni?* ions. This is especially due to atomic weights of Cr
(52.01amu) and Ni (58.69amu) which are smaller than that of Ba (137.36amu) [170]. The

experimental density was found to be between 2.5-3.1g/cm®. It is noticed that d,,, is smaller
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than d,.. The reason of this can be explained by the appearance of pores during the heating
process [166]. The porosity of sample has been estimated and found to increase from 47.58 to
57.93%. The crystallite size and specific surface area were found to vary between 31.73-34
nm and 32.43-35.13 cm?/g respectively. It can be observed that slighter the crystallite size,
larger the surface area, which indicates there are more atoms present on the surface. This
observation has been reported by Talwinder [40].
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Fig. 5.43 XRD of Bay-»Cr«NixCozFe;,0,, (x=0.0, 0.1, 0.15)
5.4.2 FTIR analysis

Fig. 5.45 gives FTIR spectra of prepared Y-type hexaferrite sintered for 6 hours at 1100°C in
the wavenumber range 400-4000 nm. As spinel and M-type hexagonal ferrites, characteristic
absorption bands of formation of Y-type hexaferrite also appear between 400-600 nm ranges.
This is probably due to the fact that, even Y-type hexaferrite also contains spinel block. The
signature of formation of Y-type hexaferrite Ba,.oxCriNixCozFe;202, (x=0.0,0.1,0.15) were
observed exactly at 408 and 590 cm™ wavenumber which refer to the metal-oxygen

stretching vibration at tetrahedral and octahedral lattice sites [30].
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Fig. 5.44 Rietveld refinement (a) x=0.0, (b) x=0.1 and (c) x=0.15 of Ba,-xCryNixCo,Fe;,0,,
(x=0.0, 0.1, 0.15)

Indeed, the band observed at 408 cm™ refers to Fe-O vibration in Fe-O, (tetrahedral sites)
whereas the absorption band at 590 cm™ corresponds to Fe-O vibration in Fe-Og (octahedral
sites) [55, 171]. FTIR spectra also reveal the presence of small absorption band at around
1581 cm™ which indicates the anti-symmetrical vibration of CO,” group [172] which certainly
occurs from citric acid used. The absence of the vibration of HO™ group between 3200 cm™

and 3500 cm™ confirms that there is no presence of water in the sample.
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Table 5.12 Lattice parameters, densities, crystallite size, porosity, surface area and reliability
factors of Baz.oxCryNixCozFe1202, (x=0.0, 0.1, 0.15)

X 0.0 0.1 0.15
D (nm) 33.99 31.73 32.82
a (4) 5.8611 5.8615 5.8648
¢ (4) 43.5088 43.4824 43.398
Vet (A°) 1294.381 1293.769 1292.727
cla 7.4233 7.4183 7.399
a (A) (Rietveld) 5.860573 5.861522 5.856658
¢ (4) (Rietveld) 43.499847 43.483006 43.393703
Ven (A (Rietveld) 1293.894(0.021) 1293.812(0.029) 1289.012 (0.120)
c/a (Rietveld) 7.422456 7.418381 7.409294
Rbragg (%) 5.10 6.73 8.26
Rp (%) 16.60 18.90 20.40
Rup (%) 14.40 16.50 18.80
Rexp (%) 12.90 13.70 14.30
GoF 1.10 1.20 1.30
x? 1.235 1.44 1.721
Number of phase 1 1 1
Pear(g/cm?) 5.444 5.383 5.356
Pexp(gicm’) 2.853 2.5 3.102
P (%) 47.585 53.56 57.93
S x 107 (cm?/g) 32.43 35.128 34.13

5.4.3 Raman spectroscopy

In order to confirm the observed single phase of Y-type hexaferrite Ba,.oxCriNixCozFe1202,
(x=0.0, 0.1, 0.15) revealed by XRD analysis, Raman spectroscopy has been done. It is very
important to know that Raman spectroscopy is a very sensitive technique to vibrational states.
Raman spectra of prepared samples are given in Fig. 5.46. From this figure, different peaks
were observed at 760, 686, 482, 409, 377, 340, 308, 237, 189 and 173 cm™. According to
our researches, we noticed that there is very less investigations on Raman spectroscopy of Y -
type hexaferrite. Then, it is very difficult to attribute the majority of previous wavenumbers
to vibrational modes. However, the observed peaks in Fig. 5.46 were found to be close to
those found by Khanduri et al. [173] where peaks at 189 and 173 cm™ correspond to the
vibration of spinel block with E;y symmetry as reported Kreisel and Jibrin [102, 133]. These
peaks observed at 189 and 173 cm™ are justified by the fact that Y-type hexaferrite consist of
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spinel block. Moreover, it is noticed that, by adding of Cr-Ni concentration, peaks slightly

shift towards high wavenumber values (blue shift) as shown in Fig. 5.46.
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Fig. 5.45 FTIR spectra of Ba,-»xCryNixCo,Fe;,0,, (x=0.0, 0.1, 0.15)
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5.4.4 FESEM, EDX and mapping analysis

Fig. 5.47 (a-c) presents FESEM images for Y-type hexaferrite Ba,.oxCrNixCo,Fe;,0,, (x=0.0
and x=0.15) prepared at 1100° C for 6 hours. First of all, it is noticed that the prepared
samples show a flat hexagonal shape and non-uniform of particles. This similar shape of Y-
type hexaferrite was reported by O. Mirzaee who reported that this kind of observed shape of
particles is crucial in Y-type hexaferrite applications [174]. Then, a homogeneous distribution
of particles is observed, this is one of the advantages of using sol-gel method. Magnetic
interactions and high temperature should be the origin of the agglomeration of particles as

presented in micrographs. From FESEM images, particles size has been evaluated. Fig. 5.47
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(b-d) shows that particles follow a normal distribution with an average particles size of 0.167
pm and 0.165 pm for x=0.0 and x=0.15 respectively. It is deduced that particles size
decreases with Cr-Ni concentration. EDX and Mapping analysis were carried out to study the
composition of samples. From Fig. 5.48, it can observed that only chemical elements that
constitute Bay-2xCryNixCo2Fe120,, (x=0.0 and x=0.15) are showing with their weight percent.

The presence of no extra element confirms the purity revealed by XRD analysis.
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Fig. 5.47 FESEM micrographs (a) x=0.0 and (c) x=0.15 and particles distribution (b) x=0.0
and (d) x=0.15 of Ba,.oxCr«NixCo,Fe;,02,
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5.4.5 Optical analysis

Optical properties especially energy of band gap of Y-type hexaferrite Ba,.
2xCryNixCo,Fe;,02, was estimated by UV-Vis-NIR spectroscopy. Fig. 5.49 shows the band
gap energy (Eg) plots of prepared samples. Indeed, Eq represents the distance between lowest
unoccupied molecular orbital of conduction band (LUMO) and highest occupied molecular
orbital (HOMO) of valence band .
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Fig. 5.49 Band gap of Ba,.»CryNixCo,Fe120,, (x=0.0, 0.1, 0.15) and band gap variation with

Cr¥*-Ni%* concentration

According to that distance, materials are classified as insulator, semiconductor and conductor.
However, the transition of the electron from valence band to conduction band can be done
either vertically (direct band gap) or obliquely (indirect band gap). In order to estimate the

band gap energy of prepared samples, Tauc relation (eqg. 5.52) was used [28].
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2 = (hv — E)" (5.52)
Here « is absorption coefficient, h designates the constant of Planck, v designates the
frequency of incident photon and A designates a constant that depends on the type of
transition. In this formula, the exponent ‘n’ can get specific values which indicate the type of
transition especially 1/2, 3/2, 2 and 3 respectively for allowed direct, forbidden direct,
allowed indirect and forbidden indirect transition. In this research work, we used allowed
direct transition (n=1/2) toestimate E, of prepared samples. From graphs, E,; was observed to
be 0.74, 2.16 and 1.91 eV for respectively x=0.0, x=0.1 and x=0.15. According to our
knowledge, less work has been done on optical properties of Y-type hexaferrite materials.

Values of E, for x=0.1 and 0.15 are comparable to those obtained by Tchouank and Auwal
for M-type hexaferrite [103, 133]. Sample with x=0.0 shows the lowest value of E, (0.74 eV)
which is very close to that of germanium (0.76 eV). Due to the obtained values of E, , the

prepared Y-type hexaferrite can be used in various electronic applications.
5.4.6 Magnetic analysis

The observed curves in Fig. 5.50 represent M-H hysteresis loop for Y-type hexaferrite Ba,-
2xCrNixCozFe;,0,; sintered for 6 hours at 1100°C. It was found that the magnetic behaviour
of prepared samples is similar to ferrimagnetic materials. From hysteresis loop characteristic
parameters including saturation magnetization (Ms), remanence (Mr) and coercivity (Hc)
were estimated. In the present case, Ms corresponds to the asymptote which has equation
y=c (where c=Ms), Mr and Hc correspond to the intercept between the curve and axis
especially x=a for H; and y=b for M,. It was found that Ms and M, vary from 33.6 to 49.3
emu/g and 11.5 to 18.7 emu/g respectively whereas Hc increases from 134.8 to 268.8 Oe.
Compared to M-type hexaferrite which generally shows high coercivity [55, 175, 176], it is
noticed that prepared Y-type hexaferrite shows low values of H¢. Due to their low coercivity,
Y-type hexaferrite materials generally present soft magnetic behavior [177]. O. Mirzaee et M.
Ahmad have reported that SrNiFe;20;, hexaferrite has as coercivity Hc=840 Oe and
Hc=350 Oe at 1000C and 11007 respectively and presents soft magnetic behavior [174,
178]. In our case, Hc is smaller than those found by Mirzaee and Ahmad so, it can be
deduced that the prepared samples are soft magnetic materials. M. Ahmad also revealed that
SraNipFe120,; hexaferrite heated at 1100 C shows Ms=61.5 emu/g [178] which is greater than

the one reported in our work. However, the obtained Ms values of Ba,.oxCriNixCo2Fe;,05,
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(x=0.0, 0.1, 0.15) are greater to those found by G. Murtaza [179]. Because of the increase in
Hc, the soft magnetic character observed in prepared samples declines with the rise in Cr*-
Ni?" substitution. This soft behavior make them suitable for chip soft-magnetic components
such as multi- layer chip inductors (MLCI) and chip EMI filters [48, 177, 180].

The highest values of Mg and M, parameters were found to be 49.23 emu/g and 18.64 emu/g
for respectively for x=0.1. Several factors such as synthesis process, concentration of dopant,
heat-treatment may affect magnetic properties of hexaferrite. However, the parameter Ms is
strongly influenced by the occupation of crystallographic sites by substituted ions. Y-type
hexaferrite A;Me,Fe1,0,, contains six sub-lattices such as 6¢yy, 3av, 18hyi, 6¢y, 6¢ v and
3byi occupied by metallic ions Me*" and Fe** which h are responsible of magnetism due to
their magnetic moment [181, 182]. These sub-lattices are distributed into two types:
octahedral sites (3av;, 3bvi, 18hy; and 6¢cy;) and tetrahedral sites (6¢v and 6¢”1v) which possess
spin up and down as presented in Table 5.13 [183]. By doping in these sites, magnetic
properties of the material may change. It has been noticed that even after doping Ba* ions by
Ni?* (2.3ug [184]) and Cr** (3us [133]) ions in undoped Y-type hexaferrite Ba,CosFe12022,
Ms an M, parameters changed. These observed fluctuations in Ms and M, may be due to super
exchange interactions between magnetic ions which result from the coupling of magnetic
moments of transition metal ions [185]. Albanese reported that T-block contains a non-
magnetic in the central of octahedral sites which show a strong impact on the magnetic

structure of the crystal and are sources of the super exchange interactions [182].

From Table 5.13, it is observed that the squareness ratio (M,/Ms) is around 0.35 of all
prepared samples and less than 0.5 which specifies that prepared samples are in multi
magnetic domain structure [121, 179]. The coercivity H, was observed to rise with
substitution of Cr-Ni. This behavior was observed by Khanduri [173]. The increase in H; may
be due to the increase in c/a ratio. This scenario was reported by Ali and Xu [184, 186]. In
addition, the increase in Hc can be a consequence of increase in porosity. It was reported that
if the porosity is high, the coercivity will be also high [142]. The coercivity also depends on
the structure of material. If the material presents a single magnetic domain, then coercivity is
only controlled by the domain rotation [187]. This situation is generally observed in M-type
hexaferrite materials. But if the material presents a multi magnetic domain, the coercivity is
controlled by wall displacement [187]. Hence, the coercivity of prepared samples is
dominated by magnetic wall motion. It is well know that the H. strongly depends on particle

size. In the situation of wall displacement (multi domain), H. trend to decreases when the
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particle size increases as reported Globus [188]. As mentioned previously, H. increases with
the substitution whereas the particle size decreases as it was found in FESEM analysis. The
anisotropy constant (K) was calculated using eg. 5.53 and values are listed in Table 5.13. It

was found that K increases with increase in Cr®*-Ni®* concentration.
2K = uoM,H, (5.53)

Table 5.13 Magnetic parameters for prepared samples

X M;s (emu/g) M, (emu/g)  Hc (Oe) M,/M; K (HA*/Kg)
0.0 33.61 11.58 134.86 0.344 0.23
0.1 49.23 18.64 141.63 0.379 0.35
0.15 35.47 12.47 268.71 0.352 0.95
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Fig. 5.50 M-H hysteresis loop of Ba,.,xCrNixCo,Fe;,0,, (x=0.0, 0.1, 0.15)
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5.4.7 Impedance and dielectric analysis

The real and imaginary part of complex impedance Z* were calculated in the 100-120MHz
frequency range at room temperature using the following expressions:

7r=27—jz" (5.54)
Z' = |Z|cosO (5.55)
7" = |Z|sind (5.56)

Where j?=-1, Z is the modulus of complex impedance and 6 the phase angle.
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Fig. 5.51 Real part (Z’) of complex impedance for Ba,.2xCryNixCozFe;,02, (x=0.0, 0.1, 0.15)

119



Z"'x10° (Q)

log f

Fig. 5.52 Imaginary part (Z’’) of complex impedance for Baj.oxCryNixCozFe120,, (x=0.0-
0.15)

Fig. 5.51 and 5.52 show the variation of Z’' and Z" against logarithmic frequency (log f). It
can be realised that both of Z’ and Z"' decline with the frequency up to around 10% Hz and

then become unchangeable. Similar scenario was also observed by I. Odeh et al. [189].

The dielectric behavior of all prepared samples was examined by calculating quantities
including dielectric constant (&”), dielectric loss (¢’) and dielectric loss tangent (tan d¢). The

Formulae below were used:

;o ZII
&= (5.57)
o __ Z’
&= (5.58)
e" =¢' X tané, (5.59)

120



The variation in dielectric parameters (¢’, €’ and tan de) as a function of log f is displayed in
Fig. 5.53 and 5.54 (a). First of all, a decrease with the frequency can be observed in all three
parameters at lower frequencies then from intermediate frequencies, €’” and tan J. became
constant. However a slight decrease is observed at intermediate frequencies in &’. This
observed decrease in €’ is a typical dielectric behavior of ferrimagnetic materials as reported
Ravinder et al. [190]. This decrease in &’ at lower and intermediate frequencies may be
assigned to interfacial and dipolar polarization as explained by the two-layer model of
Maxwell and Wagner [133, 191]. From 32MHz, it can be seen an increase in & which is
attributed to electronic polarization. The high values of ¢’ at lower frequencies appear as a
result of inhomogeneity of the sample structure which include Fe* ions, oxygen vacancies,
defects, voids, grain boundary and interfacial dislocations which increase the value of €’ at
low frequency [37, 108]. When external electrical field is applied, a displacement of charge
carriers from their initial position is observed forming a dipolar moment which causes the
polarization of the structure. This polarization is due to the electron exchange between
ferrous and ferric ions and increases with the increase in applied electric field. The decrease
in & originate from the polarization at lower frequencies but at higher frequencies, any
species contributing to the polarization lag behind the electrical applied field as reported by
Elahi et Tchouank [133, 191]. The dielectric constant value is influenced by the condition of
synthesis (synthesis method, heating temperature, heating time, doping and concentration of
doping) [14]. The highest value of €” was found to be 12.4 at 100 Hz for x=0.0.

Generally the observed behavior in constant dielectric is familiar to heterogeneous material.
However it is not always similar for tan J.. Sometimes, tan J, can show a resonance peak
which can be clarified by the Debye relaxation theory [192]. This resonance peak appears
when the frequency of external applied electric field and that of electron hopping are
matching i.e. when the condition wmaxt=1 is verified, where t represents the relaxation time.
The relaxation phenomenon is due to orientation polarization occurring from oxygen defects
in the material [96].

Grains and grain boundaries contribute to dielectric properties in heterogeneous material.
Nyquist plot (Z”° vs Z’) permits to separate their contribution. R. Pattanayak reported that
Nyquist plot ideally presents three semicircles which represent the contribution of grains (left
side), contribution of grain boundaries (semicircle on the middle) and the contribution of
interface (right side) which correspond to higher, intermediate and lower frequencies

respectively [156]. The radii of these semicircles respectively refer to the resistance of grains,
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grain boundaries and interface [157]. Fig. 5.54 (b) shows Nyquist plots of impedance of

prepared Co,Y barium hexaferrite in the

100 Hz-120 MHz frequency range at room

temperature. It can be clearly noticed that plots are not displaying entire semicircles. This

kind of plots was obtained by M. Wu et al. at room temperature [193]. Since in Nyquist plots

of impedance the frequency increases from left to right side, it is easy to deduce that the

observed semi-circular arcs correspond to grain boundaries contribution which indicates that

the grain contribution is negligible to that of grain boundaries. This is due to the fact that

small grain size and large number of grain boundaries characterize nanocrystalline sample

[23]. From Fig. 5.54 (b), the highest value grain boundaries resistance is obtained for x=0.1.

Dielectric constant (¢')

*x=0.1

—=—x=0.0 |

A— x=0.15

& x=0.0

8~

Dielectric loss (")
S
1

log

log

Fig. 5.53 Dielectric constant (g”) dielectric loss of Ba,.2xCriNixCozFe;,0,, (x=0.0, 0.1, 0.15)
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Fig. 5.54 (a) Dielectric loss tangent (tand) and (b) Nyquist plots of Bay-»xCriNixCozFe1202,
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5.4.8 AC electrical conductivity analysis

AC celectrical conductivity (cac) of prepared Co,Y barium hexaferrite was estimated using
the relation below:

Oypc = go(l)g” (560)

Where, g is permittivity of the free space. Fig. 5.55 shows the plot of AC electrical
conductivity of the prepared samples at room temperature in the frequency range 100 Hz-120
MHz. It was observed that cac remains unchangeable and not dependant on doping for lower
and intermediate frequencies, but increases abruptly at higher frequencies. The conduction
phenomenon in ferrite is related to electron hopping between ferrous (Fe?*) and ferric (Fe*")
ions at the octahedral sites according to the equation: (Fe?*<—Fe**+e). The conduction
mechanism and dielectric polarization are much correlated [149]. So the observed increase in
oac at higher frequencies appears as a consequence of decrease in dielectric constant and
decreases with Cr¥*-Ni** concentration. Highest values of oac was found to be 1.54 (Q.cm)™
for x=0.0.

Generally the conductivity is given by the following relation [133]:
Ut = O—DC + O—AC (561)

Where, opc is DC electrical conductivity. The expression of AC electrical conductivity (cac)

can also be written as [133]:
O-AC = Aa)s (562)

Where s is a temperature dependent variable without dimension, A is a temperature
dependent constant which also depend on intrinsic material properties. The values of s lie

between 0.0 and 1 [155]. By transforming eq. 5.62 we obtained:
Inoye = s lnw + InA (5.63)

This equation resembles to the straight line equation with s as slope. The variation of In cac
against In o is displayed in Fig. 5.56. The observed plots are almost straight lines as
expected. The s values was observed to be 0.706, 0.664 and 0.633 for x=0.0, x=0.1 and
x=0.15 respectively.
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Fig. 5.55 AC conductivity (Gac) Of Baz.CriNixCozFe12052 (x=0.0, 0.1, 0.15)

M. Irfan et al. reported that the electrical conductivity of the material is frequency
independent (opc) when s=0 and frequency dependent when s#0 [24]. In this work s#£0, so it
can be deduced that the conduction of prepared samples is dominated by the AC electrical

conductivity (cac).
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Fig. 5.56 Variation of In a(w, T) with Inw for BayoxCr«NixCozFe120,, (x=0.0, 0.1, 0.15)

5.5 Crystal structure refinement, optical properties, dielectric and impedance

spectroscopy of Ni**-Co*" substituted bismuth copper titanate (BCTO)
5.5.1 XRD analysis

Fig. 5.57 shows the XRD patterns of Biy;3Cus-oxNixCoxTizO12 (x=0.0, 0.1, 0.2) calcined for 7
hours at 900 C temperature. The observed peaks in the XRD spectra was indexed according
to standard data (JCPDS number: 80-1343), the single phase was observed for all synthesized
samples with perovskite structure having Im-3 as space group with the absence of secondary
phase such as TiO, Cu,0, and CuO and related oxides [58]. The lack of secondary phase in
the XRD spectra indicates that the substituted cations have occupied the different
crystallographic sites of the prepared samples. The lattice parameters (a) and unit cell volume

(V.enr) Were calculated using following formulae [194]
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dhkl = a(h2 + k2 + l2 )_1/2 (564)
Vce” = a3 (565)

The values of a and V,,;; were respectively found to be in the range 7.37-7.41A and 401-
406A% and are in agreement with values earlier reported in literature [195-197]. It can be
observed that a and V,,; values increases with the concentration of doping (Table 5.14). This
increase in a and V,,; can be due to the slight deformation of crystal structure of the
prepared samples caused by the larger ionic radii of Co?* (rcoz+ = 0.074 nm) and Ni%*
(ryiz+ = 0.072 nm) as compared to that of Cu®* (r,2+ = 0.069 nm). Furthermore, increase
in d-spacing could also be the reason behind the increase in the values of a and V,.,;. Fullprof
Suite Software was employed to refine the lattice parameters of synthesized samples. The
modelling of the background was carried out using linear-interpolation method while the
shape of the peaks was refined using pseudo-Voigt function. Furthermore, parameters such as
atomic positions, zero correction, unit cell parameters, half width parameters (U, V, and W),
background, atomic occupancy and scale factor were varying throughout the refinement
process. The black line represents the calculated fitted data, the black line is for the
experimental data, and the blue line is for the difference between calculated fitted data and
experimental data (Fig. 5.58). The crystallite size (D) was evaluated by the equation below
[58, 133, 198]

092
- LcosO

(5.66)

With, A being the wavelength of the X-ray, 6 being the Bragg angle, and g being the full
width at half maximum (FWHM). The average values of D was found to be between 41-47
nm. From Fig. 5.57, a slight displacement of peak to lower diffraction angle can be observed
in the (220) peak when the substitution content increases, similar scenario was observed by
X. Huang et al. [199]. This slight shift is a consequence of the changes in lattice parameter
caused by the substituted cations (Table 5.14). Surface area (S), X-ray density (d,), bulk
density (d,,,) and porosity (P) have been determined using [200]

6000

s=2 (5.67)
M

dy = (5.68)
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= (5.69)

m md?t

P= ( —‘fi—m) x 100 (5.70)

Where m is pellet weight, d is pellet diameter, t pellet thickness, M is sample molecular
weight, N A is the constant of Avogadro (6.023x1023 mol-1), and Z is the number of atoms
per unit cell. It was discovered that the surface area of the prepared pellets was 22-24.7
cm?/g. The lower the value of D, the bigger the surface area, can be noted.

This indicates that the number of atoms is more important at the surface when the particles
size is small. The X-ray and bulk densities decrease as the concentration of cations is
increased (Table 5.15), this could be due to reduction in the molecular weight of the
electroceramic caused by the atomic weights of Ni** (58.69) and Co?* (58.94) [88, 170]. In
addition, the reduction in bulk density may also be due to the existence of pores in the sample
resulting from heat treatment or synthesis process. The distinction between X-ray density and
bulk density characterizes this. Table 5.15 lists the calculated sample porosity. It can be
observed that with crystallite size | the porosity differ inversely i.e. the more porous, the

crystal is, the smaller its size [201].
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Fig. 5.57 XRD pattern of Biy;3Cuz.2xNixCoxTi4012 (x=0.0, 0.1, 0.2)
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Table 5.14 Diffraction angle (2 8), d spacing (d), full width at half maxima (f), lattice
constants (a) volume of cell (V) for BiysCusoxNixCoxTi4012 (x=0.0, 0.1, 0.2) and reliability

factors

x 20(°)

B(°)

d (A)

D (nm)

a(A) vV (A’)  Reliability

factors

0.0 34.36

0.1 34.31

0.2 34.23

0.183

0.179

0.199

2.6079

2.6116

2.6178

4544  7.3763  401.336  R,=18.8
Rexp=13.4
Rwp=20.9
Reragg=6.19
GoF=15
¥*=2.406
4645  7.3867  403.046  R,=13.9
Rexp=11.0
Rwp=23.4
Reragy=6.69
GoF=2.1
v*=4.568
41.77 7.4043 405924 R,=14.3
Rexp=10.7
Rwp=23.5
Reragg=6.97
GoF=2.2

Y’=4.8
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Table 5.15 X-ray density (d,), bulk density (d,,), porosity (P), crystallite size (D), phase
present, surface area (S) for Biy;sCus.oxNixCoxTi4O12 (x=0.0, 0.1, 0.2)

x d, (g/cm®)  d,(glcm®) P (%) D (nm) Phase  § x 107(cm?/g)
0.0 5.901 4,044 31.472 45.44 BCC 22.374
0.1 5.869 4.039 31.166 46.45 BCC 22.011
0.2 5.819 3.535 39.257 41.77 BCC 24.682

5.5.2 FTIR analysis

Fig. 5.59 demonstrates the BiysCusxNixCoxTisO12 FTIR spectra (x=0.0, 0.1, 0.2) from 400 to
4000 cm-1. The major characteristics bands of bismuth copper titanate ceramics were
observed at 430, 509, and 588 cm™, these bands could be attributed to regions of Ti* ion as a
result of vy ;_,=653-550 cm™ and vy;__7;= 495- 436 cm™ [57, 202]. The bands at 430 and
588 cm™ specifically corresponds to Ti-O stretching vibration, this band signify the formation
of perovskite phase of the bismuth copper titanate ceramic [203, 204]. In general, Absorption
bands appearing between 380 and 700 cm™ are usually observed as a result of mixed
vibrations of CuO,4 and TiOg octahedron [56, 59, 205]. The band observed at 1121 and 1409
cm™ could be assigned to stretching vibrations of C-N and C-H respectively [206]. The faint
absorption band at 1580 cm™ and the broad absorption band observed at around 3414 cm™
could be assigned to O-H vibrations of water molecules and C-H vibrations of alkyl group

present in the precursors [207, 208].
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Fig. 5.59 FTIR spectra of Biy;3CuszxNixCoxTi401, (x=0.0, 0.1, 0.2)
5.5.3 Raman spectroscopy

Fig. 5.60 shows the Biy;3CusoxNixCoxTi;O1, Raman spectra (x=0.0, 0.1, 0.2) collected in the
200-800 cm™ range. The Raman spectra show several modes at 233, 246, 281, 312, 434, 511,
572, 645, 687, and 751 cm™ whose intensity decrease with the substitution of Ni**-Co®". The
rotation-like mode of the TiOg octahedron which is usually accompanied by antistretching
mode of Ti-O-Ti causes the appearance of modes at 434 and 511cm™ as a result of A,
symmetry; interestingly, the Ti-O-Ti antistretching mode results in the occurrence of modes
at 572 cm™ [96, 202]. The appearance of these modes (434, 511, and 572 cm™) are a
confirmation of the bismuth titanate phase of the prepared samples. Additionally, lattice dynamic
calculations (LCD’s) assigned the appearance of Raman active mode at 318 cm-1 to TiOg
octahedron rotation-like mode as a consequence of Eq symmetry [209]. However, in our
Raman spectra, this mode was noted at 312 cm™. As a consequence of Fq symmetry, the Ti-
O-Ti stretching vibration mode could also be ascribed to the appearance of a very weak mode
at 751 cm™ as a result of Fq symmetry [122, 210]. According to LCD’s, the mode responsible
for Ti-O-Ti stretching vibrational mode is to appear at 708 cm™ [209]. However, this mode
can shift to higher wave numbers as reported by C. Mu et al. [211]. The weak mode at 246
cm-1 could be ascribed to the CuO phase [122], this contradicts the XRD result because other
phases apart from bismuth copper titanate phase were not observed in the XRD pattern. This

contradiction stems from the fact that Raman spectroscopy is more sensitive than XRD. The
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Raman active mode 281 cm™ occur due to Fgsymmetry and is attributed to rotation-like mode
of the TiOg octahedron, the modes at 233, 645, and 687 cm™ have not been reported by
LCD’s or observed in any experiment to the best of our knowledge. In general, the
appearance of Ti-O-Ti stretching vibrational mode could trigger density distribution of
delocalized charges which may prompt the appearance of other modes in the spectra [211].
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Fig. 5.60 Raman spectra of Biy;3Cus.oxNixCoxTi;O12 (x=0.0, 0.1, 0.2)

5.5.4 Morphology analysis

Fig. 5.61 (a) and (c) shows Biy3CusoxNixCoxTisO1, FESEM micrographs and particle
distribution (x=0.0, 0.2). It can be noted that most particles display cubic-like shapes with
non-uniformity in particle size which represents the BCTO structure. The average particle
size was 0.22um and 0.11um respectively for x=0.0 and x=0.2 (Fig. 5.61 (b) and (d)). This
decrease in average particle size is supported by XRD analysis where it has been observed
that the crystallite size also decreases. EDX and mapping analysis were used to identify the

composition of the prepared sample. Fig. 5.62 presents the EDX spectra and mapping for
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Bi3Cus.2xNixCoxTi14012 (x=0.0 and 0.2). Clearly, all the host and substituted cations (Bi, Cu,
Ni, Co, Ti and O) have been observed in the prepared samples. This observation therefore
confirms the stoichiometry and no impurity in the samples prepared. This also promotes the
purity of the samples from XRD assessment observed.
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Fig. 5.61 FESEM micrograph and particles size distribution of Biy3CusxNixCoxTisO12 (a-b)
x=0.0 and (c-d) x=0.2
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Fig. 5.62 EDX spectra and mapping of Bi,;3Cus-2xNixCoxTi;01, (a) x=0.0 and (b) x=0.2
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5.5.5 Band gap and Urbach energy analysis

Using UV-Vis-NIR spectroscopy over the 220-1320 nm region, BizsCusz.oxNixCoxTisO12
(x=0.0, 0.1, 0.2) optical assessment was conducted. The band gap (Eg) which is defined by
the difference between the valence-band and conduction-band couple with semiconducting
nature of the sample was evaluated using the Kubelka-Munk absorbance spectra by using the
Tauc relation [27, 212]

ahv = A(hv — E,)" (5.71)

Where a represents the absorption coefficient which is proportional to the Kubelka-Munk
function denoted by F(r), A is a parameter which define a certain transition and its values
rely on the values of n which are 1/2 (allowed direct transition), 2 (allowed indirect
transition), 3/2 (forbidden direct transition), and 3 (forbidden indirect transition) values, v is
the incident photons frequency and h is the constant of Planck. Fig. 5.63 shows the plot of
absorbance spectra of BiysCusz-2xNixCoxTisO12 (x=0.0, 0.1, 0.2). Clearly, five absorption peaks
can be observed in the absorbance spectra between 225-1320 nm, specifically at 270, 368,
692, 808, and 936 nm. The strong absorption peak at 808 nm become more pronounced after
the initiation of the substitution of Ni?*-Co*", this could be attributed to the occupation of
Ni?* and Co?* at Cu®* site. The absorption peaks at 270, 368, 692, and 936 nm correspond
toc—o*,n—c", m—n* and n—mx* transitions respectively. Reflections peaks are
observed at around 318 and 607 nm, the intensity of the reflection peak at 607 nm decreases
with the increase in concentration of Ni**-Co?", this indicates that the replacement of Ni**-
Co?" increases the sample intake. Similar observation was made in the absorbance spectra of
our previous research [96]. Fig. 5.64 depicts plots of (ahv)* as opposed to E, for each
BCTO electroceramic sample by extrapolating the linear portion of the graph and was found
to be 3.64, 3.69 and 3.67 eV respectively for the x=0.0, x=0.1 and x=0.2 BCTO
electroceramic samples (Table 5.16 and Fig. 5.66). The optical band gap varies inversely
with the size of the crystallite, it was reported that the optical properties of the nanomaterials
depend on the size of the crystallite, i.e. the larger the size of the crystallite, the smaller the

band gap, Rashad et al reported similar situation [213].

The electrical properties of nanomaterials are influenced by the presence of defect states in

the nanomaterials [212]. These defect states can be understood by investigating the spectral
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dependence of the a at the region of lower photon energy which is much less than Eg, this
region of lower photon energy is called the Urbach tail and is given by the equation [214]

a = ayexp (Z—Z) (5.72)

Where «, is a constant, hv is the energy of the incident radiation, and Ey is the Urbach
energy. We can obtain an equation of a straight line by taking the log of Eqn. 5.72 as thus

Ina = (é) hv + In (5.73)

Fig. 5.65 presents the graph of In @ against hv for Biy;3Cus-2xNixCoxTisO12 (x=0.0, 0.1, 0.2).
The Urbach energy (E;) of the samples was determine by linear fitting of the graph of In «
against hv and taking the reciprocal of the slope. The values of E; for the BCTO
electroceramic samples was found to be 2.798 for x=0.0, 2.588 for x=0.1, and 2.590 for x=0.2
eV (Table 5.16 and Fig. 5.66). Deficiencies have been recorded and disorders can lead to the
creation of localized states in or near the conductive band, thus improving the E; bandwidth
[215]. Hence, the observed values of E; could be attributed to structural defects caused by
the substitution of the host cation (Cu®*) with larger ionic radii cations (Co®* and Ni?*), this

structural defects have been observed in XRD analysis.

Table 5.16 Urbach energy and band gap of Bi,sCus.2xNixCoxTi4012 (x=0.0, 0.1, 0.2)

x Urbach energy (eV) Band gap (eV)
0.0 2.798 3.64
0.1 2.588 3.69
0.2 2.590 3.67

136



5 E g x=0.0
S 2 =
1.64 = = = _ x=0.1
] === = x=0.2
] ] ] P
1.4 - : ! : = g lg
= ] "
9 = ~ .
— - oy
S 1.2+ ' ' §
= ' '
S—
S -
<
=
=
=
[
=
b d
=
<

0.2 v T b4 T v T 1
220 440 660 880 1100 1320
Wavelength (nm)
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5.5.6 Dielectric response

Material dielectric properties rely on variables such as preparation technique, heating
temperature and time, cation replacement and concentration in the sample. These factors
determine the nature of the ionic, dipolar, electronic, and interfacial polarization mechanism.
Complex permittivity (&) determines the dielectric reaction of the prepared specimens which

is written as
e =¢' —je" (5.74)

With j = v—1 being a complex number, &’ being the real part of complex permittivity and

€' being the imaginary part of complex permittivity which are expressed as

, ZII
&= (5.75)

14} Z’
T wCoz? (5.76)

Where Z' and Z" are the real and imaginary parts of complex impedance respectively,
w = 2nf being the frequency and C, being the geometrical capacitance. The dielectric

tangent loss can be written as a ratio of " and &’ as

n

tm@z% (5.77)

Fig. 5.67 and 5.68 are the plots of the variation of dielectric constant (¢') and dielectric
tangent loss (tan &) against logarithmic frequency for Biy3CusoxNixCoxTisO12 (x=0.0, 0.1,
0.2). From Fig. 5.67, it can be noted that, at reduced frequencies, the prepared samples
display large €’. The values of ¢" are 3800 for x=0.0, 2200 for x=0.1, and 2700 for x=0.3. The
appearance of high dielectric constant at lower frequencies signify the possibility of
accumulation of charge carriers on the interface of grains and grain boundary which result in
space charge polarization [216]. This explanation is based on Maxwell-Wagner model which
states that dielectric materials having heterogeneous structure can be assumed to comprise of
grains which are conducting and grain boundaries which are insulating, this situation causes
the appearance of space charge polarization when the applied field drop across the grain
boundaries [217]. Clearly, low concentration of Ni** and Co®" decrease the values of ¢’ as
seen in the BCTO electroceramic having x=0.1. As the concentration of Ni** and Co?* is

increased (BCTO electroceramic having x=0.2), the values of &’ increases. The &’ values
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decreases as the frequency is increased, this is obvious for all samples at reduced,
intermediate and higher frequencies except for BCTO electroceramic with x=0.0 where
autonomous behaviour was observed at higher frequencies. Similar to ¢’, tan 6, decreases as
the frequency is increased at lower frequencies for the BCTO electroceramic having x=0.01
and x=0.2, this could be due to the polarization of the interfacial space charge as already
stated in the analysis of ’. Nonetheless, tan §, steadily increase at higher frequencies due to
structural defects which cause electronic polarization [96, 218]. The sample with x=0.0
shows a Debye-type relaxation peak at intermediate frequencies, this could be attributed to
dipolar or ionic/atomic polarization [219, 220].

4000 - —m— x=0.0
% e x=(0.1

3500 +

3000:
2500:
2000:
1500:
1000:

500 4

Real part of permittivity (¢')

y 7 T . T . T v
2 3 4 5 6 7
log f (Hz)

Fig. 5.67 Variation of dielectric constant with frequency for Bi,;sCus.oxNixCoxTi4O12 (x=0.0-
0.2)
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5.5.7 Impedance and modulus spectroscopy

Usually, heterogeneous polycrystalline materials give more than one electrical response and

show both grain and grain boundary contribution [221]. The grain resistance (R,) and grain

boundary resistance (R,;) contributions to the dielectric response can be determined from the

nature of the semi-circular arc obtained in the plot of Z"" against Z’, also called Nyquist plot.

Complex impedance (Z*) can be describes as a function of real (Z') and imaginary (Z"') parts

of complex impedance as [65]
7* = Z/ _jZ//
Where

! Rg Rgb

= +
1+(wRyCy)? ~ 1+(wRgpCyp)?
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and

2 2
"o ngCg ngngb

" 1+(wRyCg)?  1+(wRypCgp)2

(5.80)

Where C, is the grain capacitance, Cg, is grain boundary capacitance, w = 2mrf is the angular
frequency and j? = —1 is complex number. Similarly, the complex electric modulus (M*)
can be written as a function of real (M) and imaginary (M') parts of complex electric
modulus as [222]

M* =M +jM" (5.81)
Where

M' = wCoZ" (5.82)
and

M" = wCoZ' (5.83)

Where C, = ,S/t is capacitance of free space, g, is the permittivity of free space, S is the
surface area of pellet sample and t is the thickness of pellet of sample. Fig. 5.69 presents the
Nyquist plot of complex impedance for Biy;sCusoxNixCoxTis012 (x=0.0, 0.1, 0.2). Generally,
Nyquist plot present three semicircle arcs, the semicircle arc from the left side (higher
frequency) displays the R, contribution which corresponds to intrinsic property of the
material while the one at intermediate frequency gives the contribution of R, and semicircle
arc in the right side correspond to the contribution of the grain-interface which corresponds to
extrinsic property of the material [156]. From the inset of Fig. 5.69, it can be observed that
two semicircle arcs were observed for the BCTO electroceramic having x= 0.0 whereas the
BCTO electroceramic having x£0.0 were not observed as a result of very small radii of the
semicircle arcs. The grain and grain boundary resistances can be evaluated from the intercept
of the semicircle with Z’-axis at higher and lower frequency respectively [96]. It was noticed

that that grain boundary resistance R, increased and then decreases with the concentration of
Ni?*-Co?* substitution. As observed, the grain boundary resistance Rgp is higher than grain

resistance (Ryp > R,), this was also obse
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rved by Z. Yang et al. [60]. To correlate the relationship between microstructure and
electrical properties, data are generally modelled by an ideal equivalent electrical circuit
consisting of resistance and capacitance as shown in Fig. 5.69. The electric modulus
formalism is often associated with impedance formalism so as to determine the different
microscopic processes accountable for localized dielectric relaxations as well as long-range
conductions [152]. Indeed, the electric modulus is very important for electrical relaxation
processes and is based capacitance effects. Nyquist plot of complex electric modulus for
BiysCuszoxNixCoxTisO12 (x=0.0, 0.1, 0.2) is shown in Fig. 5.70. Unlike Nyquist plot for
complex impedance (Z" vs Z'), the semicircle arc from left side correspond to the
contribution of grain boundary capacitance (C,4;,) at lower frequency and the semicircle on
right side correspond to the contribution grain capacitance (C,) at higher frequency, it can be
seen that the radius of the arc decreases then increase with increase in frequency and
concentration of Ni**-Co?* substitution. This clearly indicates that the observed semicircle
arcs in Fig. 5.70 are attributed to contribution of grain and grain boundary effect [156].
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Fig. 5.69 Nyquist plot of complex impedance for Biy3Cus.oNixCoxTisO12 (x=0.0, 0.1, 0.2)
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5.5.8 AC electrical conductivity analysis

The total conductivity (a,) in the material is consisted of two terms and can be defined by
[94, 96]

0¢ = Oac + Opc (5.84)

Where opc = aoe‘Ea/kT represents the frequency independent part of conductivity and
o,c(w, T) = Aw*® being the frequency and temperature dependent part of conductivity, g, is a
pre-exponential constant, E, is the activation energy for electrical conduction, T is
temperature, k is Boltzmann’s constant, A is a temperature-dependent constant,s is a
numerical constant and w = 27 f is the angular frequency with f as frequency. Additionally,

the AC conductivity can be calculated using the following formula

Oyc = Eowe" = gowe'tand, (5.85)
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Fig. 5.71 displays for the Bi;;sCusoxNixCoxTi4O;1, frequency AC conductivity variation
(x=0.0, 0.1, 0.2). AC conductivity shows similar behaviour with the other dielectric
parameters. AC conductivity values indicates frequency-independent behaviour at reduced
and intermediate frequencies and rise at greater frequencies abruptly. Hopping, tunnelling of
charges or free band conduction could be the reason for the abrupt increase of conductivity at
higher frequencies [96]. The highest value of AC conductivity was found to be 0.08 S.cm™
for x=0.2. Fig. 5.72 shows the variation of In o, with In @ for BiysCus2xNixCoxTi4012
(x=0.0, 0.1, 0.2), which is frequency and temperature dependent and can be written as

Opc(w,T) = Aw*® (5.86)

We can modify Egn. 5.86 to get an equation of a straight line by taking the log of the

equation
Inoy (w, T) =slnw+1InA (5.87)

The value of s is the slope of the straight line graph represented by Eqn. 5.87. The values of s
falls between 0 and 1 and it determine the nature of the conductivity of the samples. The
conductivity is frequency independent when s = 0, whereas it is frequency dependent for
s <1 [24]. From Fig. 5.72, the values of 0.53, 0.92 and 0.93 were respectively for x=0.0,
x=0.1, and x=0.2. Since s # 0, then we can conclude that the AC conduction is the dominant

conductivity in the sample.
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5.6 Structural and optical properties of BaFe;;sBip1Alp1019 embedded in polyaniline

(PANTI) for electronic devices
5.6.1 XRD analysis

Using X-ray diffraction, the crystal structure of BaFe;;gBio1Alp1019-PANI nanocomposites
was studied. XRD sample patterns are shown in Fig. 5.73. The observed peaks in this figure
have been indexed using 39-1433 as JCPDS card [30] and correspond to reflection planes of
BaFe1; sBig.1Aly.1019 Which are matching to the specific diffraction angles . It was found that
all these peaks correspond to diffraction planes of pure M-type barium hexagonal ferrite with
P63/mmc as space group. The absence of second phase confirms the single crystal phase of
BaFei16Bio1Aly1019 which indicates that AIP* and Bi®* ions occupied perfectly
crystallographic sites of Fe** ions. Generally in M-type hexaferrite, the second phase (a-

Fe,03) appear at around 26=33.13 and correspond to (103) diffraction plane. From Fig. 5.73,
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the presence of PANI in the composite is materialized by the large peak observed at around
20=25.12-25.46; this is supported by J. Luo and C. L. Yuan [7, 8]. Rietveld refinement of the
crystal structure of BaFe;;gBip1Alp1019 has been done by the use of FULLPROF suite
package. The diffraction peaks were modelled with Thompson-Cox-Hastings pseudo-Voigt *
Axial divergence asymmetry function and linear interpolation method was used to model the
background. During the refinement, parameters such as occupancy of all atoms, background,
atomic positions, unit cell, half-width and zero position were varying throughout the process.
This refinement has confirmed that the observed peaks in XRD patterns are those of M-type
hexaferrite with space group P63/mmc (Fig. 5.74). The quality of refinement is justified by
reliability factors (Rp, Rwp, Rexp, % and GoF) given in Table 5.17. GoF (Good of fit) has been
found to be between 1.6-1.8. Crystallite size (D), unit cell parameters (a and ¢) and volume

(V) were calculated using the following formulae and summarized in Table 5.17:

1 _ 4 (h®+hk+k? ?
% =3 (—az ) + = (5.88)
V3
Veerr = 7a2C (5.89)
0.914
- B cos O (5.90)

Where, dy,,; refers to d-spacing, hkl are the miller indices, A =1.54056 A is the wavelength of
incident X-ray, B is full width at half maxima (in radian), 6 is the Bragg angle. The crystallite
size of prepared composite were found to be between 37-41 nm while lattice parameters a, c
and Vcell were found to be in the range 5.86-5.89 A, 23.11-23.17 A and 689.37-694.56 A%, It
was observed that a, ¢ and Vcell increase with amount of PANI. This can be due to the fact
that after adding PANI, the crystal structure of BaFei;gBio1Aly1019 has undergone some
distortions. This distortion (stretching) of the structure can be justified by the shifting of
diffraction angle (26) toward small values (Fig. 5.73). Bulk density (d) of sample has been
estimated. It was found to be between 1.09-1.18g/cm®. These values are very small compared
to the bulk density of M-type barium hexaferrite (BaFe1,010) Which is around 3.23g/cm? as
reported by Tchouank et al.[133]. The reason of this difference in d, may be due to the fact

that PANI is less dense than M-type hexaferrite material.
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Table 5.17 Structural parameters and reliability factors

X HP1 HP2 HP3
B(°) 0.224 0.225 0.194
Crystallite size (D) nm 37.108 35.307 40.949
Lattice parameter (a) A 5.868 5.872 5.884
Lattice parameter (c) A 23.114 23.114 23.163
Volume of unit cell (V) A® 689.37 690.122 694.55
Bulk density (dx) g/cm® 1.111 1.175 1.094
Rbragg 5.57 6.72 5.13
Rp 13.2 14.0 12.6
Rup 21.7 22.9 20.7
Rexp 12.1 14.2 12.4
Ve 3.229 2.608 2.792
GoF 1.8 1.6 1.7
—HP1
—— HP2
——HP3

(107)

Intensity (a.u.)

20 25 30 35 40 45 50 55 60 65 70 75 8031.6 31.8 32.0 32.2 32.4 32.6 32.8
20 (degree) 20 (degree)

Fig. 5.73 XRD patterns of BaFe;1 gBig1Alo1019-PANI composite
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Fig. 5.74 Rietveld Refinement of BaFe;1 gBio.1Alo1019-PANI composite (a) HP1, (b) HP2 and
(c) HP3

5.6.2 FTIR analysis

FTIR spectroscopy was used to determine functional groups in prepared samples. For
analysis, thin pellets of KBr with the prepared samples in the ratio 10:1 respectively have
been made. Fig. 5.75 shows FTIR spectra of PANI and BaFei;gBip1Aly1019-PANI
composites recorded in the wavenumber range 400-4000 cm™. FTIR spectrum of PANI is
given in Fig. 5.75(d) and its characteristic absorption peaks were found at around 804 cm™
(out-of plane deformation vibration of benzene ring), 1123 and 1601 cm™ (vibration band of
N=Q=N ) indicating the formation of PANI, 1297 cm™ (N-H bending band of benzenoid
rings) and 1486 cm™ (C=N stretching of quinoid ring) [223-228]. Fig. 5.75(a-c) displays
HP1, HP2 and HP3 FTIR spectra respectively. In these figures, it can be noted there are all
distinctive peaks of PANI that can indicate the coating of BaFe;; sBig1Aly 1019 particles with
PANI in HP1, HP2 and HP3 samples. The characteristic peaks of BaFei; gBio1Alp1019 are
defined by Fe-O bond vibration at 442 and 587 cm™ [30]. The peak observed at 2356 cm™
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refers to the presence of CO; in the sample which was absorbed from the atmosphere and the
wide band at 3429 cm™ refers to the vibration of —OH group.
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Fig. 5.75 FTIR spectra of (a) PANI, (b) HP1, (c) HP2 and (d) HP3
5.6.3 Morphological analysis

FESEM micrograph of BaFe;; gBio1Alp1019-PANI composite especially HP1 is given in Fig.
5.76. In this image, it can be noticed that PANI has coated hexaferrite particles and the size of
observed spherical particles was found to be 25-50 nm. The composition of sample presented
by FESEM micrograph has been examined by EDX analysis given in Fig. 5.77. The weight
percent of each chemical element is showing in Fig. 5.77 (inset). All chemical elements that
constitute both BaFe;; gBio1Alp1019 and PANI are presents what confirm the homogenous

distribution and results revealed by XRD analysis.
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Fig. 5.76 FESEM micrographs of BaFe1; gBig.1Aly.1019-PANI composite

cps/eV
14+
5 El AN Series unn. C norm. C Atom. C Error (1 Sigma)
1 [wt.%] [wt.%] [at.%] [wt.%
12+ C 6 K-series 61.75 61.75 68.45 7.92
7 O 8 K-series 23.73 23.73 19.74 4.17
7 N 7 K-series 11.82 Tl82 11.24 3+1D
7 Fe 26 K-series 197 1.97 0.47 (o B & §
10 N Ba 56 L-series 0.42 0.42 0.04 0.06
8i Bi 83 L-series 023 023 0.01 0.09
= Al 13 K-series 0.08 0.08 0.04 0.04
St Total: 100.00 100.00 100.00
6_..
4_
2} Ba
| B 8i
Fe
: Al ‘ Ba Fe
0" T — 1 1 Ll 1 1 13 1] T T *r T T T T T T
2 4 6 8 10

keV

Fig. 5.77 EDXS spectra of BaFe;1 gBig.1Aly1019-PANI composite
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5.6.4 Optical analysis

UV-vis spectroscopy was employed to examine the BaFei;gBio1Aly1019-PANI composite
optical properties. Fig. 5.78 exhibits the absorption spectra of prepared sample in the range
200-780nm. According to the literature, PANI presents two characteristic absorption bands in
UV-vis spectrum especially at around 336nm and 600 nm which are allocated to the phenyl
ring (mr — ™) and benzenoid to quinoid (n — m*) transitions respectively [226, 229]. In the
present case, the UV-vis spectra are also showing to two large absorption peaks indicating the
presence of PANI. Those two absorption bands were found to be (323 nm and 580nm) for
HP1, (323 nm and 584 nm) for HP2 and (323 nm and 585 nm) for HP3,

e 3R
e HP2
4 — 1 |

Absorption
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Fig. 5.78 UV plots of BaFe;1 gBig1Aly1019-PANI composite
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Compared to the absorption bands of PANI, it was noticed that peaks of HP1, HP2 and HP3
show blue shift (hypsochromic shift) which appear as a result of the interaction of —NH in
PANI and oxygen in hexaferrite particles[227]. These absorption bands indicate the passage
from valence band to the band of conduction. The transition require an energy defined by the

band gap energy (E;) calculated from the following equation [55]:
(ahv)? = A(hv — E,) (5.91)

Where A is a constant, E is the energy of the band gap and # is the constant of Planck. Fig.

5.79 shows Eg plots of prepared sample.
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Fig. 5.79 Optical band gap of BaFe1; gBio.1Alp.1019-PANI composite
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After an extrapolation of linear part of the curve of (ahv)*against E,, band gap energies of
prepared samples have been estimated and were found to be 2.24, 2.36 and 2.21 eV for HP1,
HP2 and HP3 respectively. For all the samples the values of E, were found to be lesser than
3.18 eV [132]. It can be noticed that the band gap values and crystallite size vary inversely
that means higher the crystallite size smaller the band gap. This can be explained by quantum
confinement effects [104].

5.7 Structural and optical properties of Bag7DyosFe11.4Cro3019/polyaniline (PANI)
nanocomposites for optoelectronics

5.7.1 Structural analysis

X-ray diffraction patterns were used to carry out the structural properties of nanocomposites
consisted by BaFe;;gBio1Aly1019-PANI. Fig.5.80 exhibits the XRD patterns of prepared
sample. The observed peaks in this figure were found using as JCPDS number: 39-1433[30].
The diffraction angles 23.49, 30.35, 30.79, 32.18, 34.13, 35.61, 37.09, 40.35, 54.03, 55.07,
56.51, 57.55, 62.41, 63.07, 63.93, 71.88 and 75.40 are equivalent to (006), (110), (008, (107),
(114), (108), (203), (205), (300), (0014), (2011), (218), (1015), (220), (0016), (2113) and
(403) diffraction planes of magnetoplumbite structure with space group P63/mmc
respectively. Moreover, the presence of second phase (a-Fe,O3) can be observed. The related
peaks to second phase were indexed using 72-0469 as JCPDS card [147]. The diffraction
planes (012), (104), (024) and (018) observed at 260=24.14, 33.13, 49.42 and 57.54 indicate
the presence of impurity which may be due to the synthesis conditions of
Bap 7Dyo.3Fe11.4Cro3019. In fact the presence of an impurity phase can be explained by the
fact that the reaction between reactions was incomplete [32]. The peak at around 26=25.37
indicates the presence of PANI in the composite; this observation was also reported by C. L.
Yuan and J. Luo [7, 8]. It is also observed that peak intensity decreases progressively from
sample HP11 to HP33, indicating here the strong presence of the amorphous compound
(PANI) in the composite.

Crystallite size (D), lattice constants (a and ¢) and volume of unit cell (V) were calculated

according to the formulae below and values are tabulated in Table 5.18:

1 4 (h2+hk+k? 12
% = 5(—) + = (5.92)

a? c2
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V3

Veen = —a’c (5.93)

2

0.91

D= (5.94)

where dy;,; represents the distance between two consecutive planes, hkl represent the

diffraction plane, £ is full width at half maxima (in radian), A(1.54056 A) being the
wavelength of the X-ray incident, 8 being the angle of deviation.

Table 5.18 Crystallite size (D), lattice parameters (a and c¢) and volume of unit cell (V) of

Bap 7Dyo3Fe11.4Crp 3019 in prepared composite

Sample code Peak 20() B() d-spacing a (A) c(A) Vv (AY) D (nm)

HP11 (300) 54.03 0.104 1.6959 5.8748 23.2768 695.7218 85.7408
HP22 (300) 54.02 0.097 1.6962 5.8758 23.28 696.0637 91.9242
HP33 (300) 53.84 0.115 1.7013 5.8935 23.2736 700.0632 77.4741
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Fig. 5.80 XRD patterns of Bag.7Dyo 3F€11.4Cro3010/PANI composite
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The crystallite size of prepared composite was found to be between 24.16-42.18 nm while
lattice parameters (a and c¢) and unit cell volume were found to decrease from (5.886 to 5.880
A) and (23.214 to 23.186 A) and from 696.443 to 694.243 A respectively.

5.7.2 FTIR analysis

To identify the different functional groups in the sample, FTIR spectroscopy has been used.
Before FTIR analysis, some amount of the prepared sample has to be mixed with potassium
bromide (KBr) in the ratio 1:10. Then the mixture powder was transformed into pellet using
KBr press. FTIR spectra were recorded between 400 and 4000 cm™.
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Fig. 5.81 FTIR spectra of (a) PANI, (b) HP11, (c) HP22 and (d)HP33

Fig. 5.81 shows FTIR spectra for polyaniline (PANI) and Bag7Dyo3F€11.4Cro3019/PANI
composites in the range 400-4000 cm™. In all FTIR spectra, PANI peaks can be observed in
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the range 800-1600 cm™. At around 1567 cm™ and 1486 cm™the observed peaks are assigned
to C=C stretching vibration of quinoid and benzenoid rings. Absorption bands at 1306 cm™
and 1253 cm™ are assigned to N-H bending and asymmetric C-N stretching modes of the
benzenoid ring whereas the peak at 1142 cm™ correspond to vibrational modes of N=Q=N (Q
represents quinonic ring). The C-H out plane vibration of benzene ring is observed at around
804 cm™ [7, 223, 224, 230]. Two important peaks are observed at around 437 cm™ and 590
cm™ indicating the formation of hexaferrite [30]. These bands refer to the crystallographic
site ferric. Hydroxyl (OH) groups are allocated to the large absorption peak with low
intensity observed in 3200-3600 cm™ wavenumber in composites. It can be noticed that the
intensity of peaks between 400-600 cm™gradually decrease (Fig. 5.81(b-d)), this may be a
consequence of the strong presence of PANI in the composite.

5.7.3 Morphological analysis

Fig. 5.82 shows FESEM micrographs of Bag7Dyo sFe114Cro3010/PANI composite. It can be
well observed that all hexagonal particles are coated indicating the presence of PANI. It was
noticed that particles exhibit a homogeneous distribution. Fig. 5.83 presents EDX spectra of
prepared composite. From this figure, all elements that are present is sample can be observed.
The weight percent of these elements is given in Fig. 5.83(inset). The detection of each
chemical element by EDX support the fact that the formation of hexaferrite and PANI was

obtained as revealed by XRD analysis.
5.7.4 Optical analysis

Optical properties of Bag7Dyo3Fe11.4Cro301o/PANI composite were carried out using UV-
visible absorption spectra. Fig. 5.84 shows absorption spectra of prepared sample in the range
200-800nm. J. Deng and P. K. Khanna have reported that PANI shows two large absorption
bands in UV-vis spectroscopy at around 336 nm and 600 nm that correspond to w —m*
transition phenyl ring and n — «* transition benzenoid to quinoid respectively [226, 229]. In
this work, we also obtained two broad bands close to those values especially at around 345
and 545 nm. It is observed that the absorption region of The Bag 7Dy 3Fe11.4Cro3019/PANI
composite was comprised between 200-600 nm for HP11, 200-650 nm for HP22 and 200-700
nm for HP33. More the amount of PANI increase, more the absorption region shows a slight
redshift (bathochromic shift).
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Fig. 5.82 FESEM micrographs of Bag 7Dyo3Fe11.4Cro301o/PANI composite
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i El AN Series unn. C norm. C Atom. C Error (1 Sigma)
wt.% wt. at. wt.
W [ %] 1 %] [ %] [ %]
10 Fe 26 K-series 28.59 30.99 19.8 0.84
7 O 8 K-series 27.91 30.26 36.96 4.30
T C 6 K-series 26.83 29.09 47.33 4.38
. Ba 56 L-series S=i3 5.56 0.79 0.21
8- N 7 K-series 2.36 2.56 3.57 0.97
i Cr 24 K-series 325 1.24 0.47 0.08
Dy 66 M-series 0.28 9.3 0.04 0.07
7 Cr Total 92.25 100.00 100.00
67 Ba
1 1o Dy
1 N Fe
4__C
T Fe
2_.
4 Ba
a Dy Cr
0 t T t T | T Y
2 4 6 8 10

keVv

Fig. 5.83 EDX spectra of Bag 7Dy 3Fe11.4Cro301o/PANI composite
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The transition of electrons from the valence band to the conduction band characterizes this
absorption. The energy needed for this transition is describes by the energy of the band gap

Eg expressed by the following relation [55].
(ahv)? = A(hv — E,) (5.95)

With A being a constant, E, being the band gap energy and / being the Planck’s constant.
Fig. 5.85 shows Eg plots of prepared sample. The values of E; were determined by

extrapolating the linear part of the graph of (ahv)*against E,.
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Fig. 5.84 UV-Vis plots of Bag 7Dyo 3Fe11.4Cro3010/PANI composite
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Fig. 5.85 Optical band gap of Bag.7DYyo.3Fe11.4Cro301s/PANI composite

Band gap energy values were found to be 1.96, 1.80 and 1.59¢eV for HP11, HP22 and HP33
respectively. It can be remarked that the value of band gap decrease with the increase in
amount of PANI. This scenario was expected because due to the conductive nature of PANI
the composite became more conductive with the increase in PANI amount and therefore the
band gap value decrease. These obtained values are less than pure M-type barium hexagonal
ferrite revealed by the literature (3.18 eV) [132].
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5.8 Structural, magnetic and optical properties of combination of Hexagonal ferrite,
bismuth copper titanate and polypyrrole

5.8.1 XRD analysis

X-ray diffraction analysis was utilized to study the material structural properties. XRD
patterns of BBPY1, BBPY2 and BBPY3 nanocomposite are shown in Fig. 5.86. For BBPY1
sample with space group P6s/mmc, the XRD pattern is given in Fig. 5.86(a). The observed
peaks have been indexed using 39-1433 as JCPDS card [89]. It can be observed that only the
hexaferrite peaks at 26 = 22.97°, 30.29°, 30.77°, 31.26°, 32.15°, 34.08°, 35.13°, 37.05°,
40.29°, 42.39°, 50.26°, 53.84°, 55.03°, 56.52°, 63.06°, 67.29°, and 72.56° corresponding
respectively to the (006), (110), (008), (112), (107), (114), (200), (203), (205), (206), (209),
(300), (217), (2011), (220), (2014), and (317) diffraction planes are showing. This indicates
that prepared BBPY1 material is in single crystal. Generally the second phase in hexaferrite
is characterized by the presence of hematite (a-Fe,O3) at around 33.13° with (102) as
reflection plane [147]. Similarly, diffraction planes in Fig. 5.86(b) have been indexed using
JCPDS card: 80-4313 [58]. The diffraction peaks have been show at 26 = 23.88°, 34.09°,
38.28°, 42.11°, 45.67°,49.04°, 61.11° and 71.90° respectively matching to the (200), (220),
(013), (222), (123), (400), (422), and (440) hkl planes. These observed peaks were found to
define the crystal structure of BCTO with space group Im-3. It is noticed that even BBPY?2 is
pure sample. During the formation of bismuth copper titanate (BCTO), it is often possible to
get the formation of CuO and TiO, which appear as second phases. Fig. 5.86(c) presents the
XRD pattern of BBPY3 composite. It can be noticed that characteristic peaks of BBPY1 and
BBPY2 materials previously cited are also mentioned in the composite. The presence of no
impurities indicates that all dopants have been inserted into crystallographic sites. The
Presence of amorphous material (PPY) is detected by the presence of the peak at around 25°
which is revealed in literature [6]. It is also observed that BBPY3 composite shows the
intensity of peaks lower than the intensity of BBPY1 and BBPY2 peaks. This may be due to
the fact that the PPY has coated BBPY1 and BBPY2 nanoparticles.

Crystallite size (D), volume (V,.;;), and unit cell constants (a and ¢) of BBPY1 sample were

calculated on the base of the following relations:

— =
Aher 3

+ L (5.96)

1 4 (h2+hk+k? 12
c?

a2
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Vooy = 0.8666a%c (5.97)

092
- B cosf

(5.98)

with dy,,; being the distance between two consecutive planes, hkl being the miller indices, 8
being the full width at half maximum (in radian), 8 being the angle of reflection and A is the
wavelength X-ray incident (1.54056A). Values of a, ¢ and V of prepared BBPY1 sample were
found to be 5.8976 A, 23.2051 A and 698.98 A respectively (Table 5.19). These results are
close to those reported by M. C. Dimri [13]. The hexagonal structure of M-type hexaferrite
material can be also supported by c/a ratio which has to be smaller than 3.98 as reported by
K. M. U. Rehman [101]. In the present case, c/a ratio has been found to be 3.93 which
confirm the hexagonal structure of prepared BBPY1 sample. X—ray density (d,) and surface
areas (S) have been determined using following equations [133]:

d, = ZxMolecular mass (599)

VN4

__ 6000
dyxD

S

(5.100)

Where z is number of atom per unit cell and N,is Avogadro’s number (6.023x10%). It was
found that S =28.33x10 cm?g and d,=5.43 g/cm®.

Similarly, volume (V) and unit cell parameters (a) of BBPY2 ceramic were evaluated by

below equations:

a

Ak = s (5.101)

V=g3 (5.102)

Lattice constant and volume of unit cell were found to be 7.433 A and 410.6402 A3
respectively. Value of a was found to be around 0.23% higher than that reported by Gautam
for pure bismuth copper titanate (BCTO) [231]. This observed difference is due to the
substitution of Bi** ions by La*" ions. Indeed, ionic radius of La** ions (r,,3+=1.22A [232,
233]) is larger than ionic radius of Bi® ions (r;3+=1.17A [123]). In general, since the ionic
radius varies from one atom to another, the crystalline structure undergoes stretching or
shrinkage depending on whether the radius of the substituted atom is larger or smaller.

Crystallite (D), X-ray density (d,) and surface area (S) of prepared BBPY2 have been
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estimated by eqn. (5.98), eq. (5.99) and eq. (5.100) respectively and values are listed in Table
5.20.
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Fig. 5.86 (a) XRD patterns of prepared samples and Rietveld refinement of (b) BBPY1
sample, (c) BBPY2 ceramic and (d) BBPY2 composite
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Table 5.19 Lattice parameters (a and c), volume of unit cell (V), full width at half maxima

(B), crystallite size (D), X-ray density (d,) and specific surface area (S) of BBPY1, BBPY2

and BBPY3
Concentration (x) BBPY1 BBPY2 BBPY3
Hexaferrite phase =~ BCTO phase
B (® 0.213 0.220 - -
D (nm) 39.0096 37.7694 - -
d (A) 2.6287 2.6279 - -
a (&) 5.8976 7.433 5.9054 7.4340
c(b) 23.2051 - 23.2496 -
</ 3.9347 - 3.9370 -
Vv (A3) 698.98 410.6402 702.1740 410.8278
a (A) (Rietveld) 5.899464 7.329851 5.894159 7.420128
¢ (A) (Rietveld) 23.237938 - 23.208855 -
€/ 4 (Rietveld) 3.9390 - 3.9376 -
Vv (A3)(Rietveld)  700.412(0.008) 393.809(0.003)  698.278(0.029)  408.540(0.017)
d,.(glcm®) 5.43 5.69 - -
$ x 107 (cm?/g) 28.33 27.92 -
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Table 5.20 Conditions for refinement, reliability factor (R,, Ry, Rexp), refined half-width

parameters (U, V, W) chi-square (x?2) and good of fit (GoF) of BBPY1, BBPY2 and BBPY3

Concentration (x) BBPY1 BBPY?2 BBPY3
A(D) 1.54056 1.54056 1.54056
Cycles of 30 30 30
refinement
Step (°) 0.005 0.005 0.005
Profile function P-Voigt * Axial P-Voigt * Axial P-Voigt * Axial divergence
divergence divergence asymmetry
asymmetry asymmetry
R, (%) 14.9 30.1 13.1
R, (%) 13.9 20.7 12.4
Rexp (%) 11.9 12.1 12.1
x? 1.360 2.948 1.046
GoF 1.2 1.7 1.0
Hexaferrite BCTO
phase phase
U 0.252775 -0.012804 -0.035023 -0.045552
|4 -0.254427 -0.021350 0.046936 0.015598
w 0.118113 0.038507 0.045836 0.068434
Space group P6s/mmc Im-3 P6s/mmc Im-3

5.8.2 FTIR analysis

FTIR spectroscopy technique was used to determine the presence of functional groups and
residual chemicals in the synthesis process. Fig. 5.87 exhibits FTIR spectra of PPY, BBPY1,
BBPY2 and BBPY3 samples in the range 400-4000 cm™. For PPY (Fig. 5.87(a)), the peaks
observed at these wavenumbers 804 and 1108 cm™ correspond to C-H out-of plane and C-H
in plane deformation vibration [75], at 1282 cm™ represents (=C-H)in plane vibration [6].
The peak observed at around 1400 cm™ wavenumber represents C-N stretching vibration and
bands around 1587-1695 cm™ represent the functional vibrations of polypyrrole rings [234].
The broad band at 3162 cm™ corresponds to C-H stretching. The FTIR spectroscopy
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spectrum of BBPY1 sample is given in Fig. 5.87(b). In this figure, two significant peaks

between 400 and 600 cm™ especially at around 431 and 592 cm™ can be observed. These

peaks are assigned to stretching Fe-O vibration in octahedral and tetrahedral sites indicating
the hexagonal ferrite formation [30, 128]. For prepared BBPY2 ceramic (Fig. 5.87(c)),
observed peaks at around 579, 511 and 431cm™ represent absorption bands for Ti ion which
are attributed to vy,_, =653-550 cm™ and vr,_o_r, =495-435 cm™ [57]. Fig. 5.87(d) shows

the FTIR spectrum of BBPY3 composite. In this figure, the characteristic peaks of each

sample are shown. The absorption band presents at 2356 cm™ in Fig. 5.87(a) and 5.87(d) is

assigned to the CO, absorption from the air [54].
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Fig. 5.87 FTIR spectra of (a) PANI (b) BBPY1 sample, (¢) BBPY2 ceramic and (c) BBPY2

composite
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5.8.3 Raman spectroscopy

Raman spectroscopy is a very useful characterization technique that permits to determine the
different vibration modes present in a sample. Fig. 5.88 shows Raman spectra for BBPY1,
BBPY2 and BBPY3 samples recorded in the range 150-2000 cm™. The different
characteristic peaks of BBPY1 and BBPY2 ceramic are revealed between 150 and 800 cm™.
For prepared BBPY1, it is well known that the unit cell of barium hexagonal ferrite possess
64 atoms and 42 active ramen modes including 11A;4+14 Eig+ 17E5q [40, 129]. The Raman
spectrum presented in Fig4. 5.88(a) shows different dispersion bands of prepared BBPY1
sample. Raman modes for prepared BBPY1 sample have been observed at around178, 325,
408, 472, 527, 614 and 683 cm™. The peaks at 472, 614 and 408 cm™ correspond to the Ay
vibration of octahedral site with symmetry 4f1 and 12k, the peak at 683 cm™ is assigned to
the Ay vibration at the bipyramidal site (2b), at 527 and 325 cm™ the vibration of Fe-O bond
corresponding to 12k, 2a and 4f2 is observed whereas the band at 178 cm™ corresponds to the
E14 of the whole spinel blocks [40, 102].

Raman spectrum is given in Fig. 5.88(b) for BBPY2ceramic. The crystal structure of
perovskite with Im-3 as space group present eight (8) Raman active modes including
2A¢+2E4+4F, [209]. In Fig 5.88(b), Raman modes are observed at 299, 499, 565 and 702 cm’
!, The band at 702 cm™ can be assigned to Ti-O-Ti stretching mode (Fq (4) symmetry) [211].
The band at 565 cm™ of Fy(3) symmetry can be certainly attributed to O-Ti-O anti —stretching
whereas bands at 499 and 299 cm™ with E4 (2) and Fq (1) symmetries respectively refer to
TiOg rotation-like modes [209, 235, 236].

Unlike prepared BBPY1 and BBPY2 ceramic, the main characteristic peaks of PPY appear
above 900 cm™.The main peaks of PPY have been observed at 943, 992, 1051, 1318, 1417
and 1580 cm™. These peaks correspond to Raman modes for PPY reported in literature [237-
240]. The 1580 peak is associated to C=C stretching ring vibration [241]. The observed bands
at 943, 992 and 1051 cm™ can be attributed to C-H out-of —plane deformation, ring
deformation and C-H in-plane deformation respectively whereas the peaks at 1318 and 1417
cm™ correspond to C-C and C-N stretching vibrations [242-246].
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Fig. 5.88 Raman spectra for (a) BBPY1 sample, (b) BBPY2 ceramic and (c) BBPY2

composite
5.8.4 FESEM/EDX analysis

FESEM and EDX studies have been done to analyze the morphology and elemental
composition of prepared samples. FESEM micrographs of BBPY1 (Fig. 5.89(a)) shows
homogeneous distribution and hexagonal shape of particles. Similarly, a homogeneous
distribution of particle is also revealed by FESEM micrographs of BBPY2 ceramic (Fig.
5.89(b)) and particles present cubic like shape. In these two cases, it was observed that
particles agglomerated which can be as a result of the synthesis method used. The particles

distribution of BBPY1 sample and BBPY2 ceramic follow the normal distribution law and
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the average particle sizes were found to be 0.19 and 0.163um respectively. Fig. 5.89(c)

presents FESEM micrographs of BBPY3 composite.
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Fig. 5.89 FESEM micrograph for (a) BBPY1, (c) BBPY2, () BBPY3 and particles size
distribution for (b) BBPY1, (d) BBPY2
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Fig. 5.90 EDX spectra for (a) BBPY1 sample, (b) BBPY2 ceramic and (c) BBPY?2 composite

In this figure, the presence of PPY can be clearly observed (transparent sheet) and it is
noticed that BBPY1 and BBPY2 particles are embedded in PPY. Fig. 5.90a-c exhibit EDX
spectra of BBPY1, BBPY2 and BBPY3 samples respectively. The chemical elements present
in the prepared samples were observed in the EDX spectra; this confirms the composition of
the samples and the absence of any impurity which justifies the results revealed by the XRD

analysis.
5.8.5 Optical analysis

Using UV-Vis-NIR spectroscopy in the range 200-1900 nm, the analysis of optical properties
of prepared samples was taken out. UV region is defined from 200 to 800nm. In this region, it
is noticed that all samples show four absorption peaks such as 293, 385,480 and 660 nm for
BBPY1, 291, 388, 470 and 724 nm for BBPY2, 283, 366, 470 and 724 nm for BBPY3 (Fig.
5.91). These absorption peaks occur fromo —o*,n—o¢*, m —m*, and n — * transitions

respectively [54]. At around 636 nm for BBPY2 ceramic, a slight reflection peak is observed.

The optical band gap energy (Eg) has been calculated using the formula below:

(ahv)'/n = A(hv — Ey) (5.103)
Where « is the absorption coefficient, h is the Planck’s constant (6.6260 x 1073% J.s), v is
the frequency of incident photon and A is a characteristics constant that depends on n. The
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exponent n take values such as 1/2, 3/2, 2 and 3 for allowed direct, forbidden indirect,
allowed direct and forbidden direct transitions respectively [40]. Fig. 5.92 displays plots of
E, for prepared samples. These plots were obtained assuming the allowed direct transition
(n=1/2) and the values of E; were determined using an extrapolation of the plot ((ahv)* =
0). Values of E, were found to be 3.47, 3.83 and 2.36 eV for BBPY1, BBPY2 and BBPY3
respectively. It can be noticed that E; value of BBPY3 composite is smaller than those of
BBPY1 and BBPY2 samples. This can be explained by the presence of PPY which is a
conducting polymer that certainly increase the conductivity in the material and therefore
decrease the band gap energy. The low band gap of BBPY3 compared to that of BBPY2 and
BBPY2 indicates the high semiconductor nature of BBPY3 which makes it an appropriate

material for electronic applications.
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Fig. 5.91 Variation of absorbance with wavelength for BBPY1 sample, BBPY?2 ceramic and
BBPY 3 composite
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Fig. 5.92 Optical band gap for BBPY1 sample, BBPY2 ceramic and BBPY 3 composite
5.8.6 Magnetic analysis

Fig. 5.93 exhibits the field-dependent magnetization of BBPY1 sample, BBPY?2 ceramic and
BBPY3 composite at room temperature. In the first observation, it can be noticed that BBPY1
and BBPY3 samples showed a hysteresis loop indicating the ferromagnetic behaviour of the
material while BBPY?2 sample showed a horizontal straight line demonstrating the non-
ferromagnetic behaviour of BBPY2 ceramic. The saturation magnetization (M), coercivity
(Hc) and remnant magnetization (M) were estimated from curves and values are listed in
Table 5.21. The Fe*" ions which have 5pg as magnetic moments are responsible of
magnetism in M-type hexaferrite. These ions are distributed at fives crystallographic sites
including 12k, 2a, and 4f2 which are octahedral, 4f1 and 2b which are tetrahedral and
bipyramidal [115]. These different sites contain spins in the upward and downward direction
as reported in Table 5.22. Basically, it can be thought that by replacing Fe3+ ions with
diamagnetic ions such as Bi3+, the saturation magnetization of the material will always

decrease. However, as reported by S. Shakoor et al., during the heating period, Bi** ions
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oxidize to Bi°* ions which shift to 4f1 sites (down) preferentially and contribute to the
increase in saturation magnetization [145]. In the same way, Mossbauer spectroscopy also
revealed that except 4f1 sites, the others sites are hardly influenced by Bi** ions [103]. It was
found that the obtained M; for BBPY1 sample less than that of BaFe1,019 reported by A.
Mali and A. Ataie [90]. The reason of that is certainly related to the conditions of synthesis.
The values of Ms and Mr for BBPY1 under an applied of magnetic field were found to be
32.134 emu/g and 17.692 emu/g respectively. After adding BBPY?2 ceramic and Polypyrrole
(PPY), these two parameters decreased considerably as expected. This result indicates that
only BBPY1 material contribute for the magnetization in BBPY3 composite. The observed
decrease in Mg parameters of BBPY1 can be explained by the non-magnetic behaviour of
BBPY2 ceramic (Fig. 5.93) but also by the weak magnetic behaviour of PPY [247]. Many
other reasons can be attributed to the decrease in M; especially the weak magnetic super-
exchange interaction, presence of interfacial interaction between magnetic and dielectric
particles, lattice defects and random orientation of spin on the surface of nanoparticles in
BBPY3 composite [248, 249]. It is noticed that the coercivity of the composite is larger than
that of M-type hexaferrite. This can be explained by the fact that after coating hexaferrite
particles with Polypyrrole, the particle size will increase. indeed, structural properties can
affect the magnetic properties of a sample especially the coercive field which inversely varies
with the particle size [141]. The prepared magnetic materials (BBPY1 and BBPY3) proves to
be useful for high-density perpendicular magnetic recording media due to their high
coercivity (>1200 Oe) [133]. The anisotropy constant (K) and squareness ratio (SR) were
estimated using equations (5.104) and (5.105) respectively [30]:

_ My
SR =17 (5.104)
2K = pgMH, (5.105)

Where o, = 47 x 10”7 H/m is the permeability in empty space. It is noticed that SR values
of BBPY1 and BBPY3 composite were found to be 0.551 and 0.626 respectively which

indicating that they are in single magnetic domain [6].
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Fig. 5.93 M-H hysteresis loop of BBPY1, BBP2 and BBPY3

Table 5.21 Coercivity (H.), remnant magnetization (M, ), saturation magnetization (M, ),

squareness ratio (SR), and anisotropy constant (K) for BBPY1 and BBPY3 composite

Sample code H, (Oe) M, (emu/lg) M, (emu/g) SR (M,/M,) K (HA’/kg)

BBPY1 1374.53 17.692 32.134 0.551 1.218
BBPY3 3320.87 11..378 18.181 0.626 1.891
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Table 5.22 Distribution in crystallographic sites of M-type hexaferrite, spin orientation and

number of Fe®* ions

Sublattice Spin orientation  Crystallographic sites Number of ions
12k 1 Octahedral 6
412 ! Octahedral 2
2a 1 Octahedral 1
2b 1 Bipyramidal 1
411 ! Tetrahedral 2

5.9 X-band Shielding of Electromagnetic Interference (EMI) and optical sensing
properties of Co,Y hexaferritessBCTO/PANI nanocomposites

5.9.1 XRD analysis

The XRD spectra of PANI, BCTO, Co,Y, and Co,Y/BCTO/PANI nanocomposites are shown
Fig. 5.94 The most intense diffraction peaks having hkl values (110), (113), (0012), (1013),
(116), (0114), (119), (205), (2113), (1214), (220), (2026), and (1313) corresponds to the
Co,Y hexaferrite. These diffraction peaks were indexed according to the JCPDS card no.
440206 and were found to correspond to pure single crystalline phase of Co,Y hexaferrite
with space group R-3m. The diffraction peaks showing the presence of any impurity or
secondary phase have not been observed. The lattice parameters (a and c), crystallite size (D),

and volume of unit cell (V) were determined by using the formula [28]

1 4(h*+hk+k*) I?
o e I (5100
hki
V., =0.8666a’C (5.107)
D= ﬂ:jsﬁ (5.108)

where, hkl are the miller indices and dy is the inter planar spacing, € is the Braggs angle, k is
the shape factor (k = 1), B is the full width at half maximum (in radian), and A is the

wavelength of the X-ray (1.54056 A). Similarly, the most intense diffraction peaks with hkl
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values (110), (200), (211), (220), (013), (222), (321), (400), (422), and (440) were compared
with the JCPDS card no. 801343. These diffraction peaks were found to be identical to the
pure single crystalline phase of BCTO electroceramic with space group Im-3. The purity of
the BCTO electroceramic was ascertained by the absence of impurity or secondary phases
such as TiO, and CuO. The lattice constant (a) as well as the volume of unit cell (Vcen) were
determined by using the formula [96]

a =d,,Vh>+k2+1? (5.109)

Vv, =a’ (5.110)

cell

The calculated values of a, ¢, D, and V¢ for both the Co,Y and BCTO are presented in
Table 5.23. These values are in agreement with literature [162, 250]. The XRD spectra for
Co,Y/BCTO/PANI nanocomposites show the successful coating of Co,Y and BCTO with
PANI.

Table 5.23 Values of lattice parameters (a and c), crystallite size (D), and volume of unit cell
(Veen) for BCTO and Co,Y hexaferrite

Sample 20 B(°) d@A) ad) c(A) V(A%  D(hm) Dy(g/cm®) Sx10(cm®
/9)

BCTO 34.21 0.2 26193 7.4085 7.4085 406.6218 41.558  5.7878 24.9445
CoY 30.66 0.302 2.9139 5.8210 43.7085 1282.6019 28.487  5.1261 41.0870
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Fig. 5.94 XRD patterns of Co,Y/BCTO/PANI nanocomposites for (a) PANI, (b) BCTO, (c)
Co.Y, and (d) Co,Y/BCTO/PANI

5.9.2 FTIR analysis

The FTIR spectra of PANI, BCTO, Co.Y, and Co,Y/BCTO/PANI nanocomposites Fig. 5.95
(a), (b), (c), and (d) respectively recorded in the range 350 to 2000 cm™. The spectrum of
PANI shows seven absorption bands at 1620, 1504, 1342, 1186, 882, and 585 cm™ (Fig. 5.95
(a)). These absorption bands are characteristics band of PANI and therefore confirm the
formation PANI. The bands 1620 and 1504 cm™ appear as a result of C=N (quinoid ring) and
C=C (benzenoid ring) stretching mode [59, 251]. at The absorption bands at 1342 and 1186
cm™ could be respectively attributed to C-N stretching vibrations of secondary amine and C-
H out of plane stretching vibrations whereas those at 882 and 585 cm™ are observed as a

result of C-H stretching vibrations [252, 253]. The spectra of BCTO shows characteristics
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absorption bands at 545 and 448 cm™ while that of Co,Y appear at 557 and 418 cm™ [28]
[231]. These appearance of these bands in BCTO electroceramic signify the Cu-O (CuOa)
and Ti-O-Ti (TiOg octahedral) stretching vibrations [122]. In the Co,Y structure, the
characteristics bands usually occur due to stretching vibrations of Fe-O at octahedral and
tetrahedral crystallographic sites [54]. All the characteristics absorption bands of PANI,
BCTO, and Co,Y have been observed in the Co,Y/BCTO/PANI nanocomposite, this
confirms the formation of the Co,Y/BCTO/PANI nanocomposite material. The characteristic
bands of BCTO and Co.Y are not clearly observed in the Co,Y/BCTO/PANI nanocomposite
as a result of peak mixing. Also, the characteristics band of PANI shifted to higher
wavenumber due to the presence of BCTO and Co,Y.
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Fig. 5.95 FTIR spectra of Co,Y/BCTO/PANI nanocomposites for (a) PANI, (b) BCTO, (c)
Co.Y, and (d) Co,Y/BCTO/PANI
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5.9.3 Morphology analysis

Fig. 5.96 (a-c) presents the FESEM micrograph of PANI, BCTO, and Co,Y. Clearly, the
PANI nanoparticles have irregular shapes; the particles tend to stick to each other and form
an agglomerated morphology (Fig. 5.96 (a)). On one hand, the FESEM images of the BCTO
electroceramics shows particles of various sizes with well-defined cubic shape as well as
clear grain boundary and the absence of agglomeration. On the other hand, the FESEM
micrographs of Co,Y shows particles in agglomerated form, this agglomeration is usually
observed in magnetic nanoparticles as a result of magnetic interaction between the
nanoparticles [27, 28]. Fig. 5.100 (a-c) shows the particle size distribution of PANI, BCTO,
and CoyY. Clearly, the particle distribution follows Gaussian distribution and the average
particle size was found to be 0.036, 0.074, and 0.053 um for PANI, BCTO, and Co,Y
respectively. The EDX spectra and mapping of PANI, BCTO, and Co,Y are presented in
(Fig. 5.97, 5.98, and 5.99). The EDX spectra and mapping shows the substituted and host
element of the samples. Hence, we can assume the confirmation of the stoichiometry and
purity of the PANI, BCTO, and Co,Y samples since no other element have been observed.
The FESEM micrograph, EDX spectra and mapping of Co,Y/BCTO/PANI nanocomposite
are respectively presented in Fig. 5.96 (d) and 5.100 (d). The presence of PANI, BCTO, and
Co,Y nanoparticles can be vividly observed in the micrograph. This confirms the presence
and the successful intercalation of the various components of the Co,Y/BCTO/PANI
nanocomposite. Also, the stoichiometry of the as well as purity can be ascertained since all
the various elements of the component of the nanocomposite are clearly observed in the EDX

spectra and mapping.
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Fig. 5.96 FESEM micrograph of Co,Y/BCTO/PANI nanocomposites for (a) PANI, (b)
BCTO, (c) Co.Y, and (d) Co,Y/BCTO/PANI
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Fig. 5.97 EDX spectra and mapping of PANI
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Fig. 5.99 EDX spectra and mapping of Co,Y
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Fig. 5.100 Particle size distribution of (a) PANI, (b) BCTO, (c) CopY and EDX
spectra/mapping of (d) Co,Y/BCTO/PANI nanocomposites

5.9.4 Magnetic analysis

The M-H hysteresis loop of BCTO, Co,Y, and Co,Y/BCTO/PANI nanocomposite is
presented in Fig. 5.101. The values of H;, M, and M, were estimated from the M-H
hysteresis loop and reported in Table 5.24. It can be observed that Co,Y and
Co,Y/BCTO/PANI nanocomposite shows paramagnetic behaviour whereas BCTO shows a
horizontal straight line indicating the absence of any magnetic parameters such as coercivity
(Hc), saturation magnetization (Ms), and remnant magnetization (M), this is no surprise as
BCTO is a non-magnetic material. As observed in Fig. 5.101, the values of Mg and M for the
Co,Y/BCTO/PANI nanocomposite was found to be 11.602 emu/g and 3.422 emulg
respectively, this values are smaller than that of Co,Y barium hexaferrites nanoparticles
(Ms=44.658 emu/g and M,=19.088 emu/g). This decrease is due to the presence of
nonmagnetic BCTO microparticles and PANI, this indicates that Co,Y barium hexaferrites
nanoparticles contributes most to the magnetic properties of Co,Y/BCTO/PANI
nanocomposite. Additionally, this may be the consequence of interfacial polarization between

Co,Y and BCTO nanoparticles, the presence of lattice defects, weakening of super-exchange
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interactions as result of the presence of nonmagnetic BCTO particles and PANI, and random
orientation of spin at the surface of Co,Y/BCTO/PANI composite [54].

PANI in the composite plays the role of matrix i.e. Co,Y and BCTO nanoparticles are
embedded in PANI. Then, this can imply that the particles size in composite is certainly
larger than that of Co,Y particles due to presence of BCTO microparticles which have large
particle size. In addition, it is known that the coercive field is strongly influenced by the
particles size which decrease when the particle size increase as reported by Globus [188].
From Table 5.24, it can be noticed that H. decreases from 433.167 to 340.141 Oe which may
be a consequence of coating of BCTO and Co,Y nanoparticles with PANI as explained
above. Compared to M-type hexaferrite which shows high coercivity, the obtained values for
Co,Y and composite are low which indicate that they are soft materials. The squareness ratio
(SR) and anisotropy constant (K) were evaluated using the relations below:

My
SR =1 (5.111)
_ 2K
He = (5.112)

Where p, = 4 x 10~7H/m represents the permeability in vacuum. The structure of material
is defined by the value of SR. It has been reported that if SR is greater or equal to 0.5 then the
material is in single magnetic domain and if it is less than 0.5 the material exhibits a multi
magnetic domain [133]. In the present work, the squareness ratio was found to be 0.427 and
0.295 for Co,Y and composite respectively. Since these values are less than 0.5, it can be
deduced that Co,Y and Co,Y/BCTO/PANI nanocomposite exhibit multi magnetic domain.
The value of anisotropy constant has been observed to decrease from 0.969 to 0.198 after the
addition of BCTO nanoparticles and PANI; this is a consequence of lack of magnetism in
PANI and BCTO microparticles.
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Fig. 5.101 M-H hysteresis loop for Co,Y/BCTO/PANI nanocomposite

Table 5.24 Values of coercivity (H.), saturation magnetization (Ms), remnant magnetization

(M) squareness ratio (M,/ Ms), and anisotropy constant (K).

Samples M (emu/g) M,(emu/g) H.(Oe) SR(M,/M;) K(HA?/Kg)
CoyY 44.658 19.088 433.167 0.427 0.969
Co,Y /BCTO/PANI 11.602 3.422 340.141 0.295 0.198

5.9.5 Magnetic and dielectric loss mechanism

The degree of attenuation and reflection characteristics of nanomaterials that can be used for
the shielding of EM wave can be determined from the complex permittivity (¢* = &' — je"')
and complex permeability (u* = &' — je'") with the real part of complex permittivity (&) and
imaginary part of complex permittivity (&) contributing to the dielectric losses and the real
part of complex permeability (u') and the imaginary part of complex permeability (u")

contributing to the magnetic losses [54]. On one hand, the electric energy storage ability is
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usually indicated by the extent of &' whereas that of magnetic energy storage can be
evaluated from p', on the other hand the " and u" represents the losses in dielectric and
magnetic energy [254]. The dielectric loss tangent (tand,) and magnetic loss tangent
(tan 6,,,) which respectively measures the attenuation of the electric field and magnetic field

by the EM wave absorber is written as [54, 122]

tans, = < (5.113)
&

tan g, =£- (5.114)
U

Where &, is the dielectric loss angle and &,, is the magnetic loss angle. In general, the more
the value of 6, and §,,, the more the attenuation of the wave as it passes through the EM
wave absorber. Therefore, both the components of £* and p* contribute to the compression of
EM wave inside the material. The values of &', ¢", u', 4", tan é,, and tan §,,, for the Co,Y
and BCTO samples are almost independent of frequency (Fig. 5.102, 5.103, and 5.104).
However, the Co,Y/BCTO/PANI nanocomposite shows multiple resonance peaks with
varying intensities over the whole frequency range. Specifically, €' and " dominate the
lower frequency region whereas the higher frequency region is dominated by p'and u'.
Polarization is of four kinds, namely interfacial, dipolar, atomic, and electronic polarization.
Interfacial and electronic polarizations are dominant at lower and intermediate frequencies
respectively, the intermediate frequency is mostly dominated by the effects of dipolar and
atomic polarization [254]. Hence, we could attribute the occurrence of relaxation peaks at
lower and higher frequency to the presence of interfacial and electronic polarization
respectively and those occurring at intermediate frequency to dipolar and atomic polarization.
The values of &', €, u', and u'" for the Co,Y/BCTO/PANI nanocomposite are higher than
those of Co,Y and BCTO nanoparticles. This came with no surprise as the combination of a
material with excellent magnetic property (i. e. Co,Y) with that of giant dielectric constant
material (i. e. BCTO) should yield a composite material with high &', &, u', and u".
Additionally, the conductivity of PANI coupled with its abundant dipoles also plays great
role at ensuring the occurrence of orientation polarization and electron hopping which in turn
increase the dielectric properties [255]. Clearly, both the values of ¢’ and &' are greater than
those of u', and u"’, this is due to the fact that PANI is also a dielectric absorbent just like
BCTO and therefore contributes to the dielectric losses in the material [256]. Additionally,

the Co,Y nanoparticles contributes to the values of ¢’ and &” in accordance with Koop’s
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phenomenological theory which states that interfacial polarization occur in ferrites materials
due the presence of low conducting grains separated by high resistive grain boundary [257].
Interestingly enough, the abrupt increase in the values of ', and p' at higher frequency
could be tied to relaxation effects between the PANI chain and the Co,Y nanoparticles [258].
The plot of tan§, and tan &,,, also shows relaxation peaks with the values of tan §, being
greater than those of tan &,,, by almost 50%.

Having discussed the mechanism of magnetic losses, it is paramount to understand where
these losses are originating from. Magnetic losses usually appear due to resonance of the
domain wall, magnetic hysteresis losses, effect of eddy current, exchange resonance and
natural resonance. In hexaferrites, resonance of the domain wall usually occur at low
frequency (< 1 GHz) and in materials that are multi-domain in nature, hence we can assume
that resonance of the domain has no contribution to the observed magnetic losses. Magnetic
hysteresis loss occurs when the magnetization vector lags behind applied EM field vector,
and in the frequency range 2 to 18 GHz, it is negligible for hexaferrites and therefore has no
contribution in this case. The magnetic losses due to effects of eddy current is evaluated using
the equation [54]

Co =" () f 7 =270t (5.115)
Where u, is the permeability of vacuum, o is the conductivity whereas t is the thickness of
the EM wave absorber. If the magnetic losses occurs only due to effect of eddy current, then
the graph of C, against frequency should remain constant and frequency independent in
accordance with the skin-effect criterion [259]. Clearly, the higher frequency region of the
graph of Co,Y nanoparticles and Co,Y/BCTO/PANI nanocomposite as well as the
intermediate frequency region of the Co,Y/BCTO/PANI nanocomposite remains constant
and frequency independent (Fig. 5.105), thus we can assume the contribution of the effects of
eddy current in this region. The lower and intermediate frequency region of the BCTO and
Co,Y nanoparticles as well as the higher frequency region of the BCTO nanoparticles are
well adorn by the presence of resonance peaks which could be exchange resonance or natural
resonance. However, exchange resonances usually occur at higher frequency region than
natural resonance in accordance with Aharoni’s theory. Hence, we can assume that the peaks
of resonance observed at lower frequency are due to natural resonance whereas those

observed at higher frequency region are due to exchange resonance [122].
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Fig. 5.102 Plot of (a) real part of complex permittivity, (b) imaginary part of complex
permittivity (c) real part of complex permeability, and (d) imaginary part of complex
permeability with frequency for Co,Y/BCTO/PANI nanocomposite
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5.9.6 EMI shielding mechanism and performance

The EMI shielding mechanism and performance which include shielding effectiveness due to
absorption (SE,), shielding effectiveness due to reflection (SEg), shielding effectiveness due
to multiple internal reflection (SEw), and total shielding (SEt) were evaluated from the
obtained S parameters (S;,0r S,, and S;,0r S,;) as well as reflection coefficient (R) and

transmission coefficient (T)) which are given as [260]

R=[Sy|" =[S/ (5.116)

T =[Sy[" =[S[ (5.117)

SE, =—10log(l-R) (5.118)
T

SE, =—10log —— 5.119

A 09(1_ Rj (5.119)

SE, = SE, +SE, +SE,, (5.120)

The SE,, in equation 13 can be neglected when SE; > 10 dB and therefore equation 13 can
be simplified as

SE, = SE, +SE, (5.121)

The EMI shielding material must be able to provide efficient shielding against incident
electromagnetic (EM) wave, this is usually achieved by ensuring the electric charge carriers
and magnetic dipoles interact with the incident EM wave. Hence, conductivity is of
paramount importance when it comes to ensuring efficient shielding of EM waves. Therefore,
the microwave conductivity and skin depth for BCTO, Co,Y, and Co,Y/BCTO/PANI
nanocomposite are evaluated and presented in Fig. 5.106 and 5.107. The variation of SEx and
SEg for BCTO, Co,Y, and Co,Y/BCTO/PANI nanocomposite in the frequency range 8.2 to
12. 4 GHz are respectively shown in Fig. 5.108 and 5.109. The highest values of SEx and SEr
were observed in the Co,Y/BCTO/PANI nanocomposite and are respectively found to be
14.30 and 17.66 both at 10.30 GHz, these values indicate that SEr dominates and therefore
most of the incident EM wave is reflected rather than absorbed. This claim is further
supported by the observed low values of skin depth (Fig. 5.107). The variation of SEt for
BCTO, Co,Y, and Co,Y/BCTO/PANI nanocomposite in the frequency range 8.2 to 12. 4
GHz are shown in Fig. 5.110.The maximum value of SE; for BCTO, Co,Y, and
Co,Y/BCTO/PANI nanocomposite was found to be 23.10, 27.39, and 31.97 dB at 10.47,
9.62, 10.30 GHz respectively. Clearly, the Co,Y/BCTO/PANI nanocomposite show better
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SE; as compared with BCTO and Co,Y. This is simple because heterogeneous system
presents a situation in which virtual charges accumulate at the interface two materials have
different dielectric property and conductivity, this in turn result in the appearance of
interfacial (Maxwell-Wagner) polarization [261]. This is further validated by the observed
high values of conductivity (Fig. 5.106). This accumulation of charges results in charge
carrier mobility and increase the conductivity of the material, therefore SE, values for
Co,Y/BCTO/PANI nanocomposite turn out to be higher than those observed in BCTO and
Co,Y. A comparative table of SE; values of our synthesized nanocomposites with other
composites reported in literature is shown in Table 5.25. It can be observed that
Co,Y/BCTO/PANI nanocomposite offer better EMI shielding performance in comparison.
This research has demonstrated the efficiency of incorporating dielectric and magnetic

material in a conduction polymer in EMI shielding.
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Table 5.25 Comparison of SE values for BCTO, Co,Y, and Co,Y/BCTO/PANI
nanocomposite with other composites

Composites Pellet Maximum total Frequency References
thickness (t) shielding (GHz)
(mm) effectiveness (SEy)
(dB)

PLLA/MWCNT 2.5 23.00 8.2-12.4 [262]
nanocomposites foams
Mo0S2-rGO/Fe304 - 8.27 8.2-12.4 [263]
nanocomposites
Porous superhydrophobic 2 28.50 8.2-12.4 [264]
polymer and carbon
composites
PI/RGO/MWCNTSs 0.5 18.20 8.2-12.4 [265]
nanocomposite
Strontium hexaferrites 2 27.40 18 [126]
Polypropylene and carbon 3.2 24.90 8.2-12.4 [266]
fibre composite foams
BCTO 2 23.10 10.47 This work
CoY 2 27.39 9.62 This work
Co,Y/BCTO/PANI 2 31.97 10.30 This work

nanocomposite
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Chapter 6
Summary and conclusion

In summary, it is important to remember that the purpose of this thesis was that of the
synthesis of a nano material capable of absorbing electromagnetic waves in the X band. For
this, we proceeded to the synthesis and characterization of hexaferrite materials, dielectric
and conductive polymer. Characterization techniques such as XRD, FTIR, FESEM, EDX,
Raman, impedance analyzer, VSM and VNA have been used. Because of their advantages
compared to others methods, sol-gel auto combustion method was used for the synthesis of
Hexaferrite and BCTO nanoparticles while oxidative polymerization was used with success
for the synthesis of conductive polymers.

Sol-gel auto combustion technique has been used with success to prepare M-type hexaferrite
BaixAlFe1oyMnO19 (x = 0.6 and y = 0.3). XRD analysis revealed the formation of pure M-
type hexaferrite phase with the presence of hematite as secondary phase at 1050°C. Crystallite
size showed an increase with increasing of heating temperature. Also, an increase of particle
size from 47 nm to 167 nm for 950°C and 1050°C was observed in FESEM micrographs.
Saturation magnetization was found to increase from 6.78 to 33.97emu/g with the increase in
the heating temperature. However the highest value of coercivity (7779.94 Oe) was obtained
at 850 C. Dielectric study showed that & and tan & parameters decrease with the increase in
temperature. €’ increased for the high values of frequencies. The AC conductivity cac Was
also increased at high frequency. UV-Vis-NIR spectroscopy showed that the absorption

region for prepared samples is 200-600 nm.

Al-Cr barium hexagonal ferrites were successfully prepared by sol-gel auto combustion
method. The observed XRD patterns indicate the formation of single phase M-type barium
hexaferrites for all compositions whereas FTIR spectra give the idea of the formation of
hexagonal ferrite structure. Dielectric parameters such as dielectric constant, dielectric
tangent loss and AC conductivity show response of typical ferrites material. Saturation and
remnant magnetization decrease (for x=0.2) as result of replacement of Fe** ion by A" ion.
Cr¥ ion prefer to occupy 12k, 2a and 4f, sites, Similarly, saturation and remnant
magnetization increase (for x=0.4) due to the fact that more Cr®* ions (3uz) replaces Fe**
ions at 4f, site. The calculated values of the squareness ratio suggest that the sample x=0.0 is
multi-domain whereas the samples having x=0.2 and x=0.4 are single domain. The

improvement of dielectric constant at high frequency and low dielectric makes the material
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useful in electronics devices. Moreover, the magnetic parameters also show that the prepared
material may be useful for high-density perpendicular magnetic recording media.

SrFe12.2xCriBixO19 (x=0.0-0.2) nanoparticles have been prepared using of sol gel auto
combustion method successfully. X-ray analysis revealed the single crystal phase of samples
with P6s/mmc as space group and no impurity which was confirmed by Rietveld refinement.
FTIR spectra showed vibration bands of hexaferrite at around 441, 552 and 598 cm™.

3*_Bi*" concentration as a

Magnetic parameters (Ms and Mr) were found to increase with Cr
result of occupation of octahedral and tetrahedral sites by Cr®* and Bi** ions. High value of
coercivity (Hc) revealed that the prepared samples are useful for recording media
applications. Dielectric parameters (¢’ and tan 8) showed a decrease with increasing of

applied field frequency whereas the conductivity increases at higher frequencies.

Nano sized particles Ba,.oxCrNixCozFe;202,; (x=0.0, 0.1, 0.15) have been prepared with
success employing sol-gel autocombustion technique. The characterizations of prepared
samples revealed a lot of information: The XRD analysis revealed the diffraction planes of
Co,Y barium hexaferrite without the presence of any impurity. Those peaks were confirmed
by refining XRD patterns. The morphology of the prepared samples show a flat hexagonal
shape with particle size of 0.167 um and 0.165 pum for x=0.0 and x=0.15 respectively. All
substituted and host elements of prepared samples were observed in EDX spectra and
mapping which confirmed XRD results. Low values of band gap (between 0.74 and 2.16 eV)
were obtained from UV-Vis-NIR spectroscopy. Highest values of M (49.23 emu/g) was
obtained for x=0.1. An increase in H. with Cr**-Ni** concentration was observed and all
prepared samples presented soft magnetic character. The highest value of dielectric constant
(12.4) at 100 Hz and the highest value of Ac electrical conductivity (1.54 (Q.cm)™) at 120
MHz have been obtained in the sample with x=0.0. Nyquist plots of complex impedance

show that the observed large dielectric constant originates from grain boundary contribution.

Ni?*-Co?* substituted Bi,sCusTisO12 electroceramic have been successfully prepared using
sol-gel autocombustion technique. The prepared electroceramics were subjected to various
characterizations and subsequent data analysis using different software, the following
observations have been made: The XRD spectra of the prepared electroceramic show explicit
peaks of BCTO electroceramic with cubic perovskite structure, single crystalline phase and
space group Im-3. CuO and TiO; secondary phases have not been observed in the spectra.

However, CuO phase was observed in the Raman spectra at 246 cm™. This contradiction is
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observed as a result of higher sensitivity of Raman spectroscopy as compared to XRD. The
morphology of the prepared samples shows cubic particles with an average particle size of
0.22um and 0.11pm for undoped (x=0.0) and doped (x=0.2) samples respectively. The
observation of all the substituted and host elements in the EDX spectra indicates that the
stoichiometry of the BCTO electroceramic is maintained. Analysis of band gap show that the
sample with x=0.1 exhibit the highest value of band gap (3.69 eV). Urbach energy was
calculated and we conclude that structural defects as a result of substitution of the host cation
(Cu?") by larger ionic radii cations (Co®* and Ni**); this explanation is supported by XRD
analysis. The highest value of dielectric constant (3800) has been obtained in the sample with
x=0.0 at 100 Hz. Cole-Cole plots of complex impedance and electric modulus show that the
observed large dielectric constant originates from grain boundary contribution.

Nanocomposites of BaFei;Bio1Alo1019-PANI have been prepared successfully by
mechanical grinding of BaFei1 gBio1Aly 1019 particles and PANI. Sol gel technique has been
used to prepare BaFeiigBio1Alo1019 Whereas oxidative polymerization was used to make
PANI. XRD analysis and Rietveld refinement revealed hexagonal structure of
BaFe;; sBig1Aly 1019 With space group P63/mmc without any second phase in the sample. The
presence of PANI was localized at around 25°. FTIR analysis revealed all different functional
groups in the prepared samples. Band gap was estimated by UV-vis analysis and values were
found to be between 2.21-2.36 eV.

Bag 7Dyo.3Fe11.4Cro301o/PANI  composites have been successfully synthesized using
mechanical grinding after making Bag 7Dyo3Fe11.4Cro3019 and PANI by sol-gel method and
oxidative polymerization method respectively. The formation of hexagonal ferrites was
confirmed from XRD patterns and some traces of second phase (a-Fe,O3) were also
observed. (FTIR) spectroscopy gave information about functional groups occurred from
hexaferrite and PANI by the appearance of absorption peaks between 400-600 cm™ and 800-

1600 cm™. The band gap decreases with the increase in PANI amount.

Sol-gel auto-combustion technique was used with success to synthesize nano sized particles
of BaFe118Bio2019 (BBPY1) and [BixLax]23CusTisO12 (x=0.2) (BBPY2). Polypyrrole was
successfully prepared using oxidative polymerization method. The BBPY3 nanocomposite
was obtained by mixing all three prepared samples employing mechanical grinding method.
From characterization techniques, much information were obtained for BBPY1, BBPY2 and
BBPY3.

201



Single crystal structure of BBPY1 and BBPY2 was observed from XRD analysis indicating
that the prepared samples are pure. All diffraction peaks were also observed on XRD pattern
of BBPY3 indicating that the presence of each single sample. The presence of polypyrrole in
BBPY3 nanocomposite was observed at around 25°. Lattice constant of BBPY1 were found
to be a=5.8976A. FESEM analysis displayed BBPY1, BBPY2 and PPY particles. The
average particle size of BBPY1 and BBPY2 were found to be 0.19 and 0.163um respectively.
The MS value of BBPY1 was found to be 32.134 emu / g. this value decreased after the
addition of BBPY2 and PPY and reached 18.181 emu / g for the composite. However, Hc
was found to increase from 1374.53 to 3320.87 Oe.

We have successfully Co,Y barium hexaferrites nanoparticles and BCTO microparticles
using sol-gel autocombustion method. The prepared samples were mixed in a PANI matrix
using mechanical blending method. The structural analysis shows the successful
incorporation of Co,Y barium hexaferrites nanoparticles and BCTO microparticles in the
PANI matrix. Also, the purity of all the prepared samples has been assumed based on the
structural analysis. The magnetic properties of the Co,Y/BCTO/PANI nanocomposite show
drastic reduction in magnetic parameters as result of lack of magnetism in BCTO and d
PANI. The maximum value of SE; for BCTO, Co,Y, and Co,Y/BCTO/PANI nanocomposite
was found to be 23.10, 27.39, and 31.97 dB at 10.47, 9.62, and 10.30 GHz respectively. The
fact that these values are above 20 dB indicates that the prepared samples can be used for
technological application. Additionally, our samples outperform other composites materials

as presented in Table 5.25.

Future scope

During the work of this thesis, characterization techniques such as XRD, FTIR, UV, VSM,
FESEM, Impedance Analyzer, Raman and VNA were performed. But given the lack of some
equipment, all the properties of the materials have not been explored. It would be interesting
to complement the characterization techniques used in this work by others such as electronic
paramagnetic resonance (EPR), Nuclear magnetic resonance (NMR) and Mdssbauer analysis

which could give more information on the properties of the material.
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In this work all analysis were done at room temperature due to limited access to research
equipment. Then, a variation of this temperature would lead to understand the behavior of the

material in various media.

With regard to the shielding properties studied, it would be interesting to know the effect of
the variation of thickness on these properties in order to know for which thickness the

material has a maximum of absorption.
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