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ABSTRACT

Conducting polymer nanocomposites have been in the focus of research mainly because of a
number of attractive technological applications in the microwave region such as radar and radar
absorbing materials, Wi-Fi systems and other communication systems, and microwave devices.
They also have great potential for other applications such as rechargeable batteries. The extensive
use of electrical equipment, producing microwave, has created a new problem named
electromagnetic interference (EMI), which is not good for device health. So, an effective material
is required to reduce the electromagnetic noise by using absorbing materials.

In the present research work, four different nanocomposites have been synthesized. The
properties of barium hexaferrite which is an important component of the nanocomposites, have
been optimized using annealing and substitution of rare earth elements like lanthanum,
neodymium, and gadolinium and transition metal element cobalt. Followings compositions of
barium hexaferrites have been prepared using sol gel auto combustion method:

e M-type barium hexaferrite Bag7Lao3Fe11.7C00.3019, heat treated at 700 °C, 900 °C, 1100
°C and 1200 °C.
e M-type barium hexaferrite, BaixLaxCoxFei2xO19 (x = 0.0, 0.11, 0.21, 0.3, 0.41, 0.51,

0.61), heat treated at 900 °C.

e M-type barium hexaferrite with neodymium substitution, Ba;xNdxCoxFe12.xO19 (x = 0.0 -

0.5), heat treated at 900 °C.

e M-type barium hexaferrite with Gd-Co substitution, Ba;.xGdxCoxFe12xO19 (0.0 <x < 0.6),
heat treated at 900 °C.

The various techniques like X-ray diffraction (XRD), Vector Network Analyser (VNA),
Fourier Transform Infrared Spectroscopy (FT-IR), FT-Raman, UV-Vis-NIR spectrometer, [-V
(Current-voltage) testing techniques, LCR meter, Vibrating Sample Magnetometer (VSM),
Mossbauer spectroscopy, Thermo-gravimetric Analysis (TGA), SEM (Scanning electron
microscopy), FE-SEM (Field Emission Scanning Electron Microscopy), TEM (Transmission
Electron Microscope), AFM (Atomic Force Microscope), and PE loop tracer have been employed
to investigate the structural, magnetic, dielectric, electrical, optical, multiferroic and surface

morphological properties of these hexaferrites.



On the basis of the properties of different hexaferrites, the following nanocomposites have
been synthesized and investigated:

e Nanocomposite of La-Co substituted barium hexaferrite, Bai.xLa.CosFei2.:O19 (x = 0.0,

0.1, 0.5, 0.6) and polyaniline

e Nanocomposite of Gd-Co substituted barium hexaferrite, BaixGdxCoxFe12xO19 (x=0.2,
0.5),barium titanate and polypyrrole
e Nanocomposite of Nd-Co substituted barium hexaferrite, Ba;.yNdyCoyFe12.yO19 (y=0.1,
0.25, 0.4) , barium titanate and polypyrrole
e Nanocomposites of BaFe2019, BaTiO3 and polypyrrole
Radiation loss study has been performed via Vector Network Analyzer (VNA). It is found that
maximum loss occur at 17.9 GHz frequency (-23.10 dB, 99 % loss) in nanocomposite of La-Co
substituted barium hexaferrite and polyaniline which is due to composition of conducting polymer
and suitable magnetic material. A significant role of polyaniline has been observed in Electron
Spin Resonance (ESR). Micro structural study reveals that prepared composite is in nano range.
FT-IR spectra illustrate the presence of bonds relative to the expected phase like C-H bond in ring
system at 1512 cm™.

The maximum radiation loss occur at 24.40 GHz (-14.66 dB) in nanocomposite of
substituted barium hexaferrite, barium titanate and polypyrrole frequency owing to the
composition of conducting polymer and suitable dielectric and magnetic material. Micro structural
study reveals that prepared composite comprises of all the phases of present compound. Benzene
ring absorption band (at 1183 cm™) in FT-IR spectra illustrate the presence of polymer in

nanocomposite of substituted barium hexaferrite, barium titanate and polypyrrole.

Vi
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CHAPTER-1

INTRODUCTION

1.1. INTRODUCTION

A huge development in the field of science and technology has affected the life of people in a
positive and negative way. The extensive use of electronic circuits for communication,
computation, automation, and other purposes makes it necessary for diverse circuits to operate
in close proximity to each other. These circuits also affect each other adversely. Circuit
designers are facing major challenges due to electromagnetic interference (EMI), and it is likely
to become even more severe in the future. The use of integrated circuits and large scale
integration has reduced the size of electronic equipment. As circuitry has become smaller and
more sophisticated, more circuits are being crowded into less space, which increases the
probability of interference. In addition, clock frequencies have increased dramatically over the
years—in many cases to over a gigahertz. It is not uncommon today for personal computers
used in the home to have clock speeds in excess of 1 GHz which may be affected due to
electromagnetic interference. Radiation absorbers can also be used in aircraft to make it

invisible from the enemy RADAR,

To provide a solution of radiation problems, the absorption of the electromagnetic field is
required. The major advances in the field of nanotechnology are the development of composites
in which the properties of two or more compounds have been utilized for radiation absorbance.
The bad effects of electromagnetic (EM) radiation in the frequency range of 1-40 GHz has been
a major concern for the society. Researchers, over a period of time, have been keenly interested
in the sphere of polymer composites and many attempts have been made to synthesize such
kind of composites which show improved EM absorption properties, saturation magnetization,
anisotropy constants, conductivity and dielectric losses etc., for better use in applications.
Efforts are being continuously made to produce materials and products that are superior, easy
to use, and cost effective in nature and environment friendly. Hence, the EM wave absorbers
with wide absorption bandwidth is the need of today. So, in this research, a plan has been
employed to develop and investigate radiation absorbance of such kind of nanocomposites. The
main components in the nanocomposites are substituted M-type barium hexaferrite, barium

titanate, pyrrole and polyaniline.



1.2 FERRITE AND TYPES OF HEXAFERRITE

A ferrite is a member of a whole family of magnetic ceramic materials, including spinels,
garnets, magnetoplumbites (hexaferrite), ortho-ferrites, or variation of these, such as y -Fe20s.
It is also a member of the class of magnetic metallic oxides. Ferrites are solid solutions of metals
containing ferric Fe*" as the main element; furthermore, the name "Ferrite" deduces that iron
oxide Fe2O3 is generally the common oxide to all ferrites. Ferrites are dark grey or black in
appearance and fairly hard and brittle. Hexaferrites are the ceramic materials with iron (III)
oxide (Fe203) as their principal component. Hexaferrite has 6 moles of hematite (Fe>O3) and
has chemical formula AO.6Fe;0O3 (where A = Ba or Sr). Hexaferrites have been categorized

into following types (Table 1.1):

Table 1.1. Chemical composition of different hexagonal ferrites

Hexaferrites Type Composition Stacking order
S-spinel 2MeO;Fe;0; ---

M BaOgFe, 03 RSR*S*

W BaO,MeOsFe,03 RSSR*S*S*

Y 2Ba0,MeO¢Fe;0; TSTSTS

z 3Ba0,MeO01,Fe;03 RSTSR*S*T*S*
U 4Ba0,Me0;sFe;0; RSR*S*T*S*
X 2Ba0,Me014Fe;03 RSR*S*S*

where Me = Fe, S = FecOs (spinel), R = BaFesO11 (hexagonal) and T = BaxFegO14 (hexagonal).
The asterix(*) indicates that the corresponding sub unit is rotated 180° around the hexagonal
axis.
1.3 STRUCTURE OF M-TYPE BARIUM HEXAFERRITE
Barium hexaferrite (BaFe12019) has a mixed hexagonal and cubic close-packed structure (Fig.
1.1), with a barium atom substituting for an oxygen atom position, and iron atoms occupying
interstices. It is one of the so-called hexagonal ferrites which have been extensively studied in
recent years because of their high coercive force as compared with the well-known cubic
ferrites.

The structure of barium ferrite can be derived from that of magnetite. It might be
visualized as composed of four double layers of oxygen, plus two single layers, in which 1/4 of

the oxygen are replaced by barium atoms. The latter two layers are interleaved between the first



and the second, and the third and fourth double layers, delineating the magnetite block (the
second and the third). In hexagonal structure, two molecules of BaM having SRS*R* stacks.
S* and R* are rotated sequences of S and R stacks. R and R* have hexagonal structure consists
of having three oxygen ions in each of three layer, but in the center layer, one of the oxygen ion
has been removed by the barium ion and the unit formula becomes BaFesO11. The trigonal
bipyramidal coordination of Fe**, present in R block, is a unique feature of the M phase which
is not found in other hexagonal ferrites. S and S* have spinal structure with 2 oxygen layers
having formula (FesOs). So, each layer contains three metal ions and four oxygen ions
possessing two metal cation sites surrounded with six oxygen atoms (octahedral) and four

oxygen anions (tetrahedral) in a block.

® 0

@ Ba*

& Fe3+ (2a)
& Fei+ (12k)
0 FE3+ {4f3j
§ Fe** @f)
& Fe3+ (2b)

Fig.1.1. Spin arrangement in barium hexaferrite structure [1]



In total, there are 38 O*, 2 Ba®' ions, 24 Fe’" ions in a unit cell of hexagonal ferrite.

Fe" ions are situated in trigonal bi-pyramidal site (2b), tetrahedral site (4f1) and octahedral sites
(12 k, 2a and 4£>). Due to presence of 24 Fe** ions, it shows good magnetic properties. There
are 5 crystalline positions of Fe** ions in which three sites (2a, 2b and 12k) have spin up
whereas two sites (411 and 4f, ) have spin antiparallel to crystallographic c axis [2, 3].
The iron atoms are in the octahedral and tetrahedral holes as in magnetites, except for one set
of iron atoms which are coordinated to five oxygen. Thus the unit cell contains eighteen
octahedral, two trigonal bipyramidal, and four tetrahedral iron atoms. Packing of the oxygen
atoms in the middle two double layers is cubic, and in the plates above and below the magnetite
block, starting from the barium-containing layers, it is hexagonal close packing.

M-type barium hexaferrites (BaM) having magneto-plumbite structure with space group
P63/mmc exhibits high coercivity (6700 Oe) [4], high saturation magnetization (72 emu/g) [5],
and high Curie temperature (Tc= 502°C) [6]. This material has been widely investigated due to
wide range of applications in electromagnetic wave absorber, microwave devices (mobile
technology), perpendicular magnetic recording devices, magnetic hose (to transport magnetic
field due to magnetic nature), super capacitors, self-biased and millimetre devices, sound

devices and fridge magnets [7-12].

Substitution is a versatile tool for enhancement in the properties of a material. So an
extensive study, carried out by several authors, can be found out in literature on basis of
substitution of single element like Eu [13], Bi [14], Al [15], Ga [16], Pr, La [17], Er [18], La
[19, 20], Ca[21] or different cationic combinations like Nd-Ni[22], Mg-Mn-Co-Ti [23], Co-Ti,
La-Na [24], La-Co [25], Bi-Co-Ti [26], RE-Na [27], Ni-Zr [28]. Due to small ionic radii, rare
earth metal and transition metal may replace the barium ions and ferric ions, respectively to
enhance the magnetic properties and enhance the radiation absorbance. So many methods are
available in literature to synthesize the hexaferrite like sol gel method [29], micro wave
induction method [30], micro emulsion method [31], molten salt, citrate precursor method [32],

sputtering and pulsed laser deposition [28].
1.4 STRUCTURE AND PROPERTIES OF BARIUM TITANATE

Barium titanate having formula BaTiOs, white in colour, is the inorganic ceramic
compound with excellent dielectric properties (100<dielectric constant<1200). Piezoelectric
properties has been exhibited by barium titanate. This ferroelectric material also shows

photorefractive effects. The structural properties of barium titanate are influenced by the heat
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treatment. While going from high to low temperature, its phase changes from hexagonal to
rhombohedrally crystal structure after attaining cubic, orthorhombic and tetragonal phase.
Cubic phase is consisting of Ti-O-Ti edges with titanium ion at vertices with presence of barium
ion at centre. Movements of barium ion to off-centre positions produces some interesting

phenomena by enhancing crystal structure distortion. It has the perovskite structure (Fig. 1.2):

@ Titanium atom

C © " Barium atom
C Oxygen atom

Fig: 1.2. Structure of Barium titanate (BaTiO3)

[http://www.doitpoms.ac.uk/tlplib/ferroelectrics/barium _titanate.php]

1.5 POLYPYRROLE AND POLYANILINE

Since 1976, a number of conducting polymers, namely polypyrrole, polythiophene and
polyaniline have become the focus of much study. MacDiarmid, Shirakawa and Heeger were
awarded the 2000 Nobel Prize in Chemistry for the discovery and development of conducting
polymers. This was particularly exciting because it created a new field of research on the
boundary between chemistry and condensed matter physics. Since, these commonly known
polymers are saturated and insulators so these were viewed as uninteresting from the point of
view of electronic materials. Conducting polymers are polymers containing an extended p-
conjugated system, made up of overlap of singly occupied p-orbitals in the backbone of the
polymer chain. In conjugated polymers, bonds between the carbon atoms are alternating single
and double (Fig 1.3 and 1.4). Every bond contains a localized sigma bond, which is responsible
for holding the polymer together, in addition to less strongly localized p-bond which is weaker.
These p-bonded unsaturated polymers have small ionization potentials and high electron
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affinities which provides the ease of oxidation-reduction reactions. The electronic
configuration of conjugated polymer is thus fundamentally different, where the chemical
bonding leads to one unpaired electron (the p-electron) per carbon atom. Overlapping of p-
orbitals of successive carbon atoms along the backbone leads to electron delocalization along
the backbone of the polymer. This electronic delocalization provides the highway for charge
mobility along the backbone of the polymer chain. Therefore, the electronic structure in
conducting polymers is determined by the chain symmetry, i.e. the number and kind of atoms
within the repeated unit. Such polymers can exhibit semiconducting or even metallic properties.

Intrinsically conducting polymers (ICPs) are inherently conducting in nature due to the
presence of a conjugated p electron system in their structure. ICPs have a low energy optical
transition, low ionization potential and a high electron affinity. The first discovered ICP was
polyacetylene. Following the study on polyacetylene, other polymers such as polypyrrole
(PPy), polythiophene, polyaniline, poly (p-phenylenevinylene), and poly (p-phenylene), as well
as their derivatives, have been synthesized and reported as a new group of polymers known as
ICPs. The conductivity of doped polyacetylene is comparable with that of metallic copper but
its stability and processability are very poor compared to normal polymer. The conductivity of
polyphenylene is quite high but its environmental stability is poor. Conversely, the
conductivities of polypyrrole, polythiophene or polyaniline are comparatively less but these
polymers have better stability and processability compared to those of polyacetylene and
polyphenylene. Among all the conducting polymers, polyaniline (PANI) and polypyrrole (PPY)
are best known for their ease of synthesis, environmental stability, ease of doping by protonic
acids and highly tunable conducting polymer, which can be produced as bulk powder, cast
films, or fibers. This, in conjunction with the feasibility of low-cost, large-scale production,
makes it an ideal candidate for various applications. The overall conductivity of PANI/PPY
depends on bridging among conductive regions. The electrically conducting polymers are
capable of electrical charge transfer to the same extent as an electrical conductor or a
semiconductor. Unlike other conjugated polymers, polyaniline and polypyrrole (PANI/PPY)
have a good properties like free volume, solubility, electrical conductivity and optical activity.
Undoped polyaniline has a conductivity of 6.28x107° S/m. These polymers are as noble as
copper which is the basis for their broad use in printed circuit board manufacturing (as a final
finish) and in corrosion protection. [33, 34, 35, 36]. Due to their fascinating electrical and
optical properties, conducting polymers have played indispensable roles in specialized

industrial applications in spite of their short history. However, the major aspects useful for most



applications are not the metal or semiconductor like electrical properties alone, but the
combination of electrical conductivity and polymeric properties such as flexibility, low density
and ease of structural modification that suffice for many commercial applications. PANI/PPY
and the other conducting polymers such as polythiophene, are potential for applications due to
their light weight, conductivity, mechanical flexibility and low cost [37]. Moreover these
polymers have relaxation time corresponds to the Giga hertz frequency range. PANI/PPY are
suitable for manufacture of electrically conducting yarns, antistatic coatings, electromagnetic
shielding, and flexible electrodes. Attractive fields for current and potential utilization of
PANI/PPY are in antistatic, charge dissipation or electrostatic dispersive (ESD) coatings and
blends, electromagnetic interference shielding (EMI), anticorrosive coatings, hole injection
layers, transparent conductors, indium tin oxide replacements, actuators, chemical vapor and
solution based sensors, electrochromic coatings (for color change windows, mirrors etc.), toxic
metal recovery, catalysis, fuel cells and active electronic components such as for non-volatile
memory. Currently, the major applications are printed circuit board manufacturing (final
finishes, used in millions of m? every year), antistatic and ESD coatings, and corrosion

protection [38].

KO+

Fig 1.3: Structure of Polyaniline

- —

Fig 1.4: Structure of Polypyrrole

1.6 THEORY OF RADIATION ABSORBANCE

To block magnetic field in radiation absorbance material, a material having good magnetic

properties is required. Rare earth substituted barium nano hexaferrite is better candidate for this
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purpose. Further, at nano scale, properties of bulk hexaferrite are also enhanced. Properties of

nano size ferromagnetic particles vary with size.

For radiation absorber, a conducting polymer is required for impedance matching and
according to equation (1) for small skin depth (8), a highly conducting material is needed,
otherwise a thick sample is needed for higher absorbance. Absorption properties depends on
permeability of magnetic material, permittivity of dielectric material and conductivity of
conducting material. So, to block electric and magnetic field for better absorbance, a composite
comprises of magnetic, dielectric and conducting material is needed. Here, contribution to

absorption values would come due to magnetic losses ( ") in barium hexaferrite and dielectric

losses (&") in barium titanate and polymer. It can be seen from equation (2) that conductivity

depends on imaginary part of complex permittivity (&”) [39, 40].

0= V%’ﬂO'AC
6= Voo (1)

O 4c = WEYE" (2)
SE(dB)=SE,(dB)+SE,(dB) 3)

Where Oac is the conductivity of the conducting polymer, d is the skin depth and SE (dB) is the

shielding effectiveness.

The shielding effectiveness i.e. the capability of a material to screen out electromagnetic
radiation, is the resultant of absorption (SE.) and reflection (SEx) (equation 3). But in case of
conducting polymer, shielding efficiency is mainly due to absorption (SEa). SEa depends on
conductivity and permeability and is given by:

SE ,(dB) = 20%10ge or  20d( %)mge 4)
Where d is the sample thickness. So, the research on magnetic materials and dielectric
material mixed with polypyrrole and polyaniline (conducting polymer) can be helpful to

achieve effective absorbance bandwidth, high efficiency, small thickness, safe, durable, better

performing, and low material manufacturing costs devices. The nano-hexaferrite material



(substituted barium hexaferrite) and barium titanate can be used with polypyrrole and
polyaniline for radiation absorbance. The nano-sized hexaferrite has large magneto-crystalline
anisotropy and coercivity which absorbs radiations at different frequencies (in 1-40 GHz) due
to various interactive loss mechanisms, mainly related to magnetization and dielectric
properties. A large magnetization is required for absorption. So, the doping of rare earth
elements which have spin aligned as other iron atoms may increase the magnetization and

coercivity.

Lanthanum, neodymium and gadolinium along with transition metals like cobalt have
been used as substituents in the barium hexaferrite in the present work. These elements have
configuration related to iron and barium so these can replace them to enhance properties [20].
The properties of hard magnetic material (doped barium hexaferrite) embedded polymer
(polypyrrole/polyaniline) depend on the process and the technique of synthesization and
amount of nano-hexaferrite. This can be achieved by changing the concentration of dopants,

pH of the mixture solution, sintering temperature, dielectric material and conducting polymers.
1.7 APPLICATIONS OF NANOCOMPOSITES

The possibility of preparing nanocomposites embedded with nanoparticles has opened a new
and exciting research field, with revolutionary applications not only in the electronic technology
but also in the field of biotechnology. Main applications where polymer embedded composite

used are:

(1) RAM (Radiation absorbing material) and microwave/EM wave absorption: The constantly
increasing use of devices operating at MW (microwave) frequencies in our immediate
environment such as radar, wireless and mobile communications has resulted in a great increase
in EM interference. This has led to a growing requirement for EM absorbing materials to reduce
interference, shield equipment, shield rooms and chambers for EM compatibility (EMC)

testing, and to minimize the harmful effects of EM waves on biological tissues.

(i1) Magnetoelectric (ME) and multiferroic (MF) applications: Composite materials made of
phases with excellent electrical (ferroelectric) and magnetic (ferro-/ferrimagnetic) properties

can exhibit much stronger ME interactions, and show great promise.

(i11) Electrical and microwave devices: In world, there is constantly an increasing demand for
signal processing devices in mobile communications, radar detection and instrumentation,

satellites and global positioning system (GPS), wireless communications, security and defence,
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aerospace, automotive and anti-collision applications. Furthermore, the operating frequencies
are always moving progressively higher, from MW to millimetre wave, requiring the use of

ferrites composites.

1.8 OBJECTIVES OF THE PRESENT WORK

The objective of present work is to synthesize nanocomposites for radiation absorbance. At first
substituted (La, Nd, Gd, Co) barium hexaferrite has been synthesized and investigated for their
structural, magnetic, dielectric, electric properties. Then, in second step BaTiOs; has been
synthesized and analysis performed for phase and present impurities. The last step will be to
synthesize nanocomposites containing substituted hexaferrite, barium titanate and conducting
polymer (polypyrole and polyaniline) and investigate their radiation absorbance properties in

1-40 GHz.

Although, a lot of research work were performed by researchers on electromagnetic
properties of composites [39, 40, 41, 42] but because of small absorption bandwidth [39, 40,
43, 44], low reflection loss (1-5 dB) and ineffective high temperature performance, research
has been set on emerging trends in this field. To achieve the desired properties, research will
be focused on addition on new substituents in hexaferrite materials and then incorporated in

polymer for electromagnetic absorber.

The efforts will be made to develop composite of hexaferrite having high anisotropy (>
50 emu/g) and coercivity (> 5 kOe) and barium titanate embedded in polypyrrole/ polyaniline
(conducting polymer) in nano-range for effective electromagnetic radiation absorbance. Effort
will also be made to develop such a composite which has high dielectric loss (> 10 dB) and
wide absorption bandwidth required for excellent radiation absorbance. So, a composite with
desired properties is the need of today. By selecting suitable magnetic material and polymer,

the problem of inefficiency of absorbance can be tackled.
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CHAPTER-3

METHOD OF SYNTHESIS

An important point about the properties of nanohexaferrites is that their properties depend on
the grain size and phase purity which are extensively affected by the synthesis techniques.
Various routes can be found in literature to synthesize hexaferrite and barium titanate which
include salt-melt technique, the ceramic sintering process mainly carried above 1200 °C, sol-
gel technique, mechanical grinding, microemulsion technique, hydrothermal reaction, glass
crystallization technique, microwave-plasma technique and many more. Among so many
methods, an ideal synthesis route must outcome a homogeneous, fine granular material.
Classical ceramic as well as ball milling method are used for technical and commercial
applications, produces inhomogeneous particles at microscopic level. Whereas glass
crystallization left impurities and even, this process is time consuming. Very high temperature
routes results in aggregation of particles and loss of volatile components. Substituted barium
hexaferrite (BaM) has been synthesized via sol gel route in the present work.

Among the various methods, a modified Pechini sol gel method [45] meets the requirement
for the preparation of nano grained hexaferrites. Advantages of this method include: less time
consuming, highly efficient with high productive rate and low processing cost. In addition to
the mentioned advantages, sol gel technique additionally gain the advantages for ultrafine
resultant particles and can provide a multi component oxide having fine grain with homogenous

composition as the amount of reactants can be facilely controlled.

So, for the synthesis of barium hexaferrite, sol-gel combustion technique is utilized. This
is an innovative way with a peculiar mixing of the initial chemical in solution form and then
gelation of solution and the subsequent combustion process of an aqueous solution containing
preferred metal nitrate salts with organic fuel, resulting in less dense product with immensely
colossal surface area. In the present study, a metal nitrates and citric acid solution have been
used to prepare barium hexaferrite as a magnetic material. The effect of amount of dopants and
temperature on the hexaferrite have been studied at initial stage. Comparison study has also
been conducted between strontium and barium hexaferrite. After analysing the results, the
composites having suitable pH value, amount of dopants at effective temperature have been

prepared.
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3.1. STEPS OF SYNTHESIZATIONS

Nanosized Bai.xRExFe12xCoxO19 (x=0.0-0.61, RE = La, Gd, Nd) samples are synthesized using
modified Pechini sol gel method with different compositions to study the effect of rare earth
and Co elements on the structural, magnetic and thermal properties of the as-prepared samples.

Chemicals required for the synthesis of substituted barium hexaferrite are:

e Barium nitrate AR grade [Ba(NO3):] : 261.37 g/mol

e Lanthanum Nitrate AR grade [La(NO3)3-6H>O] : 433.02 g/mol
¢ Gadolinium Nitate AR grade [Gd(NO3)3-:6H20] : 451.36 g/mol
e Neodymium nitrate AR grade [Nd(NO3)3. 6H20] : 438.35 g/mol
e Ferric nitrate AR grade [Fe(NO3)3.9H,0] : 404 g/mol

e (obalt Nitrate AR grade [Co(NO3)2-6H20] : 291.03 g/mol

e Citric acid anhydrous [C¢HgO7] : 192.13 g/mol

e Aqueous ammonia AR grade [NH4OH] to control the pH of the initial solution at 6.8

3.2 SYNTHESIS OF SUBSTITUTED BARIUM HEXAFERRITE (BaixRExFe12xCo0xO1,
RE=La, Nd and Gd)

Following steps are involved in the synthesis of substituted barium hexaferrite:

Aqueous solutions of metal nitrates are prepared in stiochiometric amounts according to molar
ratio separately by dissolving the metal salts in distilled water.

Aqueous solution of citric acid added to the salt solution with cation to citric acid in a specific
molar ratio (metal: citric acid- 1:1.5).

Aqueous ammonia is added to the solution to adjust the pH of the solution at 6.8.

The solution is then heated at 80 °C with continuous stirring for about 7-8 h with a help of a
magnetic stirrer until a viscous gel is formed.

The viscous gel is dried over a hot plate at 300 °C to form the precursor material for 2-3 h.
The precursor get pre-sintered in a muffle furnace at 500 °C for 2 hours.

The same procedure has been repeated to obtain samples with different compositions i.e. for
different values of x and y (x =0.1 - 0.61).

The precursor material prepared for different x has been sintered at 900 °C in a muffle furnace

(as illustrated in Fig 3.1)
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Metal Nitrates (Ba**, Co*", RE*" and Fe’")
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<«—— Stirring at 65-80°C

v > Heated at 280-300°C

Precursor

<4— Heat treatment
Doped BaM

Fig 3.1: Flow Chart for the synthesis of Bai.xRExCoxFe12xO19 (x = 0-0.61) powders

3.3 SYNTHESIS OF BARIUM TITANATE

The starting materials used for the synthesis of barium titanate are: barium nitrate, TiO2 and
oxalic acid (oxalate process). An aqueous solution of barium nitrate (0.12 M) was taken using
distilled water. Required amount (Ba/Ti = 1:1) of TiO2 powder was poured to the aqueous
solution of barium nitrate with constant stirring. To avoid the agglomeration of titanium oxide
particle, the mixture is ultrasonicated for 10 minutes. Oxalic acid (0.4 M) was added to the
mixture drop wise with vigorous stirring. Ammonia solution is added to maintain the pH at 6.8.
Then, precipitates are formed and which has been washed repeatedly with distilled water,
followed by drying at 40 °C for 2 days. The precursor was calcined at 900 °C.

3.4 EMULSION POLYMERIZATION FOR SYNTHESIS OF COMPOSITES

Following steps are involved in the synthesis of composites:

e Doped barium hexaferrite and barium titanate in ratio 1:1 has been grinded for 3 hours.
e The resulting barium hexaferrite and barium titanate get homogenized with emulsion

solution formed with 0.3 M dodecyl benzene sulphonic acid (DBSA).

28



e Then, monomer is added in 0.1 M content to this solution and homogenized for 4-5
hours to form micelle of monomer with barium hexaferrite. For polypyrrole composite,
barium titanate and barium hexaferrite and pyrrole monomer were added and
ultrasonicate for 30 minutes before and after adding monomer.

e To polymerize the prepared solution via emulsion polymerization, oxidant is used.
Ammonium persulphate ((NH4)2S205-0.1M) has been used as an oxidant at 0-2°C (as
shown in Fig 3.2).

e Demulsification procedure has been carried out with isopropyl alcohol. Further, for

washing, ethyl alcohol is used and the resultant precipitates are dried in oven at 65 °C

for 48 h.
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Fig. 3.2: Polymerization of DBSA solution containing doped hexaferrite and barium titanate

[Anil Ohlan et al.]
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CHAPTER-4

CHARACTERIZATION TECHNIQUES

Following characterization methods have been used to investigate the properties of prepared

samples.
4.1 X-Ray Diffraction

X-ray diffraction methods are the most effective methods for determining the crystal structure
of materials. Diffraction methods can identify chemical compounds from their crystalline
structure, not from their compositions of chemical elements. It means that the different

compounds (or phases) that have the same composition can be identified.
4.2 Electron Microscopes (SEM/FE-SEM/TEM)

The scanning electron microscope (SEM) is the most widely used type of electron microscope.
It examines microscopic structure by scanning the surface of materials similar to scanning
confocal microscopes but with much higher resolution and much greater depth of field. A SEM
image is formed by a focused electron beam that scans over the surface area of a specimen; it
is not formed by instantaneous illumination of a whole field as for a TEM. Whereas in Field
emission Scanning electron microscope (FESEM), the electrons are ejected by the field
emission gun rather than thermally heated tubes (SEM). Perhaps the most important feature of
an SEM is the three-dimensional appearance of its images because of its large depth of field.
Transmission electron microscope is based on the beam of the electrons, transmitted through
the samples. For TEM analysis, the sample preparation is a tough part. A very thin sample

should be taken on the grid for analysis.
4.3 Thermo-Gravimetric Analysis (TGA)

Thermo-gravimetric analysis is the most widely used thermal method. It is based on the mass
loss of a material as a function of temperature. In thermo gravimetric analysis, a continuous
graph of mass change against temperature is obtained when a substance is heated at a uniform
rate or at a constant temperature. A plot of mass change versus temperature (T) is known as

thermogravimetric curve, better known as TG curve
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The TG curve is generally plotted with the mass (m) decreasing downwards on the y-
axis (ordinate) and the temperature (T) increasing towards the right on the x-axis (abscissa).
TG curves help in revealing the extent of purity of analytical samples and in determining the

mode of their transformations within specified range of temperature.
4.4 Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry (DSC):

(a) Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry (DSC) are the
most widely used thermal analysis techniques. Both techniques have the same objectives: to
examine thermal events in a sample by heating or cooling without mass exchange with its
surroundings. The thermal events examined by DTA and DSC include solid phase
transformation, glass transition, crystallization and melting. ‘Differential’ emphasizes that
analysis is based on differences between sample material and a reference material in which the

examined thermal events do not occur.

(b) Differential Scanning Calorimetry (DSC): A DSC instrument is designed to measure the
heat flow difference between sample and reference. There are two widely used DSC systems:
the heat flux DSC and the power-compensated DSC. The heat flux DSC is also called
‘quantitative DTA’ because it measures the temperature difference directly and then converts

it to heat flow difference.

4.5 Vibrating Sample Magnetometer: A vibrating sample magnetometer (VSM) operates on
Faraday's law of induction, which tells us that a changing magnetic field produces an electric
field. This electric field can be measured and can tell us information about the changing

magnetic field. A VSM is used to measure the magnetic behaviour of magnetic materials.

A VSM operates by first placing the sample to be studied in a constant magnetic field.
If the sample is magnetic, this constant magnetic field magnetize the sample by aligning the
magnetic domains, or the individual magnetic spins, with the field. The stronger the constant

field, the larger the magnetization.

4.6 Fourier Transform Infrared Spectroscopy (FTIR): One of the most basic tasks
in spectroscopy is to characterize the spectrum of a light source: how much light is emitted at
each different wavelength. The most straightforward way to measure a spectrum is to pass the
light through a monochromatic, an instrument that blocks all of the light except the light at a
certain wavelength (the un-blocked wavelength is set by a knob on the monochromatic). Then,

the intensity of this remaining (single-wavelength) light is measured. The measured intensity
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directly indicates how much light is emitted at that wavelength. By varying the

monochromator's wavelength setting, the full spectrum can be measured.

4.7 LCR meter: An LCR meter is a piece of electronic test equipment used to measure
the inductance (L), capacitance (C), and resistance (R) of a component. Usually the device
under test (DUT) is subjected to an ac voltage source. The meter measures the voltage across
and the current through the DUT. From the ratio of these, the meter can determine the

magnitude of the impedance. Effect of temperature can also been studied.

4.8 Vector Network Analyser: Network analysers are used at wide range of frequencies;
operating frequencies can range from 5 Hz to 1.05 THz. A network analyser is an instrument
that measures the network parameters of electrical networks. Today, network analyzers
commonly measure S—parameters because reflection and transmission of electrical networks

are easy to measure at high frequencies.

S-parameters extraction from VNA is a straightforward process. At first, connect the source to
port 1 by terminating port 2 that allows the instrument to measure wave ratios bi/a, bo/a; and
ax/a; with respect to frequency. The same procedure is applicable for the second port i.e the
VNA switches the source to the output by terminating the input port of the device under test
(DUT) (equations 4.1 and 4.2). With these parameters, it is possible to calculate the S-
parameters as a function of frequency. In VNA instrument the incident and reflected waves are
separated by the directional couplers. Vector network analyzers normally uses heterodyne
receivers to measure both the phase and magnitude of signals. The receiver removes the noises
and unwanted tones in the signals that can be originated by the instrument. VNA instrument
can measure the travelling waves at all ports of the network terminated with specific load
impedance, typically 50 Ohms. A typical but simplified VNA architecture is illustrated in
Figure 4.1 and can be decomposed into different elementary blocks. Every test port has signal
processor hardware to split out the incident and reflected travelling waves. S parameters can be

calculated from by and b>. Here b; and b is given by

b =8,a, +S,a, cermemenen (4.1 Q)

b,=8,a, +S,a, cimimennn (4.1 D)
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Figure 4.1: Shows a two-port device under test (DUT) along with the corresponding four S-

parameters and the four waves.
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4.9 UV-Vis-NIR- The incident electromagnetic radiations in UV-Vis-NIR spectrometer
interacts with the molecules of the material. The absorbed molecule after gaining energy
undergoes vibrational, rotational and translational motion. If energy is sufficiently high then
molecule can get ionized. The excited molecules likely to come back at rest motion by releasing
the energy and some energy get consumed in above said motions. This absorption and
desorption energy value encloses the properties of the material and can be used for analysis
purpose. The absorbed and emitted frequency and wavelength can be recorded at spectrum.

Spectral analysis yields qualitative information about the material under study.

4.10 Electron Spin Resonance (ESR)- Material that contains an unpaired electron kept in a
static magnetic field. The magnetic field interacts with the magnetic moment of electron and
causes splitting of spin energy levels (Zeeman splitting). The neighbourhood also effects this
interaction. The first derivative of the absorption has been plotted with magnetic field

4.11 Mossbauer Spectrometer: Nuclei in a solid crystal, however, are not free to recoil

because they are bound in place in the crystal lattice. When a nucleus in a solid emits or absorbs
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a gamma ray, some energy can still be lost as recoil energy, but in this case it always occurs in
discrete packets called phonons (quantized vibrations of the crystal lattice). Any whole number
of phonons can be emitted, including zero, which is known as a "recoil-free" event. In this case
conservation of momentum 1is satisfied by the momentum of the crystal as a whole, so
practically no energy is lost. Mdssbauer found that a significant fraction of emission and
absorption events will be recoil-free, which is quantified using the Lamb—Maossbauer factor.
This fact is what makes Mdssbauer spectroscopy possible, because it means gamma rays
emitted by one nucleus can be resonantly absorbed by a sample containing nuclei of the same

isotope, and this absorption can be measured with Mossbauer spectrometer.

4.12 PE loop tracer: Two metal plates are mounted on either side of the gap whose separation
is to be measured. The plates act as a capacitor whose capacitance is inversely proportional to
the gap between the plates according to the normal relationship. The probe plates are normally
fitted with guard rings to eliminate errors from edge effects. If a constant alternating current is
passed through the capacitance probe, then the amplitude of the voltage generated is

proportional to the gap distance.
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CHAPTER-7

EFFECT ON DIELECTRIC, MAGNETIC, OPTICAL AND
STRUCTURAL PROPERTIES OF Nd-Co SUBSTITUTED
BARIUM HEXAFERRITE NANOPARTICLES

Abstract

M-type barium hexaferrite [BaixNdxCoxFe12xO19 (x = 0.0 - 0.5) (BNCM)] powders, synthesized
using citrate precursor method, were heat treated at 900 °C for 5 h. The pattern of powders, when
subjected to X-ray diffraction (XRD), shows the formation of M-type hexaferrite phase. The
formation of BNCM, from thermogravimetric analysis (TGA)/ differential thermal analysis
(DTA)/ differential thermal gravimetry (DTG), is observed to be at 440 °C. The presence of two
prominent peaks near 430 cm™! and 580 cm™! in Fourier Transform Infrared Spectroscopy (FT-IR)
spectra indicate the formation of M-type hexaferrites. The M-H curves obtained from Vibrating
Sample Magnetometer (VSM) were used to calculate saturation magnetization (Ms), retentivity
(MR), squareness ratio (SR) and coercivity (Hc). UV-Vis NIR spectroscopy reveals that band gap
depends on size of the crystallites. The dielectric constant is found to be high at low frequency and
decreases with increase in frequency. This kind of behaviour is explained on the basis of Koop’s
phenomenological theory and Maxwell Wagner theory.

7.1. Introduction

M-type hexaferrites (BaFe2O19, abbreviated as BaM), a hard magnetic material, is best known
representative among the hexaferrite family and holds technological interest because of their
magnetic, chemical, corrosion resistive and dielectric properties. On account of these properties,
these materials can be used in super-capacitors, microwave devices (mobile technology), magnetic
hose, perpendicular magnetic recording devices, self-biased and millimetre devices,
electromagnetic wave absorber, sound devices and fridge magnets [7-11, 41]. The family of
hexaferrites consisting of M (BaFe2O19), U (BasMerFess060), W (BaMezFei6027), X
(BazMezFe23046), Y (BaxMexFe12022) and Z (BasMexFe240a1) type, is well known for its magnetic
properties. Of all hexaferrites, M-type barium hexaferrites having magneto-plumbite structure with

space group P63/mmc exhibits better properties than others. Magneto-plumbite structure of BaM
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has dual layer containing sequence of basic RR*SS* stacks. R and R* have hexagonal structure,
consist of three oxygen layers with general formula (BaFesO11) and S and S* have spinal structure
with 2 oxygen layers with formula (FesOs). The asterisk signifies the stack rotation at 180°. There
are 38 0%, 2 Ba®" ions, 24 Fe** ions in a unit cell of hexagonal ferrite. Fe** ions are situated in
trigonal bi-pyramidal site (2b), tetrahedral site (4f1) and octahedral sites (12 k, 2a and 4f). The
presence of 24 ferric ions makes BaM, a good magnetic material. Of these 24 ferric ions, distributed
in 5 crystalline positions, two positions (4f; and 4f;) have spin down ferric ions which cause
reduction in average magnetic moment of the molecule [2, 78]. The magnetic properties of the
BaM can be enhanced by substituting the cations with spin up (like transition metals) at spin down

site.

Efforts have been made to enhance the properties of hexaferrite using single cations like Bi [14],
Eu [13], La [79, 20], Ga [16], Al [15], Pr, La [17], Er [18], and combination of different cations
like Co-Ti, La-Co [24], Mg-Mn-Co-Ti [22], Ca-Cr [21], Co-Ti, La-Na [23], Bi-Ti [25], Mg-Ti
[28], Co-Zn-Sn [26], La-Na [80], Mg-Sc [81], Mg-Co [82], La-Zn [27].

Routes available to synthesize BaM are many e.g. glass crystallization method, micro wave
induction method [30], sol gel method [32], micro emulsion method [31], sputtering, pulsed laser
deposition [32], aerosol pyrolysis technique [50], citrate precursor method [48], and milling
method [49]. The optimal technique, sol gel method offers low temperature, procedural simplicity,

uniform crystallite size and low operational cost.

BaM, by substituting cations, can be made suitable for various applications. Due to their small
ionic radii, rare earth metals and transition metals may replace the barium ions and ferric ions,
respectively. This study addresses the synthesis of substituted M-type barium hexaferrite Bai-
WNdxCoxFenxO19 (x = 0-0.5) (BNCM) via sol-gel auto combustion method using single phase
crystallization reaction mechanism, and making detail study of its optical, magnetic, dielectric and

structural properties.
7.2. Experimental Procedure

M-type barium hexaferrites Bai.xNdxCoxFe12xO19 (x = 0-0.5) powders are synthesized via sol gel
auto combustion method using analytical grade chemicals such as Nd(NOs);. 6H.O (LOBA
Chemie., 99% purity), Fe(NO3)3.9H>0 (LOBA Chemie., 98% purity), Ba(NO3), (LOBA Chemie.,
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99% purity), Co(NO3)2:6H,0 (LOBA Chemie., 99% purity), and citric acid (CsHsO7) (LOBA
Chemie., 99.5% purity). Metal salts and citric acid are dissolved in distilled water in stoichiometric
proportions separately and then mixed together at ambient temperature with constant magnetic
stirring. Here, citric acid acts as fuel and facilitates the reaction. The molar ratio of cations to citric
acid is taken as 1:1.5. Ammonium hydroxide (NH4OH) solution was added drop wise to maintain
the pH of the solution 6.8. After that solution was heated at 80 “C —85 °C for 4 - 6 h with continuous

stirring using magnetic stirrer. This reaction shows the formation of BNCM:

NH4OH
Solution (Ba + Nd + Co + Fe)+ Cg H7 08 Tt precursor (Ba + Nd + Co + Fe)
ea
900 °C
Heat Bal_xNa’xCoxFelz_xO19
| B_a | -'-'/. f__,- i -
- - =\ +H0 & T
Fo b o | =P ) +cH,0, > | BNCM
: - + NH,OH ! )
Nd | I"\.. B _./; ]
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x=0.1
x=0.15
x=0.2
——x=0.25
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Fig 7.1: Synthesis of BNCM powders

With heat treatment, a homogenous brown coloured gel was formed due to evaporation of water.
The viscous solution was dried over hot plate at 280-300 °C for 3 h to form the precursor material.
The resultant precursor is heat treated at 500 °C for 2 h to remove impurities before calcination.

The heat treated precursor material is calcined at 900 °C for 5 h at the rate of 23 °C /min (fig. 7.1).
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7.3. Characterization techniques

Structural properties have been investigated using X-ray powder diffraction patterns obtained from
Bruker AXS D8 Advance X-ray diffractometer in the range 20°-80° using Cu-k, radiation
operating at 40 kV and 35 mA having step size of 0.02°. Attached functional groups with samples
have been analysed with Fourier transform infrared spectra (FT-IR interferometer IR prestige-21
FT-IR (model-84008)) in the range of 400-4000 cm™'. Thermo gravimetric analyser (TGA) (Perkin
Elmer Diamond TG/DTA) is used for thermal analysis under N> atmosphere with a heating rate of
10 °C/min from 0 to 850°C. Magnetic properties have been studied with vibrating sample
magnetometer (Lakeshore 7410) at room temperature. Dielectric analysis has been performed with
LCR meter (Model: 6440B) from 20 Hz to 3MHz. Surface features have been analysed from SEM
(Jeol 6390LV) at an operating voltage of 20 kV. The band gap study has been carried out using
UV-Vis-NIR (Model: Varian Carry 5000 at room temperature with 0.2 nm resolution).

7.4. Results and discussions
7.4.1. Microstructural properties

BNCM have been investigated by widely-known non-destructive X-ray powder diffractometer

technique and presented in Fig.7.2.

Synthesized samples show crystalline phase and absence of impurities (except samples having x >
0.25). The presence of apparent peaks having hkl values 110, 008, 107, 114, 203, 205, 217, 2011
and 220 confirms the formation of hexagonal structure of BNCM powders and is similar to peaks
in standard pattern (JCPDS-391433). This proves that the substituted ions have occupied the crystal
position. Peak of a-Fe,O3 appears in samples having x > 0.30 (shown as * between 107 and 114

peak) and concentration of Fe>Os increases with increase in content of substituents.

Other impurities such as cobalt nitrate (shown with #) and iron nitride (shown with $) are present
in the sample that remain unreacted which causes deterioration of the properties. The decrease in
peak intensity and reduction of FWHM of fundamental peaks indicate the degradation of

crystallization degree as substitution increases. The formation of impure phase is hard to stop after
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Fig 7.2: X-ray diffraction powder pattern for BNCM for x=0, 0.1, 0.15, 0.2, 0.25, 0.30, 0.4 and 0.5
at 900 °C.

x > 0.25. This affirms the occurrence of incomplete crystallisation reaction at atomic level,
formation of inhomogeneous mixture of starting compound solutions and synthesis of substituted
BaM with hematite phase presence. Lattice constants (a and c¢) have been obtained (tabulated in

table 7.1(a)) from X-ray data using equation [2]:

d Zkl 3

+ —
2 2
a c

I _i{h2+hk+k2} I’

where dnii 1s d spacing value, Akl are miller indices for peaks in XRD powder patterns. It has been
found that at x = 0.25, 0.3 and 0.5, lattice constant ‘a’ has highest value (5.903 A). There is no
significant variation in lattice constant values. Volume of cell has been calculated from [49]: Ve
=0.8666 a’c. It can be seen that the sample, having x=0.3, has attained the highest volume (701.91

A%). X ray density has been calculated from following expression [51]:
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cell

where Z is number of molecule per unit cell, M is molecular weight, Na is Avogadro’s number

(6.023 x 10?*), and Veen is cell volume.

Table 7.1 (a) Diffraction angle (20), d spacing (d), full width at half maxima (J3), lattice constants
(a and c¢) and volume of cell (Vcen) for BNCM.

X 200°) | d(A) B (©) Lattice constants Veell(A3)
a(A) c(A)

0.00 | 34.115] 2.626 0.14 5.891 23.224 698.46
0.10 | 34.070 | 2.629 0.198 5.893 23.205 698.70
0.15 34.071 | 2.629 0.288 5.892 23.164 696.88
0.20 | 34.070 | 2.629 0.341 5.882 23.204 695.71
0.25 34.071 | 2.629 0.453 5.903 23.164 699.48
0.30 34.126 | 2.625 0.239 5.903 23.244 701.90
0.40 | 34.017| 2.633 0.380 5.892 23.164 696.88
0.50 34.126 | 2.625 0.207 5.903 23.164 699.48

Crystallite size (D) has been estimated from Scherer formula [52]:-

D= kA
pcos @

where A is X-ray wavelength (1.54056 A), B is full width at half maxima (in radian) and 0 is the
Bragg angle and k is the shape factor having unit value for hexagonal structure. Crystallite size
ranges between 65.95 to 20.32 nm (table 7.1(b)). With increase in concentration of substituents,
the crystallite size up to x = 0.25 decreases. This may be due to small ionic radii of Nd (0.905 A)
and Co (0.625 A) than Fe (0.63 A) and Ba (1.11 A) [53].
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Table 7.1 (b). X-ray density (Dx), crystallite size (D), phase present and surface area (S) with
substitution for BNCM.

X Dx (g/cm?) D(nm) Phase S*103 (m?%/g)
0.00 5.29 65.95 Hexa 17.20
0.10 5.28 46.50 Hexa 24.44
0.15 5.30 31.96 Hexa 3542
0.20 5.31 27 Hexa 41.85
0.25 5.29 20.32 Hexa 55.82
0.30 5.27 38.53 Hexa-Fe O3 29.55
0.40 5.31 24.22 Hexa-FexOs 46.65
0.50 5.30 44 .48 Hexa-FexOs 25.45

Surface area has been calculated (shown in table 7.1(b)) from the expression [2]:

~ 6000
DD,

S , where D is crystallite size and Dx is X-ray density. The specific surface area shows an

increase in its value from 17.20 to 55.82 m?/g. Crystallite size is the dominant factor for variation

in surface area. As the crystallite size decreases, the more number of atoms appear at the surface.
7.4.2 FT-IR

Fourier transform infrared spectra in the range 400-4000 cm™ have been obtained for BNCM
samples calcined at 900 “C. The pallets of samples have been prepared with sample to anhydrous
KBr in the ratio 1:10 to take the FT-IR spectra. The information regarding attached molecular
bands or presence of functional groups, which are remains of chemicals used in synthesis process,
can be obtained from FT-IR spectra analysis (Fig 7.3). Two prominent peaks, arise near 430 and
580 cm’!, indicate the formation of hexaferrite. The stretching vibrations of metal-oxygen bond
are the reason for these characteristic peaks. A small peak near 855 cm™! indicates the presence of
carbonate at x=0.5. The bands near 420-480 cm™ and 550-590 cm™ attribute to the vibration of

ferric crystallographic site [4f> and 4f; with vibrational mode Az, and Ei, (octahedral and
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tetrahedral)] [55]. Relatively more prominent peaks in FT-IR spectrum of x =0.15 show that the
cations have been substituted at the ferric sites accompanying strong interaction than other
samples. Nitrates ions (near 1300 cm™") [56] and moisture absorbed (2900 cm™) [58] have not been

found in the samples. Peak at 2400cm™ shows the presence of CO».

Transmittance %

s 1 s 1 s 1 s 1 s 1 s 1 s 1
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber(cm™)

Fig 7.3. Fourier Transform infrared spectra of the samples of BNCM for x=0, 0.1, 0.15, 0.2, 0.25,
0.30, 0.4 and 0.5 at 900 °C.

7.4.3. Thermal analysis

Thermal gravimetric analysis/ differential thermogravimetric analysis / derivative
thermogravimetry (TGA/DTA/DTG) have been performed to investigate the effect of heat on
sample. The resultant TGA/DTA/DTG plots of M-type hexaferrite BajxNdxCoxFe12-xO19(x =0.30)
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Fig 7.4. TGA/DTA/DTG diagram for Bao7Ndo3Fei11.7C00.3019 precursor.

(BNCM) powder have been shown in Fig 7.4. The reduction of weight between 0 °C to 440 °C is
due to decomposition of remaining organic matter, decomposition of precursor and conversion of
haematite into hexaferrite phase. Oxidation reduction reaction between the metal nitrates and citric
acid is the reason for decomposition [59]. After 440 °C weight loss becomes approximately
constant which indicates the formation of BNCM. The reaction interval for the BNCM is 340 °C.
In DTA curve, the first variation in peak is near about 100 °C associated with endothermic peak
on account of loss of water. The prominent effect shown by TGA/DTA/DTG is at 363 °C. DTA
gives exothermic peak and DTG (Differential thermogravimetry) gives slight peak because of

recrystallization of sample.

7.4.4 Morphology

SEM micrographs of BNCM at room temperature with Nd-Co substitution are shown in Fig 7.5.
It is observed from the micrographs that the samples have uneven distribution of crystallites,

randomly packed crystals and irregular shape. The presence of clusters in some parts can be seen.
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Fig 7.5: SEM micrographs for BNCM (x=0.30), TEM images for BNCM (a and b) x=0.1 and (c,
d and e) x=0.25

TEM images reveals that the particle size is in nano range. Hexagonal shape can be clearly seen

in the images.
7.4.5. LCR

Capacitance has been recorded on LCR meter in a range 20 Hz to 3 MHz using a pellet (with 8

tonne pressure) of calcined sample of BNCM coated with silver metal powder.
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Fig. 7.6: Variation of dielectric constant with frequency

Dielectric constant has been calculated from parallel plate capacitor equation [60]:

k=4
g,A

Where K is dielectric constant, C is capacitance of the palette, d is thickness of sample palette and
A is cross section area and &, is the permittivity of free space (8.85 x 10712 F/m). A very high
dielectric constant has been shown by the BNCM. The sample with x = 0.4 shows the highest
dielectric constant among the samples. It is due to the nano-size level. As from XRD data, x = 0.4
has the smaller size than the sample having x = 0.1, 0.2 and 0.3. The crystallites at nano-level
possess very high surface area. Due to large surface area, the space charge polarization will be
high that results in high dielectric constant. Moreover the samples contains impurity, so increase
of ferrous ions coming from impurity also increases the dielectric constant. Because ferrous ions
are more likely to get polarized. The substitution can distort the structure and can make ions by
creating surface defects that can leads to the increase in number of ions and causing high dielectric
constant.

A normal behaviour of ferrite has been shown by BNCM (Fig 7.6) towards frequency that is

dielectric constant is high for low frequency but decreases at high frequency. Koop’s
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phenomenological theory and Maxwell Wagner theory can be used to explain such nature of
BNCM. According to their theory there may be an electron exchange between Fe*" and Fe?" which
is responsible for polarization and results in the displacement of the ionic charges and causes
polarization. At low frequencies, the presence of grain boundaries also effectively contributes in
polarization. The structure of material is supposed to be made of conducting grains separated by
less conducting grain boundaries [61]. They may be created during heat treatment. The hopping of
electrons between Fe** and Fe®* causes dispersion at low frequency. The electrons have been
displaced by applied field and causes polarization but when half of alternating field becomes more
than hopping time, the displacement does not happens [62]. Because of low eddy currents and high
dielectric constant, prepared material can play a significant role in electronics market as an

application point of view in as radiation absorber or high frequency component.

7.4.6 UV-VIS spectroscopy

60

(ohv)’
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Fig. 7.7: Graph between Optical energy and absorption for BNCM (x =0 - 0.5) at 900 °C

83



Table 7.2 Band gap values with substitution for BNCM.

S. No X Band gap (eV)
0 0.00 3.91
1 0.10 4.16
2 0.15 4.21
3 0.20 4.33
4 0.25 4.30
5 0.30 4.25
6 0.40 431
7 0.50 4.00

The optical properties of BNCM in optical region (200-800 nm) has been studied by using UV—
Vis-NIR absorption spectra. The absorbed band gap energy has been calculated from the spectrum
using following relation [64]:

A(hv - E, )2
AV
Where E is energy band gap and A is a constant. Fundamental absorbance edges in plotted graph
are used to calculate the band gap in electron volt. Figure 7.7 and 7.8 show the spectra for energy
band gap and the absorbance spectra. The band gap of pure barium hexaferrite has been obtained
3.91 eV (table 7.2). It is observed that the band gap energy increases with increase in substitution
concentration from x = 0 to x = 0.20 and shows maximum value 4.33 eV at x = 0.20 and after x
=0.20, band gap energy do not follows a regular energy value variation. Quantum confinement is
the dimensional effect that depends on the particle size, all the samples are in nano size so causing
quantum confinement but after x=0.20, the size shows irregular pattern as fig 7.9. So the band gap
also varies in that trend. BaM shows low value of band gap than BNCM. Band gap of BNCM is
higher than barium hexaferrite (3.18¢V) and barium hexaferrite thin films (2.32eV) as reported by
others [64, 65]. The increase in band gap may be due to the occurrence of quantum confinement.
From UV-NIR absorption spectra (Fig 7.8), it has been concluded that the absorption region for
hexaferrites is ~ 200 - 600 nm. It has been observed that band gap strongly depends on the size of

the nano-crystallites and varies inversely with crystallite size (Fig. 7.9). Discrete electronic energy
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levels result in the materials due to quantum confinement. The energy separation between adjacent

energy levels increases with decreasing dimensions just like a particle in a box problem in quantum

mechanics.
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Fig 7.8. Absorption spectra for BNCM (x=0-0.5) at 900°C
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Fig 7.9: Variation of crystallite size and band gap with substituent concentration n BNCM.
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7.4.7. Magnetic properties:
The magnetic properties has been evaluated from hysteresis curve (Fig 7.10) and summarize in

table 7.3. Effect of substitution of Nd** and Co?" has been seen on coercivity (Fig 7.11) and
saturation magnetization. It is interesting to get a patterned structure of M—H curves, e.g. samples
x = 0.0, 0.15, 0.3, x = 0.2, 0.25, 0.1 and x = 0.4, 0.5 have almost similar variation. Saturation
magnetization (Ms) value for pure barium hexaferrite is 92.53 emu/g and Ms value for BaM is
more than substituted samples. Saturation magnetization (Ms) of samples depends on magnetic
moment of ions at different sites of hexaferrite. In pure hexaferrite (BaM), the increase in Ms may
attribute to the site occupying by the Fe ions with spin up rather than spin down. The lowest value
for Mg is 29.57 emu/g for x=0.40 which may be due to presence of impurities in the samples as

discussed in XRD analysis.
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Fig. 7.10: Hysteresis loop for BNCM (x =0 - 0.5) at 900 °C
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Table 7.3: Summary of Coercivity (Hc), saturation Magnetization (Ms), Retentivity (Mg),

Squareness Ratio (SR) and Anisotropy constant (K) with substitution for BNCM.

X Hc (G) Ms (emu/g) MR (emu/g) SR(MR / Ms)
0.00 5427 92.53 52.42 0.566
0.10 5071 49.45 29.32 0.593
0.15 4820 85 50.22 0.59
0.20 4820 54.22 32.09 0.592
0.25 4481 51.97 30.30 0.583
0.30 4820 79.66 47.71 0.599
0.40 4086 29.57 17.74 0.599
0.50 3949 32.60 19.70 0.604

Saturation magnetization do not follows a regular trend in its value variation with

substitution, but a patterned curve can be seen. Such kind of variation may depend on number of

causes like density of atoms, ionic radii, completion of reaction, impurities presence.
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is also decrease in the crystallite size of BNCM which increases the number of magnetic domains
in BNCM powder samples. Coercivity value has less been affected by substitution. Coercivity also

depends on structural properties, defects, crystallite size [53].
Conclusion

The formation of hexagonal structure takes place and the morphology of the surface of the as-
prepared samples is a non-homogenous. It has been observed that the hexaferrite phase forms at a
temperature of 680 °C. Samples show normal ferrite dielectric behaviour. UV —Vis-NIR reveals
that the band gap of as-prepared samples increases with substitution. Synthesized material can
advantageously utilized in the formation of the thermally stable, perpendicular magnetic recording

media having ultra-high areal recording densities in several Gbit/in?.
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CHAPTER-8

MOSSBAUER, DIELECTRIC, OPTICAL, MULTIFERROIC AND
STRUCTURAL PROPERTIES OF SUBSTITUTED BARIUM
HEXAFERRITE

Abstract

Gd-Co substituted M-type barium hexaferrite, Bai.xGdxCoxFei2xO19 (0.0 < x < 0.6) have been
successfully synthesized by sol-gel method. The formation of crystalline magneto-plumbite
structure of M-type hexaferrite and presence of other phases are noticed by X-ray diffraction
analysis. An average crystallite size, calculated by Scherer formula is found to be between 26.11
nm to 65.77 nm. The presence of two peaks at 430 cm™ and 580 cm™ in FT-IR spectra is pointing
the presence of octahedral and tetrahedral sites in hexaferrites. Vibrational modes in FT-Raman
spectra supports the formation of P63/mmc group related with hexaferrite magneto-plumbite
structure. Thermal analysis reveals that the hexaferrite phase occurs at approximately 700 °C. For
more clarity, morphology analysis is carried out using SEM (Scanning Electron Microscope),
AFM (Atomic Force Microscope) and TEM (Transmission Electron Microscope). UV-Vis-NIR
spectra shows that the substitution increases the band gap of the material from 3.99 eV to 4.28 eV.
The Fe** ions are responsible for the observed peak to peak line width and occurrence of
symmetrical resonance in electron spin resonance (ESR) spectra. The dielectric constant shows
high value at low frequency and it becomes constant at high frequency. The retentivity and
coercivity of the material decreases with increasing substitution. I-V characteristics of the
syntheized materials exhibits a linear plot. Multiferroic nature of hexaferrite is analysed using
ferroelectric loops. The decrease in magnetic properties with substitution is explained using

Mossbauer spectra.

8.1. Introduction

In the field of electromagnetic compatibility, the microwave absorbing material has been used to
decrease the electromagnetic interference and electromagnetic backscattering, as the setup of

trends in development of higher Gigahertz frequency devices and inclination towards miniature
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circuit devices. Regarding this, the hard magnetic material i.e. barium hexaferrite has been
exploited because of its tuneable magnetic properties. Besides many applications, barium
hexaferrite is also used in multi-layer chip inductors as the surface mounting devices for miniature
circuit devices. This is all because of its mechanical, magnetic and dielectric properties. For Multi-
chip layer inductor, the ferrite layer get interweaved with suitable conductor. For such applications,
the desired magnetic and dielectric properties holding material like barium hexaferrite is required.
The properties of barium hexaferrite strongly depends on crystallite size, ions distribution and
synthesis method [83, 84]. Substitution is a versatile tool for enhancement of the properties of the
material. So an extensive study, carried out by several authors, can be found out in the literature
on the basis of substitution [13-18, 20-23, 25-27, 46, 47, 76, 84, 85, 86]. Due to small ionic radii,

rare earth metal and transition metal may replace the barium ions and ferric ions, respectively.

To make BaM suitable for different applications, the properties of BaM are required to
tailor which can be accomplished by substituting cations. Many routes are available to synthesize
BaM [30-32, 48, 49, 87]. The optimal technique, the sol gel method is advanced and offers low

temperature, procedural simplicity, good yield, uniform crystallite size and low operational cost.

The aim of the present research work is to thoroughly investigate the optical, magnetic,
dielectric, multiferroic, Mossbauer, electronic and structural properties after substituting Gd-Co on
BaM so that the prepared material can be utilized in magnetic recording media, insulators and
electromagnetic attenuation material. Cobalt has been taken as a transition metal substituent due
to its ability to dissolve the rare earth elements that may enhance the properties like structural,

dielectric and magnetic properties etc [88-102].
8.2. Synthesis of substituted nanocrystalline BaFe12019

Modified Pechini sol-gel method [82] has been employed to synthesize M-type barium hexaferrites
BaixGdxCoxFe12xO19 (x = 0 - 0.6) powders using AR grade chemicals, used without further
purification, such as Gd(NO3); - 6H,0 (LOBA Chemie., 99% purity), Fe(NO3)3;.9H,0 (LOBA
Chemie., 98% purity), Ba(NO3)2 (LOBA Chemie., 99% purity), Co(NO3)2:-6H>0O (LOBA Chemie.,
99% purity), and citric acid (C¢HsO7) (LOBA Chemie., 99.5% purity). Iron and metal salts are
dissolved in distilled water separately in stoichiometric proportions. All the dissolved metal nitrates
are mixed together at ambient temperature with constant magnetic stirring. Citric acid has been

added as a fuel with cations to citric acid molar ratio of 1:1.5. For neutralization of the solution
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(pH = 6.8), ammonium hydroxide (NH4OH) solution is added drop wise. After that, solution is
heated at 80 °C - 85 °C for 4-6 hours with continuous stirring using a magnetic stirrer. The nano
particles can be crystallized in the optimum condition. The environment of solution (i.e. pH value,
metallic ions, fuel ratio) effects the crystallization process. Citric acid acts as a fuel as well as
chelating agent by making complex ions. But, for complex ion formation, pH should be in neutral
range (6-7.5). So, pH of solution is maintained at 6.8.

With heat treatment, the liquid converts into a homogenous brown coloured gel. The
viscous solution (gel) has been dried over a hot plate at 280-300 °C for 3 hours to form the
precursor material. Pre-sintering has been done at 500 °C for 2 hours to remove impurities. Finally,
precursor material is heated at optimized calcination condition i.e. 900 °C for 5 hours at the rate of
23 °C/min.

8.3. Results and discussions

Non isothermal testing techniques like thermal gravimetric analysis (TGA) and derivative
thermogravimetry (DTG) have been employed for thermal analysis, in which, constant heating rate

effect has been studied on variable parameter like weight of the sample.
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Fig 8.1. Thermal gravimetric analysis/ derivative thermogravimetry (TGA/DTG) diagram for

Bao.7Gdo3Fe11.7C00.3019 precursor.
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Testing has been carried out under N> atmosphere (Perkin Elmer Diamond TG) with a heating rate
of 10 °C/min from 0 to 850 °C. A dried precursor has been subjected for TGA/DTG. The resultant
patterns of M-type hexaferrite Ba;.xGdxCoxFe12xO19 (x = 0.30) (BGCM) powder has been shown
in Fig. 8.1. TGA and DTG plots are consistent with each other.

The two distinct peaks of weight loss can be clearly seen in the pattern of TGA/DTG. The
first weight loss occurs from 60 - 600 “C. This weight loss may arise due to evaporation of water
and the liberation of other gases like CO> and N,. The evolution of gases cause improvement of
redox reaction. A small and broad peak near 300 °C in TGA and DTG indicates the slight weight
loss which may be due to decomposition of remaining organic matter caused by the reduction
reaction between fuel (citric acid) and metal nitrates. The second peak and weight loss in TGA and
DTG occur between 600 °C and 700 °C. In this range of temperature, conversion of hematite to
hexaferrite phase takes place due to decomposition of precursor [69]. After a 700 °C, weight loss
becomes approximately constant which indicates the formation of BGCM. The reaction interval

for the BGCM is 650 °C.

X-ray studies is a versatile tool for identification of present phases, crystal structure and
to calculate unit lattice dimensions. Structural properties of ground powders of BGCM have been
investigated using X-ray diffraction (XRD) powder patterns, obtained from Bruker AXS D8
Advance X-ray diffractometer in the range 20° to 80° using Cu-ka radiation, operating at 40 kV
and 35 mA, having step size of 0.02°. The X-ray patterns of BGCM, calcined at 900 °C for 5 hours,
have been presented in Fig. 8.2. The presence of sharp peaks in X-ray patterns reveals the formation
crystalline phase. Some impurities have been observed in all the samples except the sample having
x = 0.1. The presence of apparent peaks having hkl values 110, 008, 107, 114, 203, 205, 217, 2011
and 220, which are identical to peaks in standard pattern (JCPDS-391433), confirms the hexagonal
structure of BGCM powders. This comparison shows that the substituted ions have occupied the
crystal positions. Peak of a-Fe;O3 appears (shown as * between 107 and 114 peak) in all samples
except x = 0.1. Other impurities like cobalt nitrate (shown as $) and iron nitride (symbolized as #)

are also present in the samples.
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Fig 8.2: X-Ray diffraction powder pattern for Ba;.xGdxCoxFei2-xO19 (x = 0-0.6)

The peak intensity of present impurities increases with increase in substituent
concentration. This may be due to the less solubility of gadolinium in BaM. The occurrence of
impurities is the result of incomplete crystallization reaction and the formation of an
inhomogeneous mixture of starting material solutions. Lattice constants (a and c) have been

obtained (tabulated in Table 8.1) from X-ray data using equation [63]:

d Ifkl 3

= 2
a

1 4{h2+hk+k2} 12
_—+_

2
c

where duk is inter planner spacing, hkl are the Miller indices for peaks in XRD powder patterns. It has
been found that the sample having x = 0.2, lattice constants ‘a’ and ‘c’ are showing highest value (5.977

A and 23.545 A).
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Table 8.1. Diffraction angle (20), d spacing (d), full width at half maxima (B), lattice constants (a and c),

volume of cell (V.a)), X-ray density (Dx), crystallite size (D), porosity (%), phase present and surface area

(S) with substitution for BGCM.

x 200°) |dA) |B(°) | Lattice constants | Veen Dx P (%) |D Phase S*107
n=b (A) c(A) | (A g/cm’ (nm) (cm?/g)
0.0 |34.115 |2.626 |0.140 | 5.891 |23.224 | 698.46 | 5.29 74.80 | 65.77 | Hexa 17.26
0.1 [33.743 |2.654 |0.278 |5.966 |23.489 | 724.59 |5.10 45.01 |33.09 | Hexa-
Fe,03 35.53
0.2 |33.634 |2.662 |0.292 |5.977 |23.545 |728.89 |5.08 44.88 | 31.49 | Hexa-
Fe 03 37.47
0.3 [34.070 |2.629 |0.261 |5.893 |23.245 |699.54 |5.31 62.52 | 35.28 | Hexa-
Fe20s 32.04
0.4 |34.288 |2.613 |0.241 | 5.862 |23.046 | 686.30 |5.42 46.51 | 38.23 | Hexa-
Fe 03 28.95
0.5 [34.451 |2.601 |0.353 |5.842 |22967 |679.21 |5.49 50.48 | 26.11 | Hexa-
Fe 03 41.86
0.6 |34.397 |2.605 |0.200 | 5.842 | 23.007 | 680.37 |5.49 46.45 | 46.07 | Hexa-
Fe,03 23.71

The lattice constants decrease with increase in substitution from x = 0.3 to x = 0.6. The main reason
for contraction may be due to the presence of microstructural defects, interaction between
substituted cations and substitution of ions having smaller ionic radii than the host ions. The
diffraction patterns are showing peak shifting of substituted towards lower d-spacing (than pure
hexaferrites). This may happens with the induction of strain with substitution. Volume of the cell
has been calculated from [64]: Vcen=0.8666 a’c. The highest volume (728.89 A%) has been attained

by sample having x = 0.2. X ray density has been calculated from following expression [64]:
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where Z is the number of molecules per unit cell, M is the molecular weight, Na is Avogadro’s

number (6.023 x 10%), and Ve is the cell volume.

Crystallite size (D) has been estimated from the well-known Scherer formula [64].
Crystallite size ranges between 26.11 nm to 65.77 nm (Table 8.1). This crystallite size is in the
favourable range from application point of view. Crystallite size of substituted hexaferrites is
smaller than barium hexaferrite. This may attribute to the binding energy of RE**-O%, which is
higher than Fe**- O, This statement has also been supported by UV-Vis-NIR study. Segregation
effect of rare earth metal ion can also be behind the reduction of crystallite size. High binding
energy material need high energy for crystallization and hence become more thermally stable. With
an increase in concentration of dopants, the crystallite size and c/a ratio vary and no trend has been

observed. Surface area has been calculated (shown in Table 8.1) from the expression [1]:

600(

=——>-, where D is crystallite size and Dx is X-ray density. The specific surface area shows an

DDy
increase in its value from 17 .26 x 10 " to 41.86 x 10 ' cm?/g. Crystallite size is the dominant
factor for variation in surface area. As the crystallite size decreases, the more number of atoms
appear at the surface. Consequently, the prepared material can be utilized in perpendicular

recording media.

Furthermore, the synthesize material is in nano range causing an enhancement in the number of

crystallites per bit area that would increase the signal to noise ratio that is suitable for the purpose.

Porosity for the synthesized sample can be estimated by using relations [1]:

P:[D"_Db]xloo
D

X

m

where D, = T Dy is X ray density, Dy is bulk density and can be calculated from mass (m)

nr

and volume of palette having radius (r) and thickness (d).

Porosity shows a decrement upon substitution. The increase in bulk density causes decrease in
porosity. Porosity is high for barium hexaferrite than the substituted hexaferrites. Bulk density is

increased due to incorporation of substituents having high density {Gd**=7.90 g/cm?®, Ba**=3.51
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g/em?, Fe¥'= 7.874 g/cm?, Co?'= 8.90 g/cm?}. Heat treatment and substitution can cause shape

defects and may be the reason for arise of porosity.

For quantitative and qualitative analysis of attached functional groups and impurities,
which are remains of chemicals used in the synthesis process of Gd-Co substituted
hexaferrite,studies have been performed using Fourier transform infrared spectra (FT-IR
interferometer IR prestige-21 FT-IR (model-84008)) in the range of 400-4000 cm™. The pallets for
FT-IR spectra have been prepared with sample to KBr in the ratio 1:10.
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Fig 8.3. Mid infra-red region spectra for Ba;.xGdxCoxFei2-xO19 (x = 0-0.6)
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The relative intensities of the peaks have slight variation, but peak position remains
unchanged with substitution (Fig. 8.3). Hexaferrite formation has been confirmed by the presence
of two prominent peaks that arise near 430 cm™ and 580 cm™!. The stretching vibrations of metal-
oxygen bond with vi and v> mode are the reason for these peaks. The bands near 420-480 cm™!(v;
mode) and 550-590 cm!(v2 mode) attribute to the vibration of the ferric crystallographic site
(octahedral and tetrahedral respectively). The FTIR spectra for x = 0.2 show relatively more
prominent peaks. This may be due to the substituted cations at the ferric sites accompanying strong
interactions than other samples. No nitrate ions appear in the samples (near 1300 cm™') pointing
the redox reaction completion, in which citric acid play a role as redundant and nitrate ions play

role as an oxidant [84].

Band near 1500 cm™! appear in sample x > 0.3 due to N-H band of ammonia. No band near
2900 cm™ except for sample x=0.1 occurs, indicating the absence of moisture absorbed by the
sample [85]. The presence of band at ~3650 cm™! in the sample having x=0.4 may be because of

O-H of ammonia solution that remain unreacted.

The molecular vibrations of the BGCM have been investigated using Bruker Multiram FT-
Raman spectrometer. Every compound possesses a unique Raman spectrum and provide detailed
information about the crystal lattice and molecular vibrations for identification of material. This
technique is sensitive to the change in chemical environment and composition. FT-Raman has
been recorded in the range from 100 cm™ to 750 cm™! for x = 0.0 and x = 0.3 (Fig. 8.4).

Barium hexaferrite is a hetero-structure having metal oxygen bonds. These bonds are
responsible for the absorption of certain energy and peaks arise at that energy. The prominent
peaks are observed at about 175 cm™, 290 cm™, 333 cm!, 410 cm™, 525 cm™, 612 cm™!, 681 cm’!
and 725 cm™'. These peaks are favouring the presence of magneto-plumbite structure. Both samples
are showing magneto-crystalline structure. Barium hexaferrite can exhibit 42 Raman active sites
(11 A1g+ 14 E1g + 17 E2g). Such number of sites can enhances the overlapping of peaks and hence
the increase of broadening. Internal stress origination due to substitution can also contribute to the
broadening. So, the large number of small peaks can be observed, but some peaks get overlapped

and get disappeared. The presence of various vibrational modes and their corresponding
peaks has been given in Table 8.2. The appearance of peak at 290 cm™ may ascribe to the

impurities present in the sample. In hexagonal structure, 2b is a bipyramidal site (FeOs) and has
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higher co-ordination number as compared to the tetrahedral. So, the band associated with this site

lies in the low frequency range (681 cm™) than the tetrahedral representing band frequency (725

cm’'). Same behaviour can be noticed in case of octahedral [89, 103, 104].
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Fig 8.4: FT-Raman spectra for (a) BaFei2O19 (b) Bag7GdosFe11.7C003019 taken at room

temperature

Table 8.2: Vibrational modes assignment for (a) BaFe 12019 (b) Bao.7Gdo3Fe11.7C00.3019 calcined at

900 °C
S. No. | Wavenumber (cm™) | Vibrational mode| Reference (cm™) | Assignments
1 175 Eig 173 S Block
2 290 Eig 285 S Block
3 333 Eog 335 S Block
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4 410 Alg 409 Octahedral site12k
5 525 Eig 527 Octahedral 12k and 2a
6 612 Aig 618 Octahedral site
41,
7 681 Aig 684 Bipyramidal site
2b
8 725 Alg 722 Tetrahedral site
41

The information about surface features, shape, alignment and porosity of nano sized
hexaferrite have been investigated using transmission electron microscope (TEM), atomic force
microscope (AFM) and scanning electron microscope (SEM) at room temperature. Transmission
electron microscope (TEM) images of samples have been recorded using JEOL JEM 2100, Japan
instrument (Fig. 8.5 (a to f)). Samples for TEM analysis was dispersed in isopropanol. A flawless,
cutting edge micrographs of hexagonal structure can be seen in TEM images. The fringes appear

in samples represents the crystalline structure of prepared material.

Surface features have been taken from SEM (Jeol 6390LV) at an operating voltage of 20
kV (Fig. 8.6 (a and b)). SEM micrographs show that the non-uniform hexaferrite grains have
uneven distribution. The presence of clusters and porous microstructure in some parts of SEM
images can be seen. In SEM, the crystallite size looks bigger than estimated in XRD study, but
TEM and AFM micrographs show that crystallite size is in range 20-65 nm. SEM micrographs
shows porous material, for which the evolution of gases is responsible entirely. AFM (Bruker
Dimension Icon) has been used to analyse the morphology of the sample by dispersing the samples
in methanol (Fig. 8.6 c). A hexagonal structure of hexaferrite and a square shape of hematite can

be clearly seen in AFM micrograph [90].
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Fig 8.5 Transmission electron microscopy images Bai.xGdxCoxFe12-xO19 (BGCM) powders for (a and b) x=0.4
and (c) x=0.5 (d) and (e) x=0.2 (f) x=0.1
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Fig 8.6: SEM and AFM micrographs of Ba1.xGdxCoxFe12xO19 for (a) x = 0.1, (b) x = 0.3 and (¢) x
=0.3

ESR measurements were performed at room temperature using an X-band JEOL JES- ME
spectrometer under following experimental conditions: magnetic field sweep rate of 50 mT/min,
modulation width of 0.35 mT, modulation frequency of 100 kHz, microwave power of ~ 10 mW

(9.5 GHz) and magnetic field range from 1000 gauss to 9000 gauss.

Interaction of unpaired electrons with its environment influence the shape of ESR spectral
line. The intensity for the substituted sample is high than the pure hexaferrite sample. The unpaired
electron not only interact with the external magnetic field but also with magnetic field in their
neighbourhood, this can effect the intensity of the ESR signal. The ferrimagnetic resonance
exhibited by Fe** cations at different interstitial sites couple anti-ferromagnetically due to a super-

exchange interaction and causes the symmetric resonance absorption and line width AH in the
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hexaferrite (Fig. 8.7). The samples are not showing any change in line width with the substitution

of Gd-Co. There are two resonance parts in the EPR spectra.
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Fig 8.7: ESR spectra for (a) BaFe12019 (b) Bao.7GdosFe11.7C003019 taken at room temperature in

X band.

Table 8.3: ESR parameters of BaFe12019 and Bao.7Gdo3Fe11.7C003019 taken at room temperature

in X band.

Sample AH(gauss) g factor T2 (sh)
BaFe2019 528 2.26 5.499 x 107!
Bao.7GdosFe11.7C003019 510 2.24 5.744 x 107!

The first part is called low field resonance near g = 4.49 which is a characteristic of
tetragonal Fe*" ions in a low field having magnetically isolated high spins (S = 5/2) and the other
part is a much broader resonance at high field near H = 3000 Gauss with g = 2.26 (Table 8.3),
mainly contributed by the Fe*" ions present at octahedral sites. The EPR intensity increases with

Co?" substitution. The less intensity of undoped sample may be due to a slow down in spin
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reorientation transition [106]. The interaction of the spins of electrons with adjacent atoms is
related to the relaxation time (T) and can be calculated from the value of (AH) by using following

1 _ gpAH ),
relations: T h )

A, =~3AH

where B is Bohr Magneton (9.274 x 102! erg G™'), AH)2 is half of peak to peak width, 7= 1.054 x
1073 J.s.. The relaxation time of the ESR signal was directly related to the interactions of the spins

with their environment and to their motion.

The band gap study has been carried out using UV-Vis-NIR (Model: Varian Carry 5000 at
room temperature with 0.2 nm resolution). UV—Vis-NIR has been used to investigate the optical
properties of BGCM in the optical region (200-800 nm) using absorption spectra. From the
spectrum the absorbed band gap energy has been calculated by using following relation [50]:

e A(hv—Eg)”2
hv

where a is absorption coefficient, A is a characteristic parameter of transition which depends on

the value of n that can have values 1/2, 2, 3/2 and 3 for allowed direct, allowed indirect, forbidden
direct and forbidden indirect transitions, respectively. E; denotes the optical band gap energy, h is
Planck constant and v is incident photon’s frequency. Figure 8.8 shows the spectra for energy band

gap of pure and substituted BGCM.

Table 8.4: Band gap variation with substitution in Ba;.xGdxCoxFe12xO19 (x = 0-0.6)

S. No. X Band gap (eV)
1 0.0 3.99
2 0.1 4.07
3 0.2 4.13
4 0.3 4.03
5 0.4 4.13
6 0.5 4.12
7 0.6 4.28
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Fig 8.8: Energy band spectra for Bai.xGdxCoxFei2-xO19 (x = 0-0.6) calcined at 900°C
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Fig 8.9: Absorption curves for Bai.xGdxCoxFei2xO19 (x = 0-0.6)
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The plotted graphs are showing direct allowed band gap. So the value of n = 1/2 has
been used for calculation. The value of direct band gap energy can be determined from
extrapolation of a liner portion of the plots. The band gap of pure barium hexaferrite has been
obtained 3.99 eV (Table 8.4). It has been concluded that the band gap energy increases with
increase in substitution concentration. BaM shows low value of band gap than BGCM. The band
gap of BGCM is higher than barium hexaferrite (3.18¢V) and barium hexaferrite thin films
(2.32eV) as reported elsewhere [73, 74]. The binding energy of RE-O is very high so incorporation
of RE*" increases the band gap energy up to some extent. Quantum confinement plays an important
role in the increase of the band gap. Crystallite size also affects the band gap energy. The smaller
the size the more discrete energy levels are formed leads to increase in band gap energy. From
UV-NIR absorption spectra (Fig. 8.9), it can be concluded that the absorption region for

hexaferrites is ~ 200-600 nm which is much wide and can be used as an effective absorber.

Dielectric analysis has been performed with an LCR meter (Model: 6440B) at 20 Hz- 3
MHz at temperature 8 “C. The capacitance of calcined BGCM has been recorded on LCR meter
using silver metal powder coated palettes (with 8 tonne pressure). Dielectric constant has been

calculated from parallel plate capacitor equation [70]:

_cd
&4

K

where K is dielectric constant, C is the capacitance of the palette, d is thickness of sample palette

and A is cross sectional area and &, is the permittivity of free space (8.85 x 10 ~* F/m).

A normal behaviour of ferrite has been shown by BGCM (Fig. 8.10) towards frequency
that is dielectric constant (K) is high for low frequency, but decreases when frequency tends to
increase and then becomes constant. This behaviour can be correspond to the space charge
polarization. The two theories are working behind this phenomena that are Koop’s
phenomenological and Maxwell Wagner theory. According to their theory, there may be a change
in valency of cations present because of electron exchange between Fe** and Fe?" and resulting in
displacement of the ionic charges that causes polarization. The oxygen ions having loosely bound
electrons and contribute to the polarization by aligning themselves along with applied field.

Hetero-structure of hexaferrite consists of the conducting grains and grains are separated by very
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thin but highly resistive grain boundaries. The dielectric constant depends on various factors like

crystallite size, cations present, calcination conditions, chemical composition etc. [71].
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Fig. 8.10: Variation of dielectric constant with frequency

The grain boundaries offers high resistance when the charge carriers align themselves at the
interface of grains and causing polarization. The electrons have been displaced by applied field
and causes polarization, but when half of alternating field becomes more than hopping time, the
displacement does not happen. So the dielectric constant shows a decrease in value at high
frequency [86, 107]. Due to of low eddy currents and high dielectric constant, synthesized material
can play a significant role in electronics market as a radiation absorbing material, electrical fillers,
high frequency component etc. Decrease in dielectric constant with substitution explanation
Dielectric loss (Fig. 8.11) can be calculated by using the expression [72]:

" =¢'tan O

where €' is dielectric constant and €" is a dielectric loss factor. Dielectric losses are also high at low

frequency.
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Fig.8.11: Plot of tangent loss with frequency for BaixGdxCoxFe12.xO19 (x = 0-0.6)

Hopping is the reason for loss tangent behavior. Dielectric loss tand decreases with increase in
frequency (Fig. 8.11). Maximum of loss tangent may be observed when the hopping is nearly equal
to that of the externally applied electric field. After the maxima, hopping time becomes more than

the applied signal so cause a decrease in loss tangent.

I-V characteristic have been plotted using Keithley - 2612 A system source meter for Gd-
Co substituted barium hexaferrite in -10 to 10 Volts (Fig. 8.12). Almost linear behavior can be seen
from characteristics. It has been observed that resistance is not depending on substitution of Gd-
Co. The resistance of the samples is in the 10° Ohm range. The small current established in the
material is solely because of conduction of single electron between Fe?* — Fe** + ¢”. Hexaferrite
are highly resistive material. Furthermore the Co?" ions create a hindrance for more conduction by
decreasing ferric ions. Owing to high resistance and low eddy currents, prepared material can be

utilized in high frequency application, resistors, radiation absorbance material.
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Fig 8.12. Current and voltage characteristics of BaixGdxCoxFe12xO19 (x = 0.2 and 0.6)

Polarization loops has been illustrated in Fig 8.13 (a) to (d) for Ba;xGdxCoxFe12-xO19. The samples
were palletized in circular form having thickness 2 mm. For compensation, the 4.7 uF capacitor
has been used. The shape of the hysteresis loop depicts the ferroelectric nature of the specimen
under study. In our case soft hysteresis behavior with unsaturated polarization loops with lower
coercivity values were obtained for the synthesized samples. Normally a single crystal or a
specimen with 100% c-oriented grains exhibits nearly a square loop with high remanent
polarization. Lower remanent polarization arise on account of random orientation of crystallites
that influences the reversal of domains. Coercive field occurs due to the growth of ferroelectric
domains causes reversal of polarization. But owing to low growth domains, coercivity attains low
value. The lower resistance offers by the off-centering of Fe ions impedes the saturation

polarization to raise its level [108].

Lacking in convex and concave portion, obtained loops are not consistent with the standard
ferroelectric loops due to low resistance but the samples shows polarization behavior [109]

A saturation is missing in the hysteresis loops because the presence of electron hopping
between Fe** and Fe?" ions offers low resistance to saturate the sample. The model of the
hexaferrite structure is shown in Fig. 8.14 having space group P63/mmc with nine atomic layers.
The arrows indicating the spin orientation of Fe ions. Structure of hexaferrite possesses distorted

FeOg octahedron in a unit cell.
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Fig 8.13: Ferroelectric loops for gadolinium and cobalt substituted barium hexaferrite Ba;xGdxCoxFeo-

O (2) x=0.1, (b) x=0.2, (c) x= 0.4 and (d) x=0.5

The similar octahedron can be found in perovskite structure compounds which are ferroelectric in
nature; ABO3, where A signifies the cations at the corner, B cations placed at the center surrounds
by 6 oxygen ions (BOg) making octahedron (ex. BaTiO3, LiNbO3 or PbTi03). Normal octahedron
composed of ferric ions at center of oxygen octahedron, but below Curie temperature (as the
measurement of hysteresis behavior taken at room temperature), a distortion occurs in lower
symmetry phase forcing Fe ions to shift off center along b axis and causing shift off 2 oxygen ions
lead to the deformation of O-Fe-O bond. This deformation in octahedron is responsible for the

origin of a dipole moment that creates polarization. There are enough octahedron present in the
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structure to induce the electric polarization. The presence of tetrahedral and bi-pyramidal have no

share in ferroelectric response of hexaferrite [110].
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Fig 8.14. A block diagram of hexaferrite crystal structure with illustration of octahedron,

tetrahedron and bipyramidal structures.
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Table 8.5: Summary of Coercivity (Hc), saturation Magnetization (Ms), Retentivity (Mr), Squareness
Ratio (SR) and Anisotropy constant (K) and energy barrier with substitution for Ba1xGdxCoxFe12-xO19 (x

=0-0.6)
X Hc (G) | Ms (emu/g) | Mr SR(MRr /Ms) | K(HA%kg) | Ea*10°
(emu/g)
0.0 |5427 ]92.53 52.42 0.57 25.23 17.62
0.1 | 3875 35.57 21.37 0.60 6.92 5.01
0.2 |4283 |47.31 27.26 0.58 10.18 7.42
0.3 |4053 |41.42 24.79 0.60 8.43 5.90
0.4 | 3875 38.50 22.38 0.58 7.49 5.14
0.5 |3191 22.37 12.66 0.57 3.59 2.44
0.6 |2825 |29.68 16.70 0.56 4.21 2.86
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Fig. 8.15: Hysteresis loop for Ba;xGdxCoxFe12-xO19 (x = 0-0.6) calcined at 900 °C.
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Magnetic properties have been investigated using vibrating sample magnetometer (VSM)
(Lakeshore 7410) at room temperature. The magnetic properties like coercivity, saturation
magnetization and retentivity has been evaluated from the hysteresis curve (Fig. 8.15) and
summarize in Table 8.5. The magnetic properties of hexaferrite strongly depend on the routes of

synthesis, site occupation, ionic radii, substituted cations and density.

Effect of substitution of Gd** and Co*" has been seen on saturation magnetization and
coercivity. Saturation magnetization (Ms) value for pure barium hexaferrite is 92.53 emu/g and
Ms value for pure is more than substituted samples. Ms depends on the magnetic moment of
particles. The lowest value for Ms is 22.37 emu/g for x = (.5. Saturation magnetization
continuously decreases with increase in Gd-Co substitution. It may be because of substitution of
Co?" (3 pB), having a smaller magnetic moment than Fe*" (5 ug) that leads to the decrease in net
exchange interaction strength, which causes a reduction in magnetization. Magnetization has also
gotten effected because of the presence of impurities in samples as discussed in XRD analysis.
Hematite is a non-magnetic impurity that affects the magnetic parameters of the samples. The
substituted samples show less Ms value than that of BaM. The presence of rare earth metal having
canted spins which promotes the non-collinear magnetic order and hence reduces the net
magnetization. The squareness ratio is in range 0.56- 0.60. So, a single magnetic domains has been

produced.

Coercivity values have been continuously decreased with substitution. The plausible
reason for decrease in coercivity may be the energy barrier for spin reversal, porosity, sample

degradation and anisotropy constant. The coercivity and anisotropy constant are related with each

2u,K

other by relation, /. = , where |1, is the universal constant of permeability in free space and

S

is equalto 47 x 10 " H/m and K is anisotropy constant. Direct dependence of coercivity on energy

barrier affects its value. An energy is required for reversal of spins that is called energy barrier and
can be expressed as Ea= KV sin’6. Among substituted samples, x = 0.0 has highest energy barrier

and hence highest coercivity. It has been observed that porosity also effects the coercivity. Pure

sample (barium hexaferrite) has highest coercivity because of high porosity value (74.80%).
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Fig 8.16: °"Fe relative transmission Mossbauer spectra for Ba; xGdxCoxFe12xO19 (x = 0.4) recorded
at room temperature. Sextet corresponding to presence of Ferric ions at different sites and

experimental data (in symbol) along with fitted data (red continuous line)

With substitution of Gd*", the valency state of Fe*>* changes to Fe?". For charge neutrality, the high
spin Fe** (3d®) changed in low spin Fe?* (3d*) causes the occurrence of spin canting and abundance
of Fe** ions causes distortion of atomic arrangement and decrease in coercivity. Also the
substitution of RE** causes perturbation in the lattice and dilution of the strength of the Fe-O bond

and resulting in reduction of the magnetic parameters.

Mossbauer Spectroscopy analysis has been carried out at room temperature (Fig. 8.16) for study
of ions distribution in sample structure with conventional >’Fe y-ray source at a constant

acceleration mode on Fatcom Mossbauer instrument model.

The obtained experimental data has been mathematically processed and fitted with MossWin 4.0
version software. A resolved and defined Mossbauer spectrum after fitting exhibits the
magnetically splitted Zeeman sextet relative to different five crystallographic position of ferric
cations namely 12k, 4f,, 4f1, 2a and 2b, this splitted spectrum confirms the presence of hexagonal
structure. The calculated parameters are showing variation from reported parameters [24, 111].
The low value of Her for 2b is due to lattice expansion and substitution effects and grain growth.

Hyperfine field (Hef) gives information about interaction between nucleus and surrounding
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Table 8.6: The Isomer Shift, Quadruple splitting, Hyperfine field, Area and Line width obtained
by fitting curve for Ba;xGdxCoxFe12xO19 (x = 0.4)

Sub-spectrum
Hyperfine
Parameter 12k 41 4t 2a 2b
Isomer shift (mm/s) [I.S.] 0.37 0.40 0.25 0.55 0.43
Isomer shift (mm/s)* 0.37 0.39 0.27 0.38 0.29
Hyperfine field (T) [Het] 41.61 51.66 49.78 50.73 35.21
Hyperfine field (T)* 41.9 52.5 49.7 51.3 40.7
Q splitting (mm/s) [Q.S.] 0.42 -0.17 0.10 0.28 1.52
Q splitting (mm/s)* 0.42 0.16 0.23 0.09 2.17
Area (%) 35.12 27.38 24.66 5.59 7.25
Theoretical Occupation (%) 50 16.66 16.66 8.33 8.33
Line width (mm/s) 0.32 0.24 0.31 0.10 0.33
Line width (mm/s)* 0.34 0.28 0.37 0.24 0.28

*Data has been taken from [24]. Reference data that has been taken is of pure hexaferrite.
magnetic field [112]. The drop in Her for 2b can be attribute to the coupling of 4f> with 2b and 12k
because substitution occurs mainly at 4f; and 41, (at spin down site) causes fall in Her of 2b. With
substitution, the exchange interaction between lattices has been decreased. The decrease in value
of Her and increase in Q. splitting (Q.S.) value at 2a indicates that the substitution of Gd** at place
of Ba?* has induced a perturbation of symmetry and increase the electron vicinity of the site causes
variation in these parameters. [81]. As impurity presence is confirmed in XRD data, the impurity
peaks does not appear in fitted data, it may get overlapped with peaks of 2b and cause low
resolution of impurity peak [113]. Isomeric shift (I.S.) depends on s-electron density and the
shielding effect of p, d and f electrons. Isomer shift for Fe** (S=1/2) varies in range 0.04 - 0.55.

Al LS value are in this range [114]. Expression for Isomer shift is given by:

15 =Clet0} R -R?)
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The nuclear factor (Re?-Rg?, effective nuclear charge radius of excited and ground state) is always

negative, but the \qL(Oj A2 factor (electron density difference on nucleus) depends on shielding of

electron [76]. Quadruple splitting gives knowledge about symmetry, spin state and oxidation state.
The substitution at 2a has also been supported by quadruple splitting. The quadruple splitting value
is higher than reported by Belous et.al (Table 8.6) [24]. The substitution causes distortion of the
crystal structure. The negative quadruple value refers to the oblate charge distribution of Fe [115].
Ratio of sextet areas in theoretical means is 12k : 4f; : 4f: 2a:2b=50:17 : 17 : 8 : 8, but the
experimental data shows the ratio as 35.12 : 27.38 : 24.66: 5.59 : 7.25. From analysis, it can be
concluded that the substitution of cations occur at 4f; and 4f> (spin down). The substitution of Co?*
forced Fe cations to shift towards octahedral and tetrahedral site. Line broadening is due to
structural disorder. Intensities of peaks reflects the relative amount of Fe ions in each sub lattice
but intensity also depends on phase and orientation of crystal in direction of y rays [116].
Substitution of non-magnetic or ion that is less magnetic than host cations produces variation in

local magnetic field. This variation effects value of line broadening [13]

Conclusion

Gd-Co substituted barium hexaferrite has been successfully synthesized using a typical modified
Pechini sol-gel method. For mass production, the employed method is convenient for use and
feasible on economic basis. Microstructural analysis (XRD, SEM, TEM and AFM) confirms the
formation of hexaferrite phase with non-homogenous surface. TGA study shows the formation
temperature of 680 °C for hexaferrite phase of BGCM. Samples are showing normal ferrite
dielectric behaviour. UV — Vis - NIR reveals that the band gap of as prepared samples increases
with substitution. VSM analysis shows that coercivity and saturation magnetization depend on
substitution. The prepared material can be used as a recording media because of high surface area,
high coercivity and saturation magnetization (>2500 Oe). I-V characteristics are showing linear
behaviour. Ferroelectric behaviour is not consistent with the standard ferroelectric hysteresis loops,
but the polarization is getting induced in the samples. Mossbauer study indicates that the

substitution occurs at spin down sites.
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CHAPTER-10

RADIATION LOSSES IN MICROWAVE REGION (Ku AND K
BAND =12.4-26.5 GHZ) BY MAGNETOELECTRIC
POLYPYRROLE NANO-COMPOSITE

Abstract

A nanocomposite of barium hexaferrite and barium titanate embedded in a polymer has been
synthesized via emulsion polymerization for the study of radiation absorbance. It has been found
that maximum radiation loss occur at 24.40 GHz (-14.66 dB) frequency owing to the combined
effect of composition of conducting polymer and suitable dielectric and magnetic material.
Prepared material is suitable for radiation losses. Micro structural study reveals that prepared
composite comprises of all the phases of present compound. Benzene ring absorption band (at
1183 cm™) in FT-IR spectra illustrate the presence of polymer. Surface morphology reveals that

the array of particles encapsulated by the polymer.

10. 1. Introduction

The intensive use of wireless systems in microwave region with advancement of communication
systems has originate the electromagnetic interference and environmental pollution and become
hazardous for biological tissues. The radiation absorbing material can help in reducing the
unwanted electromagnetic signals. Earlier, magnetic material, metal flakes, carbon nanostructures
are used as absorbent and extensively studied for the same property, but the bulk size could not
meet the technical requirement like easy synthesis, broad bandwidth, impedance matching. With
advancement in nano science, the material varies its properties with size at nano level. The
magnetic material tends to decrease their permeability at Gigahertz range frequency, so a
conjugated polymer can be used to damp the eddy currents. Absorption in ferrites depends on the
magnetic resonance phenomena because of the anisotropy field. Conducting polymer nano-
composites have been a used in so many applications since its discovery like Wi-Fi systems,

microwave devices, radar absorbing material [103] and other communication systems [104].
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Polymer has good stability in air and have good conductivity to promote the charge carrier drift.
The magnetic relaxation oscillation of hexaferrite can be effected with the structural disorder like
pores, defects etc. The embedding of magnetic material in polymer can induced disorder in
structure because of polymer and material matrix. It makes the system more complex resulting in
changes of internal magnetic fields. This cause shifting of the resonance frequency. The
permeability (u = pn” + ju’") and permittivity (¢ = ¢ + je'") contributes effectively to absorb or

dissipate the radiation.

EM radiation

@ — Doped BaM

®  BariumTitanate

Fig 10. 1: Mechanism for radiation absorbance

Real parts of both parameters contributes to the energy storage and imaginary parts
contributes to the losses in a material. From theoretical study for radiation losses, the magnetic
loss and dielectric losses combine can absorb the wide frequency range at effective level. So, a
composite with magnetic material, dielectric material and a m- conjugated system possessing

conducting polymer can absorb the radiation (Fig 10. 1). The pyrrole, a conducting polymer has
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catch a much attention because of its high electrical conductivity. [39, 40, 41]. So, the researchers
[105, 106-117] has turned their attention towards polymers embedded dielectric and magnetic

particles.

So many method are available to develop such composite, but emulsion polymerization
that is easy and reliable method has been used in this work and the prepared composite has been

studied for structural, magnetic and radiation absorbance properties.

10.2. Experimental procedure

The synthesis of Gd-Co and Nd-Co substituted barium hexaferrite has been carried out via sol gel
method using AR grade chemicals. For synthesis of barium titanate, the starting materials used are
barium nitrate, TiO> and oxalic acid. An aqueous solution of barium nitrate (0.12M) was prepared
using distilled water. Required amount (Ba/Ti = 1:1) of TiO2 powder was poured to the aqueous
solution of barium nitrate with constant stirring. To avoid the agglomeration of titanium oxide
article, the mixture is ultrasonicated (10 minutes). Oxalic acid (0.4 M) was added to the mixture
drop wise with vigorous stirring. Ammonia solution is added to maintain the pH at 6.8. The
precipitates are formed and the resultant product was washed repeatedly with distilled water
followed by drying at 40 °C for 2 days. The precursor was calcined at 900 °C.

The surfactant dodecyl benzene sulfonic acid (DBSA) is used as surfactant. 0.3 M solution
of DBSA is added in barium hexaferrite and barium titanate to form an emulsion. The pyrrole is
added in solution. For uniform dispersion, the solution was ultrasonicated before and after the
addition of pyrrole monomer. Further, an initiator ammonium persulphate has been used that will
initiate the polymerization at 2 °C. Obtained solution was kept on stirring for 24 hours. So obtained
product is filtered with suction pump and demulsify with isopropyl alcohol then washed with

distilled water. The samples are placed in an oven and dried at 80 °C for 24 h [39].
10. 3. Characterization techniques

Various testing techniques has been employed to study the composite. All those testing techniques

are mentioned in Chapter 9.
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10. 4. Results and Discussions
10. 4. 1. Phase Identification

The phase identification of the nanocomposites having hexaferrite, barium titanate and polypyrrole
has been investigated by well-known non-destructive X-ray powder diffractometer technique in

range 20-80° and presented in Fig. 10.2.

|

Intensity (a.u.)
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20 ' 30 ' 40 ' 50 ' 60 ' 70 ' 80
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Fig 10. 2: X-ray diffraction pattern for Ba;xGdxCoxFei2xO19 (or BaiyNdyCoyFeis.
yO19)/BaTi103/Polypyrrole composite at (a) y = 0.4, (b) y = 0.25, (c¢) y=0.1, (d) x = 0.5, (e) x=0.2,

(f) x=0.0 whereas (g) Pure barium hexaferrite and (h) Pure Barium titanate

All the synthesized samples show crystalline phase. The presence of apparent peaks present (Fig
10.2) at angle 23.006° (006), 30.318° (110), 32.236° (107), 34.214° (114), 56.512° (2011) are for
hexaferrite and peaks at 31.730° (110), 45.462° (200), 65.896° (220) representing presence of
barium titanate. Slight amorphous peak near between 20 and 23° is for pyrrole. Hence, the
structural study proposed the presence of all phases of composite. Sample code that has been used

in the present study is presented in table 10.1.
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Table 10. 1: Sample code for composite

S. No. Code
Bai.yNdyCoyFei2.yO19/BaTiOs/Polypyrrole at y = 0.4 BNPY4
Bai.yNdyCoyFe12.yO19/BaTiOs/Polypyrrole at y = 0.25 BNPY25
Bai.yNdyCoyFe2.yO19/BaTiOs/Polypyrrole at y = 0.1 BNPY1
BaixGdxCoxFe12xO19/BaTiOs/Polypyrrole at x = 0.5 BGPY5
BaixGdxCoxFe12xO19/BaTiOs/Polypyrrole at x = 0.2 BGPY2
BaFe12019/BaTiOs/Polypyrrole BBPY
BaFe2O19/Polyaniline CcOop

10. 4. 2. Mid infrared spectra analysis

FT-IR spectra have been examined to identify the remains of chemicals taken at initial level for
synthesis process (Fig. 10. 3). Hexaferrite formation are indicated by two prominent peaks that
arise near 428 cm™ and 582 cm’!, attributed to the vibration of ferric crystallographic site

(octahedral and tetrahedral respectively) The stretching vibrations of metal-oxygen bond with v;

and v> mode are the reason for these peaks [59].

The peaks in the range 1128-1183 cm™ and at 1079 cm™! are attributed to in-plane deformation
vibration of C-H bond and in plane C-H bending vibration mode in N=Q=N, where Q represents
quinoid ring system. The band at 1142 cm™ is expected due to polarization of pyrrole monomer.
The broad absorption band near 3497 cm! is the characteristics peak of polypyrrole [118-120].

The peak near 525 cm™! pointing the presence of barium titanate. This peak attributes to the TiOg

octahedral stretching.
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Fig 10. 3: Mid infrared region spectra Ba;xGdxCoxFei2xO19 (or BajyNdyCoyFei-
yO19)/BaTi103/Polypyrrole composite at (a) y = 0.4, (b) y=0.25, (¢) y=0.1, (d) x =0.5, (e) x =

0.2, (f) x = 0.0 whereas (g) Pure barium hexaferrite and (h) Pure Barium titanate

10. 4.3. Electron spin resonance spectroscopy

ESR spectra of barium hexaferrite and composite having barium hexaferrite, barium titanate and
polypyrrole has been taken at room temperature in X band. The first derivative signal vs applied
magnetic field has been studied. The addition of polymer has enhanced the signal intensity (Fig.
10. 4). The ESR spectra parameters (g and AH) has been evaluated and reported in Table 10.2. The
two ferromagnetic resonance signal curves are present in the spectra that may ascribe to the
coupling of ferric ions at interstitial sites due to octahedral and tetrahedral sites. The peak intensity

has been increased due to contribution of electrons of polymer [91].
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Table 10. 2: ESR parameters of for (a) Barium hexaferrite and (b) BGPY2 taken at room

temperature in X band.

Sample AH(gauss) g factor
Barium hexaferrite 531 1.99
BGPY2 60 2.13

The increase in intensity is directly linked to the number of spins taking part in interaction. Pyrrole
addition does not increase the signal intensity for g= 4 but increases for g= 2 (appx.), which is the
g value for free electron. So the intensity get increased. The interaction of the spins with their

environment also effects the absorption peak [41, 42].
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Fig 10. 4: ESR spectra for (a) Barium hexaferrite and (b) Composite having barium hexaferrite,

Barium Titanate and polypyrrole (BBPY) at room temperature in X band.
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10.4.4. Magnetic properties

Hysteresis loop for barium ferrite/BaTiO3/Polypyrrole composites recorded at room temperature
has been shown in Fig. 10. 5. The magnetic parameters has been evaluated from M-H curve and

reported in the Table 10. 3.
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Fig 10. 5: Hysteresis loop for composites BaixGdxCoxFe2xO19 (or BaiyNdyCoyFeio.
yO19)/BaTiOs/Polypyrrole (a) x = 0.0, (b) y=0.25, (¢)x=0.5and (d) y=0.4

The highest value for saturation magnetization is 20 emu/g at an external applied field of 15 kOe.
Composites are showing less saturation magnetization than the pure barium hexaferrite as reported
elsewhere [121]. Magnetic parameters have been reduced because of the presence of barium
titanate and polymer. Barium titanate and barium hexaferrite both are of nano size. At the time of
synthesis of composite, both compounds were homogenised, that leads to the amalgamation of

particles and reduced the superexchange interaction of magnetic ions causing reduction of

138



magnetic properties [39]. Grain size affects the properties like initial permeability, linewidth,
domain wall displacement and coercive force. The new absorption mechanism arise due to
decrease of particle size to nano range. The natural resonance frequency of barium hexaferrite lies
in the range 50-60 GHz because of large magneto-crystalline anisotropy and high saturation
magnetization (72 emu/g) [39]. But the weakening of magnetic anisotropy can shifts the resonance
frequency to lower frequency. If coercivity is taken into account of anisotropy field, then resonance
frequency directly depends on saturation magnetization and coercivity [1]. The surface effects
become prominent when particle size decreases in nano range and makes the micro wave and

magnetic properties different than those of bulk material [41, 122].

Table 10. 3: Coercivity, saturation magnetization and retentivity of barium hexaferrite/

BaTiOs/Polypyrrole and Hexaferrite/Polyaniline (COP).

Composite Hc (Oe) Ms (emu/g) M:(emu/g)
BBPY 3657 20 10.98
BGPY 2168 8.91 4.90
BNPY4 4520 5.54 3.38
BNPY25 4636 13.46 7.93

COP 5560 23.61 13.30

10.4. 5. Surface features

Transmission electron microscopy (TEM) has been used to determine surface morphology of
composite. The grains entrapped in polymer can be visualized. Due to different shape of hexaferrite
and barium titanate grains and amorphous nature of polymer, it is hard to see the shape of grains
(Fig 10. 6). Grains form some clusters owing to the inter particle interaction of magneto-dipole

[41].
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Fig 10. 6: Transmission electron micrographs of magneto-electric composite of hexaferrite ferrites

and barium titanate enclosed by polypyrrole (BBPY).

10. 4.6. Radiation loss study

The Ky and K band (12.4-26.5 GHz) has been used for the radiation absorbance properties.
Frequency region 12.4-18 GHz: From the Fig. 10. 7, it is clear that distinct patterns are present at

almost same frequency but with different intensity value. They possess almost equal width of the
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loss band for all composite samples at a particular frequency. Three consecutive peaks are present

in 12.4- 18 GHz (table 10. 4). Sample BBPY have shown the better absorbance than other samples

-10 4

Reflection loss (dB)
&
|

12 4
14 4
{—+ BNPY4
-16 I L) I L) I L) I L) I L I L I
12 13 14 15 16 17 18

Frequency (GHz)

Fig 10. 7: Reflection loss for Gd-Co (or Nd-Co) substituted Barium hexaferrite/ Barium titanate/

Pyrrole composite

because of the high saturation magnetization of this sample as compared to others. Electrical
properties of polypyrrole support the absorption. The dielectric material get polarized and uses the
incident energy for polarization, the multiple reflections of hexaferrite and barium titanate and
electrical conductivity owes to the increase of reflection loss. Fig 10.8 and 10.9 illustrates the real
(¢") and imaginary part (¢"") of complex permittivity for the composite sample and fig. 10.10 and

10.11 is showing real (u”) and imaginary part (u"") of permeability.
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Table 10. 4. Reflection loss values for different composite at different frequency

Peak 1 Peak 2 Peak 3
Max reflection | Reflection loss | Max reflection | Reflection Max  reflection | Reflection loss at
loss at | at highest loss | loss at | loss at highest | loss at Frequency | highest loss
Frequency frequency Frequency loss frequency frequency
BBPY 13.7 -11.76 16.09 -14.23 17.80 -7.86
BGPY2 | 13.9 -10.60 16.20 -10.67 17.89 -8.15
BGPYS5 | 13.89 -9.49 16.09 -12.41 17.90 -12.39
BNPY1 | 13.89 -9.92 16.10 -10.55 17.90 -9.81
BNPY25 | 13.84 -9.83 16.20 -12.82 17.90 -11.94
BNPY4 | 13.87 -10.42 16.188 -12.30 17.80 -8.76
50 —
45 —=— BBPY
1 —e— BGPY2
407 —A— BGPY5
35 —v— BNPY1
1 —<4— BNPY25
30 ] —»>— BNPY4
25
° |
20
15 4
10
54
04
-5 T T T

frequency

Fig 10. 8: Real part of complex permittivity of prepared composite in range 12.4-18 GHz
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Fig 10. 9: Imaginary part of complex permittivity for composite in range 12.4-18 GHz
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Fig 10. 10: Real part of complex permeability for composite in range 12.4-18 GHz
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Fig 10. 11: Imaginary part of Complex permeability for composite in range 12.4-18 GHz
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Fig 10. 12. The Shielding effectiveness for absorption (SE4) for prepared composite in range 12.4-
18 GHz
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Fig 10. 13. The Shielding effectiveness for reflection (SEr) for prepared composite in range 12.4-
18 GHz

Frequency Band (18-26.5 GHz): The real and imaginary parts of permittivity and permeability are
shown in fig. 10.14, 10.15, 10.16 and 10.17. The radiation losses in 18-26.5 GHz are shown in fig.
10.18. The shielding effectiveness in absorption and reflection is shown in fig. 10.19 and 10.20.
The permeability and permittivity shows too much variation in their values with zigzag plots. In
sample BBPY, The SEa increases constantly, showing no maximum value for radiation loss. In
sample BGPY2, maximum reflection loss (occur at 20 GHz), whereas imaginary part of
permittivity also shows maximum value near 20 GHz range. The electric losses contributes more
to the radiation loss. The maximum loss occur near 24 GHz, SEr, SEa, p’, €¢” and €”” also increases
near 24 GHz for sample BGPY5. Shielding effectiveness of Reflection is highest for sample
BNPY 1, the €’ is high for this sample too, the incident radiations has been lost by sample in form
of storage, whereas pu” and p"" is almost equals to zero. Reflection loss for sample BNPY25 is
maximum at frequency 22.50 (-14.12 dB) GHz, the real part of permittivity varies with reflection
loss for BNPY25. It has been depicted that, if the ¢” or ¢”” is maximum then the shielding
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effectiveness for reflection will be maximum. COP sample shows reflection loss in low frequency

range, For COP sample, ¢” and €"" are high along with reflection loss near 20.5 GHz.
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Fig 10.14: Imaginary part of complex permittivity of prepared composite in range 18-26.5 GHz
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Fig 10.15: Real part of complex permittivity of prepared composite in range 18-26.5 GHz

15 4

14

13 4

127 ——BBPY
"1 ——BGPY2
107 ——BGPY5
94 ——BNPY1
81 ——BNPY25

| ' | T | ' ' | ' | ' |

18 19 20 21 22 23 24 25 26 27
Frequency (GHz)

Fig 10.16: Imaginary part of complex permeability of prepared composite in range 18-26.5 GHz
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Fig 10.17: Real part of complex permeability of prepared composite in range 18-26.5 GHz
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Fig 10.18: Reflection loss for Gd-Co (or Nd-Co) substituted Barium hexaferrite/ Barium titanate/

Pyrrole composite in range of 18-26.5 GHz.
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Fig 10.19: The Shielding effectiveness for absorption (SEa) for prepared composite in range 18-

26.5 GHz
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The synthesized material can be utilized as a radar absorbing material. Following relation

has been used to calculate the reflection loss in accordance with theory of absorbing wall [43]:-
RL (dB) = 20 log‘z - +1‘

where Z is the normalized input impedance. It has been observed that at lower frequency, the band
width of loss is more as compared to bandwidth occur at high frequency. Moreover, the losses
increase, indicated by sharp peaks when approaches high frequency. The permittivity and
permeability shows the variation in their values. A resonance in Ky and K band frequency exist
because of electron hopping (Fe*" «<»Fe?") frequency matching. The real part of permeability and
permittivity contributes more to the losses because of arise of ferromagnetic resonance. The
frequency of real part of permeability peaks matches exactly with the frequency of radiation loss
peaks. The higher permeability value cause decrease of ferromagnetic resonance frequency [123,
124]. The interfacial polarization caused by low resistive grains separated by a highly resistive
grain boundaries, increases the real part of permittivity. The matrix of conducting polypyrrole,
barium titanate and hexaferrite contribute to the dielectric losses (¢”") and dielectric constant (g”).
The unsaturated coordination on the surface, hexaferrite of nano-size, the dangling bond atoms,

the surface area are enhanced and leads to the multiple scattering cause loss of radiation.

The shielding effectiveness has been calculated from the S parameters obtained from Vector
network analyser. The shielding effectiveness for absorption (SEa) and reflection (SEr) has been
plotted in fig 10. 12 and fig 10. 13. According to the classical electromagnetic theory, the shielding
effectiveness for thick shield material having thickness (d), conductivity (cac), skin depth (6) and

permeability (i) can be represent as:
d
SE ,(dB) = 20gloge or 20d(,|——

Reflectivity, absorptivity and transmittance can be calculated from S parameters (S11 and Sz1).

Shielding effectiveness is the ratio of transmitted to incident power and can be expressed as:

SE (dB)=-101log (%J

o
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where Py is transmitted and Py is incident power. Transmission and Reflection coefficients can be

calculated from 7= |S21|2 :|S12 'R :|S“|2 :|522|2- Effective absorption can be obtained from

I-R-T

following expression: 4, = ( j . The shielding effectiveness for reflection and absorption

have been evaluated from
SE, =—10logl—R)
SE, =—10log(l-4,,)

It has been concluded that the real part of permittivity contributes to the SEr whereas the real part
of permeability peaks matches with SEa peaks. SEa is slightly high that means the storage of

energy that is absorption is more than the losses [39].
Conclusion

The composite material of gadolinium, neodymium and cobalt doped barium hexaferrite, nano size
barium titanate and polypyrrole has been successfully synthesized with emulsion polymerization.
The XRD shows the crystalline structure and formation of nanocomposite. The FT-IR spectra
provide the evidence of the presence of ferrite particles, barium titanate and polypyrrole. The
magnetic properties has effected the radiation losses. The peaks having reflection loss in -10 to -
15 dB range are present in the plots. ESR spectra show that the polypyrrole has increased the
intensity of the signal. The prepared material shows good reflection loss value, consequently, it

can be used as a promising material for radiation absorption.

151



CHAPTER-11

SUMMARY AND CONCLUSION

In this work, composites of polymer, substituted hexaferrite and dielectric material has been
successfully synthesized for radiation absorbance. Rare earth substituted barium hexaferrite has
been synthesized via Modified Pechini Sol Gel method. Dielectric material has been synthesized
via oxalate process and physical embedment of these particles in polymer is done by emulsion

polymerization.

The magneto plumbite structure of hexaferrite has been confirmed by XRD.
Microstructural analysis confirms the formation of hexaferrite phase along with some percentage
of impurities in some samples. The formation of hexaferrite phase indicates that the rare earth
metals have occupied the preferential sites in the lattice.In some samples, the high concentration
of rare earth does not undergoes completion of reaction. Hence, more time and high temperature
were needed for completion of reaction. The formation of hexagonal structure takes place and the
morphology of the surface of the as-prepared samples are non-homogenous. Average crystallite
size which is estimated by Scherer formula is found to be in nano range (<100 nm). This range of
size is useful in various applications. The presence of two peaks at 430 cm™ and 580 cm™ in FT-
IR spectra supports the presence of octahedral and tetrahedral sites in hexaferrites. Vibrational
modes in FT-Raman spectra favours the affirmation of magneto-plumbite structure. The impurities
have degraded the properties but from an application point of view, the properties are still much

better for utilization in industry.

It has been observed that the hexaferrite phase forms at a temperature of 400-700°C and
the formation temperature depends on the substituent’s concentration. The steps occur in reaction
are clearly visible with the increase in temperature. It has been found that neodymium substitution
has decreased the formation temperature, but in case of gadolinium and lanthanum, the formation

temperature is almost same.

Samples show normal ferrite dielectric behaviour. A normal ferrite behaviour of dielectric

constant which may be due to conducting grains and hopping of electrons between Fe** and Fe?*
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are analysed with Koop’s phenomenological theory and Maxwell Wagner. The dielectric constant
value reaches maximum at low frequency but as frequency increases, dielectric constant decreases.
Optical study analysis indicates the indirect band gap of samples where band gaps are ranging
from 3.7 eV to 4.50 eV. UV—Vis-NIR reveals that the band gap of as prepared samples increases
with substitution. The nano size of particles also effects the band gap. The band gap increases with

decrease in size of crystallites.

From analysis, it is observed that coercivity and saturation magnetization shows decrement
in their values with increase in substitution in case of neodymium and gadolinium. Lanthanum
substitution has enhanced the magnetic properties, whereas the neodymium and gadolinium have
deteriorated the properties. Despite the deterioration of properties, prepared materials can be used
as a recording media because of high surface area and high coercivity and saturation magnetization
(>2500 Oe). The effect of saturation magnetization and coercivity have been observed on the
radiation absorbance properties. Mossbauer study reveals that the substituents have replaced the
ferric ions and the hyperfine parameters somewhat vary than pure hexaferrite. The samples are

showing high resistivity and can be used as resistors to reduce eddy currents.

Surface morphology revealed by SEM, FESEM, TEM and AFM shows the hexagonal
crystal structure. The particles are in nano range. The composites, enwrapped by the polymer, can

be observed in TEM images. The cubic cell structure impurities can be seen in AFM images.

Fe** ions are responsible for the observed peak to peak line width examined in ESR spectra,
but the signal intensity increases with addition of polymer. A dielectric material, barium titanate
has been synthesized for electrical losses via oxalate process. Barium titanate exhibiting cubic

structure as affirms by XRD analysis. The prepared barium titanate is in nano size (32 nm).

The magnetic properties have affected the radiation absorbance properties. Higher is the
saturation magnetization, higher is the reflection loss. It has also been observed that the intensity
of reflection loss increases with increase in frequency and the area of peak decreases with increase
in frequency. Characteristic peaks of polymer shows their presence in FT-IR spectra in composite
samples. The radiation absorbance of the composite is less than 30 dB. X-Ray diffraction patterns
shows the presence of all phases present in composite and has been confirm by the distinctive

peaks of composite material.
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