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Abstract

Searching for new materials has become important from the view point of
both fundamental research and practical applications. Due to their unique
properties of multifunctional materials (RFeO3) have been strongly
attractive candidates due to their potential applications and interesting
physics. PrFeO3; exhibits room temperature (RT) orthorhombic crystal
symmetry with Pnma space group and it undergoes through various
structural phase transformations under different temperature and pressure
conditions. However, it might be possible after, transition metal (TM) ion
doped compound may have different potential scopes which have not
been explored so far. Both research and industry have been widely
studied these type material due to their diverse physical properties and
technological applications. The unique properties of perovskite ferrite
(PrFeO3) have been strongly attractive candidates due to high dielectric
constant and its possible proposed application in spintronic devices and
magneto-optical properties. Modern optical spectroscopy is known to
probe the electronic structure of various transition metal oxides. Keeping
in view the potentials of modern optical spectroscopy, in the present
thesis work we aim to investigate the optical property and dielectric
properties of prepared oxides as a function of temperature and for
different-2 Cr atomic concentrations doped to PrFeO3; to probe the
temperature dependent of electronic structure. The purity of structural
phase of all prepared polycrystalline PrFeO3; samples has been confirmed
through X-ray diffraction (XRD) experiments by refining the XRD data
with the help of Fullprof Rietveld refinement package. The band gap for
all presently studied samples is determined through diffuse reflectance
spectroscopy (DRS) based on the formalism of Kubelka-Munk function
and Tauc’s relation. Due to difference in the ionic radius and difference in
electronegativity of Cr*® and Fe* it is expected that with Cr doping in
PrFeO; may lead to variation in lattice parameters and consequently

variation in band gap. The variation of band gap with temperature



follows the varshni’s relations that have been confirmed by temperature
dependent diffuse reflectance spectroscopy. The variation of Urbach
energy (Eu) for all samples for different-2 Cr percentages and as a
function of temperature has been studied. There is a significant increase
in Urbach energy with increase in temperature and on incorporation of
impurities. In addition to this dielectric characterization has been done at
room temperature and at low temperature range. The variation of
dielectric constant and dielectric loss with Cr doping to PrFeO; is
observed at room temperature, further these variation’s with temperature

is also studied in the present work.

Key Words: Crystal structure; Perovskite; Dielectric Properties;
Magneto-dielectric ~ Properties; Diffuse  Reflectance; impedance
spectroscopy; Scanning electron microscopy (SEM); Urbach energy;
Optical spectroscopy; Structural disorder; Thermal disorder; X-ray
diffraction (XRD).
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CHAPTER 1

Introduction and Origin of the Problem

Gustav Rose discovered CaTiOg3 in the Ural Mountains in 1839 and
named it Perovskite after the great Russian mineralogist, Count Lev
Alexevich Von Perovski. The general chemical formula for
Perovskite structure is ABO; with type structure A representing
cations present on the corners of the unit cell, B represents central
cation present on the body centre and O as Oxygen (anions) present
on the centre of each face of the unit cell. So we can define the
perovskite structure as one that has the same configuration of the
same type of crystal structure of calcium titanium oxide (CaTiOs)™.
These types of materials are important from research point of view
due to their diverse physical properties and technological applications
21 Due to their unique properties of perovskite ferrite (RFeOs) have
been strongly attractive candidates due to high dielectric constant and
its possible proposed application in spintronic devices B! and
magneto-optical properties ("1,

Further perovskite ferrite (RFeO3) will also be probe for magneto-
dielectric/multi-ferroic applications®®®). From last two decades the
research community worldwide trying to understand the coupling of
electric and magnetic dipoles in multi-ferroic and magneto-dielectric
system as these materials are proposed as the potential candidate for
new generation of electronic devices. In this connection the efforts are
being made to induce the ferromagnetism in high dielectric constant
materials by doping or to search for natural systems possess such
coupling. If such kind of coupling present in any system then by
application of external magnetic field it is now possible to control the
ferroelectric polarization and vice versa. The mutual control on the
electric and magnetic polarization is called magneto-dielectric effect
[0 presently the candidate materials in this category are limited and
show the magneto-dielectric response either at very high value of
magnetic field or at low temperatures which limits the practical



application of such device. For example ToMnO; M.E. effect was
observed at 23K, in CuO observed at 230K. Recently we have
demonstrated the magneto-dielectric effect at room temperature in Mn
doped LaGaO3!Y.

Modern optical spectroscopy is known to probe the electronic structure
of various transition metal oxides 4. Keeping in view the potentials
of modern optical spectroscopy, in the present thesis work we aim to
investigate the optical property and dielectric properties of prepared
transition metal oxides as a function of temperature and for different-2
Cr atomic concentrations doped to PrFeO3 to probe the temperature
dependent of electronic structure and also to probe the phase transition
if any present in the samples.

Hence in order to understand the variation of band gap and Urbach
energy as a function of temperature is of scientific and technological

[1516] " Erom last decade various researchers have used the

interest
optical spectroscopy to probe the electronic structure of various
transition metal oxides and the said optical spectroscopy is known for
its potential to probe electronic disorder (thermal, polar, chemical,
structural and due to defects etc.) present in the sample!>241,

The major contribution in Urbach energy is from various kind of
disorders present in the system and the said energy increases if
disorder in the system increases™”. The effect of temperature on
Urbach energy can be easily understood by disturbance in periodicity
in crystal with temperature or atoms will oscillates with higher and
higher amplitudes so uncertainty in spatial arrangement of atoms
increases with temperatures which increases the disorder in crystals,
which further contributes to increase of Urbach energy!®!.

In the present work it has been observed that Urbach energy which is a
measure of various disorders present in the system be small enough for
pure un-doped system (PrFeOs in present case) and scales up with
temperature and on incorporation of doping (chromium in present

case), which may be due to structural disorder induced by doping.



(Possibly due to difference in the ionic radii of parent ion and dopant,
lattice strain is induced).

Further room temperature dielectric study and temperature dependent
dielectric study of PrFeO3 on incorporation of Mn is already reported
in Khalid et. al.™® which suggests that dielectric constant of PrFeO;
increases after addition of Mn and with low dielectric loss (tan-6)
value.

Further due to difference in the ionic radius and difference in electro-
negativity of Cr*> and Fe*® it is expected that with Cr doping in
PrFeO3; may lead to variation in lattice parameters and consequently
variation in band gap®. Thus the PrFeO; appears to be the potential
material for various electronic applications.

Keeping this in view in the present studies we have prepared
PrFe;«CrO3 by sol gel method and studied its structural, optical
dielectric and magneto-dielectric properties at room temperature. For
detailed characterization of prepared samples SEM (Scanning electron
Microscopy), EDAX (Energy dispersive x-ray analysis) and elemental
mapping have been performed to study the morphology, chemical
composition and homogeneity of the synthesized samples respectively.
In the following section we have briefly discussed the important

concepts related to the present work.



1.1 Magneto-electrics and Multiferroicity:

The classification of materials under investigation typically involves
terms such as ‘Multiferroic’ and ‘magneto-dielectric’ whose overlap is
shown in figure-1.2. Multiferroics and magneto-electrics involve both
ferroelectric and magnetic properties of matter, so it has attracted
researchers from both backgrounds: magnetism and ferro-electricity.
Multiferroic materials are those materials which exhibit either two or
three different ferroic orders at the same time: ferromagnetism,
ferroelectricity and ferroelasticity. The materials possess the above
said coupling are the part of the highly correlated electron system. In
highly correlated electron system the charge, spin and lattice degree of
freedoms and interactions between them critically controls the various
properties of a given material. Thus by application of external
magnetic field it is now possible to control the ferroelectric
polarization and vice versal***¥!. The mutual control on the electric and
magnetic polarization is called magneto-dielectric effect!™!.

Hall effect observed in most of the non-magnetic semiconductors
(such as Si and Ge etc.) may be best example of magneto-electric
effect. Magneto-electric coupling may arise directly due to the
coupling between the two or more force ferroic orders (local electric,
magnetic or strain field) present intrinsically in sample or due to

coupling between internal force field and external perturbations.

Multiferraie (b)

<" Ferroelectric

Magnetically
Folarlzable

Electrically
Polarizable

Magnetostectric ¢ Magnetoelasticity

Figure-1.1: Schematic diagram of multiferroics and magneto-
dielectricst®.



1.2 The Urbach tail

The character of the localised states observed in between the valance
band and conduction band in optical spectroscopy for disordered
semiconductors is a problem of importance with a history dating back
to the fifties. It has been understood that band tail states in amorphous
semiconductors arise due to the thermal disorder, This tail varies
exponentially into the band gap. This exponential variation in
absorption coefficient along the absorption band edge is a well-known
universal feature in optical properties. The universal phenomena have

been observed in all imperfect crystalline solids and amorphous solids.

Absorption coefficient (&) for Urbach tails can be written as?!:

a(E,T) = dexp [0(5E)] e o)

KT

Where E'and a' are constants determined by extrapolated linearly from
In(e) Versus E curves at a given temperature T.

This exponential variation of absorption coefficient near the band
edges was firstly observed by Urbach in 1953 in studying the optical
properties of indirect band gap silver halides. Urbach described this

exponential behaviour in the following form[?:

0t _ 4T .
S =gy = ~1/KT (1.1)

Where S is slope of exponent, K is absorption coefficient, hv is photon
energy and k is Boltzmann’s constant.

It was clear from equation given by Urbach that S has only
temperature dependence and has no reliance on material properties.
But experimentally it was observed that slope of exponent is a
property of material as well as a function of temperature. Further
Martienssen redefine the Urbach rule and wrote the same in following

form [?4:

E-E'

@(E,T) = d'exp[o (=" )] =r-mremeee (1.2)
Hence behavior of a is referred in literature as Urbach-Martienssen’s

rule. It is observed that that the Ey scales up with temperature

5



(thermal energy induces structural disorder) as the structural disorder
(random vibrations) scales with temperature. Thus it appears that the
scaling of Urbach energy may have the similar functional form as that
of temperaturet*!.

hv hv
Eu = ——= coth(z =)~ (1.3)

Here o' is a temperature-independent constant proposed to be
inversely proportional to the exciton-phonon interaction strength. The
energy parameter hv is considered to be the energy of phonons
involved in the formation of photon absorption edge.

Exponential variation of absorption for
4 Real semiconductor

|

F(R) ——> Sharp absorption for
ideal semiconductor

3\

Energy

Figure-1.2: Represents the exponential variation of absorption coefficient
curve near band edge.

1.3 Origin of Urbach tail

The origin of Urbach tail is various kinds of disorders that are present
in all crystals, either these disorders are due to temperature, chemical
composition or various defects present in the crystall*"*32% From
band theory of solids we know that electron is moving in periodically
varying potential having period equal to lattice constant. Due to
temperature variation or incorporation of impurities spatial
arrangement of atoms gets disturbed (periodicity gets disturbed) and
electron feels a potential which differ from place to place. Due to this
variation of potential edges of valance band and conduction band gets
blur i.e. localises states are formed in the form of tail in between the

valance band and conduction band. This tail also arises because of



various kinds of defects, structural coherency, chemical in-
homogeneity etc. and due to presence of these disorders the valence
band and conduction band do not have sharp cut off but have localized
tails states, due to these localised states density of states distribution
changes and optical absorption edge is not fall sharp and has
exponential variation near the band edge. When we make Tauc plot we

do not get straight line in the whole energy range.

Energy
A
— Conduction band
Urbach tail
— Valance band

v

Density of states

Figure-1.3: Shows localised state formation in between the valance band
and Conduction band.

Role of various factors affecting the Urbach tail

In the following section we will briefly discuss the role of temperature
and structural disorders on the Urbach tail. As in our earlier discussion
we discussed the effect of temperature i.e. temperature increases the
lattice vibrations™™® and changes the periodicity (spatial arrangement
of atoms) which give rise the localised states formation in the form of

tail in between the valance band and conduction band.



O
J

Line defect

@
Figure-1.4 Shows the strain field generated by dopant atom.

Contribution of structural disorder to Urbach tail can be intrinsic
(vacancies or dislocations) or be induced by external factors (deviation

from stoichiometry, doping, ion implantation). These intrinsic and

extrinsic factors contribute to formation of localized states in between

the wvalance band and conduction band. Disordering due to

composition arises due to non-homogenous distribution of dopant

atoms.

1.4 Band-gap

The term "band gap" refers to the energy difference between the top of
the valence band and the bottom of the conduction band. However for
electron to jump from a valence band to a conduction band, it requires
a specific minimum amount of energy for the transition. The required
energy differs for different materials as every solid has its own
characteristic energy-band structure. This variation in band structure is
responsible for the wide range of electrical characteristics observed in

various materials.



Conduction band

Band gap

MV

Valence band

Figure-1.5 Band structure of solids.

The formation of bands is due to that an electron in a crystal moves in
a region of periodically varying potential rather than one of constant
potential. As a result diffraction effects occur that limit the electron to
certain ranges of momenta that correspond to allowed energy bands.
On the basis of band gap we can classified the solids in three different

categories; insulator, conductor and semi-conductor.

Overlapping of
V.B. and C.B.

Conduction
-

-,

L Band

Energy

Coap
Valance
band

Metal Semiconductor Insulator

Figure-1.6 Band diagram of different solids.



In insulators the electrons in the valence band are separated by a large
gap from the conduction band, in conductors like metals the valence
band overlaps the conduction band, and in semiconductors there is a
small enough gap between the valence and conduction bands that
thermal or other excitations can bridge the gap®®® as shown in figure-
1.6.

1.5 Structure of PrFeOs;

[245%] strycture

Praseodymium ferrite (PrFeOs) is ABO; type perovskite
material, in which A and B are cations and O is an anion. All these
anions are present at the centre of each faces and all of them are
equidistant from the central atom (B-cation) which forms a Centro-
symmetric octahedron around B- cation. Due to that reason, there is no
net dipole moment found in the material. But once their symmetry is
broken a net dipole moment arises and hence ferro-electricity (FE)
may be induced in the sample. The resulting electric dipole is
responsible for the property of ferro-electricity and shown by

perovskite such as BaTiOj that distort in this fashion.

Perovskite ABO, Uniform strain

" Ferroalectric effect

Conventional piezoelectricity

a) b)

o’

Figure-1.7 Perovskite Structure %,

O_pPr . —»0 O—»Fe
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1.6 Dielectric properties

The dielectric behaviour usually refers to the variation of the
properties (dielectric constant, dielectric loss, a.c. conductivity, and
other similar properties) with frequency of applied electric field,
temperature, voltage an composition. In Dielectric measurements we
basically analyse two fundamental characteristics of materials (1)
capacitive (insulating) nature, which represents its ability to store
electric charge (2) conducting nature which represents its ability to
transfer electric charge. By calculating the capacitance of the sample
and its conductivity dielectric constant and dielectric loss of a material
can be determined respectively.

Dielectric constant results from four types of polarization are named as

interfacial, dipolar, ionic, and electronic polarization contributions!.

Interfacial polarization

The sharp variation in the dielectric constant at very low frequencies is
due to interfacial (space charge) polarization. The space-charge
polarization occurs due to the diffusion of ions, present on the grain
boundary along the field direction, thereby giving rise to redistribution
of charges in the dielectrics. This usually happens at the grain

boundaries or any other interface such as electrode-material interfa ce.

(a) (b)

Figure-1.8 (a) dielectric without field and (b) dielectric with electric field.

11



Dipolar polarization

The dipolar polarization is also known as orientation polarization. This
polarization is important only in materials which contain permanent
dipole moments, but due to the thermal agitation dipole’s present in
material are oriented randomly, therefore dipole moments of these
dipoles cancels out resulting in a net dipole moment to be zero. On the
application of electric field these dipoles align themselves in the
direction of field leading to net dipole moment. The extent of this
polarization depends on two factors:

(1). Strength of applied field.

(2). Thermal energy which randomize the dipoles.

@ S TTTTTTTTIN

Figure-1.9 (a )Shows randomly oriented dipoles without electric field, (b)
Shows systematic alignment of dipoles on application of electric field.

lonic polarization

lonic polarization arises due to the displacement of -ve ions and + ve
ions in opposite directions and it occurs in ionic solids, in the presence
of electric field. The cations are displaced parallel to the field and

anions are displaced in direction opposite to the field.

In absence of electric field E, the distance between the ions is d but in
presence of electric field, distance between the ions increases which
signifies a change in the net dipole moment. The displacement of ions

on application of electric field is independent of temperature.

12
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Figure-1.10 Shows the increase in the distance between ions on application
of electric field.

Electronic polarization

Electronic Polarization occurs due to the displacement of positively
charged nucleus and negatively charged electrons in opposite
directions, when an external electric field is applied, and thereby a
dipole moment is created in the dielectric. Electronic polarization has
the major contribution in materials such as diamond, SiO; in which
other effects are absent. The dipolar and ionic contribution are small at
higher frequencies because of the inertia of the ions and molecules.

Positive charge
nucleus

Negative electron
cloud

| Fig.(1.12): Atom before beingplacedin electric field.

Figure-1.11 Shows position of +ve and —ve charges in an atom without field.

&Y @

»E

Fig (1.12): Atom placed in electric field.

Figure-1.12 Shows position of +ve and —ve charges in an atom with field.
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1.7 Frequency dependence of dielectric constant

Among the four types of polarizations® the electronic polarization
exist up to very high frequencies even up to 10'°Hz as it involves the
displacement of the electron with respect to nucleus. lonic polarization
exists up to at lower frequencies (app. 10**Hz) than electronic
polarisation as it involves the displacement of ions, which are much
heavier as compared to electron cloud. Orientation polarization exists
upto lower frequencies than ionic polarisation due to inertia of dipoles.
This type of polarization occurs only when the frequency of applied

voltage is below the microwave frequency range (app. 10°Hz).

Space charge

N . .
1 polarization
Tonic .
syl Electronic
e g olarization S
Dipolar  Polarizi polarization
polarization

o

Ino®
Figure-1.14 Shows the variation of dielectric constant with frequencies.

Space charge polarization involves the diffusion of ions so it is the
slowest process and occurs at lower frequency range (app. 50-60 Hz).
Above this low frequency range the contribution to total polarization is
from ionic, electronic and dipolar polarizations as shown in figure-
1.14. From above discussion it is clear that sharp variation in the
dielectric constant at low frequencies is due to space charge and
dipolar polarizations. lonic and electronic polarization is responsible
for dielectric constant developed at higher frequencies and
independent of temperature. Due to this reason temperature
dependence of dielectric constant at higher frequencies is of little
significance. The contribution to dielectric constant at low frequencies
is due to highly resistive grain boundaries whereas at high frequencies

grain contribution is dominant.
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CHAPTER 2

Experimental Technigues

In this chapter we will discuss some of the experimental techniques

that we have used in this project work these techniques includes
Sample Preparation Process

2.1 Characterization Techniques
(a) X- Ray Diffraction (XRD)
(b) Scanning electron microscopy (SEM)
(c) Diffuse Reflectance Spectroscopy (DRS)
(d) Impedance Spectroscopy (IS)

2.1 Sample preparation process
2.1.1 Solid State Reaction Method

We have prepared PrGaO3z;, NdGaOg3, Fe-doped PrGaO3; and Fe doped
NdGaO; by conventional solid state reaction method by mixing the
constituents powder oxides in their proper stoichiometry of which
calculation is given below. Solid-state reaction route is the most
common technique for the preparation of polycrystalline samples. In
this method, very fine powders which usually do not react at room
temperature are used as starting materials. Hence these powders are
heated at much higher temperatures (800°C to 1600°C).The reaction

may be written in the following form.

Heatat1350°C
Pr6011+(1-x)Ga203+ (X)FE304 — PrGa;«Fe,03

Atomic weights of PrgO1;=1021.43969
Atomic weights of Ga,03 =187.4442¢
Atomic weights of Fe;04 =231.53869
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Atomic weights of PrGa;«Fe,03=140.9077+69.723*(1-
X)+55.847*x+47.9982

For example x=0.05, then weight of

PrGap osFe,0s05=140.9077+69.723*0.95+55.847*0.05+47.99
=257.931g

Weight (gm) of PrgOy1for 1 mole of PrGag gsFep.0503 =
1021.4396/6=170.23993

Weight (gm) of Ga,O3; for 1 mole of PrGaggsFeoesOs; =
(187.4442/2)*0.95=89.03599

Weight (gm) of Fe3O, for 1 mole of PrGaggsFeoos03=
(231.5386/3)*0.05=3.85897

Now the  weight of PrgOpfor 1 gm  of
=170.23993/257.9351=0.66001g

Similarly the weight of Ga,O3 for 1 gm of PrGaggsFeo 0503
=89.03599/257.9351=0.32192¢g

And the weight of Fe3O4 for 1 gm of PrGapgsFeo o503
=3.85897/257.9351 =0.014969g

After weighing these oxides we have used the following steps

to prepare samples:

a) Mix the oxides and grind it by using Agate mortar and
pestle in Iso-Propyl Alcohol (IPA) for 4-5 hours.

b) Then heat the sample in furnace at 1000°C for 24 hours
with a controlled heating rate of 5° per minute.

c) After 24 hours cool the sample up to 300°C with a cooling
rate of 1° per minute, after that cool the sample naturally up
to room temperature after switching off the furnace.

d) Repeat the steps (a) to (c) for second heating at 1250°C.

e) After that the circular pellets of 1 mm thickness and about

13 mm diameter (by using almost half quantity of
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corresponding powder sample) were prepared by applying
a high pressure by means of hydraulic pressure pelletizer.

f) These prepared pellets and powdered samples have been
sintered separately in air at 1350°C for 24 hours.

2.1.2 Material Synthesis technique Sol-Gel Method

Sol is a colloidal or molecular suspension of solid particles of ions in a

solvent

Gel is a semi-rigid mass that forms when the solvent from the sol
evaporates and the rigid mass left behind begin to join together in a

continuous linkage.
The reaction may be written in the following form

Pr(NO3)3.6H,0+(1-x)Fe(NO3)3.9H,0+(x)Cr(NO3)3.9H,0+CHgO7+
C,HeO, —»PrFe1.4«CrO3+8C0O, +9/2N, +nH,0

We have prepared Chromium doped PFO samples via sol gel reaction
route using citric acid as a chelating agent and ethylene glycol as a fuel
which helps in hydrolysis process and gel formation.

In this method firstly metal nitrates were dissolved in excess of water
to form stable metal chelate complex then 1 mole of citric acid per
mole of metals ions is used which acts as a chelating agent.

Then after the addition of small amount of ethylene glycol the
resulting sol was heated at constant temperature 70°C with a constant
stirring rate until a gel is formed. This gel were dried in furnaces at
100°C and then grinded in agate mortar and heated in the air at 400°C
for 4 hours with constant heating rate of 5°C/min and constant cooling
rate 1°C/min. Then again grinding in agate mortar the powder was
heated to 700°C for 12 hours at constant heating and cooling rates.
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2.2 Characterization Techniques

2.2.1 X-Ray Diffraction (XRD)

X-ray diffraction is a very important technique that is used to get
information of crystallite size, lattice parameters, lattice strain,
chemical composition, state of ordering, spacing between two crystal

planes structure of the sample etc.[**!

The working principle of X-ray diffractometer is as follows:

The filament inside the cathode tube is heated by applying the voltage
between the two electrodes. As the filament gets heated then the free
electrons are travelling from cathode to anode with higher velocity and
finally strike to the anode surface, this results the formation of X-Rays
in the X-ray tube. These X-ray originated from the tube falls on the
surface of the sample. As the wavelength of these originated X-rays
has wavelength is of order of the lattice parameter which results the
diffraction of X-rays in the different direction by continuous change in
intensity with the incident angle. The intensity of these X-rays
diffracted peaks depends on the electron density across that miller
plane. So intensity distribution is varying with the angle between
incidence and diffracted beam. By knowing those plane we can
calculated the structure of sample, composition of the crystal, spacing
between two planes, and lattice constant etc. The X-ray diffraction

technique is basically based on the principle of Bragg’s law.

Figure-2.1 Diffraction of X-ray by a crystal.
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Path difference=2dSin0 = nA, where n is an integer

For the constructive interference the path difference should be integer
multiple of wavelength A. So the Bragg’s condition for constructive

interference, 2dSinO=n), where n is an integer.

Whenever this condition is satisfied a diffraction peak will occur in
diffraction pattern. So Bragg’s law states that only for the angle 0
satisfying Brag’s law 2dsinf = A there is constructive interference. For

all other angles, the intensity of peaks should cancels out.

2.2.2 Scherrer formula

In ideal and perfectly ordered crystals there is a periodic arrangement
of all atoms and when Bragg condition is satisfied diffraction peaks
would be observed. These Bragg peaks would be very narrow ideally
point like. But the real crystals grown in laboratory are not perfect due
to Mosaic effect and various kinds of disorders, (micro strain, macro
strain, dislocation and vacancy). Mosaic effect states that a crystal
always consists of mosaic blocks that are misaligned in relation to the
idealized lattice by typically 0.3 degree’s. This mosacity is responsible
for the width of reflection of diffraction peaks. So we can also define
mosacity in terms of (FWHM) Full width half maxima of diffraction
peaks.

Second most reason for peak broadening is incorporation of impurities
during the growth of the crystals which will produce the micro strain
in the samples. Instead to these entire effects XRD peak broadening is
also a function of crystallite size. For large sized grains diffraction

peaks are very sharp and vice versa.

Thus Broadening is typically calculated as full width at half maximum
(FWHM). The relation between the broadening of the X-ray peak B’ is

related to the size of the crystallite L is given by the Scherrer formula

L =09\ / B'cosbg ------- (2), where 0g is the Bragg angle.
From equation (2) it is clear that smaller the crystallite size

greater is the broadening of the diffraction peak and vice versa.
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2.2.3 Williamson-Hall Plot

This method was given by G.K. Williamson and W.H. Hall. It is based
on the principle that the broadening of the diffraction peaks is a due to
size broadening (B’) and strain broadening (Be). The relation between
the broadening of the X-ray peak B’ is related to the size of the
crystallite L is given in eq. (2.2). Strain broadening is given by eq.
2.0

e = n'tan@---------- (2.1)
P KA
p' = LcosO (2.2)

The contribution due to the size broadening varies as 1/cos6 and the
strain contribution varies as tanf. Williamson and Hall assume that if
both contributions in broadening are present in the samples then by
convolution total broadening is a simple sum of these two

broadenings, then we get:

where [ is total broadening due to strain and crystallite size

contribution

Now on multiplying the eq. (2.3) by cosf then we get:

A
BCOSG " Lcosb
on comparing the eq. (2.4) to general equation of straight line we can
easily obtained strain component from plot of Bcos6 versus sinf and
crystallite size component from the intercept (KA/L). Such a plot is
known as a Williamson-Hall plot and is illustrated schematically in

figure-2.2.
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Figure-2.2 Shows systematically representation of Williamson-Hall plot.
2.3 Microscopy

Microscopy is the technical field of using microscopes to view
magnified images of objects that cannot be seen with the naked eye
or we can say microscopes are useful to see those objects that are
not within the resolution range of the normal eye. There are three
well-known branches of microscopy: optical, electron,
and scanning probe microscopy.

500 micrometers

Figure-2.3 Shows the magnified image of object

[https://emlab.umaine-biology.org/]

21



2.3.1 Light vs electron microscopy

The biggest advantage of electron microscopy is that electron
microscopy has a higher resolution and is therefore also able of a
higher magnification up to 2 million times. In Light microscopes can
show a useful magnification only up to 1000-2000 times. This is a
physical limit imposed by the wavelength of the light. Electron
microscopes therefore allow for the visualization of structures that

would normally be not visible by optical microscopy.

In scanning electron microscopy (SEM), due to the nature of electrons,
electron microscopes have a greater depth of field compared to light
microscopes. The higher resolution may also give the human eye the

subjective impression of a higher depth of field.

2.3.2 SEM (Scanning Electron Microscopy)

The first electron microscope was constructed in 1931.The scanning
electron microscope (SEM) is a type of electron microscope that uses a
focused beam of high-energy electrons in producing a variety of
signals at the surface of a solid specimen. These high energy electrons
interact with the electron of the samples to produce the secondary
electrons and some electrons gets back scattered from sample. The
signals produced by these secondary electrons contain useful
information such as the surface morphology, chemical composition
atomic structure etc. When a electron beam is incident on the sample
surface, it may be reflected, absorbed, or conducted away. The
electrons that are absorbed by the sample can interact with atoms of
the sample and become it unstable, force it to eject secondary electron.
These secondary electrons and backscattered electrons contain very
useful information. Secondary electrons are most valuable for knowing
the morphology and topology of the samples and back-scattered
electrons are most valuable for getting the chemical composition in
multiphase samples. Different type of detectors is used, depending on
what is being looked for. Due to the higher resolution of the SEM so

22



closely spaced specimens can be magnified to very large extent. This
magnification to such a large level is possible due to use of
electromagnets rather than lenses, as more precise focussing of
electrons is possible by electromagnets. All of these advantages make
the scanning electron microscope one of the most useful instruments in

research today.

Principal and working

The process initiates with an electron gun which generates a beam of
high energy electrons passes through a series of electromagnetic
lenses. These electromagnetic lenses are the tubes, wrapped in coil and
referred to as solenoids. These coils focus the incident electron beam
on the sample. The electron beam is affected by air and water

molecules, so the sample must be placed in a vacuum.

Electron Gun

Anode
(accelerator)

Magnetic<
lenses

;"""-_Electron beam

! \
! |'I 1

(TR

Detector

Figure-2.4 Shows systematic diagram of the SEM .

The sample must also be conductive to allow the electrons not

reflected or absorbed to be conducted away. This gives some limits on
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the type of sample that can be used. Samples first coated with
gold/copper before they can be placed in the scanning electron
microscope. This is done in order to preserve the sample and keep it
from changing or decaying throughout the scanning process. When the
incident high energy electron beam is incident on the sample energetic
electrons (secondary and backscattered electrons) are released from the
surface of the sample. These energetic electrons yield information on
size, shape, texture and composition of the sample. X-rays, emitted
from depth of the sample surface, can provide element and mineral
information. Different types of detectors are used to detect the
different types of scattered electrons, including secondary and
backscattered electrons as well as x-rays.

2.4 Diffuse Reflectance Spectroscopy (DRS)

UV visible spectroscopy is a spectroscopy ?%%! in which in which we
study the light absorbed in UV and visible regions of electromagnetic
spectrum. DRS is based on the principal of diffused reflection. When
light falls on the surface of a powdered sample, it is reflected in
specular and non-specular directions through multiple scattering; as
shown in figure-2.6. Some part of the light undergoes multiple
scattering inside the sample and fraction of this part is emitted back
into the detector. Since light cannot penetrate opaque (solid) samples,
it is reflected on the surface of the samples. As shown in the figure,
incident light scattered in different directions is called "diffuse
reflection. When the UV-Visible light falls on the surface of powder
sample, this incident light either gets absorbed or reflected
(transmission is negligible). Due to the finite absorption coefficient of
the sample, as the diffuse reflected light is reflected becomes weaker
i.e. loses its intensity and this loss of intensity is a function of
absorption coefficient of sample which is function of A of incident
beam. This diffused reflected light is detected by the detector and give
a corresponding DRS spectrum.
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Light
source

Diffused light

Figure-2.5 Schematic Diagram of Light Scattering from a powdered sample.

In order to estimate the optical band gap the diffuse reflectance spectra
has been converted to equivalent absorption spectra using Kubelka—

Munk equation’®”.

K _ (1-Rx)?
s 2Ro0

F(Ry) = =~ (2.5)

Roo = Rsample/Rstandard- Rsample 1S the diffuse reflectance of the sample
and Rstandarg 1S that of the standard (as BaSO, or white paper) K and S
are the Kubelka—Munk absorption and scattering functions,
respectively. As we have used powder samples for diffuse reflectance
measurements hence the assumption of reflected light scatters in a
perfectly diffuse manner holds true, for such case the scattering
function S is nearly constant with wavelength and the Kubelka—Munk
function can be related/proportional to the absorption coefficient (o)

as:

(hv—Eg)t/n

F(Ry) « o o< —

-------- (2.6)

Here n has the value of 2 for direct band gap transitions, while n is
equal to 1/2 for an indirect transition .

Thus, a plot between [F(Roo) x Av]" versus kv yields a straight line and
the intercept on the energy axis gives the value of the band gap.
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(a) Carry 60 UV- VIS spectrometer  (b)

Detector
g ——
e -

Lignt switen

Monochromator
Selects Wavelength
Xe Flash Lamp
Light Sourca

\

Read switch

VideoBarellino.

(c)

Target

Fiber optic

Figure-2.6 Experimental set up for diffuse reflectance measurement (a)
Carry 60 UV-Vis spectrometer, (b) internal set up of 60 UV-Vis spectrometer

(c) an integrating sphere attachment to detect diffuse reflectance.

Working

A diffuse reflectance has been measured by an attachment to an UV-
VIS spectrometer. Xenon flash lamp is used for producing the UV-VIS
spectrum, this spectrum passes through various filters and
monochromator and after doing some optical arrangement, finally light
is incident on the sample and diffused reflected light is detected by the
detector. Experimental set up for diffuse reflectance spectroscopy is

shown in figure-2.6.

2.4.1 Temperature dependent diffuse reflectance spectroscopy
setup

Temperature dependent of diffuse reflectance measurement set up is
shown in figure-2.7. A sensor is connected to the heater (which
provides heat to the samples) which is further connected to the

temperature controller to get the sample temperature. UV-VIS
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spectrum of light passing through optical fibre is incident on the
sample and diffused reflected light is detected by the detector at

various temperatures of sample.

2.4.1 Temperature dependent diffuse reflectance spectroscopy

setup

Heater ________. A
| <> _21mm
. S von Connected to temperature
Ly 10mm i: 44m controller to get sample
65mm | i > ¥ temperature
| ~ /V
Y e oo -
Sensor

Figure-2.7 Experimental set up for temperature dependent diffuse

reflectance measurement.
2.5 Impedance Spectroscopy (IS)

Impedance spectroscopy is a measure the dielectric properties of a
medium as a function of frequency. It is based on the interaction of an
external field with the electric dipole moment of the sample, often
expressed by permittivity. This technique measures the impedance of a
system over a range of frequencies, and therefore the frequency
response of the system, including the energy storage and dissipation

properties, is revealed.
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LCR meter works on the principle of ac bridges, one schematic
diagram of ac Bridge is shown in figure-2.8. The working principle of

circuit is shown below

\Y (t) V. (©) V)

—ww—.—mm—.—”_

()
&

V(t)=V Sinot

Figure-2.8 Schematic diagram of series LCR ac bridge.

Applying Kirchoff”s voltage law, we obtain:

2
L 4°Q Rd—Q+9_Vosina)t
dt? dt C

Solution of above equation can be given as
Q(t)=Q, cos(wt - 5)

Where, amplitude and phase are respectively,

o - v, /L v,
Fed b e (a1
v,
" oR = (X, - X, e
And tano = %(wL - i} = XL%F!XC----(Z.S)

The corresponding current, 1, = Z—? =1, sin(wt - 5)---(2.9)
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With an amplitude 1, =-Q,0=— Vo ...(2.10)

\/R2+(XL_XC)2

The short circuit and open circuit compensations were performed in
order to get rid of contributions to the dielectric properties such as
impedance, capacitance etc. due to electrodes. We have used the
samples in the form of pellet coated with silver on both the side and
then measure the dielectric properties by wusing impedance

spectroscopy.
2.5.1 Low Temperature Dielectric Experimental Setup

Figure-2.9 Shows the Schematic diagram of Low Temperature
Dielectric Experimental Setup. For low temperature dielectric
measurements sample is cooled up to 78 K in liquid nitrogen gas. A
sensor is connected to the heater (which provides heat to the samples)
which is further connected to the temperature controller to get the
sample temperature. By using the lab view based user interface
dielectric properties of the samples at various temperatures and
frequencies is measured. We have measured the dielectric loss and
dielectric constant at different-2 temperatures for frequencies range 20

Hz to 5SMHz frequencies and their results are discussed in chapter 3.

Figure-2.9 Schematic diagram Low Temperature Dielectric Experimental

Setup.
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CHAPTER-3

Results and Discussions

We have prepared the Cr doped PrFeO3 samples for various Cr atomic
percentages by sol-gel method and characterized these samples by
using experimental techniques discussed in chapter-2 and results are

discussed in this chapter.

3.1 Thermo-gravimetric analysis

Thermo-gravimetric analysis or thermal gravimetric analysis (TGA) is
a method of thermal analysis in which we study the change in physical
and chemical properties of materials as a function of temperature (with
constant heating rate), or as a function of time (with constant
temperature and/or constant mass loss). TGA analysis can provide us
useful  information about physical phenomena like  phase

sublimation, absorption, phase formation, transition and adsorption.
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Figure-3.1 Shows T.G.A. analysis for 1% Cr doped PrFeOs.

Figure-3.1 Shows the TGA curve of precursors of mixed powder. The
peaks present in the graph are the signature of loss of water and
inorganic residues left during the process of combustion. It is clear
from figure-3.1 that as a function of temperatures various

compositions are formed i.e. there is a loss of organic and inorganic
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materials with temperatures. After certain temperatures there exist no
further weight loss was in the mixture, the same is the minimum
temperature required for reaction, i.e. PrFeO3 in present case. The
same is also clear through the inset of the figure where derivative of

the loss as a function of temperature is plotted.
3.2 Structural studies (XRD)

To confirm the structural phase purity of the samples XRD
experiments were carried out on bruker D8 diffract-meter equipped
with Cu target. It is clear form figure-3.2 (a) (XRD Of gel form)
shows that gel is amorphous in nature and there is completely missing
of periodicity. We could get the sharp XRD peaks when sample is
treated at 700°C as shown in figure-3.2 (b). Figure-3.2 (d) shows the
powder XRD pattern of all prepared samples and the representative
Rietveld refined diffraction data for PrFegg9CrgoiO3 is shown in
figure-3.2 (c). It is clear from figure-3.2 (d), the Rietveld refinement
of 1% Cr doped PFO that it is one to one fit of experimental data with
simulated data and also it is confirmed by indexing of peaks using
powder diffraction data files form ICDD. This confirms the phase
purity of sample as no obvious impurity peak is observed. It is clear
from figure-3.3 that the peaks shift towards higher 20 values with
increase in Cr content indicating the variation of lattice parameters due
to Cr doping. In order to estimate the lattice parameters with Cr doping
we have used the data for indexing of the peaks of all samples and
then calculated the lattice parameters by using the formula for
orthorhombic crystal structure. The value of lattice parameters due to
Cr doping is shown in table 3.2.1. The decrease in the value of lattice
constant can be attributed to the difference in the ionic radii of Fe®*
(0.645A) and Cr** (0.615 A) hence overall decrease in lattice constants
decreases inter planar spacing-‘d’ and therefore diffraction angle 6
increases (according to Bragg’s condition 2dSin6= ni). This

corresponds to the shifting of Bragg’s peaks towards higher 26. The
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variation of lattice parameters with substitution of chromium to

PrFeOgis given in table 3.3.1.
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P diffreence
= p— Bragg peak
< Gel form =
bt annealed at <
Z 100°C ~ ‘ PrFe 99Crq ;03
Z By
5 z
B — )
= =
o = i RORRRIE F NEIE RURN O (0 IR IR
—
|
¥ ¥ L ) ! L Y 5 T T T T T T T T
20 30 40 50 60 70 80 20 30 40 50 60 70 80 %0 100
260 (degree) 26 (degree)
(d)| PrFe Cr0;, |
- 1 (b) PrFeg 99Crg,0; —
= - = i ——x=0.20
< After annealing ” —+—4 —— x=0.18
E: the gel to 700°C 8 x=0.15
x=0.13
‘z Q = ——x=0.10
g Z2 —— x=0.07
- 8 A ——x=0.05
= = A x=0.03
— A = x=0.02
s x=0.01
A A x=0
20 s 60 80 100 0 8

20 (degree)

T T T T
50 60 70 90 100

20 (degree)

T T T
20 30 40 80

Figure-3.2 (a) Shows XRD of Gel form, (b) XRD of 1% Cr doped PFO
sintered at 700°C, (c) Shows the Rietveld refined diffraction data for
PrFe.09Cro0103, (d) Shows Powder XRD pattern of all prepared samples.
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Figure-3.3 XRD Peaks shifting towards higher 26 values with increase in
chromium content
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Table 3.3.1 Variation of lattice parameters with Cr doping to
PrFeO;

Cr% Lattice Parameter Lattice Parameter Lattice
(X) a(A) b (A) Parameter

c(A)

0 5.485(5) 5.578(7) 7.788(9)

1 5.484(3) 5.573(2) 7.788(7)

2 5.434(2) 5.577(6) 7.787(9)

3 5.432(6) 5.573(9) 7.785(7)

5 5.452(6) 5.569(6) 7.787(1)

7 5 457(6) 5.565(3) 7.786(8)

10 5.434(8) 5.562(2) 7.786(2)

1 5.485(8) 5:566(2) 7.786(2)

15 5.434(2) 5.559(8) 7.783(5)

18 5.484(1) 5.557(1) 7.783(3)

20 5.431(7) 5.555(3) 7.779(4)
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3.3 Optical Properties Analysis

Band gap by using UV-VIS Spectroscopy

The optical band gap of prepared samples has been measured using
diffuse reflectivity measurements. These measurements have been
performed in the 200 nm to 800 nm wavelength range using Cary-60
UV-VIZ-NIR spectrometer having Harrick Video-Barrelino diffuse
reflectance probe. The beam spot size on the sample was around 1.5
mm in diameter and an integral sphere detector is used for diffuse
signal detection. In order to estimate the optical band gap the diffuse

reflectance spectra has been converted to equivalent absorption spectra

using Kubelka—Munk equation!?*%"!
2
F(Rw)zﬁz (1-R,)
S 2R,

Re = R (sampie)/R (standard). R(sampley is the diffuse reflectance of the
sample and R(standarg) 1S that of the standard (BaSO, in present case). K
and S are the Kubelka—Munk absorption and scattering functions,
respectively. Tauc plot shows the quantity hv (the energy of the light)

UM on the ordinate, where o is the

on the abscissa and the quantity (chv)
absorption coefficient of the material. The value of the exponent n

denotes the nature of the transition:

(ahv)'" = B (hv - Eq)

Where n=2 (indirect allowed transition), n=1/2 (direct allowed
transition)?%%7],

Thus, a plot between [F(Roo) x 1v]Y" versus Av yields a straight line
and the intercept on the energy axis gives the value of the band gap.
The band gap calculated by indirect band gap fitting for PrFeOg3 is 1.99
eV as shown in figure-3.4 (b).
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Figure-3.4 (a) DRS experimental data (b) The equivalent Tauc plot for

indirect band-gap fitting of PrFeO3 sample at room temperature.

3.3.1 Effect of Band gap after incorporation of

chromium to PrFeO;

From the band theory we know that for n- type and p- type
semiconductors extra energy levels have been created by the
incorporation of impurities. In n- type semiconductors these energy
states arise near the top of the conduction band so that electrons can be
easily excited into conduction band by gaining a very small amount of
energy. In p-type semiconductors acceptor level arises close to valance
band which allow excitation of valance band electrons by leaving
mobile holes in the valance band.

From figure-3.5 it is clear that with Cr doping the band gap
systematically decreases. This suggests that with Cr doping the Cr
impurity states may be appearing in the band gap and thus the band
gap reduces with Cr-doping concentrations. This could be due to
higher energy of Cr-3d states than Fe-3d states as Fe is more
electronegative than Cr. The same need to be confirmed using band
structure calculations!”®?”!. The variation of band gap with chromium

atomic concentration is shown in next page.
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Figure-3.5 Variation of band gap vs chromium content at room

temperature.

3.3.2 Temperature dependence band gap measurements

The energy band gap of semiconductors tends to decrease as the
temperature is increased. This behaviour can be better understood if
one considers that the interatomic spacing increases when the
amplitude of the atomic vibrations increases due to the increased
thermal energy. An increased interatomic spacing decreases the
potential seen by the electrons in the material, which in turn reduces
the size of the energy band gap. The decrease in band gap follows
some theoretical laws given by Varshni’s and Einstien’s. The
temperature dependence of the energy band gap has been
experimentally determined yielding the following expression for Eg as

a function of the temperature T known as Varshni relation!?-3°!,

a(T+T)
(T+B)

Where Ey(0), a andp are the fitting parameters, calculated by

Eg(T) = Eg(0) —

-------- (3.1)

doing non-linear fitting to Varshni’s relation. From the nonlinear

fitting of this inset of figures, figure-3.6 (a), (b), (c), it is clear that the
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decrease in band gap with increase in temperature follows the

varshni’s relation.
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Figure-3.6 (a) Shows Temperature dependence of band gap for Cr1% doped
PrFeO; (b) Shows Temperature dependence of band gap for Cr5% doped
PrFeO; (c) Shows Temperature dependence of band gap for Cr7% doped
PrFeOs.

3.4 Urbach energy

In some crystalline materials having disorder in the form of defects,
structural coherency, chemical in-homogeneity etc. the valence band
and conduction band do not have sharp cut off but have localized tails
states. Due to these band tails, optical absorption edge is not fall sharp
and has tail at lower energies. When we make Tauc plot we do not get
straight line in the whole energy range. The same phenomena has been

observed in all imperfect crystalline solids and amorphous solids

38



known as Urbach-Martienssen’s rule or simply Urbach rule given
by!?4:

a(E,T) = a'exp[o (E’:—f,)]
In(a) = In(a’) + % ----- (3.2)

Where Euis Urbach energy, o, is a constant, o is absorption co-
efficient, E' is material-dependent constant and o is steepness
parameter which is basically tells us about electron phonon interaction
in material. Experimentally Urbach energy can be calculated by
plotting the graph between Ina and energy, inverse of slope of the
linear fitted region signifies Urbach energy.

Urbach energy has contribution due to thermal disorder, structural and
compositional disorders.

Eu(T,S) = Eu(T) + Eu(S) + Eu(C)

Where Eu(T) is contribution due to temperature in Urbach energy ,
Eu(S) is contribution due to structural disorders. Structural disorder to
Urbach tail can be intrinsic (vacancies or dislocations) or be induced
by external factors (deviation from stoichiometry, doping, ion
implantation). These intrinsic and extrinsic factors contribute to
formation of localised states in between the valance band and
conduction band.

Eu (C) is compositional disordering arises due to nonhomogeneous
chemical composition. So we can conclude that Urbach energy gives
us idea about various kind of disorder present in real crystals. Now we
will discuss effect of these various kinds of disorders on Cr doped
PrFeO3 samples. In next sections we will discuss contribution of these

disorders one by one.

3.4.1 Temperature dependence of Urbach energy
It is clear from figure-3.7 (b) that with increase in temperature Urbach

energy increase™™ it would be due to the random thermal disorder
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increases with temperature and hence Urbach energy. There is
significant decrease in absorption co-efficient ! is observed with
temperature as shown in figure-3.7 (c) with increase in temperature
which is in agreement with equation (3.2). In crystals even at low
temperature there is exponential variation of absorption coefficient,
may be due to dopant impurities randomly located/distributed

introduce the disorder.
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Figure-3.7 (b) Variation of Urbach energy with temperature for one
percent Cr doped PrFeQOs. (¢) Variation of In(a) vs. energy for different-2

temperatures.

3.4.2 Chemical composition dependency on Urbach

energy

The major contribution to the tail comes from those regions of crystals
which are deformed. Figure-3.8 reveals that Urbach energy is small
enough for parent sample PFO, but with increase in chromium
percentage to PFO Urbach energy increases this is due to the doping
induced structural disorder which is further due to difference in the
ionic radii of parent ion and dopant. Hence in the doping of Cr at Fe
site in PrFeOs is expected to create the structural disorders and these
structural disorders should increase the Urbach energy. Further the
increase in structural disorders may be due to the non-homogenous

strain induced by the dopant in PFO.
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3.5 Broadenings of FWHM in XRD diffraction peaks

For a crystal which is free from any kind of disorder (ideal crystal)
have sharp absorption and Bragg’s peak for these crystals is very
narrow or ideally point like. But the crystals grown in laboratory a
may not be perfect due to presence of various kinds of disorders in the
form of strain chemical heterogeneity etc. In the case of peak
broadening is due to the the strain in the samples and may also have
contributions due to crystallite size!®?.

It could be clearly seen from figure-3.9 (a) that full width half maxima
of X-ray diffraction peaks increases with increase in chromium
concentration to PFO, which further reveals the increase in lattice
strain as does not much affect the average crystallite size after
incorporation of doping (confirms from SEM images shown in section
3.7). After subtracting the instrumental broadening we have calculated
the strain induced for some Cr doped PrFeOs; samples by using
Williamson-Hall plot as shown in figure-3.9 (b). By doing the linear
fitting of Williamson & Hall plot, slope of the plot gives the lattice

strain and intercept gives the average crystallite size. Interestingly the
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pattern/order which strain is following for various concentrations of Cr
doped PrFeO3; samples is similar as Urbach energy has followed in

figure-3.10. This we will discuss in section 3.6.
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Figure-3.9 (a) X-ray diffraction peak width Full width at half maxima for
prepared samples. (b) Williamson & Hall plot for 5% Cr doped PFO.

3.6 Strain controlled of Urbach energy in Cr doped
PrFeO;

With increase in chromium percentage to PrFeOs; Urbach energy
increases this is due to the doping induces structural disorder which is
further due to difference in the ionic radii of parent ion and dopant.
Hence in the doping of Cr at Fe site in PrFeOg3 is expected to create
structural disorder and this structural disorder should increase the
Urbach energy. It is clear from figure-3.8 that with increasing the Cr
percentage to PFO, Urbach energy systematically increases. As
discussed above the value of Urbach energy is a measure of disorder
and has a contributions due to static structural disorder (static strain
fields/structural disorder due to ionic radii miss match, defects, etc.),
thermally induced disorder and chemical disorder. In the present case
all the measurements were carried out at constant temperature (Room
temperature), hence we assume that the thermal disorder is broadly
constant in the present doping concentration. Further the elemental
mapping (shown in section 3.7, figure-3.13 (b)) results also suggest

that the prepared samples are chemically homogenous. Thus it appears
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that in the present case the value of the Urbach energy is essentially

controlled by the strain field i.e. due to structural disorder.
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Figure-3.10 Shows strain induced in samples after incorporation of Cr
doping to PFO.
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3.7 SEM analysis

The surface morphology of Cr doped PrFeO; pellets is studied through
scanning electron microscopy (SEM) is shown in the figures below.
The average grain size of prepared samples is found to be 200 nm.
These Cr doped PrFeO; sample shows the porosity and non-
homogeneous grain sizes/growth throughout the samples. It is well
known fact that the formation of porosity is due to insufficient
sintering time and/or temperature or pressure, which results in an
inadequate grain growth and density. This porosity highly affect the
dielectric properties, so in order to examine the dielectric and
magneto-dielectric properties, further we anneal these samples to
1000°C. It is also clear from SEM images of pellets sintered at 700°C
and 1000°C that porosity reduces at higher temperatures. Also we can
see the change in morphology at different -2 temperatures. The

increase in average grain size is observed at higher temperatures.

ENT= 6.00%/
WO= BSmm Mag= 8131 KX

Figure-3.11, (a), (b), (c), (d) represents the SEM images of Cr 0%, Cr 11%,
Cr15% and Cr 20% doped PrFeO; pellets sintered at 700°C respectively.
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SEM images of Cr doped PFO pellets sintered at 1000°C

The Scanning electron microscope images of 0%, 15%, 13% and 18%
Cr-doped PrFeO3 samples sintered at 1000°C are shown in figure-3.12
(@), (b), (c), (d) respectively (representative images). The particle size
distribution shows that the average numbers of particles have a size of
250 nm, and clearly we can see from SEM images that doping does
not affect much the grain size of the different -2 Cr doped PFO
samples. It is also clear from SEM images of pellets sintered at 1000°C
that porosity reduces at higher temperatures and its morphology is

totally different from pellets sintered at 700°C. There is increase in

average grain size is observed at higher temperatures.

Figure-3.12 (a), (b), (c), (d) represents the SEM images of Cr 0%, Cr 11%,
Cr15% and Cr 20% doped PFO pellets sintered at 1000°C respectively.
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Elemental mapping using energy dispersive analysis of
X-rays (EDAX)

The chemical homogeneity or heterogeneity in the prepared samples
was examined by elemental mapping using energy dispersive analysis
of X-rays (EDAX) attachment of SEM shown in figure-3.13 (b).
Element maps show the spatial distribution of elements in a sample.
The sample formed is either stoichiometric or not and presence of
different elements can be understood by SEM apparatus attached with
EDAX attachment. It is working on the principle that when high
energy electrons shine on the sample and due to interaction of these
electrons with the atoms of specimen there is emission of secondary
electrons. Also there is generation of X-rays by ejection of electrons
from K, L, M...etc. shells of the sample. Corresponding to specific
atomic number there is a specific energy, hence by knowing the
energy of the emitted X-rays elements presents in the sample could be
detected. It is clear from elemental mapping that samples formed for
different-2 chromium percentages (here we are showing only two
elemental mapping for sake of clarity) are chemically homogeneous.
Figure-3.13 (a) shows the EDAX analysis of the 10% and 13% Cr-
doped PFO samples, showing the presence of Pr, Fe, Cr and oxygen in
the nanoparticles. There is no peak of nitrogen in the EDAX,

indicating removal of nitrate impurities during annealing of samples at
700°C
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Figure-3.13 (a) EDAX analysis for 10 % and 13 % Cr doped PrFeO;
samples.
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Further and very important the distribution of Fe, Cr, Pr and Oxygen is
uniform throughout the samples even as nanometer scale, suggesting

uniform chemical distribution throughout the prepared samples.

PrFe.9Cro.1003 PrFeos7Cro1303

Figure-3.13 (b) Elemental mapping for 10 % and 13 % Cr doped PrFeO;
samples.
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3.8 Dielectric properties

To measure the dielectric measurements single phase powdered
samples were pelletized at a high pressure of 10 ton to form 1 mm
thick circular discs of 13 mm diameter and these pellets were sintered
in air at 1000°C for 24 hours. For dielectric measurement, thin silver
paints were painted on to opposite faces of the pellets using a fine
brush. The dielectric properties of prepared pellets have been
measured at room temperature for a frequency range of 20Hz to 5MHz
by using Wynne Kerr 65120B precision impedance analyzer with an
oscillator voltage of +1 volt. The dielectric constant of the prepared
samples at room temperature is estimated by measuring the
capacitance and geometry of the prepared samples. The variation of
the dielectric constant at room temperature for 2% Cr doped PrFeOs3
and 13% Cr doped PrFeOg is shown in figure-3.14 (a) and It is clear
from figure-3.14 (a) that there is increase in dielectric constant with
increase in Cr percentage, this variation of dielectric constant with Cr
doping could be due to increase in AC conductivity of the respective
samples. It is clear from figure-3.15 that with the increase in Cr
concentration, the maximum value of both the real and imaginary parts
of impedance decreases by in orders of magnitude at higher frequency
side this suggests that the AC conductivity of the respective samples
increases as a result (considering effective medium approach) increase
in the value of dielectric constant is observed possibly due to apparent
decrease in the thickness of the sample®®. The major contribution to
dielectric constant at low frequencies is due to highly resistive grain
boundaries whereas at high frequencies grain contribution is dominant.
It is clear from figure-3.14 (b) that dielectric loss vs frequency plot
shows relaxation type behaviour. The increase in dielectric loss is
observed at low frequencies which increases with frequency to
maximum frequency called resonance frequency, after this dielectric
loss decreases with frequency. This could be due to the reason that at
low frequencies dipoles are able to follow the applied field so with

increase in frequency dipole rotation lag behind from the applied
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alternating field. So this dipole rotation lagging from applied
alternating field leads to increase in dielectric loss. After resonance
frequency dipoles are not able to synchronize themselves with the
changing field i.e. flipping of dipoles are not possible with the applied
field this may leads to decrease in dielectric loss after resonance

frequency.
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Figure-3.14 (a) Shows the behaviour of dielectric constant with frequency
for 2% Cr doped PFO and 13 % Cr doped PFO respectively as a function of
frequency (b) Shows dielectric loss vs frequency for 2% Cr doped PFO and
13% Cr doped PFO respectively as a function of frequency at 300K.
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Figure-3.15 Cole-cole diagram for Cr-doped PrFeO; for whole probing
frequency at 300K.
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Temperature dependent dielectric studies

Dielectric constant results from four types of polarization’s named as
interfacial, dipolar, ionic, and electronic polarization contributions®!
The sharp variation in the dielectric constant at low frequencies is due
to space charge and dipolar polarization’s. lonic and electronic
polarization is responsible for dielectric constant developed at higher
frequencies and independent of temperature. Due to this reason it is
clear that temperature dependence of dielectric constant at higher

frequencies is of significance.
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Figure-3.16 (a) Represents temperature dependence of dielectric constant
for Pure PrFeQs. (c) temperature dependence of dielectric constant for 13%
Cr doped PrFeQ;.
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Figure-3.17 (b) Shows temperature dependence of the dielectric loss for
Pure PrFeO; (d) Show temperature dependence of the dielectric loss for
13% Cr doped PrFeQO; ceramics.
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It is clear from figure-3.16, (a) and (c), that with increase in
temperature dielectric constant increases this is attributed due to the
reason that with increment of temperature extra thermal energy
increases the thermal mobility of the charge carriers. At low
temperatures the thermal energy is not sufficient to contribute to the
mobility of charge carriers so at low temperatures there is not much
variation in dielectric constant. At high temperatures extra thermal
energy increases the mobility of charge carriers, hence higher
polarization at high temperatures increases the dielectric constant.

The dielectric loss at higher frequency and the peaks position shifts to
high temperatures as the measuring frequency increase, as shown in
figure figure-3.17, (b) and (d).

This indicates that there exists thermally activated relaxation as
mentioned above. The inset of Figures clearly shows a relaxor type
behaviour of parent and doped samples which is a typical behaviour of
ferrites.
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3.9 Magneto Dielectric (MD) Properties

In addition to temperature dependent dielectric studies we have carried
out room temperature magneto dielectric measurements for all
prepared samples. MD effect is basically change in the dielectric
constant or capacitance with applied magnetic field. No such kind of
effect has been observed in all samples. Figure-3.18 reveals that No
change in capacitance is observed with the application of magnetic

field, which confirms that no such kind of effect is present in Cr doped

PFO samples.
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CHAPTER 4

4.1 Summary and Conclusion

Summary: The XRD results show that all the prepared samples are
pure and also the lattice parameters are changing with Cr doping. DRS
results show that with Cr doping the band gap systematically
decreases. This could be due to higher energy of Cr-3d states than Fe-
3d states as Cr is more electronegative than Fe. The same need to be

confirmed using band structure calculations.

With increase in chromium percentage to PFO Urbach energy increases this
is due to the doping induces structural disorder which is further due to
difference in the ionic radii of parent ion and dopant. Hence in the
doping of Cr at Fe site in PrFeO3 is expected to create structural
disorder and this structural disorder should increase the urbach energy.
In other words doping induces strain in PrFe(;.,CrOs and the Urbach
energy scales with the lattice strain. It is clear that with increasing in
the Cr doping Urbach energy systematically increases. Thus the
contribution due to thermal disorder is broadly remains constant as all
experiments are done at 290K. Further the elemental mapping results
also suggest that the prepared samples are chemically homogenous.
Thus it appears that in the present case the value of the Urbach energy
is essentially controlled by the strain field i.e. due to structural

disorder.

Conclusion

We have prepared single phase samples of Cr doped PrFeO3; by wet
chemical route method. It is observed that with Cr doping the Urbach
energy which is measure of disorder increases. It is observed that the
value of Urbach energy is essentially controlled by structural disorder
in the form of correlated strain field dues to mismatch in the ionic
radius of Fe and Cr ions.

It is clear that with Cr doping the band gap systematically decreases.
This suggests that with Cr doping the Cr impurity states may be
appearing in the band gap and thus the band gap reduces with Cr-
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doping concentrations. This could be due to higher energy of Cr-3d
states than Fe-3d states as Cr is more electronegative than Fe. In
addition to this dielectric characterization has been done at room
temperature and at low temperature range. The variation of dielectric
constant and dielectric loss with Cr doping to PrFeOgs is observed at
roo temperature, further these variation’s with temperature is also

studied in the present work.

4.2 New findings in this thesis work

e The value of the Urbach energy is essentially controlled by the
strain field i.e. due to structural disorder.

e Tuning of the band gap on incorporation on Cr doping to
PrFeOs.

e Effect of doping and temperature on dielectric constant and
dielectric loss is studied.

e Variation of band gap with temperature is also studied in

temperature range 300K to 470K.

4.3 Future Research Plan

e To study the Temperature dependent Dielectric and Magneto-
dielectric measurements on all samples.

e The photo luminescence experiment to confirm the direct and
indirect band gap.

e To study the temperature dependent susceptibility

measurements to confirm the any magnetic transition if any.
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