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CHAPTER 1

Introduction

(Introcluction to Research Area of Present Work and Review of Work Alreaclg been
Done)

The very brief introduction to the research area, research topic, related compounds and mineral
group of the compounds is presented here. Fundamental properties and specific characteristics
of ferroelectric, relaxor ferroelectric and other high dielectric constant ceramics are summarized
here. The mineral group perovskite and double perovskite are introduced in detail with its
properties, constraints and salient features. The detailed literature survey on the available high
dielectric constant materials along with the explanation for such observed results are presented.
Literature survey on multiferroic nature of the compounds, thin film preparation and its

characterization is also presented here.
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In the past several decades, need for compact energy storage devices have engrossed much

more attention. The modern energy storage devices need to have very high storage capacity to
fulfill the need of increasing energy consumption. The capacitors with very high capacity and
low loss can be utilized to store high electrical energy in a small volume (i.e. high energy
density). At present though electric double layer capacitors (EDLC) are available with high
energy storage capacity, but they can not sustain very high voltage [1]. Another category of
capacitors available in the market is ceramic capacitors. Ceramic capacitors can sustain very
high voltage. Advantages of ceramic capacitors are: low inductance, suitable for high frequency
application etc [2]. The enhancement in energy density of such ceramic capacitors may bring a
revolutionary change in the field of energy storage devices. The energy density of any capacitor
depends on the dielectric material of the capacitor. The dielectric constant of the material
determines the energy density of the material. The materials exhibiting high values of dielectric
constant can store more electrical energy [2-5]. In the present scenario ferroelectric materials

exhibit very high values of dielectric constant [3-6].

L1 Ferroelectrics:

The ferroelectric (FE) materials are special type of dielectric materials exhibiting high values of
dielectric constant. The reason for such high dielectric constant is existence of permanent
dipoles. The compounds with non-cubic structural symmetry exhibit finite separation between
positive charge center and negative charge center. The finite separation results in development
of permanent dipole moment for these compounds. In the absence of electric field these
polarizations are randomly oriented in all the directions. With the application of electrical field
these dipoles get aligned in the direction of field and exhibit finite polarization at macroscopic
level. The response of the polarization is not linear for these materials. They show a wide
hysteresis loop on reversing the applied electrical field. The systematic development of typical
hysteresis loop for a ferroelectric material is visualized through Figure 1.1(a). The value of
saturation polarization determines the dielectric constant of given material. The dielectric
constant does increase with increase in temperature up to a particular temperature. Above this
temperature the dielectric constant suddenly drops to zero. The reason for such drop in
dielectric constant is structural phase transition from non cubic symmetry to cubic symmetry.
This temperature is known as ferroelectric to paraelectric transition temperature or Curie point
T.. The values of dielectric constant are highest just bellow the transition temperature. This

typical nature of ferroelectric material is shown in the Figure 1.2(a). The well known ceramic
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oxides exhibiting ferroelectricity at room temperature are PbTiO3, BaTiO3, KNbO3, LiTaO3,

etc.
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Figure 1.1: (A) The systematic development of hysteresis loop for a ferroelectric
materials, (B) The hysteresis loop for different types of materials.
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Figure 1.2: The nature of transition temperature for (a) ferroelectric and (b) relaxor
ferroelectric materials.
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These are a special class of ferroelectric materials. These materials exhibit strong frequency as

1.2 Relaxor Ferroelectrics:

well as temperature dependent dispersion in their dielectric constant data. The dielectric
constant values for relaxor ferroelectric materials show broad maxima instead of sharp peak
values at phase transition temperature as shown in the Figure 1.2(b). Such a broad transition is
known as Diffuse Phase Transition (DPT) [6-8]. These materials exhibit comparatively narrow
hysteresis loop with high values of dielectric polarization (see Figure 1.1(b)). Relaxor
ferroelectrics (RFE) strongly disobey Curie-Weiss law, which is well obeyed by ferroelectric
materials. Relaxor ferroelectrics do not show any structural transitions at peak temperatures T .
The ceramic oxides Pb(Mg,;;Nb;)O; (PMN), Pb(Sc,;Nb,;)O; (PSN), Pb(Fe,;Nb,;)O;
(PEN), Pb(Sc,5Ta,5)O; (PST), etc are well known relaxor ferroelectric compounds [9-17].

L3 I‘Iigh K Ceramics:

In the recent years more attention has been given to develop high dielectric constant (High K)
ceramic compounds [3]. Among them ABO; type perovskite compounds like CaCu;T1,0,,
(CCTO), Bi,(;Cu;T1,0,, BCTO), Na,;Bi,;Cu;Ti,O,, NBCTO), etc. have shown giant values
of dielectric constant with cubic or nearly cubic symmetry [18-26]. The reason for such high
dielectric constant demonstrated by cubic compounds is unclear. In contrast to ferroelectric
and relaxor ferroelectric compounds these compounds do not show peak related to phase
transition. The dielectric constant remains nearly unaffected by the temperature. Another
perovskite ceramic compound Ba(Fe,;Nb,;)O; (BFN) is also studied widely for exhibiting

high dielectric constant and relaxor like nature [27-38].

L4 Perovskite Structure:
The majority ceramic oxides showing relaxor ferroelectricity and/or high K values are
belonging to perovskite mineral group. The perovskite group is identified by the study of
naturally available mineral calcium titanate CaTiO;. The compounds with general chemical
formula ABO; are known as perovskite compounds. The unit cell with formula unit ABO; is
shown in the Figure 1.3. The stability of perovskite structure depends on four factors:
1. Charge balance: The over all charge of the perovskite structure is balanced by suitable
combination of positively charged anions and negatively charged oxygen. In general the

A site ions and B site ions possess charge state 2+ and 4+ respectively in order to
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balance the 6- charge exhibited by the three oxygen atoms. Thus the overall ABO3

structure remains neutral.

A

@B

< > @ 0

la's

Figure 1.3: ABO, type single perovskite structure.

2. No of atom balance (stoichiometry): The ratio of the atoms should be maintained at
proportion of 1:1:3 occupying the positions at A-site, B-site and O-site, respectively.
The total number of atoms per formula unit also should also be maintained at 5.

3. Oxygen balance: A very small amount of oxygen loss from the entire compound may
cause partial charge imbalance at either A-site or B-site. In order to prevent such
defects the oxygen should be balanced equally.

4. Tonic radii balance (tolerance factor): The few selected anions having suitable ionic radii
only can be replaced at A-site or B-site of ABO; structure. The tolerance factor (t) of
perovskite formula does not permit all anions to be replaced at A-site or B-site. The

tolerance factor for ABOj structure is given by [39-40];

o Ra¥R) (1.1)
V2 (R, +R,)

The value of t in the range 0.8 to 1.1 is only permitted for the perovskite mineral
structure [6, 39, 41-42]. Therefore the A and B site anions should be selected in such a

way that their ionic radii satisfy this tolerance limit.

1.5 Double Perovskite Structure:

A complex perovskite structure in which B site element is substituted by two different elements
(B’ and B”) is generally known as double perovskite structure [40]. Here the substitution is

done in such a way that the overall charge and number of atom per ABO; unit remains
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unaffected. In order to fulfill the above condition two different types of combinations based on

the proportions of B’ and B” elements are commonly permitted.

1. The equal proportion of B’ and B” elements (1:1 system — Generally referred as double
perovskite structure): here the B’ and B” elements contribute equally to balance the
atoms per formula unite. i.e. AB’;,,B”, ,O,. In this view the permitted charge states for
B’ and B” site elements are respectively, 2+ and 6+ or 3+ and 5+ or 4+ and 4+, etc.

thus the average charge becomes 4+ at B site.

/7'\\/9/7\\
=

e 00

.
SV

Figure 1.4: A,B’B”’O [or A(B’,;B”;)O;] type double perovskite structure.

The tolerance factor for the case of 1:1 systems is given by [40];

(R, +R,)

()

t=

2. 'The un equal proportion of B’ and B” elements (1:2 system): here the contribution of
B” element is double than that of the B’ element to balance the number of atom per

formula unit. i.e. AB’, ;B”,,,0;. In this view the permitted charge states for B” and B”

site elements are respectively, 2+ and 5+ (i.e. 2+ x% + 5+ x% =4+) or 4+

and 4+, etc. thus the average charge becomes 4+ at B site.

The tolerance factor for the case of 1:2 systems is given by;

(R, +R,)

(7))
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1.6 Barium Niobates:

The barium niobates are barium based complex ceramic oxides in which A site is occupied by

Ba and B” site is occupied by Nb. The barium based systems are environment friendly systems
in comparison to well established Lead based toxic system [43-44]. The selection of Nb is done
because it enhances electrical properties of compound and also cheaper than Tantalum based

systems.

1.7 Literature Survey:
In the research area of high energy storage devices two types of materials are extensively
studied: (1) Relaxor Ferroelectric compounds with high dielectric constant and (2) High K

ceramics not exhibiting relaxor behavior [18-38, 45-47]. The relaxor ferroelectric (RFE) ceramic

compounds exhibiting high dielectric constant (&'>10*) are of enormous importance due to
their wide functional properties like; ferro-electricity, magneto electric behavior, relaxor
properties, multiferroic behavior, piezoelectricity etc [32, 48-51]. Bulk as well as films of such
materials are useful due to their wide applications as industrial capacitors, sensors, actuators,
power transmission devices, memory devices, high energy storage devices, etc [5,52]. Relaxor
ferroelectrics are special type of dielectric materials with very high dielectric constant. They are
generally characterized by frequency dispersion in their dielectric constant vs. temperature
curves and broad maxima in the same curves. Unlike normal ferroelectric they show narrow
electrical hysteresis loop (P-E loop) [7-8]. In addition relaxor ferroelectrics strongly disobey
Curie-Weiss law, which is well obeyed by Ferroelectrics [6-8]. Further, relaxor ferroelectrics do
not show any structural transitions at peak temperatures Tm [7-8].

The origin of its high dielectric constant and relaxor behavior has been explained on the basis
of two contradicting theories. Several attempts have been made earlier to explain the high
dielectric constant in Pb(Fe,,Nb,,)O, (PFN), Pb(Fe,,Ta,,)O; (PFT), Pb(Mg,,;Nb,;)O,
(PMN), Ba(Fe, ,Nb,,,)O; (BFN), St(Fe, ,Nb, ,)O; (SEN), Pb(Mg, ;Nb,,;)O;-PbTiO; (PMN-
PT), Pb(Fe, ,Nb, ,)O;-PbTiO; (PFN-PT), Ba(Fe,,Nb,,,)O;-BaTiO; (BFN-BT) etc. on the
basis of chemical disorder leading to a local permanent polarization induced ferroelectricity [5,
8, 18-19, 27-28, 52-58]. Alternatively, the high dielectric constant in CaCu;T1,0,, (CCTO) like
compounds was linked to the extrinsic factors like the grain boundary effects, oxygen vacancies,
space charge polarization, etc. [20-21, 32-33, 57-61]. It is indeed desirable to have a proper
understanding of the origin of the physico-chemical behaviour in these systems for tailoring

their appropriate industrial applications.
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In the past Lead (Pb) based RFE compounds were extensively investigated by several groups

exhibiting promising properties, but they are toxic [9-17, 62-64]. In the present era electronic
device industries requires environment friendly material. The Barium (Ba), Strontium (Str) and
Bismuth (Bi) are found most prominent candidates for replacement of toxic Lead (Pb) based
compounds [39, 65-66]. Among them Barium Niobate based double perovskite mixed oxide
systems are useful to enhance electrical properties of compound and are cheaper than tantalum
based systems [32-33, 67]. These compounds have very high dielectric constant and found
exhibiting relaxor ferroelectric behavior.

The Barium Iron Niobate [Ba(Fe,;Nb,;)O;] — (BFN) was discovered first by Saha and Sinha
[27-28] in 2003 exhibiting very high dielectric constant [27-31]. According to Saha and Sinha,
BFN is a relaxor ferroelectric having a monoclinic crystal structure. The same compound was
reported as a non-ferroelectric having a cubic crystal structure by Raevski et al. and Z. Wang
[32-33]. Raevski et al. have explained the high dielectric constant for such a cubic system by
using the Maxwell-Wagner Effect [33]. Latter, Z. Wang et al. had explained the property in
terms of oxygen vacancy induced dielectric relaxation [32].

In addition to samples exhibiting promising electrical properties simultaneous presence of
multiferroic properties are advantageous due to its wide scope for industrial applications. The
materials exhibiting ferromagnetic ordering along with ferroelectricity are considered as
multiferroic compounds [68]. The variety of complex perovskite compounds like YMnOj,
YbMnO,, BiFeO,, BiMnO,, PbFe,;Nb,.O,, PbFe,.Ta,:O,, BaMn,:Nb,.O,,
BaFe;;Nb,;O;, etc have shown occurrence of ferroelectricity along with magnetic ordering
[38, 63, 68-80]. Among this the BFN and PFN ceramics have shown ferromagnetic behavior at
low temperatures with relaxor like ferroelectric properties [38, 71, 81].

Increasing demand of miniaturization requires thin film preparation of such compounds. The
Pulsed Laser Deposition (PLD) technique is one of the most promising way to prepare thin
films of such complex perovskite compounds. Preparations of thin films of BFN from the
application point of view have been reported [82-83]. N. Rama et.al. reported BFN thin film
synthesis using PLD technique grown on LaAlO; (LAO), NdGaO; (NGO) and SrTiO, (STO)
substrates. Their magnetic and transport properties were studied below room temperature
region [82]. Later on, W. Zhang et.al. reported ferroelectric properties at room temperature of
BEN films on Pt/TiO,/SiO,/Si substrate prepared using PLD [83]. They also highlighted

synthesis parameter dependent film properties.
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CHAPTER 2

Statement of the Work and Thesis Objective

(Aim of the Present Thesis and Work Done to Achieve this Aim)

This chapter mainly focuses on the thesis objectives. The motivation for the present work
and the goals decided are listed here. The short comings, contradictions and lacunae in works
already done along with work needed to be done are highlighted in this chapter. Importance of
present research problem indicating attempts made to understand it is explicitly explained here.
To fulfill above objectives the parent compound to be investigated along with modifications
or substitutions is discussed in brief. The outline of the work done along with the different

sub objectives of the thesis is also presented.
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21 Statement of the Work: (Aim of the Present T]aesis):

The studies summarized in the previous chapter suggest that the large amount of work has

been reported for the samples exhibiting high dielectric constant or relaxor ferroelectric
behavior. Among them the double perovskite Ba(Fe,;Nb,;)O; — BFN ceramic (and similar
ceramic compounds) have engrossed much more attention due to its high dielectric constant in
spite of having cubic crystallographic symmetry [1-10]. Simultaneously it shows relaxor like
ferroelectricity and weak magnetic ordering at low temperatures [11-14]. Most of the previous
studies were concentrated on either explaining such high dielectric constant values in individual
systems by probing the role of only the extrinsic factors like grain and grain boundary or
investigation of ferroelectricity with variation of chemical composition [1-3, 7]. Looking at the
above contradicting explanations for the origin of the high dielectric constant, correlated
investigations of the extrinsic contributions (microstructure properties) as well as the intrinsic
contributions (chemical distortion) is crucial for a deeper understanding and optimization of
the dielectric parameters.

In the present work, the origin of the high dielectric constant, in cubic AB'B”O; type
perovskites is analyzed through a correlated study of the crystal structure, microstructure,
optical studies, dielectric relaxation, electrical conductivity analysis and magnetic

characterization.

2.2 Supplementarg Thesis O})jectives: (Su]a Goals to Achieve Main Aim):

The main thesis objective is subdivided in the following goals.

1. The selection of the compounds: system we have selected is Ba(Fe,,Nb, ,)O; (BFN)
compound with substitution of Co, Mn, Eu, Gd, and Y at Fe site by 50% or 100%.
Selection of 3d and 4f elements are done mainly on the basis of three factors:

(R +R,)

V2(R, +R,)

b. Charge balance (3+ in present case at B’-site, with average charge at B-site

is%+%:4).

c. Affinity of hybridization with Oxygen 2p level of these elements.

a. lonic radii balance given by tolerance factor: t =

The selection of Co and Mn — is essentially made because Co is having one additional
electron in the outermost orbital ie., Fe’'(3d”) - Co’'(3d"); while Mn is having one

electron less in the outermost orbital i.c., Fe*"(3d°) - Mn’*(3d*).

14



| PL.D. Thesis on “Effect of Substitution at....... Origin of Giant Dielectric Constant” by Devang D. Shah
Chapter 2:
Statement of the Work and Thesis Objective I

2. Fabrication of a high temperature muffle furnace for synthesis of the samples: One high

temperature muffle furnace with programmable temperature control up to 16 steps (with
PID controller) having upper working temperature of 1400 °C is designed to prepare the
ceramic samples using solid state reaction technique.

3. Sample holder preparation for extended data collection limits: Two different dielectric
sample holders (one for high temperature and another for low temperature) with perfect
electromagnetic induction (EMI) shielding are prepared to collect the complex impedance
data in wide frequency and temperature range (80K-800K).

4. Data modeling with different models: Attempts are made to explain the role of oxygen
vacancy as well as the doping induced dielectric relaxation. The role of the conduction
mechanism of charge carriers is also analyzed to explain the origin of high dielectric
constant. The equivalent circuit modeling of complex impedance data, Cole-Cole model of
dielectric relaxation and Jump relaxation model (JRM) are utilized for in-depth analysis.

5. Investigation of multiferroic properties of the compounds: The magnetization studies are
carried out to investigate the presence of any correlation between electrical and magnetic
properties of the compound.

6. Thin film preparation to probe samples suitability for industrial applications: To the best of
our knowledge so far no one has studied structural and electrical properties of BFN films in
the high temperature region with conducting substrate Indium Tin Oxide (ITO). The ITO
coated glass substrate is found to be a suitable conducting substrate due to its wide
availability, low cost, good conductivity and good lattice constant matching. Similar
electrical studies are carried out on the thin films of same compositions prepared by PLD
technique on ITO coated glass substrate. Studies of such films will focus on the effect of
reduction in dimension on dielectric properties of compound.

7. Effects of SHI irradiation on tunability of films physical properties: The effect of Swift
Heavy Ion (SHI) irradiation on samples structure and microstructure stability was also been
studied. Further, the SHI irradiation effect on technologically important NTCR-PTCR

transition up to high temperature region is discussed from the application point of view.
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CHAPTER 3

Experimental Procedure

(Sample Preparation, Instrumentation and Characterization Techniques)

The sample preparation techniques for bulk and thin films are presented in the initial part. The
manufacturing of high temperature muffle furnace with its safety precaution and working
parameters is explained here. The detailed technique of fabrication and optimization of
dielectric sample holders with built-in perfect EMI shielding for two different temperature
regions (High temperature and Low temperature) are briefly mentioned in this chapter. The
structural, micro structural, optical, electrical and magnetic characterization techniques along

with the parameters considered for present work are mentioned here.
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To study the origin of giant dielectric constant we synthesized the complex ceramic compounds

3.1 Sample Preparation:

having double perovskite structure. The compounds are prepared by substitution (partially or
fully) at Fe-site in Ba(Fe,;Nb,;)O; (BFN). The elements used are; Co, Mn, Y, Gd, Eu, etc. The
selection of these elements is done on the basis of ionic radii, tolerance factor, stability, of
charged state and affinity of hybridization with oxygen 2p level. The easiest method to
synthesize these compounds is solid state reaction technique generally known as ceramic
synthesis route. The detail of this method is briefly discussed here. In addition the thin films of
few compounds were also developed to focus the industrial applications of these compounds.
The easiest, cheapest and most efficient pulsed laser deposition (PLD) technique is utilized for
thin film preparation. This technique along with the film preparation parameters is discussed
here. In order to investigate the swift heavy ion irradiation effects on the thin film samples, the
films were irradiated with the help of particle accelerator. The swift heavy ion irradiation and

preparation of irradiated samples are summarized here.

3.1.1 Solid State Reaction Technique: (Bulk Ceramic Samp]e Preparation):

In general the chemical composition of the material takes place in either liquid state, molten
flux or gaseous state. Some times such reaction takes place in appropriate solutions. The solid-
state reaction technique neither involves any molts nor uses any solvents, liquids or gases. This
reaction always occurs in solid state only. The solid state reaction technique is widely used
technique for production of polycrystalline ceramic compounds [1]. At room temperature
usually solids do not interact with each other therefore solid state reaction requires extreme
conditions like high temperature, high pressure, etc. The solid state reaction kinetics between
two solids depends on the following parameters:
1. Area of contact between reacting solids: The area of contact can be maximized by
reducing the particle size of initial raw powder of starting chemicals.
2. Physical diffusion of molecules: Batter diffusion of the different raw powders at the
atomic level encourages the reaction between molecules.
3. Rate of nucleation: The rate of nucleation can be maximized by using reactants with
crystal structures similar to that of the product.
4. Reaction temperature: The proper selection of the reaction temperature is very
important to prevent the volatilization of raw chemicals and to provide enough energy

to initiate the successful reaction.
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5. Duration of heat treatment: The duration of heat treatment can be decided on the basis

of the fact that the duration of the solid state reaction would be different for different
products.
On the basis of above parameters the solid state reaction technique can be divided in to five
steps:

1. Selection of appropriate starting materials: The starting raw oxides of high purity
(>99.9%) are selected on the basis of their particle size and structure. The fine grained
powders with similar crystal structure like final product enhances the area of contact as
well as the rate of reaction.

2. Stoichiometric weighing: To minimize the chemical compositional defects the
stoichiometric weighing is carried out on the basis of the formula unit, formula weight
and molecular weight of raw chemicals and final compound.

3. Particle size mixing and grinding: The stoichiometric proportions of the powders are
then mixed together using pestle and mortar. The homogeneous and particle size
mixing is achieved by the wet mixing technique (by adding few drops of extra pure
acetone). The repeated grinding is performed on such mixture to enhance the
homogeneity as well as to reduce the particle size. This results in increased surface area
leading to fast nucleation of final compound. Further, the increased homogeneity
assures us the reduction of chemical compositional defects.

4. Pelletization: The well mixed powders are then pelletized in the form of circular disks
of diameter ~13 mm at the pressure of 0.5 ton or less. Such pelletization increases the
physical diffusion between molecules which encourages the reaction.

5. Heat treatment: This step is final and significant step of solid state reaction technique.
The actual phase formation and final sample preparation is done in this step. The whole
heat treatment process is separated in to three sub steps according to the development
of final compound.

a. Calcinations: The actual phase of the final compound is formed at this level.
The homogeneously mixed and well grinded fine powders are pelletized with
very low pressure at this stage. The pressure is just sufficient to increase the
physical diffusion. Such pallets are fired at higher temperatures ranging from
1100 °C to 1300 °C (for details see Table 3.1) for six hours at controlled
heating/cooling rate using self prepared programmable muffle furnace. The

selection of appropriate temperature is done on the basis of volatilization of raw
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powders and their melting points. At this stage the temperatures are below the

melting/volatilization temperature.

b. Sintering: The densification of sample is done at this stage. The calcined pallets
are grinded again using pestle and mortal. These powders are compacted in to
circular disks again with high pressure up to 10 tons to encourage intimate
contact between tiny crystallites. Such pellets are fired at temperatures ranging
from 1100 °C to 1500 °C (for details see Table 3.1) for six hours which is little
higher temperature than the calcination temperature and just bellow the melting
point of the compound. This results in well sintered hard pellets.

c. Annealing: The sintered pellets are fired again at same temperature for 24 to 48
hours. During this process the crystallites grow larger and larger. Such larger
crystallites come closer and form a well defined grain and grain boundaries in
turn increase the densification of sample.

At the end of this step we get well sintered and annealed hard pallet for further
characterization.
Features / benefits of solid state reaction technique

v" Usually this reaction is thermodynamically stable and ends up with inert products.

v" It helps in preparing dense materials of low surface area.
Drawbacks of solid state reaction technique

% It requires very high temperatures (1500 °C) to initiate the reaction.

% The reaction is little difficult because of slow diffusion rate of solid ions.

% The chemical compositional defects as well as macroscopic structural defects are

inherent part of this technique.

On the basis of above fundamentals and facts the synthesis parameters like calcination
temperature, sintering temperature and annealing temperature along with duration of heat
treatment and heating / cooling rate of each sample is determined. All these parameters along
with sample code and chemical formula used in the present work are presented in Table 3.1.
Further, important parameters essential for the formation of the perovskite structure like
tolerance factor, B site ionic radii and most stable charge state of B’ site atom are also been

presented in the Table 3.1.
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Formula Ayerage.B’ Ove1.r all B Tolerance Most Calcination Stage Sintering Stage *Duration of.
S Weioh Site Radius Site Factor B'Si Stable I
t. Sample Formula cight Average 1te Charge Temperature| Duration | Temperature| Duration cat
No . ~ (R, +R,) |Atom Treatment
Radius |t= ——=——— State of of heat of heat .
(g/mole) (A) (A) \/E(RB +R;) B’ Site °C treatment °C treatment| ‘\nnealing
1 BFN Ba(Feo5Nbos)O3 259.701 | 0.6450 0.6425 1.042 Fe +3 1100 6h 1200 12h 24h
2 BECN- Ba(Fe0.40Co0.10Nbos)O3 | 260.010 | 0.6380 0.6390 1.044 Ie *+3 1100 6h 1150 12h 24h
10C Co +2
3 | BFCN |Ba(Fe25C0025Nbos)Os3 | 260.473 | 0.6275 0.6338 1.047 (1;6) I; 1100 6h 1150 12h 24h
BFCN- F +3
4 40C Ba(Fe010C0040Nbos)O3 | 260.936 |  0.6170 0.6285 1.049 C(e) ) 1100 6h 1150 12h 24h
5| BCN Ba(Coos5Nbos5)O3 261.245| 0.6100 0.6250 1.051 Co +2 1100 6h 1100 12h 24h
6 | BMN Ba(Mngs5Nbos)O3 259.247 | 0.6500 0.6450 1.041 Mn +2 1100 6h 1175 12h 24h
7 | BEMN |Ba(Feo2sMno2sNbos)O3| 259.474 | 0.6475 0.6438 1.041 I\Ij[i I; 1150 6h 1250 12h 24h
8 | BGN Ba(Gdos5Nbgs5)O3 310.403 | 0.9380 0.7890 0.972 Gd +3 1300 12h 1500 24h 48h
9 | BEFGN |Ba(Feg25Gdo2sNbos)O3|285.052 | 0.7915 0.7158 1.006 gil Ig 1150 12h 1250 24h 24h
10| BEN Ba(EusNbs5)O3 307.758 |  0.9500 0.7950 0.970 Eu +3 1250 12h 1500 24h 48h
11| BFEN |Ba(Fep25Eu025Nbos)Os|283.730 | 0.7975 0.7188 1.005 Ee Ig 1150 12h 1250 24h 24h
u
12| BYN Ba(Y05Nbos)O3 276.231 | 0.9000 0.7700 0.981 Y +3 1250 12h 1500 24h 48h
- +
13 B(l}OCCN Ba(Gdo40Co0.10Nbos)O3| 300.572| 0.8724 0.7562 0.987 CC}S +g 1100 12h 1200 24h 24h
+
14| BGCN |Ba(Gdo25C0025Nbos)O3| 285.824 |  0.7740 0.7070 1.010 (C}d +; 1100 12h 1200 24h 24h
fe}
+
15| BECN |Ba(Eu25Co0025Nbos5)Os|284.502 | 0.7800 0.7100 1.009 gz +§ 1100 12h 1200 24h 24h
The rate of heating and cooling during all cycles was 120°C/h. * Annealing temperature is same as the sintering temperature only duration of heat treatment was different.
The structute can be predicted using value of tolerance factor; for cubic structure 0.75<t<1.00. All structures are predicted to be cubic.

Table 3.1: Details of prepared bulk samples, prediction of structure (using tolerance factor) and sample preparation parameters.
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3.1.2 Pulsed Laser Deposition (PLD) Technique: (Thin Film Sample Preparation):

Pulsed laser deposition (PLD) technique is widely used technique [2] in the materials processing
industry due to its advantageous features over other film deposition techniques. The film
growth issues like stoichiometry of the film, epitaxial growth, minimization of impurities and
strain free film are well resolved in PLD technique. The PLD is useful to deposit many
materials that are normally difficult to deposit by other methods, e.g. multi component
materials, complex oxides etc. The principle of pulsed laser deposition is a very complex
physical phenomenon. It involves ablation of material in terms of plasma plume which is to be

deposited on the heated substrate.

)

Excimer
laser
(248nm)

Figure 3.1: (A) Schematic diagram of Pulsed Laser Deposition technique. (B) The
instrumental setup of PLD at UGC-DAE-CSR Indore centre.

The process of PLD can generally be divided into four stages:

1. Laser ablation of the target material and creation of plasma: The high-power excimer
laser beam is focused on the target which is sufficient to melt and evaporate few
molecules retaining its stoichiometry. This laser energy can be tuned using proper
wavelength and repetition rate of the laser beam. The evaporated molecules retain the
molecular structure of the target and create a plasma plume.

2. Dynamic of the plasma: Such ablated plasma plume move towards the substrate. The
plasma plume will disperse inside the chamber due to presence of vacuum inside the
chamber.

3. Deposition of the ablation material on the substrate: The stoichiometric plasma now
reaches at the heated surface of the substrate placed a short distance from the target.

The substrate heating helps in homogeneous growth of the film.

22



| PL.D. Thesis on “Effect of Substitution at....... Origin of Giant Dielectric Constant” by Devang D. Shah
Chapter 3 ﬂ
Experimental Procedure

4. Nucleation and growth of the film on the substrate surface: The equilibrium between

material ablation and condensation leads to the nucleation of crystallites on the surface
of the substrate. Thus film grows on the surface of the substrate. The thickness of the
deposited film depends on target material, energy of laser pulse, target to substrate
distance and type of gas pressure in the chamber.
Each of these steps is crucial for the crystallinity, uniformity and stoichiometry of the resulting
film.
The main advantages of Pulsed Laser Deposition technique over other techniques are:
V" The films with similar stoichiometry as target can be prepared.
v' It is very simple technique
v" Majority materials like metals, metal oxides, semiconductors can be deposited in a wide
variety of gaseous atmosphere.
v" This technique is cost-effective for mass production of films.
v" This technique is very fast compared to other techniques.
Demerits of PLD technique:
% Itis difficult to grow large films.
% Proper energy selection is necessary for stoichiometry of the film.
% Plume of molecules may evaporate if proper laser energy is not supplied. This causes
bad quality films
% Film composition and thickness depend on deposition conditions.
% Insulator having higher band gap can not be deposited by this technique.
In summary the PLD technique is most commonly used simplest technique to prepare films of
complex compounds at large scale.
Thin films of few selected complex ceramic compounds (see Table 3.2) were deposited by PLD
technique. Indium tin oxide (ITO) coated glass was utilized as conducting substrate. The bulk
targets of ceramic compounds were synthesized in pure single phase by conventional solid state
reaction technique. The well sintered disks of 25 mm diameter and 4 - 6 mm thickness were
utilized as PLD target. The substrate was mounted at 3.5 - 4 cm from the target after ultrasonic
cleaning for 10 min with acetone and then methanol. The laser source of 248 nm wavelength
and 220 m] energy with repetition rate of 10 Hz was utilized for deposition. The deposition
chamber was evacuated down to a base pressure of 1x10” torr before deposition. The
deposition was catried out at 300 °C - 400 °C with oxygen partial pressure of 250 m torr for 30

- 40 minutes. After deposition the chamber was completely filled with the oxygen and then
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cooled down to room temperature. The as deposited films were annealed in air atmosphere at

600 °C up to 1 hour for batter crystallinity [3]. The detailed deposition conditions for each film

with sample code are listed in Table 3.2.

Sr. No. 1 2 3 4 5 6 7 8
Prepared Film Sample BFN-1 | BEN-2 | BECN | BCN |BMN-1|BMN-3 BGfN' BGZCN'

Target Substrate

. . 4cm | 3.5cm | 3.5cm | 3.5cm | 35cm | 35cm | 35cm | 3.5cm
Film Distance

Deposition | gupstrate Temperature | 300 °C | 400 °C | 400 °C | 400 °C | 300 °C | 400 °C | 400 °C | 400 °C

Parameters
Deposition Time 40m | 40m | 40m | 40m | 60m | 40m | 40m | 40m

Some Common Film Deposition Parameters:

Laser Energy : 220 m] Substrate : ITO/Glass

Energy Density  : 9.5 J/cm? Initial Vacuum : 1x10-° Torr

Laser Wavelength : 248 nm Oxygen Partial Pressure : 250 mTorr

Repetition Rate  : 10 Hz Substrate Cooling Environment : Oxygen filled up to 1 atm.
Post Heat Treatment : Annealing at 600 °C for 1 h.

Table 3.2: The details of thin film samples prepared using PLD along with film
deposition parameters.

3.1.3 Swift Heavg Ion (SHI) Irradiation:

Swift heavy ion irradiation is one type of particle radiation treatment through which physical
properties of the materials can be modified. The proper selection of projectile particles, particle
fluence and energy of the particle beam enable us to tune the desirable properties of the
material. The Swift Heavy Ions are accelerated using the particle accelerators. Such accelerated
high energy ions penetrate the solids and loose their energy mainly by electronic stopping over
nuclear stopping. The energy loss by electronic stopping releases heat and creates straight line
track containing amorphous material of few nanometer diameter. The energy transfer between
the heavy projectile ion and the target are described using two different models.

1. Thermal Spike Model: According to this model the accelerated particles interact with
the target and loose their energy according to the radiation sensitivity of the target. The
radiation sensitivity of different materials depends on their thermal conductivity and
their melting temperature. If the temperature produced by irradiation exceeds the
melting temperature a liquid is formed. This heat is rapidly absorbed by the surrounding
results in quenching of the local area. This creates cylinder of disordered material along

the path of the projectile [4-5].
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2. Coulomb Explosion Model: According to this model when charged projectile enters

the surface of target it experience strong electromagnetic field into the atomic motion.
Here the repulsion between the like charges can break the bonds of target. This results
in local explosion of solid in terms of plasma creation. This results in local defects along
the ion track [5].
Ultimately through either heating mechanism the swift heavy ions generates cylindrical track of
amorphous material.
In the present work SHI irradiation study was performed using pelletron accelerator at IUAC,
New Delhi. For irradiation, the films were mounted on a copper target ladder using silver paste
inside a vacuum of 1x10° torr. Films were irradiated at room temperature using o™/ Ag15+

ions having energy of 98 MeV / 200 MeV for different fluences viz. 5x10", 1x10", 5x10" and
1x10" ions per cm®. The details of the irradiation for pristine films having suffix P (without
irradiation) along with irradiated films having suffix A, B, C and D (respectively for fluence
1x10" ions per cm? 5x10" ions per cm’, 1x10" ions per cm® and 5x10" ions per cm?) are

presented in the Table 3.3.

St. . Irradiation | Irradiation [rradiation

No. Sample Sample Details beam type | Beam Eneray | Fluence
(ions per cm?)

1 BFN-1 As Prepared - - -

2 BFN-1-An-P Annealed - - -

3 BFN-1-An-A Annealed and Irradiated o7 98 MeV 1x1012

4 BFN-1-An-B Annealed and Irradiated o7+ 98 MeV 5x1012

5 BFN-1-An-C Annealed and Irradiated o7 98 MeV 1x1013

6 BFN-2 As Prepared - - -

7 BFN-2-An-P Annealed - - -

8 BFN-2-An-A Annealed and Irradiated o7 98 MeV 1x1012

9 BFN-2-An-B Annealed and Irradiated o7+ 98 MeV 5x1012

10 BEN-2-An-C Annealed and Irradiated o7 98 MeV 1x1013

11 BFCN As Prepared - - -

12 BFCN-An-P Annealed - - -

13 BFCN-An-A Annealed and Irradiated o7 98 MeV 1x1012

14 BFCN-An-B Annealed and Irradiated o7+ 98 MeV 5x1012

15 BFCN-An-C Annealed and Irradiated o7 98 MeV 1x1013

16 BCN As Prepared - - -

17 BCN-An-P Annealed - - -

18 BCN-An-A Annealed and Irradiated o7 98 MeV 1x1012

19 BCN-An-B Annealed and Irradiated o7+ 98 MeV 5x1012

20 BCN-An-C Annealed and Irradiated o7 98 MeV 1x1013

21 BMN-1 As Prepared - - -

22 | BMN-1-An-P Annealed - - -

23 | BMN-1-An-A Annealed and Irradiated o7 98 MeV 1x1012
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Sr Irradiation Irradiation Irradiation

i Sample Sample Details Fluence

No. beam type | Beam Energy | .
(ions per cm?)

24 BMN-1-An-B Annealed and Irradiated o7+ 98 MeV 5x1012
25 BMN-1-An-C Annealed and Irradiated o7+ 98 MeV 1x1013
26 BMN-3 As Prepared - - -
27 BMN-3-An-P Annealed - - -
28 BMN-3-An-A Annealed and Irradiated o7+ 98 MeV 1x1012
29 BMN-3-An-B Annealed and Irradiated o7+ 98 MeV 5%1012
30 BMN-3-An-C Annealed and Irradiated o7+ 98 MeV 1x1013
31 BGCN-1 As Prepared - - -
32 | BGCN-1-An-P Annealed - - -
33 | BGCN-1-An-D | Annealed and Irradiated Agl>* 200 MeV 5x1011
34 | BGCN-1-An-A | Annealed and Irradiated Agl>* 200 MeV 1x1012
35| BGCN-1-An-B | Annealed and Irradiated Agl5* 200 MeV 5%1012
36 BGCN-2 As Prepared - - -
37 | BGCN-2-An-P Annealed - - -
38 | BGCN-2-An-A | Annealed and Irradiated o7+ 98 MeV 1x1012
39 | BGCN-2-An-B | Annealed and Irradiated o7+ 98 MeV 5x1012
40 | BGCN-2-An-C | Annealed and Irradiated o7+ 98 MeV 1x1013

3.1.4 Summary of Prepared Samples:

The samples to be investigated are classified in two different categories; Bulk ceramic samples

and thin film samples. These samples are sub classified in several groups for the ease of

comparative and comprehensive analysis.

Table 3.3: The details of thin film samples with their itradiation conditions.

(Bullc and Thin Film Samples):

Bulk samples (Classified in the group of seven different series)

1.

BFN
BCN
BMN
BGN
BEN
BYN

Mmoo TP

- Ba(Fe, sNb, 5) O,
- Ba(Co,sNb, 5O,

- Ba(Mn, ;Nb, 5O,
- Ba(Gd, sNb, 5)O,

- Ba(Eu, sNb, 5O,
- Ba(Y,sNb, 5O,

100% series - [Ba(X, ;Nb,5)O,] where X=Fe, Co, Mn, Gd, Eu, Y.

2. BFCN series - [Ba(Fe, ; yCoyNb, -)O5] where X=0, 0.10, 0.25, 0.40, 0.50

a. BFN - Ba(Fe sNb, 5)O;
b. BFCN-10C - Ba(Fe, 4yCoy 1;Nb;5)O;
c. BFCN - Ba(Fe,;Coy,5Nb, 5) O,
d. BFCN-40C - Ba(Fe,,,Coy 4Nb,5)O;
e. BCN - Ba(Co,, sNb, 5)O;

3. BFMN series - [Ba(Fe, ; (MnyNb,:)O;] where X=0, 0.25, 0.50
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a. BFN - Ba(Fe,sNb, 5)O;
b. BFMN - Ba(Fe,,sMn, ,sNb, 5O,
c. BMN - Ba(Mn, ;Nb, 5)O;
4. BFGN series - [Ba(Fe,; «GdyNb, ;)O,] where X=0, 0.25, 0.50
a. BFN - Ba(Fe, sNb, 5) O,
b. BFGN - Ba(Fe, ,;Gd, ,sNb, 5) O,
c. BGN - Ba(Gd,;Nb, 5)O;
5. BFEN series - [Ba(Fe, 5 (EuNb, :)O5] where X=0, 0.25, 0.50
a. BFN - Ba(Fe, sNb, 5)O;
b. BFEN - Ba(Fe, »sEu,,sNb 5O,
c. BEN - Ba(Eu, sNb, 5O,
6. BGCN series - [Ba(Gd, ; yCoxNb,;)O5] where X=0, 0.10, 0.25, 0.50
a. BGN - Ba(Gd, sNb, 5)O;
b. BGCN-10C - Ba(Gd,,,Co,;(Nb,5) O,
c. BGCN - Ba(Gd, ,5Coy,5Nby 5) O
d. BCN - Ba(Co,sNb, 5O,
7. BECN series - [Ba(Eu, ; (CoyNb, .)O,] where X=0, 0.25, 0.50
a. BEN - Ba(Fe,sNb, 5)O;
b. BECN - Ba(Eu,,5C0,,5Nby 5)O;
c. BCN - Ba(Co,sNb, 5O,

Thin film samples (Classified in the five different groups)
1. BFN-1 films (substrate temperature 300 °C.)

a. BFN-1 - As prepared

b. BFN-1-An-P - Annealed

c. BFN-1-An-A - Annealed and irradiated with O”* fluence 1x10"

d. BFN-1-An-B - Annealed and irradiated with O”" fluence 5x10"

e. BFN-1-An-C - Annealed and irradiated with O™* fluence 1x10"
2. BFN-2 films (substrate temperature 400 °C.)

a. BFN-2 - As prepared

b. BFN-2-An-P - Annealed

c. BFN-2-An-A - Annealed and irradiated with O”* fluence 1x10"

d. BFN-2-An-B - Annealed and irradiated with O™ fluence 5x10"

e. BFN-2-An-C - Annealed and irradiated with O™ fluence 1x10"
3. BFCN films (substrate temperature 400 °C.)

a. BFCN - As prepared

b. BFCN-An-P - Annealed

c. BFCN-An-A - Annealed and irradiated with O™ fluence 1x10"

d. BFCN-An-B - Annealed and irradiated with O fluence 5%10'

e. BFCN-An-C - Annealed and irradiated with O™ fluence 1x10"
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Figure 3.2: The images of prepared samples: pestle-mortar powder, bulk small pallet, PLD target, as prepared film and irradiated
film.
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4. BCN films (substrate temperature 400 °C.)

a. BCN - As prepared

b. BCN-An-P - Annealed

c. BCN-An-A - Annealed and irradiated with O”" fluence 1x10"

d. BCN-An-B - Annealed and irradiated with O”* fluence 5x10"

e. BCN-An-C - Annealed and irradiated with O”" fluence 1x10"
5. BMN-1 films (substrate temperature 300 °C.)

a. BMN-1 - As prepared

b. BMN-1-An-P - Annealed

c. BMN-1-An-A - Annealed and irradiated with O™ fluence 1x10"

d. BMN-1-An-B - Annealed and irradiated with O”* fluence 5x10"

e. BMN-1-An-C - Annealed and irradiated with O"" fluence 1x10"
6. BMN-3 films (substrate temperature 400 °C.)

a. BMN-3 - As prepared

b. BMN-3-An-P - Annealed

c. BMN-3-An-A - Annealed and irradiated with O”* fluence 1x10"

d. BMN-3-An-B - Annealed and irradiated with O”" fluence 5x10"

e. BMN-3-An-C - Annealed and irradiated with O™ fluence 1x10"
7. BGCN-1 films (substrate temperature 400 °C.)

a. BGCN-1 - As prepared

b. BGCN-1-An-P - Annealed

c. BGCN-1-An-A - Annealed and irradiated with O”" fluence 1x10"

d. BGCN-1-An-B - Annealed and irradiated with O™ fluence 5x10"

e. BGCN-1-An-C - Annealed and irradiated with O”" fluence 1x10"
8. BGCN-2 films (substrate temperature 400 °C.)

a. BGCN-2 - As prepared

b. BGCN-2-An-P - Annealed

c. BGCN-2-An-A - Annealed and irradiated with O”" fluence 1x10"

d. BGCN-2-An-B - Annealed and irradiated with O fluence 5%10'

e. BGCN-2-An-D - Annealed and irradiated with O™ fluence 5x10"

3.2 lustrumentation:
The designing and fabrication of;
1. Programmable high temperature muffle furnace
2. Sample holders for electrical characterization
a. Programmable high temperature sample holder
b. Programmable low temperature sample holder

are briefly summarized in this section.
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3.2.1 Designing and Fabrication of Programmable High Temperature Muffle
Furnace: (Working Temperature Up to 1500 °’C)

Motivation:

The solid state reaction technique of sample preparation requires high temperature muffle
furnace. The conventional available box furnaces are having kanthal or super kanthal alloy wires
as heating elements. The limitation of such heating element is they can not produce
temperatures motre than 1200 °C, as their melting point is near around 1300 °C. Such
conventional box furnaces are unable to serve the purpose of providing heat treatment at
clevated temperatures. Therefore to fulfill the requirement of one high temperature muffle
furnace up to 1500 °C is designed.

Designing and Fabrication with Calculation:

The heating elements of silicon carbide (SIC) are utilized to handle such high temperatures. The

dumbbell shape SIC rods with total length of 600 mm having average resistance of 3.5 € are

mounted in series of six elements. Hence the total resistance of the furnace becomes 21 Q
through which maximum current of 11 A can flow when the furnace is connected with regular
single phase AC source of 230V. This current is far below the maximum safe current limit of
domestic house hold power source and accessories. The hot-zone length of the rod is 150 mm,
hot-zone diameter is 8§ mm and cold-zone diameter is 14 mm. The main inner core of the
furnace is designed from the rectangular alumina box of 6”x6”x12” along with strips of
moonlight stone (can sustain temperature up to 1800 °C). The high temperature and high
density ceramic wool is wrapped around the core for batter insulation. The main frame of the
furnace is prepared by welding the steel angles. The outer steel framework is then covered with
asbestos sheets. The connection of rod with each other is main difficult task, as during
continuous use the contacts handle very high temperatures with very high currents. At such
extreme conditions the local sparking may melt the clips, connecting strips and wires. To
eliminate any possibilities of such sparking, aluminum braid is used as buffer layer between the
silvered end of rod and connecting strips. The connecting wires between two rods are also
replaced by aluminum braid. Further to keep the connecting ends of the rod at much reduced
temperature the all connections are kept in the air outside the insulation. The B-type
thermocouple (Pt — Pt-Rh) is used to measure such high temperatures as it ensures more

accuracy and reliability than other thermocouples.
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Figure 3.3: The high temperature muffle furnace with the few memorable moments of fabrication.
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The Selec-India make PID profile temperature controller, PR-502 is used to program and

Programming and Tuning:

regulate the function of this furnace. The regulation of heating cooling rate, programmed
ramping and soak-timings with 10 profile program each having 16 steps is possible using this
controller. The PR-502 profile controller is available in two different control actions for linear
DC output; 0-10V DC output and 4-20 mA DC output. This output of the controller regulates
the high power of the furnace through relay. Here for batter power regulation 4-20 mA current
output mode is selected with local available solid state relay. The whole assembly with proper
connections is mounted in a control box at top of the furnace. The furnace is then tuned for

the PID action.

3.2.2 Sample Holders for Electrical Characterization: (Having Perfect EMI
Shielding with Temperature Range 80 K to 800 K):

Motivation:

In depth analysis of dielectric relaxation and electrical conduction, as a function of wide
frequency and temperature range, is essential to wunderstand the mechanism of
relaxation/conduction. The available old sample holder for electrical measurement is unable to
sustain high temperatures because of Teflon rod as its part. The softening temperature of
typical Teflon rod is 500 K only, which limits the user to use this sample holder in the
temperature range of 300 K — 500 K only. The electrodes of that old sample holder were
prepared using spring loaded rods with pellet shaped electrodes. Electrode with such an
assembly limits the size and shape of the sample to be measured. In addition whole assembly of
sample holder is kept inside a furnace to increase its temperature. The furnace is made up from
conventional accessory and is not having EMI shielding. Furnace of this kind can introduce
large noises in the measured data at low frequency region, below 100 Hz. This further limits the
user to collect data between 100 Hz — 1MHz only. Apart from this the whole system does not
have any programmable controls. The temperature of the furnace is controlled manually using
mechanical contact thermometer without any heating/cooling rate. Thus the available old
sample holder is having limitations of temperature range, frequency range, sample shape and
sample size along with very poor precision and accuracy in regulating the temperatures.

These essential requirements motivated myself to prepare sample holders which can be useful
for very low frequency measurements (i.e. should have perfect EMI shielding) along with

elevated temperature range of 80 K — 800 K. I prepared two different sample holders with
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perfect EMI shielding to overcome the limitations of the conventional sample holder: (1) High

temperature sample holder — without vacuum (temperature range 300 K — 800 K) and (2) Low
temperature sample holder — with vacuum (temperature range ~ 80 K — 350 K). The detailed
technique of preparation and optimization of the sample-holder with perfect EMI shielding is

explained here.

3221 Programmable High Temperature Sample Holder: (Having Temperature
Range 300K to 800 K):

Designing and fabrication:

A)

Figure 3.4: (A) A sketch of High Temperature sample holder. (B) Image of Prepared
High temperature sample holder.

The perfect EMI shielding is essential requirement for low frequency measurements. To
achieve this property I redesigned the furnace by selecting cylindrical metallic (stainless steel)
core with metallic bottom base. The electrical winding of heating coil is separated from the

metallic core using thin sheets of mica. The electrodes of the sample holder are designed in
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such a way that it remains co-axial up to the sample surface instead of a simple metallic rod.

The co-axial electrodes are prepared using two hollow pipes of copper. The inner pipe and
outer pipe are separated using glass-mica-glass sheets. Thus EMI shielding is achieved from the
instrument leads to the sample surface through shielded connections of BNC cable with co-
axial electrodes. To provide shielding at the sample mounting area, long vertical electrodes are
designed with two horizontal metallic plates of copper as shown in the Figure 3.4. Such sample
holder is then inserted inside the furnace having EMI shielding with metallic top lid. Thus the
perfect EMI shielding is achieved to measure electrical data at low frequency region. Further
the use of material like mica and metal enables us to use sample holder at higher temperatures
up to 800 K. To make the sample mounting area compatible with any shape and size of sample
the top electrode is made aero head with electrode diameter of just 1.5 mm?®. This modification
made the sample holder more useful for variety of samples.

Programming, calibration and optimization:

To promise the precession and accuracy of temperature measurement the furnace functions are
programmed with the help of PID temperature controller (PID-500, Selec India make) and
solid state relay. The computerization of the setup is done with indirect arrangement. The batch
measurement program of the instrument can measure multiple data with respect to time. The
temperature can also be programmed to increase with time using ramp rate. Thus by combining
these two different time dependent process we can collect data automatically at different
temperatures in increasing order.

Further, in order to ensure the precision and consistency of the data the sample holder was
calibrated by collecting data of a standard sample (BaFe,;Nb,;O;) at three different
instruments. The data were collected at IUAC New Delhi (Agilent 4284-A precision LCR
meter), UGC-DAE-CSR, Indore (Novocontrol Alpha A high performance frequency analyzer)
and at our department on self prepared sample holder (using Solartron 1260 Impedance
Analyzer). We found significant deviation in the data collected using newly prepared sample
holder. The sample holder as well as the data collection software is then optimized by inserting
short circuit and open circuit nulling files. After completing this calibration we again collected
the data using modified data collection software. The collected data for calibration were found

in accordance with the data collected on other instrument.
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3222 Programmable Low Temperature Sample Holder: (Having Temperature
Range 80K (LNQ) to 350 K):

Designing and Fabrication:

In order to facilitate the complete understanding of the electrical processes in these
compounds, low temperature measurements were required. The vacuum is an essential
requirement of low temperature sample holder because the surrounding air and moisture can
easily condense on the surface of the sample at Liquid nitrogen (LN,) temperature. In low
temperature sample holder the stainless steel pipes and cup are welded as shown in the Figure
3.5 to prepare the base structure of sample holder. All the joints are connected with vacuum
connectors. The perfect EMI shielding at low temperatures inside the pipe is achieved by
preparing coaxial metallic tubes. Such co-axial tubes are prepared using thin stainless steel tubes

and stainless steel wire (of 1mm diameter) at its axis separated by alumina bids.
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Figure 3.5: (A) A sketch of Low Temperature sample holder. (B) Image of Prepared
Low temperature sample holder with sample mounting area.
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Figure 3.6: The EMI shielding at the junction of cable and electrode wire along with connector.
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The main sample mounting area is designed inside the bottom cup. A spring loaded bottom

electrode is mounted inside the insulator cavity (Fabric rod — hylum). This insulator cavity is
then attached with the lid of the bottom cup. The bottom electrode is surrounded with the
heater with non inductive winding. The co-axial tube with Imm thick central wire acts as top
electrode. The platinum resistance PT-100 was mounted as sensor to measure such low
temperatures. The sensor and the top electrode are mounted in the lid of the bottom cup. This
design is shown in the Figure 3.5 (A). All joints and connections of co-axial wires are shielded
properly with aluminum foil. Thus perfect EMI shielding is achieved through series connection
of co-axial wires with the co-axial tubes using BNC vacuum connectors. The low temperatures
can be achieved by dipping the sample holder inside the liquid nitrogen container after
evacuating it.

Programming, calibration and optimization:

To measure the data with programmed temperatures the Lake Shore 331 temperature controller
was connected with the instrument. The tuning of the heater and calibration of the sample
holder is done as per the method mentioned in above section 3.2.2.1. The optimized condition

is then used to collect the data.

3.3 Characterization Techniques:

The prepared samples were characterized under three different categories:

1. Structural characterization (crystal structure and microstructure studies)

2. Optical and electrical studies (optical spectroscopy with electrical transport)

3. Magnetic characterization (magnetization and hysteresis)
The different characterization techniques along with its necessity and applications are presented
in this section. Further, the methods of actual data collection, instrumental parameters, pre
treatment applied to the sample along with the details of utilized instrument are briefly

summatized here.

3.3.1 Structural Characterization: (Crg stal Structure and Microstructure
Studies):
The purity and structural perfections of prepared sample are very important features of any

material. The major properties of the material like; optical property, electrical property,

magnetic property, thermal property, etc. are largely depends on the structural imperfections
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and chemical impurity of the material. The compositional purity and structural perfections can

be quantitatively analyzed using structural characterization techniques. Further, the macroscopic
structural aspects like grain growth features affect largely the overall property of material. The
Structural characterization is carried out using different techniques:

1. X-ray diffraction (XRD) (Crystal structure analysis)

2. Scanning electron microscopy (SEM) (Microstructure Analysis)

3. Atomic force microscopy (AFM) (Microstructure Analysis)

4. Differential scanning calorimetry (DSC) (Thermal analysis of structural transition)

5

Thermal Gravimetric Analysis (TGA) (thermal analysis of structural stability)

3311 X-Ray Diffraction (XRD): (CnJ stal Structure Analy sis):

Necessity of this technique:
To understand and tune the properties of any material we need to standardize the material first.
It is only possible when we prepare such material in pure phase. The absence of any impurity
(liquid) phase in the prepared compound provides guarantee to use it in the industrial
applications. The XRD can provide information about crystal structure, unit-cell dimensions,
Wyckoff positions of atoms and crystal symmetry. All these information can be used to
simulate each and every property of materials. Further, the quantification of the pure and
impure phase (or two different pure phases) can be easily done by analyzing the XRD pattern.
Working Principle:
The X-rays are very important tool to investigate the crystal structure of any material, as their
wavelength is quite comparable with the unit-cell dimensions of general crystalline material.
The beam of monochromatic x-rays, when applied to any crystalline material, interact with the
structural planes of the lattice and produces diffraction. The each lattice point of the plane acts
as a slit. This phenomenon is well explained by W. L. Bragg in the form of Bragg’s condition or
Bragg’s law [6];

2dsin@=nA, (3.1)

Here, d is inter planer spacing depends on the material to be investigated, @is angle between
incident beam and the set of lattice planes, n is any integer (1,2,3,...) and 4 is wavelength of
incident monochromatic beam of x-rays. According to this law for a given set of parallel planes
the diffraction will give maxima only in that direction for which the angle will satisfy the

Bragg’s law (see Figure 3.7). Thus the different possible sets of plane available in the compound
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constitute different diffraction peaks at different angles for which the Bragg’s condition is

satisfied. The scattering of x-rays from any set of plane depends on the type of atoms (or

molecules), number of atoms and their Wyckoff positions.

Figure 3.7: The ray diagram of Bragg’s Law depicting diffraction of X-rays by sets of
atomic planes parallel to each other.

Applications:
Using the peak positions of XRD pattern we can find,

* The d values and hkl values associated with each set of parallel planes.

* The symmetry of unit cell as it is related with the number of peaks available.

* The crystal system and space group from the systematic absence or presence of peak

and peak splitting.

* The lattice parameters of the system.

* Percentage densification of the samples
The peak intensity is directly related to the density of atoms/molecules in particular set of
parallel planes, so it will help in determination of,

*  Wyckoff position of each atom.

*  Occupancy of atoms

e Thermal vibration of atoms.
The peak broadening is related with the thermal vibration, Instrumental divergence and order
of crystalline nature (long range/short range order). It helps in determination of,

e Thermal vibration parameters

39



| PL.D. Thesis on “Effect of Substitution at....... Origin of Giant Dielectric Constant” by Devang D. Shah
Chapter 3 ﬂ
Experimental Procedure

* Crystallite size through Debye scherrer formula [6]

e Crystallite size and induced strain using Williamson-Hall plot [6]

A)

Figure 3.8: (A) The XRD setup at our department, SHIMADZU XRD 6000. (B) The
XRD setup at UGC-DAE-CSR Indore centre, Bruker D8 Advanced.

Actual data collection and sample requirement:

The powders of annealed pallets were used to collect the x-ray diffraction data. The
measurements of Bulk samples were performed using SHIMADZU-XRD-6000. The Cu-K,
radiation (wavelength 1.54 A) with 0-20 geometry was used to collect the XRD data. The

scanning was performed from 20=10°-110° with a step of 0.02° and a scanning rate of 1.0° per
minute. The data collection was done using conventional solid state detector.

The x-ray diffraction measurements for film samples were carried out at UGC-DAE-CSR,
Indore, using Bruker D8 advance X-ray diffractometer. The x-rays were produced using a
sealed X-ray tube giving monochromatic wavelength of 1.54 A (Cu-K)). The x-rays were
detected using a fast counting detector based on Silicon strip technology (Bruker LynxEye

dtector).

3312 Scanning Electron Microscopy (SEM):

Necessity of this technique:
The Scanning Electron Microscopy (SEM) is a very useful technique to collect information
about the topography (surface features of an object), morphology (shape and size of the

particles making up the object) and composition (the elements and compounds of the object
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with their relative amount). The magnification of typical optical microscope is up to ~500%

while the SEM can magnify any object up to ~300000x, along with resolution of few
nanometers.

Working Principle:

Electron Microscopes use a beam of highly energetic electrons to examine objects at very small
size. A stream of such high energy electrons is accelerated towards the specimen under high

vacuum. This stream is confined and focused using metal apertures and magnetic lenses into a

thin, focused, monochromatic beam as shown in the Figure 3.9(A).

@A) B)

Figure 3.9: (A) A schematic diagram of scanning electron microscopy taken from:
Purdue university website, http://www.purdue.edu/rem/rs/sem.htm#1, Original from
Iowa State University SEM Home page. (B) The SEM setup at UGC-DAE-CSR Indore
centre.

When a sample is bombarded with electrons, secondary electrons from the sample are

produced through inelastic scattering. These secondary electrons are having very low energies.
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Therefore only few secondary electrons which are near to the surface can escape the sample

surface and contribute to form surface topography. In addition several incident electrons are
backscattered from the specimen surface through elastic scattering. The images formed by such
back scattered electrons can also provide information about the distribution of different
elements in the sample. Further, the ejected secondary electron from the sample surface leaves
electron vacancy. Such vacancy is filled by an electron from a higher shell, resulting in emission
of X-ray. The number of emitted X-rays along with their energy gives information about the
element. This technique is known as Energy Dispersive X-ray spectrometry (EDS or EDX). In
practice, EDS is most often used for qualitative elemental analysis.

Applications:

Surface topography for every kind of samples like; metals, ceramics, glass, dust, hair, teeth,
bones, minerals, wood, paper, plastics, polymers, etc. can be done using SEM. It can also be
used for qualitative and quantitative chemical composition analysis of the sample surface using
EDS. Backscattered are used to form diffraction images.

Actual data collection and sample requirement:

The microstructure photographs of the annealed bulk samples were collected using a scanning
electron microscope SEM JEOL JSM 5600: F-Model at UGC-DAE-CSR, Indore centre. Few
photographs were collected using SEM JEOL JSM 5610 at Department of Metallurgical and
Materials Engineering, Faculty of Technology, The M. S. University of Baroda, Vadodara. The
SEM photographs were collected for three different regions of each sample to ensure the
correctness of the results. Further the data were collected at different magnification to study its
growth features. To eliminate any electron charging effect on the sample-surface all the samples
were coated with transparent silver/aluminum coating of ~50 A. Such top conducting surfaces

are then grounded with the instrument using conducting silver paint.

3313 AtomicForce Microscopy (AFM):

Necessity of this technique:

Atomic Force Microscopy (AFM) is an advanced technique to scan the material surface with
enhanced resolution up to fractions of nanometer (~2 A) with much higher magnification
(~x107). It can scan extremely small surface features up to a single atomic scale. This method
does not require vacuum. This makes it possible to study biological macromolecules and even
living organisms using AFM. The insulating samples can be scanned easily using AFM without

any surface coating. The different type of samples like; polymers, ceramics, composites, glass,
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and biological samples also can be scanned using AFM. Apart from surface imaging it can

measure magnetic and electrical signals of the surface atoms.

Working Principle:

The scanning of sample surface is done using a tiny cantilever in AFM. The tip of such
cantilever is of the order of few nanometers. The cantilever experiences attractive and repulsive
forces by the surface atoms when it approaches the sample surface. Therefore the tip moves up
and down according to such surface forces, which are measured using a laser beam reflected
from the top surface of the cantilever (see Figure 3.10 and sketch). This motion of the
cantilever is then converted into surface image using electronic circuits. Several special tips used
in AFM can measure different type of forces like; mechanical contact force, van-der Waals

force, chemical bonding, electrostatic forces, magnetic forces etc.

A) (B)

Photodetector
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Figure 3.10: (A) A schematic diagram of Atomic force microscopy; Ref: web site of
agilent technologies. (B) The SEM setup at UGC-DAE-CSR Indore centre.

AFM is classified under three different modes according to the scanning methodology:

1. Contact Mode: The tip is in contact with the sample surface and scans the surface by
balancing the forces between tip and the surface atoms. The force is made constant
using feedback loop in this method. Typically rigid samples can be scanned using this
mode.

2. Non Contact Mode: Here the tip is few nanometer above the surface of the material
vibrating with frequency little higher than the resonant frequency of tip. The amplitude

of such vibrations are generally very small (<10 nm). It scans the sample by measuring
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the interaction of long range forces with the cantilever tip. It can easily scan liquid layers

on the solid surfaces or soft materials without damaging the sample surface.

3. Tapping mode: This mode is similar to non contact mode with amplitudes large up to
100-200 nm. Therefore when tip comes closer to the surface the interaction forces act
on the tip and reduces the amplitude of the tip. This method can measure short range

forces also along with long range forces without damaging sample surface or the tip.

Applications:

The AFM can provide 3D surface topography. It can give atomic resolution with ultra-high
vacuum (UHV). The different type of tips can be used to measure magnetic, electrical, thermal,
mechanical and optical properties of the material at atomic scale. AFM can be combined with
other optical microscopy techniques, enable it to perform photovoltaic measurements.

Actual data collection and sample requirement:

The surface images of our all the films were collected using atomic force microscope AFM
Nanoscope III at UGC-DAE-CSR, Indore centre. The tapping mode of the data collection
technique is utilized for batter imaging. The AFM images were collected for two different

regions with four different scan sizes to ensure the homogeneity of samples.

3314 Differential Scanning Calorimetry (DSC):

Necessity of this technique:

The properties of any material like; electrical, mechanical, magnetic, optical, thermal etc. are
extensively dependent on the temperature dependent physical or chemical changes. The
comprehensive analyses of such thermal changes enable us to predict significant transitions in
the material properties. The quantitative as well as qualitative analyses of such changes involve
study of endothermic-exothermic processes along with changes in heat capacity. The
Differential Scanning Calorimetry (DSC) measures such changes through the temperatures and
heat flows associated with transitions in materials. The measurements through DSC are under
controlled atmosphere as a function of time and temperature.

Working Principle:

When the sample undergoes a physical transformation such as phase transitions, the heat flow
will increase or decrease in order to maintain the temperature of the sample equal to the

reference. The amount of heat flowing into the sample depends on the type of transformation
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(i.e. exothermic or endothermic). The difference in heat flow between the sample and reference

enables DSC to measure the amount of heat absorbed or released during such transitions.

Dynamic Sample Chamber

Reference Pan
Sample Pan

Gas Purge Inlet +
—®)

(B)

A ﬂ A Thermocouple
Alumel Wire Junction

Chromel Wire ‘— Thermoelectric Disc
(Constantan)

Figure 3.11: (A) A schematic diagram of DSC, Ref: (B) The DSC setup at our
department.

Applications:

Differential Scanning Calorimetry is a valuable tool to characterize the temperature dependent
properties of materials. The properties like; phase change, glass transition temperature (Tg),
crystallization temperature (T'c), melting and boiling points, etc. can be directly observed from
DSC curves. In addition, detailed analysis using DSC can be useful to study specific heat,
sample purity, enthalpy of transitions, heats of fusion, etc.

Actual data collection and sample conditions:

The possibilities of thermal transitions and structural changes are studied using DSC 2910 (TA
Instruments Inc., USA) system at UGC-DAE-CSR, Indore centre, as well as using EXSTAR
6000 DSC 6220, SII Nanotechnologies inc., at our department. The measurements were
petformed between RT (300 K) to 825 K at the rate of 10 K/min. Small peaces of sample were

used instead of powder sample to ensure better results.
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3315 Thermal Gravimetric Analg sis (TGA):

Necessity of this technique:

Thermal (or Thermo) gravimetric analysis (TGA) is one of the members of the thermal analysis
techniques used to characterize a wide variety of materials. It is complimentary and
supplementary characterization to the most commonly used thermal analysis technique, DSC.
This technique is useful to analyze those materials which exhibit either mass loss or mass gain
due to decomposition, oxidation or loss of volatile particles.

Working Principle:

Thermal gravimetric analysis measures the change in the mass of a sample as a function of
temperature or as a function of time in a controlled atmosphere. The observed mass difference
can be co-related with temperature induced phenomena like; absorption/adsorption of gases,
drying, dehydration, sublimation, vaporization, decomposition, solid-solid reactions, magnetic
transitions, etc.

Applications:

This technique can provide information about the stability of the material over a measured
temperature range. It helps in determining composition of the mixture, corrosion of metals,
calcinations of minerals, reaction kinetic studies. This technique also determines available
volatile content and moisture trapped in the sample.

Actual data collection and sample conditions:

The thermo gravimetric analysis data of powder samples were collected under nitrogen
atmosphere using a EXSTAR 6000 TG/DTA 6300 instrument, SII nanotechnologies inc. at
Department of Geology, Faculty of Science, The M. S. University of Baroda, Vadodara.

3.3.2 Optical and Electrical Studies: (Optical Spectroscopy with Electrical

Transport):

The electrical properties of the sample depend on intrinsic as well as extrinsic parameters. The
intrinsic parameters like; atomic position, symmetry of charge centers, charged states of the
constituent ions, electro negativity of the ions, stability of charged states etc., significantly affect
the electrical as well as optical properties of the materials. The direct influence of these
parameters is explained in terms of polarization, tilting of oxygen octahedron, structural
distortions and frequency/temperatute relaxations of dipoles by many research groups [7-12].
Very few research groups have identified effect of extrinsic parameters in terms of oxygen

vacancies, grain features and defects [13-17]. This controversial issue of intrinsic/extrinsic

46



| PL.D. Thesis on “Effect of Substitution at....... Origin of Giant Dielectric Constant” by Devang D. Shah
Chapter 3 ﬂ
Experimental Procedure

parameters to explain electrical properties of materials require in depth analysis of all these

parameters. The optical spectroscopy along with electrical studies provides fruitful and
complimentary information regarding the contributing factors. The optical and electrical studies
can be carried out using the following methods:

1. Ultra violet - visible (UV-Vis.) spectroscopy

2. Complex impedance spectroscopy

3. Polarization vs. electrical field (P-E) (Electrical hysteresis curve)

33521 Ultra Violet - Visible (UV-Vis) Spectroscopy:

Necessity of this technique:

The Ultra Violet - Visible (UV-Vis.) spectroscopy is a very useful tool for the investigation of
electronic transitions and the energy band gap of any material. The shape and edge position of
the optical absorption spectra determines type of crystallinity and energy band gap of the
compound. In general broad edge represents glassy state of material. The broad edge may also
represent presence of more than one band edges in the compound as well as gives insight of
possible imperfections.

Working Principle:

When UV-visible radiation interacts with matter, it gets absorbed by the molecules, resulting in
increased energy of the molecules. The wavelength of the absorbed light is always equivalent to
the energy required to move an electron from a lower energy level to a higher energy level. This
results in a sharp absorbance edge in the absorption spectra of the material. The energy
associated with this edge gives energy band gap of the compound. In practice the band
structure of materials not possessing sharp band gap results in broadening of the edge in the
absorption spectra of material.

Applications:

The UV-Vis. spectroscopy is primarily useful to determine the energy band gap of semi-
conducting materials. The broadening of band edge helps in prediction of possible splitting of
bands.

Actual data collection and sample requirement:

The UV-Vis spectroscopic measurements of the bulk samples were collected at room
temperature in the range of 300 nm to 850 nm. The data were collected in the universal

reflectance mode using Perkin Elmer Lambda 950 at UGC-DAE-CSR, Indore centre. The data
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of film samples were collected in the transmittance mode with ITO/glass substrate on the

reference side.

3322 Complex Impedance Spectroscopy:

Necessity of this technique:

The complex impedance spectroscopy is a versatile tool to investigate the electrical properties
of the material. It can significantly separate out the contribution of intrinsic and extrinsic
factors. The qualitative as well as quantitative analysis in terms of relaxation parameters along
with activation energy empowers this technique to focus on the mechanisms of electrical
conduction.

Working Principle:

When an external alternating voltage signal is applied to any material its molecules try to obey
the external signal in order to eliminate its effect. The molecule or dipoles formed in the
material try to orient with the frequency of external field up to natural frequency of the dipole.
If frequency of external signal exceeds the natural frequency of dipole, the dipole starts lagging
behind the signal. This process is known as relaxation and is well explained by Debye [18].
There after for real materials K. S. Cole and R. H. Cole made significant corrections to this
theory [18-20]. The complex impedance spectroscopy data can be analyzed under four different
representations. These each representation has its own unique advantage and abilities.

1. Impedance representation: This representation can separate the contribution of
extrinsic factors like grain, grain boundary and space charge contribution

2. Permittivity representation: Here the contribution from permanent dipole, induced
dipole and free charge carries can be separated.

3. Electric modulus representation: The space charge—dipole interaction can be
probed effectively through the electrical modulus representation.

4. Conductivity representation:The investigation of conductivity carriers along with
charge induced relaxation can be effectively and quantitatively studied using this
representation.

Applications:

This technique is useful in separating out the contributions of extrinsic and intrinsic factors. It
helps in prediction of type of conduction carriers and type of relaxing elements. It can find out
permanent static polarization, contribution of conductivity, relaxation parameters, etc. These all

information collectively helps to understand the electrical property of material.
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Figure 3.12: (A) The impedance spectroscopy setup for high temperature measurement.
(B) The impedance spectroscopy setup for low temperature measurement.

Actual data collection and sample requirement:

The electrical characterization requires conducting electrodes on the sample surface. Therefore,
the pellets of bulk samples were first polished and then electrodes were made using silver paste.
The complex impedance data were collected at different temperatures, with an interval of 5K,
using a Solatron-1260 Impedance Analyzer in the frequency range of 1 Hz to 1x10" Hz. The
temperature was increased from 80 K to 350 K and 350 K to 750 K, at a constant heating rate
of 0.5 K/min. The complex impedance data of the samples having high impedance values
(>10” Q) were collected using Alpha-A high performance frequency analyzer, Novocontrol
technologies, Germany, at UGC-DAE-CSR, Indore centre. The data of film samples were
collected from 300 K to 750 K. The step made during film preparation on ITO substrate
through masking method was used as bottom electrode. The top electrode is prepared by
making a small circular spot on the top surface of film.

The collected impedance data were converted into permittivity, electric modulus and

conductivity data using appropriate sample dimensions.

3323 Polarization vs. Electrical field (P~E): (Electrical Hg steresis Curve)

Necessity of this technique:

The ferroelectricity is very significant property of some special materials which empower these
materials to be used in the industries like; communication technology, high energy storage
devices, electronic industries, etc. The well defined polarization vs. electrical field loop (P-E

loop) is a unique and essential characteristic of ferroelectric materials. Further, much important
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information like; type of the material (ferroelectric, paraelectric or simple dielectric), maximum

polarization, dielectric strength of material, etc can be inferred from the shape and size of the

P-E loop.

A) (B)
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Figure 3.13: (A) A diagram showing P-E hysteresis loop for ferroelectric materials. (B)
The PE setup at UGC-DAE-CSR Indore, centre.

Working Principle:

The randomly oriented dipoles of the ferroelectric material get aligned with the external electric
field. This alignment of dipoles contributes to the net total polarization of the material. The net
polarization of the material increases with increase in external electric field and becomes nearly
constant at particular value of polarization. This value of polarization is known as saturation
polarization (Pg) and it remains nearly constant with further increment in the external electric
field (see Figure 3.13).

The polarization does not follow the same path on reversal of external electrical filed (AB path
in the Figure 3.13). When the external electrical field is reduced to zero the net polarization
does not returned back to zero but it retains some polarization known as remanent polarization
(Pp) or spontaneous polarization. The spontaneous polarization can be reduced to zero by
applying reverse electric field known as coercive field (OC in the Figure 3.13). The identical
saturation polarization in reverse direction can be achieved by applying reverse electric field of
equal amount. This saturation polarization is known as reverse saturation polarization. This
polarization reduces to the reverse remanent polarization on switching of the external electrical

field gradually. The reverse coercive field (OH in the Figure 3.13, applied in the forward
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direction) is required to bring material back at zero polarization. Further increase in external

electric field leads to saturation polarization as shown in the figure by HA curve. Thus the
whole polarization vs. electrical field curve follows a closed cycle ABCDGHA. This loop is
known as electrical hysteresis loop.

Applications:

The P-E loop measurement is one of the necessary characterizations to ensure the ferroelectric
nature of the material. It distinguishes the materials in terms of dielectric insulators,
ferroelectrics, and relaxor ferroelectrics. The measurement of remanent polarization can be
utilized to design capacitor in the industries. The dielectric strength of the material can be
determined using this measurement. The shape of the loop helps in identification of leaky
nature of the material.

Actual data collection and sample requirement:

The polarizations vs. electrical field data of the samples were collected using Hysteresis
Version: 4.4.0 - Radiant Technologies, Inc., at UGC-DAE-CSR, Indore centre. The samples
were polished and electrodes were developed by conducting silver paint on both the flat
surfaces of the pallet. The data were collected at room temperature using spring loaded sample
holder. The P-E loops were generated with different amplitude and frequency values of applied

electric field.

3.3.5 Magnetic Characterization: (Magnetization and Hy steresis):

The magnetic transport properties of the material or molecule depend on the number of
available free electrons in the constituent atoms. It also depends on the magnetic interaction
between two neighboring magnetic atoms, generally known as exchange interaction. The
magnetic properties of the material combined with the electrical properties like ferroelectricity
results in multiferroic nature of the material. The magnetic measurements deal with the
measurement of magnetization and magnetic moment as a function of applied magnetic field
and temperature. Thus the magnetic characterization includes:

1. Magnetization vs. H-field (M-H) curve: (magnetic hysteresis curve)

2. Temperature and field dependent magnetization: (M-T curve)
The detailed analysis of magnetic interactions using above both magnetic characterizations
requires magnetic measurement at low temperatures and high magnetic fields. The vibrating
sample magnetometer (VSM) technique is the most efficient technique for low temperature and

high magnetic field studies.
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Vibrating Sample Magnetometer (VSM): a Technigue for Magnetic Characterization:

VSM is widely used technique for characterization of magnetic materials. It measures hysteresis
curve and magnetic moments at variable temperature and field to characterize ferromagnetic as
well as paramagnetic materials.

The VSM works on very basic principle of Faraday’s law. The magnetic field can be induced by
vibrating a magnetic sample inside a dc applied magnetic field. The induced magnetic field is
correlated with the magnetic moment of the sample. The apparatus of VSM consist of a rod
attached with a vibrator, which vibrates the rod at a particular frequency (see Figure 3.14(A)).
The sample is mounted at the end of this rod and placed between a set of peak up coils. The
magnetic material gets magnetized when external magnetic field is applied on it. The
magnetized sample vibrates between the peak-up coils and induces ac voltage in the circuit
containing peak up coils. This voltage signal is then converted in to the magnetic moment (M)
of the sample. Thus by changing the external magnetizing field and by measuring
corresponding magnetic moment one can obtain M-H hysteresis loop. Similarly, the magnetic

moment at different temperatures, i.e. M-T curve can also be measured using VSM.

(A) (B)

l'-"--_-\- _rr' B A

Figure 3.14: (A) A diagram showing working principle of VSM. (B) The PPMS-VSM
setup at UGC-DAE-CSR Indore centre.
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3331 Magnetization vs. H-field (M~H) Curve: (Magnetic Hg steresis Curve}

Necessity of this technique:

The magnetic hysteresis curve is useful to classify the magnetic materials in two major
categories: hard magnetic materials and soft magnetic materials. The hard magnetic materials
require high magnetic field to magnetize or demagnetize. The energy loss is also very high for
such materials. They can be used as permanent magnets and magnetic recording media like;
magnetic tapes, hard disks, and credit cards. The soft magnetic materials can easily be
magnetized or demagnetized with comparatively low magnetic field. These properties promise
to use such materials for magnetic cores or recording heads.

The shape and size of magnetic hysteresis curve facilitates to determine the material specific
parameters like; saturation magnetization, remnant magnetization, coercive field, type of
material (ferromagnetic, paramagnetic, diamagnetic, etc.) and energy loss by the material.
Working Principle:

The all magnetic materials are made up of randomly oriented magnetic domains in
demagnetized condition. The net magnetic moment of the material is zero in this condition.
The external magnetizing field, when applied to the sample, orients the domains in the
direction of field results in net non-zero magnetic moment of the material in the direction of
the field. The nature of magnetic field dependent magnetization is different for various types of
magnetic materials. The relation between magnetizing field and magnetic moment for different
types of materials are shown in the Figure 3.15 (A).

Diamagnetic materials. The diamagnetic materials show very small and negative
magnetization as shown in the Figure 3.15(A). The magnetization is proportional to the field
and becomes zero in the absence of the field. This is a common characteristic of all the
materials. The materials with no net magnetic moments (i.e. no unpaired electrons) show
diamagnetism.

Paramagnetic materials. The paramagnetic materials show positive magnetic moment. The
net magnetic moment is proportional to the applied magnetic field. The magnetic moment in
these materials is due to presence of un-paired electron. It becomes zero similar to the
diamagnetic materials when field is reversed back to zero, because of the absence of the
magnetic interactions between un-paired electrons.

Ferromagnetic materials. The magnetization for these materials is very high due to exchange

interactions between the un-paired electrons. The magnetization is not reversible and material
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sustains net magnetic moment after removal of the external magnetizing field. These materials

show a well defined M-H hysteresis loop.

Ferrimagnetic materials: The magnetic moment is due to two different lattices. The net
magnetic moment is thus due to anti-parallel alignment of these constituent moments. These
interactions between two different magnetic moments are known as super-exchange

interactions. Thus the net magnetic moment is less then the ferromagnetic materials.
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Figure 3.15: (A) The diagrams of magnetizing field (H) dependent magnetic moment
for different type of magnetic materials. (B) The M-H hysteresis loop for Ferromagnetic
materials.

M-H hysteresis loop for ferromagnetic materials. The net magnetization of ferromagnetic
material is very high due to exchange interaction. The magnetization increases with external
magnetizing field and gets saturated at very high fields as shown in the Figure 3.15(B) (AA’

curve). This nearly constant value of magnetization is known as saturation magnetization (My).
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The magnetization curve for ferromagnetic materials can not be reversed and net non zero

magnetization sustains after removal of the applied magnetic field (AB curve). This non-zero
magnetization is known as remanent magnetization (My). The reversed magnetizing field is
required to eliminate this remanent polarization. This reversed field is known as coercive field
(OC). The further increase in reverse magnetizing field reverses the magnetization of the
sample and saturates it at high enough field. The reverse saturation magnetization (CD curve),
reverse remanent magnetization (OE) and reverse coercive field (OF acting in the forward
direction) can be obtained similar to the forward parameters. Further, the curve meets again the
saturation on increasing the forward magnetizing field as shown by the FA curve. Collectively
the whole curve ABCDEFA is known as ferromagnetic hysteresis loop.

Applications:

The M-H hysteresis curve can be used to distinguish the type of magnetism present in the
material. The value of remanent polarization obtained from the M-H curve can be utilized in
designing suitable applications like; sensor, permanent magnet, recording media, etc. The area
of under the curve represents energy loss by the sample. The curves collected at different
temperatures enable us to determine the magnetic phase transition if any.

Actual data collection and sample requirement:

The M—H curve measurements of the samples were carried out using a Quantum Design 14
Tesla physical properties measurement system-vibrating sample magnetometer (PPMS-VSM) at
UGC-DAE-CSR Indore centre. The hysteresis curves were developed at two different
temperatures; room temperature (300 K) and low temperature (5 K). The solid rectangle

shaped samples were sliced from the annealed circular pallets to collect the data.

2352 Temperature and field dependent Magnetization: (M~T Curve):

Necessity of this technique:

The temperature dependent magnetization curves are useful to identify the possible magnetic
phase transition. The ferromagnetic to anti-ferromagnetic (FM-AFM) and ferromagnetic to
paramagnetic (FM-PM) phase transition temperatures can be obtained using this technique.
Working Principle:

The measured magnetic moment (M) of the sample can be collected at different temperatures
by using the cryogenic system. The curie law explains the relation between susceptibility ()) and
temperature for paramagnetic salts. The magnetic phase transition temperatures can not be

altered with the applications of the magnetizing field H will not alter the genuine transition
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temperature. However the amount of magnetization changes with the field and history of the

sample. This fact helps in identification of ferromagnetic and paramagnetic materials. This
require the experiment to be performed under zero field cooled (ZFC) and field cooled (FC)
condition.

Applications:

This measurement helps in identification of magnetic phase transition temperatures of the
samples. The experiment performed under ZFC-FC condition helps in identification of genuine
transitions.

Actual data collection and sample requirement:

The M—T measurements were carried out using a Quantum Design 14 Tesla physical properties
measurement system-vibrating sample magnetometer (PPMS-VSM) at UGC-DAE-CSR Indore

centre between temperatures 5 K to 300 K.
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CHAPTER 4

Results and Discussion (Bulk)

(Structural, Electrical, Optical and Magnetic Characterization of Bulk Samples)

The main analysis work of the thesis is presented in this chapter. The collected data were
analyzed comprehensively and represented for the purpose of comparative study. The relative
studies of all compounds were done using different characterization techniques. This chapter is

bifurcated in to three sub chapters on the basis of the different studies:

Chapter 4A-Structural Characterization
Chapter 4B-Optical and Electrical Characterization

Chapter 4C-Magnetic Characterization




CHAPTER 4A

Results and Discussion (Bulk). Structural Characterization

(Structural, Micro structural and Thermal Characterization of Bulk Samples)

The crystal structure and other crystallographic data of all the samples are identified in detail.
The rietveld refinement technique is used for crystallographic studies. Crystallographic
parameters like, lattice parameter, space group, thermal parameters, Wyckoff positions of each
element are determined using refined data. The microstructure studies using SEM and AFM
were carried out to correlate the macroscopic factors with the observed giant dielectric

parameters.
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4A.1 Crystallographic Structural Studies: (X~Rag Diffraction ~ XRD):

In order to standardize quality of the prepared samples we under took the crystallographic

structural studies through diffraction pattern using monochromatic X-rays. The preliminary
analyses of the collected data were done using ‘PowderX’ software. The basic crystal structure
and unit cell parameters were determined through fitting the observed patterns. The
quantitative analysis like crystallite size determination and strain measurement were done for all
the samples. The Debye scherrer method (Equation 4.A.1) as well as Williamson — Hall

equation (Equation 4.A.2) was utilized to measure the crystallite size of the prepared samples

[1]-

0.94
- L 4.A.1
p Lcos@ &AD
pcosf = % +4gsing, L (4.A.2)

Here £ is FWHM determined from the XRD pattern, @ is Bragg angle, 4 is wave length of X-

rays used, L is crystallite size and ¢ is strain. The plot between fcoséand sin@ is known as
Williamson — Hall plot. It gives a straight line having intercept 0'9% and slope 4¢. The

values of crystallite size I and strain & can be determined accurately using intercept and slope
of the Williamson — Hall plot as it distinguishes the strain broadening and broadening due to
crystallite size [2].

The in-depth analysis of XRD data using Rietveld refinement is likely to provide us information
on Wyckoff position of the elements, thermal vibrations, space group, etc. These data are very
useful to simulate transport properties of any material. The XRD patterns for three samples
were refined using Rietveld refinement technique.

The results are presented and discussed in group of seven different series. The bellow sections

explain systematic change due to doping or substitution of different elements in BFN.

4A11 X~Rag Diffraction Analgsis of 100% Series: [Ba(Xo 5N]30 5)03] (w ere
X=Fe, Co,Mn, Gd, Eu, Y):

The samples of this series are prepared to study effect of complete replacement of Fe by

transition elements (Co and Mn) and rare earth elements (Gd, Eu and Y) in BFN ceramic. The

collected XRD patterns of BFN, BCN, BMN, BGN, BEN and BYN compounds are shown in
the Figure 4.A.1.

60



| PL.D. Thesis on “Effect of Substitution at....... Origin of Giant Dielectric Constant” by Devang D. Shah
Chapter 4A:
Results and Discussion (Bulk): Structural Characterization I

12000 ~ g i
=
E |
9000 - | | 2 Asolzg};) 32
= | ngle
= BYN ) A | S | )
= BEN
? 6000 H WJ J'L s A A ]
g BGN ! ) Lo A
=
= BMN |
3000 - I A A =
! BCN J L_”,J\ I A ) A )
0E BFN " “"LFJ ! J\ I Jt : - — .Jl I -
20 40 60 80 100

Angle 20 ()

Figure 4.A.1: XRD patterns of BFN, BCN, BMN, BGN, BEN and BYN ceramics. (All
patterns are uplifted by 1500 cps from the bellow pattern except BFN.) Inset shows
gradual shifting of main intense peak for each of the compounds.

The absence of any impurity peak justifies single phase formation for all the samples. The peaks
of all XRD patterns are indexed with the cubic symmetry. The observed cubic symmetry for all
these samples are in accordance with the predicted cubic symmetry through tolerance factor
value (~1) presented in Table 3.1. The cubic symmetry for all these samples confirms none

existence of any significant tilting of the oxygen octahedron in the present systems. The best

fitted unit cell parameters for BFN, BCN, BMN, BGN, BEN and BYN are a =4.0529A,

a=4.0886 A, a=40009 A, a=42401 A, a=42539 A and a=42086 A respectively.

The increment in lattice parameter on replacement of Fe by different elements clearly suggests
incorporation of these elements in the unit cell as well as resultant expansion in the unit cell.
The observed systematic expansion in the unit cell for the samples BYN, BGN and BEN is due
to replacement of larger B-site ions; Y**, Gd’* and Eu’* in place of Fe’* (see Table 3.1 for
respective ionic radii). The expansion in unit cell of BCN and BMN is in contradiction with the
smaller ionic radii of Co’* and nearly comparable ionic radii of Mn*" with Fe’" (see Table3.1).
The likely reason for such an observed expansion for BCN and BMN is due to the removal of
degeneracy in unevenly filled t,, levels of 02p-Co3d°/O2p-Mn3d* in comparison with the
degenerate O2p-Fe3d’ levels leading to a weak John-Teller Effect [3-4]. The delocalization of
the orbital leads to a softening of the overlap, which in turn leads to the expansion of the unit

cell. Further, we calculated the percentage densification using the unit cell parameters. The
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percentage densification (more than 75%), indicate that the samples are of good quality (see

Table 4.A.1).
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Figure 4.A.2: Williamson — Hall plot for BFN, BCN, BMN, BGN, BEN and BYN.

The Figure 4.A.2 shows Williamson — Hall plot for above six samples. The crystallite size and
induced strain are calculated from the fitting parameters. The obtained crystallite size and strain
values are tabulated in Table 4.A.1. The other crystallographic parameters along with formula

unit and formula weight are also presented in Table 4.A.1.

4A.1.2 X~Rag Diffraction Analgsis of BECN Series: [Ba(Feo 5~xCobeo 5)0 5]
(where X=0,010,0.25,0.40,050):

The structural changes induced by gradual substitution of Fe by Co are studied in this section.
The XRD patterns of all samples are presented in Figure 4.A.3. The XRD patterns clearly
suggest pure single phase formation for these compounds. The inset of figure shows that the
peaks are gradually shifting towards lower 26 values with increment in Co concentration. This
clearly suggests expansion of unit cell on gradual replacement of Fe’* by Co’". The fitting of all
XRD patterns are resulted in to cubic symmetry of the samples. It is in agreement with results

predicted through tolerance factor calculated in Table 3.1. The obtained unit cell parameters for

BFN, BFCN-10C, BFCN, BFCN-40C and BCN are a=40529A, a=40569 A,

a=4.0692 1”&, a=4.0727 1& and a =4.0886 :& respectively. The values of unit cell parameters
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. . Percentage S o
Formula Lattice | Unit Dlen?ltyd Den51tyd Densification Crystallite size (nm)
St Sample Formula Weight Crystal |Parameter| cell |Calculated Measure Percentage
No P System a Volume Pe Pm Pm <100 Debye |Williamson-|  Strain
! Fm
(g/mole) (A) (A% (g/em’) | (g/em’) Pe Scherrer|  Hall

1 BFN Ba(FeysNby5)O; 259.701 Cubic | 4.0529 |66.5729| 6.4778 54218 83.7 41 113 0.0017
2 | BFCN-10C | Ba(Fe(.40C0¢.10Nbg5)O3 [ 260.010 Cubic | 4.0569 [66.7702| 6.4663 5.9676 92.3 38 117 0.0021
3 BFCN | Ba(Fe(25C0025Nbg5)0;3 | 260.473 Cubic | 4.0692 [67.3794| 6.4193 5.8319 90.8 33 290 0.0026
4 | BFCN-40C | Ba(Fey.10C0¢.40Nby5)O3 | 260.936 Cubic | 4.0727 |67.5534| 6.4141 5.7048 88.9 34 105 0.0025
5 BCN Ba(Coy5sNby5)0; 261.245 Cubic | 4.0886 [68.3477| 6.3471 5.4368 85.7 34 110 0.0033
6 BMN Ba(Mng sNbg 5)O3 259.247 Cubic | 4.0909 |68.4631| 6.2879 5.3165 84.6 27 99 0.004
7| BFMN |Ba(Fe,5sMng,5Nbg5)0s3|259.474 Cubic | 4.0677 |67.3049| 6.4017 3.3453 52.3 31 722 0.003
8 BGN Ba(Gdy 5sNby5)04 310.403 Cubic | 4.2401 |76.2304| 6.7616 5.0374 74.5 23 72 0.0041
B]I;Sff " | Cubic | 40922 |68.5284 23 24 0.0026

9 BFGN  |Ba(Fe(,5Gdy,sNbg5)O03|285.052 BFGN 6.5886 4.5881 69.6
BGN- Cubic | 4.2201 |[75.1568 17 93 0.0012
10 BEN Ba(Eug sNbg 5)O3 307.758 Cubic | 4.2539 |76.9772| 6.6389 6.0585 91.3 22 97 0.0025
By | Cubic | 4.0674 | 67.29 2 473 0.0024
BEN Cubic | 4.2363 |76.0256 24 78 0.0039
12 BYN Ba(YsNby5)O; 276.231 Cubic | 4.2086 | 74.544 | 6.1533 4.9341 80.2 35 68 0.0018
13|BGCN-10C |Ba(Gdy 40Co0y.10Nbg 5)O3| 300.572 Cubic | 4.2211 |75.2102| 6.6362 4.1969 63.2 28 175 0.0037
B]gg]?_ Cubic | 4.0865 |68.2424 22 66 0.0017
" | Cubic | 4.2075 |74.4856 18 123 0.0021

BGN

B].ECCE' Cubic | 4.0869 |68.2625 2 49 0.0026

15 BECN |Ba(Eug25C0025Nbg5)03|284.502 BECN 6.5819 5.1909 78.9
BEN " | Cubic | 4.2226 [75.2904 22 409 0.0025

Table 4.A.1: The crystallographic parameters along with percentage densification, crystallite size and induced lattice strain.
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confirm observed systematic expansion in the unit cell. The likely reason for such expansion is

a weak John-Teller Effect as discussed earlier.
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Figure 4.A.3: XRD patterns of BFN, BFCN-10C, BFCN, BFCN-40C and BCN
ceramics. (All patterns are uplifted by 1500 cps from the bellow pattern except BFN.)
Inset shows gradual shifting of main intense peak for each of the compounds.
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Figure 4.A.4: Williamson — Hall plot for BFN, BFCN-10C, BFCN, BFCN-40C and
BCN.
Further, the obtained single phase for the intermediate samples BEFCN-10C, BFCN and BFCN-
40C clearly suggests that the crystallites of BFN and BCN are perfectly merged in to each other

and developed an another crystallite. This new merged crystallite is likely having the new chain
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of -Fe—Nb—-Co—Nb-Fe — instead of separate chains of —Fe-Nb—Fe— and —Co—Nb—Co- inside

a grain. The crystallite size and lattice strain determination is done using Williamson — Hall
equation.

The Figure 4.A.4 shows Williamson — Hall plot for these samples. The crystallite size and
induced strain are calculated from the slope and intercept of the straight line fitting. The values
are tabulated in Table 4.A.1. The other crystallographic parameters along with formula unit and
formula weight are also presented in Table 4.A.1.

The in-depth analysis of the crystal structure using Rietveld refinement is done for three
samples of this series. The Figure 4.A.5 shows refined XRD patterns for BFN, BFCN and
BCN samples [4]. The Wyckoff positions, thermal parameters, refined and more precise unit
cell parameters, etc were determined through Rietveld refinement. The details of refined
parameters are presented in Table 4.A.2. The goodness parameter of Rietveld refinement

(§~1.26) along with the percentage densification confirms the good quality of the samples.

Sample BFN BFCN BCN
Empirical
forI;nula BaFel/szl/ZOS B3F€1/4C01/4Nb1/203 BaCo1/ZNb1/ZO3
Formula weight 259.701 g/mole 260.473 g/mole 261.245 g/mole
Structure Cubic Cubic Cubic
Space Group P.3. P 3. P_3.
a=b=c 4.0583 A 4.0681 A 4.0914 A
Volume 66.8394 A’ 67.3248 A’ 68.4882 A’
Density 3 3 3
calculated 6.4519 g/cm 0.4245 g/cm 6.3340 g/cm
Density 5.4218 g/cm’ 5.8319 g/cm’ 5.4368 g/cm’
measured
Percentage 84.0342 % 90.7759 % 85.8341 %
densification
a=p8=y 90 90 90
R, 8.92 7.93 7.45
Ry 11.59 10.17 9.71
R, 8.99 8.56 7.99
S 1.29 1.19 1.21

Table 4.A.2: The crystallographic structural parameters obtained through rietveld

refinement of BFIN, BFCN and BCN ceramics.
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Figure 4.A.5: The observed (+sign), calculated (continuous line), and difference

(bottom line) profiles obtained after the Rietveld refinement of (a)BFN, (b)BFCN,
(c)BCN. The vertical bars denote position of the Bragg reflection. The corresponding

sets of (hkl) planes are shown in the brackets [4].
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4A13 X~Rag Diffraction Analg sis of BEMN Series: [Ba(f‘eo 5_anle:>o 5)03]
(where X= O, 025, 0.50)

The effect of Mn doping on structural modifications are studied here through XRD analysis.
The collected XRD patterns of BFN, BEFMN and BMN are presented in Figure 4.A.6. The
inset figure shows gradual shifting of XRD peaks towards lower angles with increase in Mn

concentration. It clearly suggests expansion in unit cell volume as Mn concentration increases.
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Figure 4.A.6: XRD patterns of BFN, BFMN and BMN ceramics. (All patterns are
uplifted by 4000 cps from the bellow pattern except BFN.) The peaks for BMN
indicated with * belongs to impurity phase. Inset shows gradual shifting of main
intense peak for each of the compounds.

The XRD patterns of BEN and BFMN are found in single cubic phase while few impurity
peaks (indicated as *) were detected for the BMN sample. Though the amount of impurity
phase is very less (~7%) and the majority structure reflects cubic symmetry similar to the BFN
and BFMN ceramic. The observed single phase for the BEMN ceramic violates existence of
distinct BEN and BMN phase in the intermediate ceramic BFMN. The new BFMN phase
consists of a new chain —Fe-Nb—Mn—Nb—Fe — instead of separate chains of —Fe—Nb—Fe— and
—Mn—Nb-Mn-— corresponding to BEN and BMN ceramics.

The unit cell parameters were determined for these samples by fitting the observed patterns

using PowderX software. The obtained unit cell parameters for BFN, BFMN and BMN

ceramic are a =4.0529A, a=4.0677 1& and a =4.0909 10\ respectively. This clearly confirms

67



| PL.D. Thesis on “Effect of Substitution at....... Origin of Giant Dielectric Constant” by Devang D. Shah
Chapter 4A:
Results and Discussion (Bulk): Structural Characterization I

expansion of unit cell on gradual replacement of Fe’* by Mn’". The possible reason for such

expansion is weak John-Teller Effect induced by delocalization of orbital as discussed eatlier.
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Figure 4.A.7: Williamson — Hall plot for BFN, BFMN and BMN.

The crystallite size and lattice strain are determined for these samples using Williamson — Hall
plot shown in the Figure 4.A.7. The values of crystal structure parameters along with crystallite

size and lattice strain are presented in Table 4.A.1.

4A.1.4 X~Rag Diffraction Analg sis of BEGN Series: [Ba(f‘eo 5_chlbeo 5)03]
(where X= O, 025, 0.50)

The structural changes induced by substitution of Fe by Gd are analyzed in this section. The
room temperature XRD patterns of BFEN, BEFGN and BGN ceramics are shown in the Figure
4.A.8. The absence of any extra peak related with impurity phase confirms pure phase
formation in our samples. The XRD pattern for BEFGN ceramic clearly shows two distinct pure
phases co-existing in the compound. The comparison of the XRD pattern of BEFGN with the
XRD patterns of parent BFN and BGN compounds confirms that the observed both phases
are related with the BGN and BFN phase. The co-existence of separate crystallites related to
BFN and BGN is likely to produce distinct chains of —Fe—Nb-Fe— and -Gd—-Nb-Gd- inside a
grain. Although, the coordination number and valence states of Fe and Gd is the same but
larger ionic size of Gd’* in comparison to Fe’* leads to the presence of identifiable separate
phases of BFN and BGN [5]. The fitting of XRD patterns revealed that the one phase of

BFGN nearly matches with the BGN having similar cubic symmetry and lattice parameter
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a=4.2201 A while the second phase with identical matrix is related to cubic BFEN compound

but its lattice parameter is stretched out from a=4.0529 A to a=4.0922 A. The observed

expansion in BEN unit cell is likely due to the influence of larger BGN unit cells.
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Figure 4.A.8: XRD patterns of BFN, BFGN and BGN ceramics. (All patterns are
uplifted by 2000 cps from the bellow pattern except BFN.) Inset shows stretching in the
developed BFN phase of BEFEGN compound.

= BFN ' o
e BFGN-BFN A
a2 BFGN-BGN
0.009( ., BGN

Line shows Linear Fit of Data

0.006

Bcoso

0.003

0.0 0.1 0.2 0.3 0.4 0.5 0.6
sind

0.000 : ' : '

Figure 4.A.9: Williamson — Hall plot for BFN, BFGN (BFN phase), BFGN (BGN
phase) and BGN.

69



| PL.D. Thesis on “Effect of Substitution at....... Origin of Giant Dielectric Constant” by Devang D. Shah
Chapter 4A:
Results and Discussion (Bulk): Structural Characterization I

The crystallite size and the lattice strain are calculated for each phase of the compounds. The

data are obtained by fitting the Williamson — Hall plot as shown in the Figure 4.A.9. The
crystallographic parameters along with strain, crystallite size and percentage densification are

presented in the Table 4.A.1.

4A15 X~Rag Diffraction Analg sis of BFEN Series: [Ba(Feo 5ﬂxEuxN]30 5)() 5]
(w]aere X= O, 0.95, 0.50)

The effect of Eu doping on the structural properties of BEN ceramic are investigated here. The
XRD patterns of BEN, BFEN and BEN are shown in the Figure 4.A.10. The XRD patterns do
not have any impurity peaks suggests pure phase formation for the compounds. The inset of
Figure 4.A.10 shows that the observed pure double phases for the intermediate BFEN
compound are related with the BFN and BEN compounds.

12000 - £ .
g
2L \
2 9000 28 30 32 A
& BEN p ﬂ Angle 26 ()
; J j\ A N, " A N
Z 6000 .
3 | BFEN g ‘h‘ \ ]
E M\ A N‘ 1 »....J‘ U'\ | \wf\ A An A N
3000 - .
BFN h K
0 - ; A Jt A ; A ; J\ Jl " I ) JLt ,«.I L
20 40 60 80 100

Angle 20 (0)

Figure 4.A.10: XRD patterns of BFN, BFEN and BEN ceramics. (All patterns are
uplifted by 3500 cps from the bellow pattern except BFN.) Inset shows stretching in the
developed BFN and BEN phase of BFEN compound.

The quantitative analysis of the data is done by fitting the patterns with XRD analysis software.

The both phases of BFEN compound are analyzed separately. The obtained unit cell

parameters for BFEN compounds are a=4.0674 Aand a=4.2363 Arespectively for BFN
and BEN phase. The observed expansion and contraction in lattice parameter of BFN and
BEN is not so significant in comparison to the BFGN ceramic. This results points towards the

weak mutual interaction between the chains of chains of —-Fe—Nb—Fe— and —Eu—-Nb—-Eu— in
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comparison to the interaction between chains —Fe—-Nb-Fe— and —Gd-Nb-Gd— of BFGN

ceramic. The presence of identifiable separate phases of BFN and BEN in BFEN ceramic

could be due to large difference in the ionic radii of Eu’' in comparison to Fe’".

= BFN
0.010| | pEEN-BFN T
» BFEN-BEN

0.008| v BEN
I Line shows Linear Fit of Data

0.006
%
(=]
a
0.004
0.002
0.000 L 1 L 1 L 1 L 1 L 1 L 1
0.0 0.1 0.2 0.3 0.4 0.5 0.6
sin@

Figure 4.A.11: Williamson — Hall plot for BFN, BFEN (BFN phase), BFEN (BEN
phase) and BEN.

The crystallite size and lattice strain measurement of the sample is done by fitting the XRD data
using Williamson — Hall equation. The typical Williamson — Hall plots for BEN, BFEN and
BEN compounds are shown in the Figure 4.A.11. The observed both phases are analyzed
separately for the BFEN compound. The results obtained are presented in Table 4.A.1.

4A.16 X~Rag Diffraction Analg sis of BGCN Series: [Ba(Gdo 5~xCoxN]:>o 5)0 3]
(where X=0,0.10,025,050):

The effect of gradual substitution of Gd by transition element Co is analyzed for the structural
modifications in BGN ceramic. The XRD patterns for BGN, BGCN-10C, BGCN and BCN
are presented in the Figure 4.A.12. The absence of impurity peaks in the XRD patterns of all
compounds clearly reflects pure phase formation. The XRD pattern for the BGCN-10C shows
single phase formation while for the BGCN compound it shows double phase formation
related with BGN and BCN. The inset of Figure 4.A.12 clearly separates these two phases. The
different nature of the XRD patterns for both intermediate compounds reflects that the

interaction between —Gd-Nb—Gd— and —Co—Nb—Co— chains are quite different for both the
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compounds. These chains merge into each and results in a new chain —Gd—Nb—Co—Nb-Gd-

for the BGCN-10C compound while it remains separate for BGCN compound. The higher
concentration of BGN unit cells can easily modify the unit cell dimension of BCN and merges
them in to a single chain in BGCN-10C compound. The presence of identifiable separate
phases of BGN and BCN in BGCN ceramic could be due to nearly equal amount of available
crystallites related to BGN and BCN. They are not been able to merge themselves in to each
other due to larger difference in the ionic radii of Gd** in comparison to Co’*. This interaction

not only depends on the difference between ionic radii but also on the relative concentration of

Co.
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Figure 4.A.12: XRD patterns of BGN, BGCN-10C, BGCN and BCN ceramics. (All
patterns are uplifted by 3500 cps from the bellow pattern except BGN.) Inset shows
gradual shifting of main peak as well as stretching in the developed BGN and BCN
phase of BGCN compound.

The fitting of the XRD patterns is done for each observed phases. The unit cell parameter
obtained by fitting for BGCN-10C is a=4.2211 A while for BGCN it is stretched out to

a=42075 A and a=4.0865 A respectively corresponding to BGN and BCN phase. The
observed stretching confirms the possible interaction between the chains of -Gd—Nb—Gd- and

—Co—-Nb—Co-.
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Figure 4.A.13: Williamson — Hall plot for BGN, BGCN-10C, BGCN (BGN phase),
BGCN (BCN phase) and BCN.

The crystallite size and lattice strain measurement of each observed phase is done using
Williamson — Hall plot. The typical Williamson — Hall plots for BGN, BGCN-10C, BGCN and
BCN compounds are shown in the Figure 4.A.13. The results obtained are presented in Table
4.A.1.

4A17 X~Rag Diffraction Analg sis of BECN Series: [Ba(E.uo 5_xCole:>o 5)03]
(where X= O, 025, 0.50)

The structural modifications in BEN ceramic carried out by substitution of Eu by Co are
analyzed in this section. The XRD patterns of BEN, BECN and BCN are presented in the
Figure 4.A.14. There is no any peak detected related to the impurity phase confirms the pure
phase formation for all compounds. The intermediate compound BECN shows double phase
formation. It is clear from the inset of Figure 4.A.14 that these both phases are related to the
BEN and BCN compounds. The quantitative analysis of the data is done by fitting the patterns

using XRD analysis software. The both phases of BECN compound are analyzed separately.

The obtained unit cell parameters for BECN compounds are a =4.2226 Aand a=4.0869 A
respectively for BEN and BCN phase. Similar to the BFEN compound, no significant
contraction or Expansion is observed, in the lattice parameter of BEN and BCN phase of
BECN ceramic. It clearly reflects very weak mutual interaction between the chains of —-Eu—Nb—

Eu— and —Co—Nb-Co— in BECN ceramic. The presence of identifiable separate phases of
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BEN and BCN in BECN ceramic could be due to large difference in the ionic radii of Eu’ in

: 3
comparison to Co™".
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Figure 4.A.14: XRD patterns of BEN, BECN and BCN ceramics. (All patterns are
uplifted by 3500 cps from the bellow pattern except BEN.) Inset shows stretching in the
developed BEN and BCN phase of BECN compound.
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Figure 4.A.15: Williamson — Hall plot for BEN, BECN (BEN phase), BECN (BCN
phase) and BCN.
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The crystallite size and lattice strain measurement of each identified phase is done separately

using Williamson — Hall plot. The typical Williamson — Hall plots for BEN, BECN and BCN

compounds are shown in the Figure 4.A.15. The results obtained are presented in Table 4.A.1.

4.A.1.8 Summary of Crystallographic Structural Studies:

The XRD patterns of the prepared samples confirm the pure phase formation of the
compounds. The refinement of the XRD patterns reveals that the lattice of the compounds
expands as we substitute the Fe by other elements like Co, Mn, Gd, Eu and Y. The observed
systematic expansion in the unit cell of BYN, BGN and BEN is due to gradual replacement of
larger B-site ions; Y, G&’ and Eu’' in comparison to small Fe’*. On the other hand the
expansion in unit cell of BCN and BMN is due to the removal of degeneracy in unevenly filled
t,, levels of O2p-Co3d°’/O2p-Mn3d* in comparison with the degenerate O2p-Fe3d’ levels. The
delocalization of the orbital leads to a softening of the overlap, which in turn leads to the
expansion of the unit cell. Further for the intermediate samples like BFCN and BFMN we
obtained merged crystallite of BFN and BCN/BMN. On the other hand for the compounds
like, BEFGN, BFEN, BGCN and BECN we identified co-existence of two separate crystallites.
The ionic radii of the Fe site element along with the concentration of the substituted element

play a crucial role to generate chains of separate or merged crystallites.

4.A.2 Micro Structural Characterization: (Scanning Electron Microscopy -~
SEM):

The quality and density of the well sintered sample is determined using Scanning Electron
Microscopy. The SEM micrographs of the sintered and annealed samples are collected at room
temperature. The grain growth, grain boundary features, liquid phase formation, porosity and
density of the material are observed through SEM measurements. The SEM micrographs were
collected with three different magnifications at three different regions of the sample to ensure
the correctness of the results. The collected micrographs are presented in groups of seven
different series as shown in the Figure 4.A.16 and Figure 4.A.17.

The biggest grains of around 10 um are observed for the parent compound BFN among all
ceramic compounds. The compound BCN, in which Fe is completely substituted by Co,
exhibited smallest grains of nearly 1 um. The grains of around 2 pm are found in the

micrographs of BMN, BGN and BYN compounds. The Eu rich BEN compound has shown

grains of around 8-10 pum.
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Figure 4.A.16: SEM micrographs of (a) 100% series, (b) BFCN series and (c) BFMN
series.
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Ll

Figure 4.A.17: SEM micrographs of (a) BFGN series, (b) BFEN series, (c) BGCN
series and (d) BECN series.

The intermediate compound BFCN is also having larger grains of around 5-10 um. The other
intermediate compounds like, BEFCN-10C, BFCN-40C, BFGN, BGCN and BECN have
developed grains of around 2-3 um. The rest intermediate compounds, BEMN and BFEN,

have shown smaller grains of around 1 pm. Thus no any systematic change in the grain growth
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is observed with the Fe substitution. Further all the images show dense growth of the grains

confirming good quality of the samples.

4A.2.1 Summary of Micro Structural Characterization:

The well defined grains are observed for all samples in the collected micrographs. The biggest

grains of 10 um are obtained for parent compound BFN. The smallest grains (~1 pum ) are
obtained for BCN compound. The Eu rich compound BEN and intermediate compound
BFCN have also shown larger grain of 8-10 um. There is no systematic relation between grain
growth parameters and composition of the compounds. The majority of intermediate samples

have shown grain size of around 2 pm.

4A.5 Thermal Analysis: (Differential Scanning Calorimetry — DSC and Thermal
Gravimetric Analysis —- TGA):

The electric as well as magnetic transport properties of the compounds strongly depend on the
structural transformations of the compounds. The structural transformations along with phase
transitions and deformations can be easily identified using thermal analysis techniques. The
impurities available in the compound also affect such thermal transitions. In the present study
the possibilities of such thermal transitions are studied using two different methods, DSC and
TGA. Only few selected samples are studied to judge possibilities of structural phase

transitions.

4.A.3.1 Differential Scanning Calorimetry — DSC:

The DSC method involves study of heat flow with the change in time and temperature. The
Figure 4.A.18 shows temperature dependent heat flow measurement for BFN and BCN
ceramics. The heat flow generates a broad peak followed by a sub peak as shown in the figure.
The observed transitions are very weak as the height of peak is considerably small in
comparison to the absolute heat flow values. The transition temperature for BEN is around 550
K which shifts towards lower temperatures for the Co rich sample BCN (around 505 K). The
first transition can be clearly identified using differential curves of collected data. The second
transition is very weak and could not be identified using differential curve. The DSC curves for
BGN and BEN are presented in Figure 4.A.19. There is absence of any observable transition
which can be noticed from the temperature dependent heat flow measurement. The BGN

compound has shown a sharp but very weak step in the temperature dependent heat flow
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measurement at near around 650 K. This sharp transition is clearly observed in the differential

DSC curve. The observed sharp transition suggests possibilities of possible phase transition at
this temperature. The BEN compound has not shown any clear transition in the measured

temp erature f ange.
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Figure 4.A.18: Temperature dependent heat flow and differential DSC curves for (a)
BFN and (b) BCN.

79



| Ph.D. Thesis on “Effect of Substitution at
Chapter 4A:

....... Origin of Giant Dielectric Constant” by Devang D. Shah

Results and Discussion (Bulk): Structural Characterization I

-1.000 BGN
-10.500
-2.000
owsialpneahpiirini-taiosiy 0.000 c
= £
£ -3.000f =
%) H1-0.500 E
n (&}
o 17}
Q
(=)
-4.000 - ~—~——_______1-1.000
377.hCel
-4.104mwW
-5.000|- -1-1.500
[ [ [ [ [
100.0 200.0 300.0 400.0 500.0
Temperature Cel
-1.000 BEN
-11.000
-2.000 10.800
£
% -0.600 §
o -3.000 €
n [8)
e 343.3Cel -10.400 8
-3.872mwW (=)
4.000 490.4Cel
-4. -4.211mW 0.200
431.1Cel
B ™ -4.132mwW
S i 0.000
-5.000
1 1 1 1 1
100.0 200.0 300.0 400.0 500.0

Temperature Cel

Figure 4.A.19: Temperature dependent heat flow and differential DSC curves for (a)

BGN and (b) BEN.

4.A.5.2 Thermal Gravimetric Analysis — TGA:

The thermal transformations in which mass loss or mass gain is involved can be studied using

TGA technique. The Figure 4.A.20 shows TGA curve for three samples BFN, BFCN and

BCN. The figure shows percentage change in mass of the sample with increase in its

temperature.
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Figure 4.A.20: The figure shows temperature dependent percentage mass change and
differential TG curves for (a) BFN (b) BFCN and (c) BCN.
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The calculation of percentage weight change is presented in the figure. The BFN sample has
shown mass gain of 0.1% in the TGA curve from 375 K to 550 K. On the other hand BCN

compound has exhibited mass loss of 0.4% in the temperature range 375 K to 725 K. The
intermediate compound BFCN has only shown initial mass gain of 0.05% up to 500 K, which
is followed by mass loss of 0.1% after 500 K. The observed very less values of mass gain or
mass loss suggest that it is only linked with the oxygen vacancies available at grain or grain
boundaries rather than bulk exchanges of oxygen from compound. The development of oxygen
vacancies in the grain and grain boundaries are unavoidable part of ceramic synthesis method
[6-7]. The mass gain observed in BFN ceramic suggests that the compound reacts with the
oxygen available in the air leading to saturation of oxygen vacancies. The mass loss observed
for BCN compound suggests that the compound generates more oxygen vacancies and
liberates oxygen in the air. The observed mass gain for the intermediate compound BFCN up
to 500 K suggest dominating nature of BFN crystallites in this temperature range, on the other
hand beyond 500 K the BCN crystallites dominates and compound shows overall mass loss.
Further, above analysis suggest the absence of any crystallographic structural transitions in

these compounds, except in BGN, between room temperature and 700K.

4A.3.5 Summarg of Thermal Analg sis:

The DSC curves of BEN and BCN ceramic have shown weak and broad thermal transition
over a wider temperature span. The observed transition is very weak and is followed by
subsequent weaker transitions. The TGA curve has shown mass gain for BFN and mass loss
for BCN compound. The observed very less amount of change in percentage mass is related
with the oxygen vacancies at grain and grain boundaries. The intermediate compound BFCN
has shown mixed nature confirming possibilities of oxygen vacancies. The DSC curves for
BGN and BEN ceramic have not shown any broad thermal transitions in the temperature
dependent heat flow curve. A very weak signal for BEN ceramic is observed in the differential
DSC curve. The BGN ceramic have shown a small but very sharp transition at 650 K is likely

due to any possible phase transition.

4A.4 Summarg of Structural Characterization (Bulk).

The complex ceramic compounds are synthesized in pure phase by partial or full substitution of
Fe by Co, Mn, Gd, Eu and Y elements. The compounds BFN, BCN, BMN, BGN, BEN, BYN,
BFCN-10C, BFCN, BFCN-40C, BFMN and BGCN-10C have exhibited single phase
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formation while the compounds BEFGN, BFEN, BGCN and BECN have shown double phase

formation. The micrographs of the sample have confirmed batter grain formation and less
porosity of the samples. The percentage densification calculated using XRD parameters exhibits
good quality of the annealed compounds. The crystallite size as well as lattice strain is also
determined for the prepared compounds. The thermal analysis of the compounds suggests very
broad transition induced by oxygen vacancies for BEN, BFCN and BCN compounds. The
BEN compound has shown a weak sharp transition at higher temperature could be possible

phase transition.
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CHAPTER 4B

Results and Discussion (Bulk): Optical and Electrical

Characterization

(Optical Spectroscopy, Dielectric Spectroscopy and Electrical Polarization Studies of
Bulk Samples)

The results obtained through dielectric spectroscopy and optical studies are combined with the
structural results to probe contribution of grain boundary (i.e. extrinsic factor). Extended
studies are carried out by doping of different elements to probe the chemical substitution effect
(i.e. intrinsic factor). To understand the conduction mechanism and to identify the reason for
giant dielectric constant with significant loss the studies are extended to the ac conductivity
analysis. Conclusions were drawn using different model fitting of such conductivity data as well

as the optical spectroscopy data. The detailed analysis is systematically explained in this chapter.




Origin of Giant Dielectric Constant” by Devang D. Shah

and Electrical Characterization I

4B.1 Optical Spectroscopy: Ultra Violet ~ Visible (UV-Vis) Spectroscopic Analysis:

The UV-Vis. spectroscopy is primarily useful to determine the energy band gap of semi-

| Ph.D. Thesis on “Effect of Substitution at.......
Chapter 4B:

Results and Discussion (Bulk): Optical

conducting materials. The optical characterization of the prepared samples was performed by
UV-vis reflectance measurements. The data were collected in the universal reflectance mode.

The inset figures shown in the graphs of Figure 4.B.1 shows such collected reflectance data

plotted against the energy of incident photons for three samples.
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Figure 4.B.1: The Tauc’s plot for (a) BFN (b) BCN and (c) BGN obtained from the

UV-VIS reflectance data. Inset shows corresponding reflectance data.
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The optical absorption coefficient, & ; can be calculated from the reflectance data using the

formula [1]:

where, R is the collected reflectance data, R, and R, are maximum and minimum values

X min
of observed reflectance data respectively and C is a constant. The relation between incident
photon energy Av and absorption co-efficient & can be given by well-known Davis and Mott

equation [2]:
awv=[D(bv-£) 4.B.2)

where, constant D is the edge width parameter and E, represents enetgy band gap. The

parameter ¥ depends on the type of transition occurs in the material. In the present case we
. . . . 2

considered y = 1 ) corresponding to the direct allowed transition. The plot between (ahv)

and hv, generally known as Tauc’s plot [3-4], is developed for all the samples to calculate

activation enetgy values. The direct band gap energy E, can be obtained by extrapolating the

linear part of the Tauc’s plot.

St Optical Band Gap Energies Eg (eV)
No | Sample Formula Using 1 | Using 2™ | Using 3"
Edge Edge Edge

1 BFN Ba(Fe,;Nb5)O; 1.86 3.11 -

2 BFCN |Ba(Fe,;C0,;Nb5)O4 2.85 - -

3 BCN Ba(Co,5Nb,5)O; 2.16 2.37 -

4 BGN Ba(Gd,;Nb,5)O, 1.98 2.68 -

5 BFGN |Ba(Fe,,;Gd,;Nb5)O; 2.21 - -

6 BEN Ba(Eu,;Nb,5)O; 1.94 2.22 2.58

7 BYN Ba(Y5sNb5)O; 1.81 2.82 -

Table 4.B.1: The optical band gap values obtained from Tauc’s plot.
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The Figure 4.B.1 shows representative Tauc plots for three different samples viz. BEN, BCN

and BGN. It is revealed from the figure that the samples show two distinct energy band edges.

The analyses of both the edges (edge A and edge B) have been carried out to calculate the band

gap energy values. The obtained values of energy band gap E o for different composition are

presented in the Table 4.B.1. The obtained values of energy band gap E, (in the range of 1.8 eV

to 3.2 eV) suggest that our samples belong to a category of wide band gap semiconductors.

4B.2 ComplexImpedance Spectroscopy: Dielectric Spectroscopy:

The electrical transport properties of the samples were studied with the variation of frequency
as well as temperature. The complex impedance data were collected in the frequency range of
10" Hz to 10" Hz at different temperatures. The temperature was increased at a constant
heating rate of 0.5 K/min from 80 K to 750 K at an interval of 5 K. The collected impedance
data were converted in to complex permittivity data using the sample dimensions and standard

equations given bellow.
gt=g'vig" L. (4.B.3)

,=d _Z"
S Zaze (4.B.4)

. =d _Z
£ Zeze (4.B.5)

Here, d is thickness of the pallet, 4 is area of the electrode prepared on the sample surface
and &, is permittivity of vacuum. The frequency response of real impedance data Z'(f),
imaginary impedance data Z"(f'), real permittivity data &'(f), and imaginary permittivity data
e"(f), ate presented in the Figure 4.B.2, Figure 4.B.3, Figure 4.B.4 and Figure 4.B.5

respectively for BFCN series. The observed values of real impedance data (Figure 4.B.2) show
that the samples belong to semi-conducting region. The over all values of impedance decreases

with increase in temperature justify NTCR nature of their resistance.
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Figure 4.B.2: Real part of complex impedance data for samples of BFCN series in low
temperature, mid temperature and high temperature regions.
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Figure 4.B.3: Imaginary part of complex impedance data for samples of BFCN series in
low temperature, mid temperature and high temperature regions.
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Figure 4.B.4: Real part of complex permittivity data for samples of BFCN series in low
temperature, mid temperature and high temperature regions.
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Figure 4.B.5: Imaginary part of complex permittivity data for samples of BFCN series
in low temperature, mid temperature and high temperature regions.
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The clear dispersion and broad relaxation peak is observed in the real as well as imaginary part

of the impedance data. The similar frequency dispersion is observed for the other prepared
samples also. The frequency response of the real permittivity data (dielectric constant),

£'(f),are shown in the Figure 4.B.4 for the samples of BFCN seties. The wide dispersion of

data is observed for these samples in the entire temperature range. The similar frequency
dispersion is observed for majority of samples in the measured temperature interval. Among
them the Co rich sample, BCN has shown unique frequency independent nature in the
temperature range of 250 K to 450 K with relatively high values of dielectric constant. This
linear property of the BCN sample empowers it to be utilized for stable-value capacitors and
sensors in a wide frequency and temperature range. The values of the real permittivity are very
high (~10% for each sample of BFCN series. This is in contradiction to the general observation
that the dielectric constants for cubic structures must be very small. This observed
contradicting results clearly suggests that the high values of dielectric constants are not
originated from the intrinsic factors responsible for the cubic symmetry. Under this condition,
the observed high dielectric constant points to a significant contribution of the extrinsic factors
only. The role of the extrinsic factors like, grain and grain boundaries is well explained by the
Maxwell-Wagner theory of extrinsic factors [5-13]. The Maxwell-Wagner model infers that the
dielectric constant is directly proportional to the grain size of the samples. In contrast to the
above theory we observed that the BCN sample having the smallest grain size, (Figure 4.A.15
(a)) shows highest dielectric constant (~10000 at 300 K, 1 kHz). On the other hand, BFN
having the largest grain size (Figure 4.A.15 (a)), shows lowest dielectric constant (~2000 at 300
K, 1 kHz) among this series. In addition, the dielectric constant values for BEN sample which
exhibited 2™ largest grain size(~8 um) show very low dielectric constant (~40 at 300 K, 1 kHz)
(Figure 4.B.6) among all the prepared samples. A comparison of the real permittivity data in the
prepared samples (Figure 4.B.6) shows that the overall dielectric constant values increases when
Fe is substituted by 3d elements Co and Mn. On the other hand it decreases for the samples in
which Fe is substituted by 4f elements Gd, Eu and Y. It should be noted here that the crystal
structure remains cubic in each of these cases. The reason for the high dielectric constant
therefore is not just the grain-boundary and the grain-size dependent extrinsic factors, but a
significant contribution of the intrinsic factors related to chemical substitution induced
localized electronic structure modifications also play a crucial role [14].

The imaginary permittivity data for each of the prepared sample show monotonic variation

with frequency. The samples have not shown any clear Debye type relaxation peak. The
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observed nature of the relaxation peak indicates that in the low frequency region (<10* Hz),

dipolar relaxation is masked by free

charge relaxation [14-15]. The free surface charges

responsible for low frequency relaxation are generated by the oxygen vacancies available at

grain and grain boundaries. The develo

pment of oxygen vacancies is an unavoidable product of

the high temperature ceramic synthesis technique [16-17]. Further, the absolute values of

imaginary permittivity (Figure 4.B.5)

are very high for the Co and Mn rich samples. This

observed high values of imaginary permittivity points towards relatively more conducting

nature of these samples [18]. The excess conductivity in Co and Mn rich samples could be due

to doping of additional electron/ hole

at the local level on replacement of Fe’* (3d”) by Co™

(3d%) or Mn’" (3d%). Such an additional charge catriers may also affect the low frequency

dielectric relaxation.
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Figure 4.B.6: The temperature dependent real permittivity data obtained at 1 KHz

frequency for (a) 100% samples

and (b) intermediate samples for below room

temperature region, (c) 100% samples and (d) intermediate samples for above room

temperature region.
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The temperature dependent dielectric constant values of all the samples, collected at 1 kHz, are

presented in the Figure 4.B.6. The samples prepared with 3d transition elements (BFN, BCN
and BMN) have shown relatively higher values of dielectric constant than the samples prepared
with rare earth elements (BGN, BEN and BYN). Instead of a sharp ferroelectric transition the
samples like BFN, BCN, BGCN and BECN have shown very broad relaxor like transition over
a wide temperature interval. Surprisingly the intermediate compounds like BECN, BGCN and
BFGN have shown giant values of dielectric constant (~5x10°) suggesting that the observed
two distinct chains of crystallites (related to observed two different phases in this compounds)
mutually interacts with each other to give such giant values. It should be noted further that the
glant values are dominantly exhibited by Co substituted samples.

By and large the giant dielectric constant values, which are neither caused by the intrinsic
polarization induced ferroelectricity nor generated from the grain and grain boundary related
Maxwell Wagner effect, need further investigation in the light of observed free charge
conduction induced dielectric relaxation. In this regard the role of intrinsic and/or extrinsic
factors for the observed high dielectric constant is investigated by the in-depth quantitative
analysis of the collected data. The impedance representation, permittivity representation,
electric modulus representation and conductivity representation are applied as a tool for such
an investigation [14-15]. The contribution of different factors (intrinsic and/or extrinsic) can
easily be separated out in each frequency and temperature region using these four
representations. In the following four sections we have briefly explained the analysis techniques

adopted for the above mentioned different representations.

A. Impedance Representation: Complex Impedance Analysis: This representation can
separate the contribution of extrinsic factors like grain, grain boundary and space charge
contribution. According to the Maxwell Wagner theory, the complex impedance plot (Z"
vs. Z') exhibits different semicircular arcs related to grain, grain boundaries and space
charges. Such an arc observed in the complex impedance plot is equivalent to a parallel
combination of capacitor and resistor. Therefore equivalent circuit modeling for the
observed complex impedance data is likely to provide us paired values of capacitance and
resistance for each arc relating it to Grain, grain boundary or space charges. Further, the
grain and grain boundary relaxation frequencies also can be determined from the complex
curve fitting. The complex impedance spectra of BFCN, collected at three different

temperatures are shown in the Figure 4.B.7. The semi circular arc related with grain and
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grain boundaries are clearly visible in the figure. The overall resistance of sample decreases

with increase in temperature. The similar behavior of complex impedance data is recorded
for rest of the samples. The equivalent circuit modeling of semicircular arcs related to
grain or grain boundary provides us information about the capacitance, resistance and

relaxation frequencies responsible for that arc.

-1.5E6
BFCN - 303 K (30 C)
—=- 328 K (55 C)
~o- 353 K (80 C)
Rg Rghb
-1.0E6 r
N Cg Cgb Grain
Grain Boundary
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0 : :
0 0.5E6 1.0E6 1.5E6
Zl

Figure 4.B.7: Impedance Cole-Cole plots for BFCN at three different temperatures.

For qualitative analysis, the similar circuit modeling of complex impedance data is carried

out for each of the samples in the entire temperature range. This analysis has resulted in to

a set of temperature dependent values of grain resistance (R, ), grain capacitance (C,),
grain relaxation time (7,), grain boundary resistance (R, ), grain boundary capacitance

(C,) and grain boundary relaxation time (7,,) for each of our samples. The temperature

dependent analysis of these parameters is likely to provide us information regarding the

activation energies of the spices responsible for the observed response. Such a

temperature dependent analysis of R,, 7, R

¢» R, and 7, can be done using Arrhenius law

for resistance and relaxation time given by Equation 4.B.6 and Equation 4.B.7,

respectively.

E
R=R,exp {k_;J , Arthenius law for resistance ... (4.B.6)

B

9]



| PL.D. Thesis on “Effect of Substitution at....... Origin of Giant Dielectric Constant” by Devang D. Shah
Chapter 4B:
Results and Discussion (Bulk): Optical and Flectrical Characterization I

E
T =7,€exp ( : "T] , Arthenius law for relaxation time ..., (4.B.7)

B

The above equations suggest that a plot between inverse temperature and logarithmic
values of resistance (or relaxation time) gives a straight line. The activation energy values

can be determined using the slope of such a straight line known as Arrhenius plot. The

activation energy values, obtained using the Arrhenius plot of R,, 7, R, and 7, in

different temperature regions, focus on the mechanism of conduction and relaxation

process. Further, the temperature dependent nature of grain capacitance C, and grain

boundary capacitance C,, focus on the role of oxygen vacancies.

B. Permittivity Representation: Complex Permittivity Analysis: The contribution
from permanent dipole, induced dipole and free charge carries can be separated using this
representation. Similar to the complex impedance plot, complex permittivity plot
(generally known as Argand diagram) also shows a single semicircular arc. The semicircular
arc observed in the Argand diagram (&" vs. &' plots) can be explained using Debye

theory of dielectric relaxation.

-5E3
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4E3 | - 453 K (180 C) |
|
|
-3E3 |
W
-2E3
1E3
0

0 1E3 2E3 3E3 4E3 SE3
El

Figure 4.B.8: The permittivity Cole-Cole plots for BFN at three different
temperatures.

According to this theory a material having an ideal dipolar relaxation shows a semicircular

arc which intersects the &' axis at high frequency as well as at low frequency end. In
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contrast to the Debye theory the complex permittivity plots observed for our samples

show a rapid increase in the €" values instead of an intersect at &' axis at low frequencies.
Such deviations observed for BEN sample at three different temperatures are shown in
the Figure 4.B.8. Therefore it is revealed that the observed complex permittivity data of
our samples obey the Cole-Cole equation; a modified version of Debye theory.

The Equation 4.B.8 represents such a Cole-Cole equation of dielectric relaxation [14,19].

A
gr=gvis"=g, 4o Tk 4.B.8)
1+ (io7) £,@

Here, 7 is the mean relaxation time instead of the single relaxation time of pure Debye
process while the Cole-Cole parameter a indicates the width of the relaxation time
distribution and provides a measure of the poly-dispersive nature. The last term at the
right-hand-side is due to the high conducting behavior contributing only to the imaginary
part [19], which is due to the displacement of charge carriers, rather than the effect of the
polarization mechanism. The fitting of the Cole-Cole equation was performed for each
sample in the entire temperature range to focus on the dispersive and the conducting
nature of our samples. The poly dispersive nature of sample and distribution of relaxation
time can be understood through the temperature dependent values of Cole-Cole
parameter ¢ . Here the values of a close to zero suggest mono dispersive Debye type
relaxation, while the values deviating from zero suggest poly dispersive non Debye type
relaxation. The more deviation of Cole-Cole parameter ¢ from zero suggests more
deviation from Debye type relaxation and increased poly dispersive nature of the samples.
The temperature-dependent analysis of the relaxation time, 7, is a very useful tool to

study nature of the dipoles and their interaction with the conducting free charges. Since

the product @z becomes unity at &" __  the value of relaxation time, 7, can be calculated

ax

&g+ e

using @ at g" . It is difficult to determine &" _ using &' ZT‘” for the samples

X

obey Cole-Cole equation. The alternate and more accurate way to determine &" __  value

ax

is to consider the relation [20]:
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Using this relation, we have determined the mean relaxation time 7. The temperature
dependent analysis of the relaxation time helps to understand the relaxation process in
detail. The Arrhenius equation (Equation 4.B.7) is a useful tool to analysis such
temperature dependent response of relaxation time 7. The activation energy values
obtained from such Arrhenius plot helps in identification of the type of dipoles involved

in the relaxation process.

C. Electric Modulus Representation: Complex Electric Modulus Analysis: The space
charge—dipole interaction can be probed effectively through the electrical modulus
representation. The observed contribution of high electrical conductivity in the low
frequency dielectric relaxation (see Figure 4.B.5) can be suppressed effectively in the

electric modulus representation [20, 24, 27]. The complex electric modulus M *(@) is

defined as the inverse of the complex permittivity &* (w):

1
M*=—=M"+iM" . (4.B.10)
ok
Where, M '=— -, real part of electric modulus ... (4.B.11)
e"+e"
and M "= 8'2_+—gg"2 , imaginary part of electric modulus ... (4.B.12)

The complex permittivity data is converted in to complex modulus data using above two
equations; Equation 4.B.11 and Equation 4.B.12, for all the samples. The frequency
response of real and imaginary parts of electric modulus data, for the samples of BFCN
series, are presented in the Figure 4.B.9 and Figure 4.B.10 respectively. The data are
presented in the group of three different temperature regions. It is observed from the

Figure 4.B.10 that, the measured low frequency relaxation peak in the &"(f) curve is now

clearly resolved for each of the samples.
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Figure 4.B.9: Real part of complex modulus data for samples of BFCN series in
low temperature, mid temperature and high temperature regions.
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Figure 4.B.10: Imaginary part of complex modulus data for samples of BFCN
series in low temperature, mid temperature and high temperature regions.
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The non Debye type nature of the peak suggests significant contribution from free charge

carriers. The in-depth analysis of electric modulus data are carried out using values of
relaxation time 7 for entire temperature range. The mean relaxation time 7 is calculated
by equating @7 to unity at the peak value of M "(f). The Arrhenius equation (Equation
4.B.7) is utilized to analyze the temperature dependent response of relaxation time 7 . The
activation energy values obtained from such Arrhenius plot helps in identification of the

interaction between space charge and dipoles involved in the relaxation process.

D. Conductivity Representation: Ac Conductivity Analysis: The observed free charge
induced dielectric relaxation at low frequencies (Figure 4.B.5) requires a detailed
investigation of the conduction mechanism. The investigation of the carriers responsible
for conductivity along with charge induced relaxation can be studied effectively and
quantitatively using conductivity representation. The ac conductivity values can be

obtained using the imaginary part of permittivity using the relation;
o'=-wg,e" L (4.B.13)

The ac conductivity values for all the samples in the entire temperature range were
determined using the above equation. The frequency response of ac conductivity for the
BFCN series is presented in the Figure 4.B.11. The data are presented in the group of
three temperature regions. It exhibits three different conductivity regions in these samples:
(1) low-frequency plateau, (2) mid-frequency dispersion and (3) high-frequency plateau.
The low-frequency plateau is related to the dc conductivity originating from the free
charge carriers. The observed strong dispersion at mid-frequency and the plateau at the
high frequency are related to the ac conductivity.

In order to comprehensively understand the behavior of the conduction process, data

were analyzed using the modified power law [14, 21] of the ac conduction, Equation

4.B.14:

"V S, S S, _ S, S
o'=o0"+0,0"+0, ®° =0, +0,0"+0, O° ... (4.B.14)
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Figure 4.B.11: Ac conductivity data for samples of BFCN series in low temperature,
mid temperature and high temperature regions.
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The first term on the right-hand-side of Equation 4.B.14 indicates the dc conductivity

(s=s5,=0) as observed in the low-frequency plateau region. The second and third terms
represent the mid-frequency ‘strong’ dispersion (s=s,) and the high-frequency ‘weak’

dispersion (plateau s =1, ~0), respectively. The values of the s parameter are obtained

using the derivative equation:

S_dlno"
dlnw

...... (4.B.15)

In general the values of the frequency exponent s lies between 0 and 1. It remains close to
zero for the observed plateau regions at low frequencies and high frequencies. It makes a
peak for the mid frequency dispersion. Different groups have observed such a peak in s
parameter vs. In@ curve for various ceramic oxides [22-24].

Now the conduction mechanism involved in the relaxation process can be probed through
temperature dependent analysis of the conductivity data. The observed conductivity in the
low frequency plateau region is generally considered as dc conductivity values. The dc
conductivity values obtained at different temperatures can be analyzed using Arrhenius

law given by Equation 4.B.16.

-E
0, = Oy, €XP [k_;J , Arrhenius law for dc conductivity ... (4.B.10)

B

Where, E, is the activation energy required by the carriers to overcome the conduction
barrier. The activation energy values can be determined using a Arrhenius plot between
log o, and inverse temperature. The different mechanisms involved in the conduction

process can be identified using the activation energy values.

The temperature dependence of the § parameter for the critical mid-frequency region
helps in the identification of the carriers responsible for relaxation and conduction as well
as focus on the mechanism of conduction. The temperature response of § parameter can
be explained using three different models; viz. small polaron tunneling (SPT) [25-26],
overlapping large polaron tunneling (OLP) [25-26] and correlated barrier hopping (CBH)
[25-26].
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It is predicted that in a covalent crystals addition of charge carriers generates a local lattice

distortions which forms polarons. Small polarons are generally assumed to be so small and
localized that their distortion clouds do not overlap. Therefore, the ac conductivity only in
the high temperature limit is expected to be due to tunneling of randomly distributed
carriers trapped at structural defects [25]. The frequency exponent § for the small polaron

tunneling (SPT) [25-26] model is given by:

s=1- s (4.B.17)

In(l/wz,)-W, /kT

Here, W, is the activation energy required for polaron transfer. The above equation

suggests that the § parameter depends on both temperature and frequency. According to
this model the § parameter increases with temperature in at high temperature end. The
frequency exponent S is expected to show downward trend with increase in the
frequency at a constant temperature.

On the other hand, overlapping large polaron tunneling (OLP) model [25-20] predicts the
larger size of such polarons so that their distortion clouds can easily overlap each other.

The frequency exponent for this model is given by:

4 'W/kKTR"
soloL AxOWy kTR (4.B.18)

R, (14 W' [KTR? )

Here, R', =2aR and r',=2ar, are reduced tunneling distance and reduced polaron

radius respectively. The parameter W, is the maximum hopping energy required by the

polaron. The above equation suggests that the § parameter not only depends on the

temperature and frequency but also depends on the size of polarons. The frequency

exponent § decreases from unity with increasing the temperatures for large values of r'.

In the case of smaller size of OLP (i.e. small 7)) the § parameter shows a minima and

starts increasing with temperature. Further, at a constant temperature the § parameter
remains nearly constant for sufficiently large OLP while shows decrement with increase in

the frequency for the small size of OLP.
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According to the Correlated barrier hopping (CBH) model [25-26], the parameter § has

the form:

s=1- okt (4.B.19)
(W,, —kT In(1/ wz,)]

Here, W,, is the energy required to cross the barrier height. The above equation suggests

that the frequency exponent § depends on temperature as well as frequency. It means

that the hopping follows thermally activated process. The model suggests that the §
parameter increases for small values of W,, /kT in the low frequency region. The model

further predicts downward nature of the § parameter with increase in the temperature.

Thus the complex electric data can be analyzed effectively using above four representations.
The contribution of each factor (intrinsic and/or extrinsic) in the observed dielectric relaxation
can be distinguished systematically by applying sequential analysis through above four
representations. In the next seven sections we will analyze dielectric response our samples in
the group of seven series. The data will be evaluated by employing impedance representation,
permittivity representation, modulus representation and dc conductivity analysis as tools of
investigation. The analysis of frequency exponent § with the variation of frequency as well as
temperature is carried out collectively for all the samples and presented after these seven

sections.

4B.21 Complex Electrical Analgsis of 100% Series: [Ba(Xoijoj)Oj] (w ere
X=Fe, Co, Mn, Gd, Eu, Y)

The samples of this series are prepared by complete substitution of Fe by 3d transition

elements (Co and Mn) and 4f rare earth elements (Gd, Eu and Y) in the BFEN ceramic. The

effects of substitution on electrical properties of these compounds are investigated in this

section. The whole investigation is carried out using above discussed four representations.

Impedance representation: The equivalent circuits modeling of semicircular arcs, obtained

in the complex impedance plots, were performed for the entire temperature range. The best

fitted parameters i.e. grain resistance (R, ), grain boundary resistance (R, ), grain relaxation

time (7,), grain boundary relaxation time (7,,), grain capacitance (C,) and grain boundary
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capacitance (C,,) are obtained for the samples of this series at all temperatures. The

temperature dependent analyses of R, R,

7, and 7, using Arrhenius law are shown in the
Figure 4.B.12 and Figure 4.B.13 respectively for low temperature region and high temperature

region. The temperature dependent variations in the C, and C,, are also presented in the

figures. It is to be noted here that this analysis could not be performed for the samples having

rare earth elements due to their highly resistive nature. The values of 7, obtained from the

linear fit of Inz —1000/7 (not shown in Figures) are found in the range of 0.04 ns to 0.9 ns,
which indicates the presence of non-dipole type relaxation in these compounds.

It is revealed from the non linear nature of the curves that the resistance R and relaxation time
7 do not follow the simple Arrhenius law given by Equation 4.B.7. This clearly suggests that
the activation energy required for the thermally activated change in R and 7 is not a constant
value but it depends on the temperature. Therefore we obtained the temperature dependent

activation energy values using the following derivative equations.

E =k d(in R) , for Resistance .. (4.B.20)
d(1/T)

And, B, =k 900D o Relaxation time (4.B.21)
d(1/T)

Here, k is the Boltzmann constant. The variation of the activation energy as a function of
temperature is shown in the Figure 4.B.12 and Figure 4.B.13. In the low temperature region the
activation energies are found similar for grain as well as for grain boundaries. This indicates
similar nature of the spices responsible for the process in side the grain and at the grain
boundaries. Further it is also found similar for the process of relaxation and impedance,
suggesting that, the mechanism of these processes are also same. The obtained very less values
of activation energies (<0.6 eV), in the low temperature region, are very close to the activation
energy of the singly ionized oxygen vacancies (0.3 eV) [16]. This clearly suggests that the
observed dielectric relaxation in this temperature region is not only related with the dipoles but
is also influenced by the interaction of free surface charges with singly ionized oxygen

vacancies. In the high temperature region, for BEFN sample, the values of activation energy £,

related to grain boundaries shows oscillations with increased values up to 1.5 eV while remains
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Figure 4.B.12: The impedance Cole-Cole fitting parameters with their Arrhenius plots and temperature dependent activation energies
for 100% series for bellow room temperature region.
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Figure 4.B.13: The impedance Cole-Cole fitting parameters with their Arrhenius plots and temperature dependent activation energies
for 100% series for above room temperature region.
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constant at 0.6 eV related to the grains for the both process (relaxation and impedance). The

observed oscillations represent the NTCR-PTCR transitions in the temperature dependent
curves of R and 7 [27]. The gradual increase in the activation energy values from 0.5 ¢V to 1.0
eV up to 450 K suggests the development of doubly ionized oxygen vacancies [16]. The
observed higher values of E, (~1.5eV) at temperatures >450 K, suggests enhanced interaction
of relaxing dipoles with the oxygen vacancies. In contrast to BFN, initially for BCN and BMN
up to 400 K, the values of activation energy E related to grain and grain boundaries are equal
and remain constant at 0.6 eV. The observed less activation energy for BCN and BMN in
comparison with BEN could be due to the doped electrons and holes through Co’ (3d°) in
BCN and Mn’* (3d*) in BMN respectively. The relaxation through free doped charges in BCN

or BMN requires less activation energy in comparison with the relaxation through induced

dipoles due to oxygen vacancies in BEN. Further for BMN and BCN at elevated temperatures
the values of E increases for grain boundaries and becomes negative for grain suggests more
conducting nature of grain. Here, in comparison to grain the grain boundaries act as a large
barrier in the path of conduction. This is reflected through the observed increase in the E,
values of grain boundaries at high temperatures. The values of activation energy for BCN

sample shows oscillating nature related to the peaks and transitions in the temperature

dependent curves of R and 7 at higher tempers.

The values of C p found constant up to 550 K and then shows sudden increment while the

values of C,, found constant in the entire temperature range for BFN and BMN samples. The

reason for increase in grain capacitance is related to high conducting nature of grain after 450K
due to the interaction of doped electrons with doubly ionized oxygen vacancies. The nearly

constant values of grain boundary capacitance suggest that it is not influenced by oxygen
vacancies. The observed peak in the values of C,, for BCN sample from 400 K to 500 K
suggests possible phase transition in the sample.

Permittivity representation: The samples of this series have shown dominant nature of
conductivity over relaxation process. Therefore the relaxation peak in the &"(f) curve is
completely masked by the conduction. This has resulted in to the absence of clear semi circular
arc related to the Cole-Cole curve as well as not so clear relaxation peak in the &"(f') curve. In

this view we could not perform analysis using the permittivity representation.
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Electric modulus representation: The dielectric relaxation analysis for the conducting

samples can be done effectively through the electrical modulus representation. The values of

mean relaxation time 7 are obtained for each sample using the peak of M "(f) curve in the

entire temperature range. It should be noted here that the low temperature analysis for rare
earth doped samples could not be performed due to highly resistive nature of the samples. The
temperature dependent analysis of mean relaxation time 7 using Arrhenius law is presented in
the Figure 4.B.14. The Arrhenius plot of relaxation time 7 obtained for our samples have not
shown any linear nature therefore the temperature dependent activation energies were
calculated using the Equation 4.B.21. The variation of the activation energy as a function of

temperature is presented in the Figure 4.B.14.
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Figure 4.B.14: The Arrhenius plot of relaxation time along with temperature dependent
activation energies obtained using electric modulus data for 100% series.

The observed nearly constant values of E, (<0.6 eV) for all the samples in the low
temperature region are in agreement with the impedance analysis. The E, values increase

marginally on increasing the temperatures from 200 K to 300 K. The observed increase in E,

values indicates the increased interaction of space charge with singly ionized oxygen vacancies.
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Such an interaction of space charge with the oxygen vacancies was masked by high conduction

in the complex permittivity representation. The activation energies for the samples having 3d
transition elements (i.e. BEN, BCN and BMN) found nearly constant (~0.6 e¢V) in the high
temperature region (up to 550 K), whereas it is found to increased up to 1.2 eV for the samples
having rare earth elements (i.e. BGN, BEN and BYN). A systematic enhancement of the
activation energy for the temperatures from 300 K to 550 K, suggests the development of

doubly ionized oxygen vacancies in the samples. The enhanced E, values observed for samples

with rare earth elements suggest comparatively rigid nature of ionized oxygen vacancies. The
reason for such rigidity could be large ionization potentials for rare earth elements compared to
transition elements. Further at elevated temperatures (>550 K) the E, increases suddenly for
BYN and BEN and shows a sharp rise. The observed oscillating nature of activation energy
followed by sharp rise for rare earth doped samples suggests possibilities of phase transition at
these temperatures. It should be noted here that the activation energy values E, for the
samples BFN, BCN and BMN could not be determined at very high temperatures (> 550 K)
due to absence of relaxation peak at such higher temperatures.

Conductivity representation: The analysis of the free charge carriers responsible for the
observed high dielectric loss can be done using dc conductivity analysis. The values of dc
conductivity are obtained for each sample through extrapolating the low frequency plateau of
o'(f) cutrve at all temperatures. The temperature dependent analysis of dc conductivity o,
using Arrhenius law is presented in the Figure 4.B.15 and Figure 4.B.16 respectively for low
temperature region and high temperature region. The Arrhenius plot of dc conductivity o,

obtained for our samples have not shown any linear nature therefore the temperature

dependent activation energies were calculated using the Equation 4.B.22.

E =k ddno,) , for dc conductivity L (4.B.22)
d(1/T)

Here, k is the Boltzmann constant. The variation of the activation energy as a function of
temperature is presented in the Figure 4.B.15 and Figure 4.B.16 respectively for low

temperature region and high temperature region.
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Figure 4.B.15: The Arrhenius plot of dc conductivity along with temperature dependent
activation energies for 100% series in bellow room temperature region.
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activation energies for 100% series in above room temperature region.
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The activation energy values remains between 0.1 ¢V to 0.3 eV in the low temperature region

for BEN, BCN and BMN. These observed values of E, (~0.3 eV) suggests that the low

temperature conductivity is due to presence of singly ionized oxygen vacancies [14, 16]. The
observed steps for BFN and BMN indicate NTCR-PTCR transitions observed in the dc
conductivity curves.

The comparison of dc conductivity values, in the above room temperature region (Figure
4.B.16), clearly suggest more conducting nature of the samples having 3d transition elements
then the samples containing rare earth elements. The observed conductivity in this temperature
region is influenced by the ionization of oxygen vacancies. Here the charge state of B’-site ion
fluctuates to balance the positively charged oxygen vacancies [16]. Such an ionization of oxygen
vacancies is comparatively easier for the 3d transition atoms in comparison to 4f rare earth
atoms. This could be the probable reason of observed high conductivity for the samples having
3d transition elements. The observed gradual increment in the activation energies from 0.3 eV
to 0.8 eV suggests development of doubly ionized oxygen vacancies [14, 16]. In addition, the
BMN and BCN samples possessing more conductivity than the BFN sample is due to doped
free charges like electron and holes respectively for BCN and BMN (as pointed out eatrlier). It is
also in agreement with the fact that the likely concentration of doped charges will always be
higher than the developed oxygen vacancies. The interaction of such doped charges with

oxygen vacancies further enhances the dielectric constant to a giant values along with high
conductivity (see figure 4.B.6). Further, the activation energy E increases gradually up to 1.2
eV in the temperature range 450 K to 600 K suggesting enhanced interaction of relaxing
dipoles with the oxygen vacancies. At elevated temperatures (> 600 K), the E, values for rare

earth samples show a relatively sharp peak. These peaks are related with the NTCR-PTCR

transitions observed in dc conductivity curves. These NTCR-PTCR transitions, with such high

E, values may be linked to a possible structural phase transitions.

4B.2.2 Complex Electrical Analysis of BFCN Series: [Ba(Feos.xCoxNbgs)O5]
where X=0,0.10,0.25,040, 050

The samples of this series are prepared through gradual substitution of Fe by Co in the BFN

ceramic. The effects of substitution on electrical properties of these compounds are
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investigated in this section. The whole investigation is carried out using above discussed four

representations.

Impedance representation: The temperature dependent analyses of R,, 7,, R, and 7,

using Arrhenius law are shown in the Figure 4.B.17 and Figure 4.B.18, respectively, for low

temperature region and high temperature region. The temperature dependent variations in the

C, and C,, are also presented in the figures. The Arrhenius plots of R and 7 obtained for

our samples have not shown any linear nature therefore the temperature dependent activation
energies were calculated using the Equation 4.B.20 and Equation 4.B.21. The variation of the
activation energy as a function of temperature, obtained for R and 7, is presented in the
Figure 4.B.17 and Figure 4.B.18. In the low temperature region the activation energies are
found similar for grain as well as for grain boundaries. This indicates similar nature of the
spices involved in the mechanisms associated with grain and grain boundaries. The values of

E, also found to be similar in the process of relaxation and impedance, suggesting similar

mechanisms for these processes. The obtained low values of activation energies (~0.3 eV),
suggest singly ionized oxygen vacancies induced dielectric relaxation in this temperature region
[14, 16]. In the high temperature region for BFN, the activation energy values increases
gradually from 0.5 eV to 1.0 eV along with temperature moving to 450 K suggesting the
conversion of singly ionized oxygen vacancies in to doubly ionized oxygen vacancies[14, 10]. In

contrast to BFN, the values of activation energy E, remain constant at 0.6 eV for Co

substituted samples pointing to the fact that here relaxation is only due to doped charges. The
activation energy values for intermediate samples remains constant at 0.6 eV up to 500 K,
which is followed by gradual rise up to 1.2 eV at elevated temperatures. Similar to earlier series
this suggests enhanced interaction of relaxing dipoles with the oxygen vacancies. Further the
oscillating nature and peak formation at elevated temperatures points to the possible phase

transitions.

The values of grain capacitance C, and grain boundary capacitance C,, ate found to be

constant in the entire temperature range (except high temperature tails) for the samples BFN,

BFCN-10C and BFCN. The observed nature at high temperature end is affiliated with the

phase change mechanism. The values of C o and C b remains constant at low temperatures

and shows gradual rising nature at high temperatures for Co rich samples BFCN-40C and
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Figure 4.B.17: The impedance Cole-Cole fitting parameters with their Arrhenius plots and activation energies for BFCN series for bellow room temperature region.
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Figure 4.B.18: The impedance Cole-Cole fitting parameters with their Arthenius plots and activation energies for BFCN series for above room temperature region.
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BCN. The observed rise in C p and C " for Co rich samples is related to enhanced interaction

of doped electrons with doubly ionized oxygen vacancies at elevated temperatures.

Permittivity representation: The complex permittivity data of this series are analyzed using
Cole-Cole equation. It should be noted here that the semicircular arc related to the Argand
diagram is observed only for three samples; BEN, BFCN and BCN. The other two samples
have not shown any semicircular arc due to high conductivity. The fitting parameters of Cole-
Cole equation, i.e. Cole-Cole parameter & and mean relaxation time 7, are obtained for this
three sample in the entire temperature range. The temperature dependent variation of Cole-

Cole parameter « is presented in Figure 4.B.19.
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Figure 4.B.19: The variation of Cole-Cole parameter o with temperature for samples of
BFCN series.

The observed non-zero values of Cole-Cole parameter ¢ , confirms the non-Debye type poly-
dispersive nature of these samples. The nearly constant values of Cole-Cole parameter a for
BEN indicate that the distribution of relaxation time is independent of temperature. In contrast
to BFN, the a parameter decreases up to 375 K and then show little increment for the BFCN
sample. The BCN sample show a parameter to decrease up to 325 K and then increases
drastically. The observed initial decrement for both of these samples suggests that the
distribution of relaxation time reduces and the system moves towards ideal Debye type
relaxation. The observed temperature dependant nature of a parameter for BFCN and BCN

samples suggest that the relaxing dipoles are interacting with the free charges doped through
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replacement of Fe’* (3d°) by Co” (3d°). The observed sudden increase in the @ parameter for

BCN sample points at the enhanced interaction of the relaxing dipoles with the doped charges
beyond this temperature. The probable reason for the absence of such an interaction in the
BFCN, could be due to the enhancement in Co—Co length in —Fe-Nb—Co—Nb-Fe—Nb—-Co—
like chains in comparison to —Co—Nb—Co—Nb—Co- chains.

The figure 4.B.20 shows variation of mean relaxation time vs. inverse temperature. The
observed reduction in the values of mean relaxation time suggests increased flexibility of charge

carriers for Co rich samples. The values of 7, obtained from the linear fit of Inz — 1000/ T

(not shown in Figure 4.B.20) are found in the range of 0.04 ns to 0.7 ns, which indicates the

presence of non-dipole type relaxation in these distorted perovskite samples [14].
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Figure 4.B.20: The Arrhenius plot of relaxation time along with temperature dependent
activation energies obtained using permittivity Cole-Cole plots for BFCN series.

The Arrhenius plot of relaxation time 7 obtained for our samples have not shown any linear
nature therefore the temperature dependent activation energies were calculated using the
Equation 4.B.21. The variation of the activation energy as a function of temperature is

presented in the Figure 4.B.20. It is clear from the figure that the activation energy gradually
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increases with temperature. The observed values of £, (<0.3 eV) in the low temperature

region, are very close to the activation energy of the singly ionized oxygen vacancies (0.3 eV)

[14, 16]. This clearly suggests that the observed dielectric relaxation is due to the interaction of
free surface charges with singly ionized oxygen vacancies. The values of E, increase gradually

up to 0.5 eV for BFN, in the temperature range 300 K to 500 K, suggests development of
doubly ionized oxygen vacancies. The observed less activation energy for BCN in comparison
with BEN could be due to the doped electrons of Co™ (3d%: relaxation through free doped
charges in BCN requires less activation energy in comparison with the relaxation through
induced space charge due to oxygen vacancies in BFN. In contrast to this, the observed
unusually higher activation energy values in BFCN therefore may be due to co-existence of
micro domains of BFN and BCN within the grains. As suggested before, this might result in
distortion of long-range order of —Fe—Nb—-Fe— or —Co—Nb—Co— chains [14]. The

observed gradual increment in £, at elevated temperatures suggests enhanced interaction of

space charge with doubly ionized oxygen vacancies.

'3 ' - L 4 v v
-6+ vV M
o gl
£ | = BFN
12+ e BFCN-10C
I 4 BFCN
A5 v BFCN-40C
'18 C 1 1 1 * |BCN
2 4 6 )
Inverse Temperature (1000/T) (K™)
0.8}
0.6} -
S

o
N H
*.
!:‘,...
g’ﬁ 2
,0" ;'I‘
-* [ ] >
> s
»

Activation Energy E_ (eV)
o

o
)

150 300 ' 450 ' 600
Temperature T (K)

Figure 4.B.21: The Arrhenius plot of relaxation time along with temperature dependent
activation energies obtained using electric modulus data for BFCN series.
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Electric modulus representation: The dielectric relaxation analysis for the conducting

samples can be done effectively through the electrical modulus representation. The values of
mean relaxation time 7 are obtained for each sample using the peak of M "(f) curve in the
entire temperature range. The temperature dependent analysis of mean relaxation time 7 using
Arrhenius law is presented in the Figure 4.B.21. The Arrhenius plot of relaxation time 7
obtained for our samples have not shown any linear nature therefore the temperature
dependent activation energies were calculated using the Equation 4.B.21. The variation of the
activation energy as a function of temperature is presented in the Figure 4.B.21.

The observed less activation energy values E,  (<0.5 eV) for all the samples in the low

temperature region are in agreement with the previous analyses. A systematic enhancement of
the activation energy (up to 0.6 eV) for the temperatures from 300 K to 550 K, suggests the
development of doubly ionized oxygen vacancies in the samples. The observed oscillating

nature of activation energy suggests possibilities of phase transition at these temperatures.
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Figure 4.B.22: The Arrhenius plot of dc conductivity along with temperature dependent
activation energies for BFCN series in bellow room temperature region.

Conductivity representation: The analysis of the free charge carriers responsible for the

observed high dielectric loss can be done using dc conductivity analysis. The values of dc
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conductivity are obtained for each sample through extrapolating the low frequency plateau of

o'(f) curve at all temperatures. The temperature dependent analysis of dc conductivity o,
using Arrhenius law is presented in the Figure 4.B.22 and Figure 4.B.23 respectively for low
temperature region and high temperature region. The Arrhenius plot of dc conductivity o,

obtained for our samples have not shown any linear nature therefore the temperature
dependent activation energies were calculated using the Equation 4.B.22. The variation of the
activation energy as a function of temperature is presented in the Figure 4.B.22 and Figure

4.B.23 respectively for low temperature region and high temperature region.
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Figure 4.B.23: The Arrhenius plot of dc conductivity along with temperature dependent
activation energies for BFCN series in above room temperature region.

The comparison of dc conductivity values clearly suggests increase in conducting nature of the
samples with increasing Co concentration. The observed excess conductivity for Co rich

samples is due to dominant additional conductivity originating from doped free electrons as
pointed out earlier. Further, the activation energy E_ is found to have only small variations
(<0.3 eV) in the low temperature region suggesting the presence of singly ionized oxygen
vacancies [14, 16]. The E, values increases gradually up to 0.6 eV in the temperature range of

300 K to 450 K indicating development of doubly ionized oxygen vacancies. The observed
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subsequent higher values (up to 1.2 eV) indicate enhanced interaction of relaxing dipoles with

the oxygen vacancies at elevated temperatures. The observed sharp rise and peak formation in
the values of E_ are related with the NTCR-PTCR transitions observed in dc conductivity

curves. These NTCR-PTCR transitions may be linked to possible phase transitions.

4B.2.3 Complex Electrical Analysis of BEMN Series: [Ba(Feos.xMnxNbgs)O3]
(where X=O, 025, 0.50)

The samples of this series are prepared through gradual substitution of Fe by Mn in the BEN
ceramic. The effects of substitution on electrical properties of these compounds are
investigated in this section. The whole investigation is carried out using above discussed four

representations.

Impedance representation: The temperature dependent analyses of R,, 7,, R, and 7,

using Arrhenius law are shown in the Figure 4.B.24 and Figure 4.B.25 respectively for low

temperature region and high temperature region. The temperature dependent variations in the

C, and C,, are also presented in the figures. The Arrhenius plots of R and 7 obtained for

our samples have not shown any linear nature therefore the temperature dependent activation
energies were calculated using the Equation 4.B.20 and Equation 4.B.21. The variation of the
activation energy as a function of temperature, obtained for R and 7, is presented in the
Figure 4.B.24 and Figure 4.B.25. In the low temperature region the activation energies are
found to have little variations (<0.3 eV) suggesting singly ionized oxygen vacancies induced
dielectric relaxation in this temperature region [14, 16]. The observed comparatively fast
increment in the activation energies for BEMN and BMN, up to 350 K suggests rapid
conversion of singly ionized oxygen vacancies in to doubly ionized oxygen vacancies. This
process was gradual and lasts up to 450 K for the BEN sample. In contrast to BEN, the values

of activation energy £ remain constant at 0.6 eV for Mn substituted samples indicates that the

observed relaxation is due to free charges. The activation energy values rise up to 1.2 eV at
clevated temperatures suggests enhanced interaction of relaxing dipoles with the oxygen
vacancies. Further the oscillating nature and peak formation at elevated temperatures suggest

possible phase transitions.

The values of grain capacitance C, and grain boundary capacitance C,, found constant in the

entire temperature range (except high temperature tails) for all the samples. The observed
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Figure 4.B.24: The impedance Cole-Cole fitting parameters with their Arrhenius plots and temperature dependent activation energies
for BFMN series for bellow room temperature region.
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Figure 4.B.25: The impedance Cole-Cole fitting parameters with their Arrhenius plots and temperature dependent activation energies
for BFMN series for above room temperature region.
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anomalies in Cg and C " for at elevated temperatures is again related to NTCR — PTCR

transition observed in the curves of R, and R, . It points at possibilities of phase transitions in

this temperature range.

Permittivity representation: The samples of this series have shown dominant nature of
conductivity over relaxation process. Therefore the relaxation peak in the &"(f) curve is
completely masked by the conduction. This has resulted in to the absence of clear semi circular
arc related to the Cole-Cole curve as well as not so clear relaxation peak in the €"(f')curve.

Thus we could not perform analysis using the permittivity representation.
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Figure 4.B.26: The Arrhenius plot of relaxation time along with temperature dependent
activation energies obtained using electric modulus data BFMN series.

Electric modulus representation: The dielectric relaxation analysis for the conducting
samples can be done effectively through the electrical modulus representation. The values of
mean relaxation time 7 are obtained for each sample using the peak of M "(f) curve in the
entire temperature range. The temperature dependent analysis of mean relaxation time 7 using
Arrhenius law is presented in the Figure 4.B.26. The Arrhenius plot of relaxation time 7

obtained for our samples have not shown any linear nature therefore the temperature
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dependent activation energies were calculated using the Equation 4.B.21. The variation of the

activation energy as a function of temperature is presented in the Figure 4.B.26.
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Figure 4.B.27: The Arrhenius plot of dc conductivity along with temperature dependent
activation energies for BFMN series in bellow room temperature region.

The observed smaller activation energy values £, (<0.4 eV) for all the samples in the low

temperature region suggests presence of singly ionized oxygen vacancies. A systematic
enhancement of the activation energy (up to 0.6 eV) at higher temperatures suggests the
development of doubly ionized oxygen vacancies in the samples. The observed unusually
higher activation energy values for intermediate BEFMN ceramic, unlike BFCN, may be due to
co-existence of micro domains of BFN and BMN leading to a distortion of long-range order of
—Fe—~Nb—Fe— or —Mn—Nb—Mn — chains [14]. The observed broad peaks in the activation
energy curve of BEMN suggest possibilities of gradual transition at these temperatures.

Conductivity representation: The analysis of the free charge carriers responsible for the
observed high dielectric loss can be done using dc conductivity analysis. The values of dc

conductivity are obtained for each sample through extrapolating the low frequency plateau of
o'(f) cutrve at all temperatures. The temperatute dependent analysis of dc conductivity o,

using Arrhenius law is presented in the Figure 4.B.27 and Figure 4.B.28 respectively for low
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temperature region and high temperature region. The Arrhenius plot of dc conductivity o,

obtained for our samples have not shown any linear nature therefore the temperature
dependent activation energies were calculated using the Equation 4.B.22. The variation of the
activation energy as a function of temperature is presented in the Figure 4.B.27 and Figure

4.B.28 respectively for low temperature region and high temperature region.
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Figure 4.B.28: The Arrhenius plot of dc conductivity along with temperature dependent
activation energies for BFMN series in above room temperature region.

The dc conductivity values increases with increasing concentration of Mn. The possible reason
for such increment in dc conductivity is doping of holes due to replacement of Fe’* (3d”) by
Mn’" (3d"). The activation energy values found to be small (<0.3 eV) in the low temperature
region suggests the presence of singly ionized oxygen vacancies [14, 10]. It increases gradually
up to 0.5 eV in the temperature range 150 K to 450 K suggest development of doubly ionized
oxygen vacancies. The relatively lower activation energy observed for Mn rich samples suggest

dominant interaction between oxygen vacancies and doped charges as discussed earlier. The
observed oscillations and peak formation in the values of £ are related with the NTCR-PTCR

transitions observed in dc conductivity curves. These NTCR-PTCR transitions may be linked
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with possible phase transitions. The observed higher values (up to 1.2 eV) for BFN indicates

enhanced interaction of relaxing dipoles with the oxygen vacancies at elevated temperatures.

4B.2.4 Complex Electrical Analysis of BFGN Series: [Ba(FeosxGdxNbgs)Os]
(where X=O, 025, 0.50)

The samples of this series are prepared through gradual substitution of Fe by Gd in the BFN
ceramic. The effects of substitution on electrical properties of these compounds are
investigated in this section. The whole investigation is carried out using above discussed four

representations.

Impedance representation: The temperature dependent analyses of Rg, T, Rgb and Ty

using Arrhenius law are shown in the Figure 4.B.29 for high temperature region only. The
temperature dependent variations in the C, and C,, are also presented in the figure. It is to be
noted here that contrary to conducting 3d element substituted BFN samples, impedance
analysis could not be performed for the BGN in the entire temperature range and for BEGN in
the low temperature region due to their highly resistive nature. The Arrhenius plots of R and
7 obtained for BFN and BFGN have not shown any linear nature therefore the temperature
dependent activation energies were calculated using the Equation 4.B.20 and Equation 4.B.21.
The variation of the activation energy as a function of temperature, obtained for R and 7, is
presented in the Figure 4.B.29. The values of activation energy E increases up to 0.6 eV as the
temperature raise to 350 K for BEFGN sample. This suggests development of doubly ionized
oxygen vacancies. It remains nearly constant up to 550 K without any broad peak; unlike BFN,
suggests absence of NTCR-PTCR transitions in this temperature range [27]. The E, values
show a sharp rise and make a peak in the temperature range of 550 K to 650 K followed by
gradual increase at elevated temperatures. The observed sharp peak suggest possible structural
phase transition at this temperatures [28]. The observed increase in E values at clevated
temperatures up to 1.2 eV suggests enhanced interaction of relaxing dipoles with the oxygen
vacancies. The observed dip values of grain capacitance C, near 550 K confirm the
possibilities of structural phase transition.

Permittivity representation: The BFGN ceramic has not shown the relaxation peak in the

£"(f) curve. This has resulted in to the absence of clear semi circular arc related to the Cole-
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Figure 4.B.29: The impedance Cole-Cole fitting parameters with their Arrhenius plots and temperature dependent activation energies
for BEFEGN and BFEN series for above room temperature region.
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Cole curve. Therefore we could not perform analysis using permittivity representation for this

series.

Electric modulus representation:  The peak in the M "(f') cutve is also absent for BFEN
ceramic. Therefore it was not possible to identify the relaxation frequency required for analysis
using modulus representation. The absence of relaxation peak in permittivity as well as modulus

suggests dominant contribution of non dipole type relaxation.
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Figure 4.B.30: The Arrhenius plot of dc conductivity along with temperature dependent
activation energies for BFGN series in bellow room temperature region.

Conductivity representation: The analysis of the free charge carriers responsible for the
observed high dielectric loss can be done using dc conductivity analysis. The values of dc

conductivity are obtained for each sample through extrapolating the low frequency plateau of
o'(f) cutrve at all temperatures. The temperatute dependent analysis of dc conductivity o,
using Arrhenius law is presented in the Figure 4.B.30 and Figure 4.B.31 respectively for low
temperature region and high temperature region. The Arrhenius plot of dc conductivity o,

obtained for our samples have not shown any linear nature therefore the temperature

dependent activation energies were calculated using the Equation 4.B.22. The variation of the
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activation energy as a function of temperature is presented in the Figure 4.B.30 and Figure

4.B.31 respectively for low temperature region and high temperature region.
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Figure 4.B.31: The Arrhenius plot of dc conductivity along with temperature dependent

activation energies for BFGN series in above room temperature region.

The dc conductivity values for BEN and BFGN are comparatively higher than the BGN
ceramic. This clearly suggests more insulating nature of BGN ceramic. The observed equivalent

conductivity for intermediate BFGN ceramic is due to interaction of oxygen vacancies with the

available large BEN crystallites inside the grains of BEGN (see Table 4.A.1). Further, in the low

temperature region the values of activation energy E, found to be ~0.3 eV which corresponds
to singly ionized oxygen vacancies. The values of E, gradually increases up to 0.5 eV in the

temperature range 300 K to 400 K suggests development of doubly ionized oxygen vacancies.

It remains nearly constant (~0.5 eV) up to 550 K for both BFGN and BGN ceramics. In

accordance with the impedance analysis the values of E, has developed a peak at 600 K
followed by gradual rise in £, up to 1.2 eV. Such a peak is absent in the BGN ceramic and

shows gradual increase in the E_ values up to 3.0 eV. This suggests possibilities of change in

the mechanism of conduction in BGN at these temperatures.
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4B.25 Complex Electrical Analg sis of BFEN Series: [Ba(Feo 5_xEule:>o 5)03] where
X=0,0.25,050):

The samples of this series are prepared through gradual substitution of Fe by Eu in the BFN

ceramic. The effects of substitution on electrical properties of these compounds are
investigated in this section. The whole investigation is carried out using above discussed four

representations.

Impedance representation: The temperature dependent analyses of R,, 7,, R, and 7,

using Arrhenius law are shown in the Figure 4.B.29 for high temperature region only. The

temperature dependent variations in the C, and C,, are also presented in the figure. It is to be

noted here that this analysis could not be performed for the BEN in the entire temperature
range and for BFEN in the low temperature region due to highly resistive nature. The
Arrhenius plots of R and 7 obtained for BEN and BFEN have not shown any linear nature
therefore the temperature dependent activation energies were calculated using the Equation
4B.20 and Equation 4.B.21. The variation of the activation energy as a function of

temperature, obtained for R and 7, is presented in the Figure 4.B.29.

The values of activation energy E_, increases up to 1.5 eV on increasing temperature to 450 K.

The E, gradually decrease up to 0.5 eV in the temperature range of 450 K to 600 K. The
observed broad peak (similar to BEN ceramic) at 450 K suggests possibilities of NTCR-PTCR
transitions at these temperatures [27]. The E, values show a sharp rise at 650 K with increased
values at elevated temperatures. The observed sharp step suggest possible structural phase
transition at this temperature [28]. The observed increased values of E_  at elevated
temperatures points at change in the mechanism of relaxation or conduction.

Permittivity representation: The BFEN ceramic has not shown any relaxation peak in the
&"(f) curve. This has resulted in to the absence of clear semi circular arc related to the Cole-

Cole curve. Therefore we could not perform analysis using permittivity representation for this
series.

Electric modulus representation: The dielectric relaxation analysis for the conducting
samples can be done effectively through the electrical modulus representation. The values of
mean relaxation time 7 are obtained for each sample using the peak of M "(f) curve in the
entire temperature range. The temperature dependent analysis of mean relaxation time 7 using

Arrhenius law is presented in the Figure 4.B.32. The Arrhenius plot of relaxation time 7
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obtained for our samples have not shown any linear nature therefore the temperature

dependent activation energies were calculated using the Equation 4.B.21. The variation of the

activation energy as a function of temperature is presented in the Figure 4.B.32.
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Figure 4.B.32: The Arrhenius plot of relaxation time along with temperature dependent
activation energies obtained using electric modulus data for BFEN series.

The peak in activation energy values E,

at 500 K, for BFEN ceramic is similar with the

observed peak in BFN ceramic at 400 K. The peak for BFEN is found shifted towards higher

temperatures along with higher values of E, . The enhanced E, values for BFEN and BEN

suggest comparatively rigid nature of ionized oxygen vacancies. The observed broad peak of

activation energy suggests possibilities of

phase transition at these temperatures. Further, at

elevated temperatures (>600 K) the sudden rise in £, for BFEN and BEN suggests, change in

the mechanism of relaxation or conduction.

Conductivity representation: The analysi

s of the free charge carriers responsible for the

observed high dielectric loss can be done using dc conductivity analysis. The values of dc

conductivity are obtained for each sample

through extrapolating the low frequency plateau of

o'(f) cutve at all temperatures. The temperature dependent analysis of dc conductivity o,
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using Arrhenius law is presented in the Figure 4.B.33. The Arrhenius plot of dc conductivity

0, obtained for our samples have not shown any linear nature therefore the temperature

.
dependent activation energies were calculated using the Equation 4.B.22. The variation of the

activation energy as a function of temperature is presented in the Figure 4.B.33.
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Figure 4.B.33: The Arrhenius plot of dc conductivity along with temperature dependent
activation energies for BFEN series in above room temperature region.

The values of activation energy E_ gradually increases up to 0.5 ¢V in the temperature range

300 K to 400 K suggests development of doubly ionized oxygen vacancies. It remains nearly
constant (~0.5 eV) up to 550 K for BEN ceramics while develop a broad peak for BFN and

BFEN ceramic. The broad peaks suggest increased interaction of doubly ionized oxygen
vacancies. The values of E, for BEN have developed a peak at 630 K followed by sharp rise in
E, up to 4.5 eV. The observed sharp peak suggest possible structural phase transition at this
temperatures [28]. The observed rise in the E, at higher temperatures suggests possibilities of

change in the mechanism of conduction at these temperatures. We observed similar rise for

BFEN at increased temperatures.
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4B.2.6 Complex Electrical Analgsis of BGCN Series: [Ba(Gdoj_xCobeoj)Oj]
(where X=0,0.10,025,0.50):

The samples of this series are prepared through gradual substitution of Gd by Co in the BGN

ceramic. The effects of substitution on electrical properties of these compounds are
investigated in this section. The whole investigation is carried out using above discussed four

representations.

Impedance representation: The temperature dependent analyses of R,, 7,, R, and 7,

using Arrhenius law are shown in the Figure 4.B.34 and Figure 4.B.35 respectively for low

temperature region and high temperature region. The temperature dependent variations in the

C, and C,, are also presented in the figures. It is to be noted here that this analysis could not

be performed for the BGN in the entire temperature range and for BGCN-10C in the low
temperature region due to resistive nature of the samples. The Arrhenius plots of R and 7
obtained for our samples have not shown any linear nature therefore the temperature
dependent activation energies were calculated using the Equation 4.B.20 and Equation 4.B.21.
The variation of the activation energy as a function of temperature, obtained for R and 7, is
presented in the Figure 4.B.34 and Figure 4.B.35. In the low temperature region the activation
energies are found very less (<0.3 eV), suggest singly ionized oxygen vacancies induced
dielectric relaxation in this temperature region [14, 16]. The observed broad peak for the
activation energy suggests NTCR-PTCR transition. In the high temperature region, the
activation energy for BGCN, increases gradually up to 0.6 eV and remains constant in the

entire temperature range. The values of £, for BGCN-10C show broad peak around 600 K

suggests enhanced interaction of oxygen vacancies with the free charges. Further, the oscillating

nature and peak formation at elevated temperatures suggest possible phase transitions.

The values of grain capacitance C, o found constant up to 400 K and shows gradual rising
nature at high temperatures for Co rich samples BGCN and BCN. The observed rise in C, and

C " for Co rich samples is related to enhanced interaction of doped electrons with doubly
ionized oxygen vacancies at increased temperatures.

Permittivity representation: The samples of this series have shown dominant nature of
conductivity over relaxation process. Therefore the relaxation peak in the &"(f) curve is

completely masked by the conduction. This has resulted in to the absence of clear semi circular
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Figure 4.B.34: The impedance Cole-Cole fitting parameters with their Arrhenius plots and temperature dependent activation energies
for BGCN and BECN series for bellow room temperature region.
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Figure 4.B.35: The impedance Cole-Cole fitting parameters with their Arrhenius plots and temperature dependent activation energies
for BGCN and BECN series for above room temperature region.
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arc related to the Cole-Cole curve as well as not so clear relaxation peak in the &"(f) curve. In

this view we could not perform analysis using the permittivity representation.
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Figure 4.B.36: The Arrhenius plot of relaxation time along with temperature dependent
activation energies obtained using electric modulus data for BGCN series.

Electric modulus representation: The dielectric relaxation analysis for the conducting
samples can be done effectively through the electrical modulus representation. The values of
mean relaxation time 7 are obtained for each sample using the peak of M "(f) curve in the
entire temperature range. The temperature dependent analysis of mean relaxation time 7 using
Arrhenius law is presented in the Figure 4.B.36. The Arrhenius plot of relaxation time 7
obtained for our samples have not shown any linear nature therefore the temperature
dependent activation energies were calculated using the Equation 4.B.21. The variation of the
activation energy as a function of temperature is presented in the Figure 4.B.30.

The observed less activation energy values E,  (<0.3 eV) for all the samples in the low

temperature region are in agreement with the impedance analyses suggesting presence of singly
ionized oxygen vacancies. A systematic enhancement of the activation energy (up to 0.5 eV) for

the temperatures from 300 K to 400 K, suggests the development of doubly ionized oxygen
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vacancies in the samples. The observed higher values (up to 1.2 eV) for Gd rich samples BGN

and BGCN suggest comparatively rigid nature of ionized oxygen vacancies. The observed

oscillating nature of activation energy suggests possibilities of phase transitions at these

temperatures.
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Figure 4.B.37: The Arrhenius plot of dc conductivity along with temperature dependent
activation energies for BGCN series in bellow room temperature region.

Conductivity representation: The analysis of the free charge carriers responsible for the
observed high dielectric loss can be done using dc conductivity analysis. The values of dc
conductivity are obtained for each sample through extrapolating the low frequency plateau of
o'(f) cutrve at all temperatures. The temperature dependent analysis of dc conductivity o,
using Arrhenius law is presented in the Figure 4.B.37 and Figure 4.B.38 respectively for low
temperature region and high temperature region. The Arrhenius plot of dc conductivity o,
obtained for our samples have not shown any linear nature therefore the temperature
dependent activation energies were calculated using the Equation 4.B.22. The variation of the
activation energy as a function of temperature is presented in the Figure 4.B.37 and Figure

4.B.38 respectively for low temperature region and high temperature region.
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Figure 4.B.38: The Arrhenius plot of dc conductivity along with temperature dependent
activation energies for BGCN series in above room temperature region.

The comparison of dc conductivity values clearly suggests increase in conducting nature of the
samples with increasing Co concentration. The observed excess conductivity for Co rich
samples is due to dominant additional conductivity originating from doped free electrons as

pointed out earlier. Further, the activation energy £ is found very less (<0.3 eV) in the low

temperature region suggests the presence of singly ionized oxygen vacancies [16]. The E,

values increases gradually up to 0.6 eV in the temperature range 300 K to 450 K suggesting
development of doubly ionized oxygen vacancies. The observed higher values (up to 1.2 eV)
indicate enhanced interaction of relaxing dipoles with the oxygen vacancies at elevated
temperatures. The observed sharp rise and peak formation in the values of E are related with
the NTCR-PTCR transitions observed in dc conductivity curves. These NTCR-PTCR

transitions may be linked with possible phase transitions.
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4B.27 Complex Electrical Analgsis of BECN Series: [Ba(E.qu_XCOXNl)Oj)Oj]
(where X=O, 025, 0.50)

The samples of this series are prepared through gradual substitution of Eu by Co in the BEN
ceramic. The effects of substitution on electrical properties of these compounds are
investigated in this section. The whole investigation is carried out using above discussed four

representations.

Impedance representation: The temperature dependent analyses of R,, 7,, R, and 7,

using Arrhenius law are shown in the Figure 4.B.34 and Figure 4.B.35 respectively for low

temperatures region and high temperature region. The temperature dependent variations in the

C, and C,, are also presented in the figures. The Arrhenius plots of R and 7 obtained for

our samples have not shown any linear nature therefore the temperature dependent activation
energies were calculated using the Equation 4.B.20 and Equation 4.B.21. The variation of the
activation energy as a function of temperature, obtained for R and 7, is presented in the
Figure 4.B.34 and Figure 4.B.35. In the low temperature region the activation energies are
found very less (<0.3 eV), corresponds to singly ionized oxygen vacancies induced dielectric
relaxation in this temperature region [14, 16]. In the high temperature region, the activation
energy for BECN, increases gradually up to 0.6 eV and remains constant up to 550 K. The

sudden rise in £, for BECN beyond 550 K suggests possibilities of structural phase transition.
The higher E, values at elevated temperatures points at changes in the mechanism of
relaxation or conduction. The values of grain capacitance C, found to be constant up to 550 K

and shows sudden step at high temperatures for BECN. The observed increase in C, is related

to the possible structural transition.

Permittivity representation: The samples of this series have shown dominant nature of
conductivity over relaxation process. Therefore the relaxation peak in the &"(f) curve is
completely masked by the conduction. This has resulted in to the absence of clear semi circular
arc related to the Cole-Cole curve as well as not so clear relaxation peak in the &"(f) curve. In
this view we could not perform analysis using the permittivity representation.

Electric modulus representation: The dielectric relaxation analysis for the conducting
samples can be done effectively through the electrical modulus representation. The values of
mean relaxation time 7 are obtained for each sample using the peak of M "(f) curve in the

entire temperature range. The temperature dependent analysis of mean relaxation time 7 using
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Arrhenius law is presented in the Figure 4.B.39. The Arrhenius plot of relaxation time 7

obtained for our samples have not shown any linear nature therefore the temperature
dependent activation energies were calculated using the Equation 4.B.21. The variation of the

activation energy as a function of temperature is presented in the Figure 4.B.39.
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Figure 4.B.39: The Arrhenius plot of relaxation time along with temperature dependent
activation energies obtained using electric modulus data for BECN series.

The observed less activation energy values £, (<0.3 eV) for all the samples in the low

temperature region are in agreement with the impedance analyses suggesting presence of singly
ionized oxygen vacancies. A systematic enhancement of the activation energy (up to 0.5 eV) for
the temperatures from 300 K to 400 K, suggests the development of doubly ionized oxygen
vacancies in the samples. The observed higher values (up to 1.2 eV) for BEN suggest
comparatively rigid nature of ionized oxygen vacancies. The observed sudden rising nature of
activation energy at elevated temperatures suggests possibilities of phase transitions at these
temperatures.

Conductivity representation: The analysis of the free charge carriers responsible for the
observed high dielectric loss can be done using dc conductivity analysis. The values of dc

conductivity are obtained for each sample through extrapolating the low frequency plateau of
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o'(f) cutrve at all temperatures. The temperatute dependent analysis of dc conductivity o,

using Arrhenius law is presented in the Figure 4.B.40 and Figure 4.B.41 respectively for low
temperature region and high temperature region. The Arrhenius plot of dc conductivity o,
obtained for our samples have not shown any linear nature therefore the temperature
dependent activation energies were calculated using the Equation 4.B.22. The variation of the
activation energy as a function of temperature is presented in the Figure 4.B.40 and Figure

4.B.41 respectively for low temperature region and high temperature region.
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Figure 4.B.40: The Arrhenius plot of dc conductivity along with temperature dependent
activation energies for BECN series for bellow room temperature region.

The comparison of dc conductivity values clearly suggests increase in conducting nature of the
samples with increasing Co concentration. The observed excess conductivity for Co rich

samples is due to dominant additional conductivity originating from doped free electrons as
pointed out earlier. Further, the activation energy E, is found very less (<0.3 eV) in the low
temperature region suggests the presence of singly ionized oxygen vacancies [14, 16]. The
increased values of E, up to 0.6 eV suggest development of doubly ionized oxygen vacancies.

The observed higher values (up to 1.2 eV) indicate enhanced interaction of relaxing dipoles
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with the oxygen vacancies at elevated temperatures. The observed peak at 650 K followed by a

sharp rise £, for BEN suggests possibility of structural phase transition.
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Figure 4.B.41: The Arrhenius plot of dc conductivity along with temperature dependent
activation energies for BECN series for above room temperature region.

4B.2.8 AcConductivity Analysis Collectively for All the Samples: (S parameter
analgsis):

The analysis of charge-induced dielectric relaxation can be done effectively using ac
conductivity analysis. The detailed analysis of mechanism of conduction is a potential tool to
probe the free charge induced giant dielectric constant. In order to analyze the frequency
response of conductivity data we applied the modified power law of ac conduction (Equation
4.B.14). The observed three different regions in the ac conductivity data (Figure 4.B.11) viz. (1)
low-frequency plateau, (2) mid-frequency dispersion and (3) high-frequency plateau; are
explained using modified power law.

The frequency exponent s (obtained using Equation 4.B.15) for the samples with complete
substitution of Fe is presented in Figure 4.B.42. The Figure 4.B.43 represents frequency
exponent s for the samples of BFCN series. The figures show room temperature values of s

parameter with the variation of frequency. The nearly absent or not so distinct dielectric
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relaxation peak in £"(f") curves as well as in M "(f') curves, is now cleatly resolved in the form

of a peak in s vs. In®@ curves (Figures 4.B.42 and 4.B.43). Here the non-zero values of the s,

parameter (for low frequency plateau region) even at low frequencies observed for BFN and
rare earth samples (BGN, BEN and BYN) suggest presence of the low-frequency dispersion
(LFD) in the conductivity data (Figure 4.B.11).
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Figure 4.B.42: The room temperature frequency response of frequency exponent s for
100% series.

25—, BFN
*  BFCN-10C

«20- *» BFCN
S v BFCN-40C
g + BCN .
5‘ L.5f Average Line
5
§1.0
=
=
[}
&

0.5

0.0 ppassstbistott ittt sicooommenenannentitsssiidt?™ -

2 4 8 10 12 14 16
In (o)

Figure 4.B.43: The room temperature frequency response of frequency exponent s for
BFCN series.
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This clearly suggests apparent ac conductivity contribution even in the low- frequency region.

This low frequency ac conductivity is predominantly due to oxygen vacancy induced electrons.
The observed nearly zero values of s, parameter at low frequency region for the samples

containing Co or Mn suggests that conductivity is independent of frequency. This clearly points
at dominant nature of dc conduction over the oxygen vacancies induced ac conduction. Here
the additional dc contribution comes from the movement of the doped charges (electrons or
holes) originating from the substitution of Fe’* (3d”) by Co™ (3d®) or Mn’* (3d"). Such doped
charges produces conductivity due to the back and forth movement between Co/Mn and
oxygen vacancy. Thus the observed higher conductivity values for the samples having Co or
Mn, is predominantly originating from the charge doping (intrinsic factor) rather than
contributions from the oxygen vacancy (extrinsic factor) related conduction. This is further
supported by the fact that the likely concentrations of oxygen vacancy will always be less than
the concentration of Co’* (3d°) or Mn’" (3d") in the micro domain.

It is partly reported in our communication [14] that in the mid-frequency region, the s
parameter increases rapidly and after showing a peak, it becomes nearly linear at higher
frequencies. The observed nature of s in various frequency regions can be explained using the
Jump Relaxation Model (JRM) of Funke [29-30], who successfully used it to explain the
hopping of ions. In the present case, we have used the same model to explain the hopping of
the induced dipoles for the entire s vs. In® region. It is inferred from the JRM that the

constant values of s,, related to the low-frequency region, results from the long-range

translational motion of the conduction carriers (i.e. induced electrons). Here any attempt (by
the dipoles) to conduct through the hopping mechanism becomes unsuccessful. As the input ac
frequency increases, the rate of successful hopping, indicated by the frequency exponent s,
increases. The conductivity in this region corresponds to the short-range translational hopping
related to forward-backward jump.

The peak position represents a condition where the number of successful and unsuccessful
attempts becomes neatly equal. Beyond this region, the number of carriers (dipoles/oxygen
vacancies) available for hopping gradually reaches saturation. This results in a reduction in

values of the frequency exponent s. The high-frequency plateau, indicated as s,, corresponds

to a saturation region of charge carriers undergoing relaxational hopping. The shifting of the
peak position towards high frequencies in the curves between s vs. In® is due to the gradual

increase of the hopping-length with the gradual increase in cell dimensions resulting from the

146



| PL.D. Thesis on “Effect of Substitution at....... Origin of Giant Dielectric Constant” by Devang D. Shah
Chapter 4B:
Results and Discussion (Bulk): Optical and Flectrical Characterization I

gradual replacement of Fe by rare earth elements. In this way, through the Jump Relaxation

Model we have successfully filtered the contribution of the free doped charges, induced space

charges, and the oxygen vacancy induced dipoles in the entire measured frequency range.
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Figure 4.B.44: The temperature dependent values of frequency exponent s for 100%
series.

1.2+ " = BFN
u e BFCN-10C
@ 4 BFCN
g BFCN-40C
S 0.8 BCN
=) Average Line
=
oy
=
s
2. 0.4}
g
=

0.0
100 200 300 400 500 600 700
Temperature T (K)

Figure 4.B.45: The temperature dependent values of frequency exponent s for BFCN
series.

The variations of frequency exponent s (at 1 KHz) at different temperatures are presented in

Figure 4.B.44 and Figure 4.B.45 respectively for samples of 100% series and BFCN series. The
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frequency exponent § shows neatly identical downward nature at high temperature region for

BFN, BMN and BCN suggest that the conduction process is predominantly due to the
correlated barrier hopping (CBH) of electrons. The rare earth doped samples show a dip and
then a peak at high temperatures suggests development of polaron in these samples. The
observed nature of § parameter in BFCN-10C and BFCN samples suggest polaron tunneling
is involved in the conduction process. The sample BFCN-40C is influenced by the hopping of

free charges.

4B.2.9 Summary of Dielectric Spectroscopy Analysis:
The observed few values of relaxation time points at the non-dipole type relaxation in these
distorted perovskite samples. The values of the activation energy £, and mean relaxation time

indicate that the intrinsic contribution of chemical substitution as well as interaction of free
space charges with oxygen vacancies collectively plays a crucial role. The observed high
dielectric constant with the dielectric relaxation for the cubic ceramic compounds is
predominantly due to the interaction of the oxygen vacancies induced dipoles with the space
charges. The suitable iso-valent substitution induced softening of dipolar oscillations as well as
charge doping by Co or Mn enhances the above interaction. This, in turn, significantly upgrades
the values of the dielectric constant to very high levels (>10* times) with a wide operational
range of frequency and temperature [14]. Further, the iso-valent substitution of Fe by rare earth
elements increases the rigidity of induced dipoles. The interaction of such rigid dipoles along
with charge doping enhances the dielectric constant to giant values up to 10° (Figure 4.B.6 for
BECN and BGCN) with comparatively lower conductivity values.

The crucial conduction mechanism study shows that the dc conductivity contribution originates
in different proportions from the oxygen vacancy induced free charges as well as from the
introduction of doped electrons owing to the substitution of Fe’* (3d”) by Co™ (3d°). Present
analysis of the frequency exponent § based on the Jump Relaxation Model completely
bifurcate the conductivity response originating from (1) the free doped charges, (2) the induced
space charges, and (3) the oxygen vacancy induced dipoles in the entire measured frequency
range. The nonlinear nature of the ac conductivity mainly obeys the hopping mechanism of
charge carriers [14]. The rare earth doped samples where the hopping barrier is sufficiently large
the conduction carriers follows the quantum mechanical tunneling. Here the large polarons
developed near the defect centers are dominant conduction carriers. The conductivity curves

for intermediate compositions BFCN-10C and BFCN also demonstrate significant polaron
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tunneling. The temperature, as well as distortions along the chains of -Nb-Fe/Co-Nb-, decides

the percentage contribution of polaron tunneling and/or cotrelated bartrier hopping to the

conductivity [25].

4B.5 Electrical Polarization Studies: P-E loop Analysis:

The P-E loop measurement is one of the necessary characterizations to ensure the ferroelectric
nature of the samples. The polarization values for ceramic samples are generally influenced by
the conductivity originating from the defects and oxygen vacancies developed during the
synthesis of samples [31-32]. The polarization for such ceramic compounds could not attain
saturation due to leakage current. In order to analyze the effects of such dc conduction we
conducted our measurement at ac bias field. The measurements were done with variation of
frequency as well amplitude of the electric bias field. Further, the frequency and field dependent
dynamic analysis of PE loop helps to probe the leaky nature of the ferroelectric material [33-
35]. The P-E data collected at different frequencies and amplitude of bias field for our few
samples are presented in the Figure 4.B.46 and Figure 4.B.47. It is to be noted here that the P-E
measurements for the samples containing elements Co or Mn have shown dominant
conductivity influence. The P-E loop for conducting BMN sample (Figure 4.B.47) has shown
nearly elliptical shape instead of ideal square shape. Further, the samples with substitution of
Eu and Y have not shown considerable P-E loop. The P-E loop collected for BEN sample
exhibited very narrow loop with significantly small values of polarization (Figure 4.B.47).
Therefore, the analysis of P-E loop data was conducted only for the BFN, BGN and BFGN
samples. The rest samples are not considered for analysis because of either conducting nature
or very narrow and small size of P-E loop.

The effect of frequency and amplitude of the bias field on the P-E data for BEN, BFGN and

BGN are presented in the figures. The observed very less values of polarization (<1.2 uC/cm?)
suggest very weak dipolar contribution. It is clear from the shape of the P-E loops that it has
not reached to the saturation values of polarization. The conductivity originated from
unavoidable defects like oxygen vacancies limit us to apply high field values required to obtain
saturation polarization. Further, the observed rounded saturation peaks for BFN suggest
comparatively leaky nature of the sample. The observed increment in the size of P-E loop with
increase in amplitude of bias field at constant frequency is in agreement with the expected
behavior of the samples. The increment in the frequency of bias field at constant amplitude

orients the loop towards the bias axis. The loop becomes narrower with reduction in the values
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Figure 4.B.46: The P-E data collected at different frequencies and amplitude of bias field for BFN and BGN.
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of maximum polarization (P, ) and remanent polarization (P.). The values of maximum

polarization (P, ), remanent polarization (F.), reverse remanent polarization (—F.), coercive

field (E.) and reverse coercive field (—E..) with variation of bias amplitude and bias frequency
are presented in the Figure 4.B.48 and Figure 4.B.49 respectively. It is evident from both the

figures that the overall values of P, and F. are higher for the BFN ceramic while lower for

max

the BGN ceramic. The values of P

max

and P. for BFGN ceramic are little higher than the

values of BGN. The non-linear variation of B, .., P. and E_ with the bias amplitude observed

max > r
for the BFN ceramic (Figure 4.B.48) confirm the increased interaction of charge carriers with

dipoles. Such an interaction is negligible for BEFGN and BGN ceramic. The gradual decrement

in the values of P, P. and E_ with increase in the frequency of bias voltage can be noticed

from the Figure 4.B.49. The linear increment with bias voltage and gradual decrement with the
bias frequency in the values of polarization for BEFEGN and BGN suggest normal ferroelectric

nature of the samples.

4B.4 Summarg of Optical and Flectrical Characterization (Bulk):

The prepared ceramic samples fall under the category of wide band gap semiconductors. In
spite of cubic symmetry the samples show high values of dielectric constant. The analysis of the
electrical transport suggests the significant contribution of oxygen vacancies induced local
lattice distortions in the observed high values of dielectric constant. However, the flexibility or
rigidity of the oxygen vacancies along with the doping of free charge carriers plays a crucial role
in obtaining the giant level of dielectric constant along with moderate level of conductivity. The
leaky nature of P-E loop prevents the possible use of samples in ferroelectric storage
applications. At the same time nearly constant values of giant dielectric constant in the wide
temperature and frequency range provides an opportunity to use these samples in capacitor

industries or sensor devices operating at high frequencies.
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CHAPTER 4C

Results and Discussion (Bulk). Magnetic Characterization

(Magnetic Hysteresis and Magnetization Studies of Bulk Samples)

In order to probe the multiferroic properties of the samples magnetic studies were carried out
and analyzed in detail. The results of magnetic hysteresis studies and temperature dependent
magnetization studies are discussed here. The theoretical modeling of M-H and M-T data is
presented to probe the observed magnetic interaction. The reason for observed behavior is also

been discussed.
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In recent scenario the compounds exhibiting multiferroic properties have gathered more

attention. The co-existence of ferroelectric as well as ferromagnetic properties in a single
compound is defined as multiferroic property. The studies of multiferroic compounds are of
much more importance due to their wide industrial applications. In the present work,
possibilities of magnetic nature of our samples have been investigated using magnetization
studies of our samples. The change in the magnetic properties of BFN on substitution of Fe by
Co and Gd is presented here. We have carried out the magnetic characterization for five
samples; viz., BEN, BFCN, BCN, BFGN and BGN only. The measurement of magnetic
moment is done with the variation of magnetizing field as well as with the variation of

temperature.

4C.1 Magnetic Field Dependent Magnetization Studies: Magnetic Hysteresis (M-H
Loop):

The measurement of magnetic moment (M) with variation of magnetizing field (H), in both

forward (+ve) and reverse (-ve) direction results in a curve, generally known as magnetic

hysteresis loop. Such a loop is likely to provide information regarding type of magnetism

available in the compound. The shape of M-H loop along with the values of magnetic moment

helps in identification of magnetic nature of the sample. Here, the study of magnetic hysteresis

loop is carried out in two series of samples:

4C.11 Magnetic Hgsteresis Studies of BFCN Series: [Ba(Fer_XCOXNl')O:))Oj]
where X:O, 025, 0.50:

The samples of this series are prepared by substitution of Fe by Co in the BEN compound. It is
known that both Fe and Co show ferromagnetism in the pure metallic form. Though the alloys,
oxides and salts of these elements deviates from the ferromagnetism and exhibit either
antiferromagnetism or ferrimagnetisms. In the present case the compounds under investigation
are complex ceramic oxides containing Fe and/or Co. Therefore the magnetic properties of
these compounds are expected to be influenced by the mutual interactions along with the spin
of unpaired electrons. The magnetic hysteresis loop of these samples collected at two different
temperatures; 5 K and 300 K are presented in the Figure 4.C.1 and Figure 4.C.2 respectively.

It is clearly visible from the Figures 4.C.1 that the BEN, BFCN and BCN compounds exhibit a
narrow opening in the M-H loop at 5 K. The inset clearly magnifies such narrow opening of

the loops justifying presence of ferromagnetism at this temperature. Persistent narrow opening
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of the M-H loop is observed even up to 300 K for the BEN ceramic (Figure 4.C.2) suggesting

presence of ferromagnetism even at room temperature. Contrary to that BFCN and BCN

samples now fail to show such narrow opening of loop at 300 K.
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Figure 4.C.1: The magnetic hysteresis loop for BFN, BFCN and BCN at 5 K.
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Further, the obsetved low values of magnetic moments (M in emu/g) for all these samples at

both temperatures suggest paramagnetic or antiferromagnetic interactions in the compounds.
In order to investigate the observed contradicting magnetic nature of the samples we calculated
the magnetic moment of the samples related to the paramagnetic state using the existing
theories.

According to the Langevin theory of paramagnetism (Classical theory) the Magnetic moment M

of any substance is given by the following equation (Equation 4.C.1.)[1]:

M=M, {cotha—l} ...... “4.C.1)
a

Where, M, = Ny, =Maximum possible moment

a= HH _ Magnetic interaction energy
kT Thermal energy

U, =Maximum moment of each magnetic atom

H =Magnetizing field

k =Boltzmann constant, T = Absolute temperature
m-N,

N =Total number of magnetic atoms = ,
w

In the present case each formula unit of BEN/BFCN/BCN (i.e. Ba(Fe,;Nb,;)O; for

BFN) contributes half magnetic atom,

N:m-NA
2-M,

m =Mass of the sample to be measured

N , = Avogadro number

M, =Molecular weight

Ly =8g\J(J+Duy  Here, 1, = Bohr magneton = 9.27x10™* emu (or erg/Oe).

Mo =g\/(L+S)[(L+S)+1],uB

The orbital spin contributions for the oxides of transition metals are found generally

quenched results in net zero values of orbital quantum number withg =2.

vty = 2S(S + 1),
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But § = spin number =n-s= é Here, n is number of unpaired electrons and

S = 12 is spin of electron.

S Mgy = n(n+2)
For the case of BEFN, BFCN and BCN the values of n are 5, 4.499 and 4 respectively.
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Figure 4.C.3: The measured magnetic moment M for BFN, BFCN and BCN along with

theoretically calculated M (paramagnetic state) at 5 K and 300 K.
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The quantum mechanical theory of magnetic moment deals with the quantization of spin

orientation. The space quantization is applied to the directions of spin resulted in to the

modified equation of magnetic moment given by the following equation (Equation 4.C.2)[1]:

M=M, 2S+lam1(2S+IJa'——Lcom(flj ...... 4.C2)
28 28 2528

Where, M, = N, = NgJ 11, = Maximum possible moment

Mg g
kT kT

a

My = gJ py = Component of y,, in the direction of field

L, =Bohr magneton = 9.27x10' emu (or erg/Oe).

m-N

N =Total number of magnetic atoms = 4 in the present case N =
w M,
discussed earlier

m =Mass of the sample to be measured

N , = Avogadro number

M, =Molecular weight
J=L+S5=0+85=S=sn 2% and g =2 for spin only contribution

In the present case values of n are 5, 4.499 and 4 for BEN, BFCN and BCN respectively.

The values of magnetic moment (M in emu) calculated using both classical and quantum
mechanical theories corresponding to the paramagnetic state of BFN, BFCN and BCN are
presented in the Figure 4.C.3 along with the measured experimental data at both the
temperatures. The clear deviation of experimental data from the theoretical curves is observed
at both temperatures. The observed experimental values of magnetic moment are found quite
lower than the calculated moment related to the paramagnetism. The above results clearly
suggest that the samples exhibit antiferromagnetic ordering at both the temperatures. The
amount of deviation of experimental data from the theoretical values decreases with increasing
concentration of Co. This fact points at decreased strength of antiferromagnetic ordering with
increment in Co concentration. Further, the graph between the magnetic moment (M) and the

temperature normalization of the magnetizing field (H/T) is a quite effective tool to investigate
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the paramagnetic state of the compounds [1]. These curves (M=>H/T) are generally known as

isothermal M-H plots. Such isothermal M-H plots obtained at 5 K and 300 K for BFN, BFCN
and BCN are presented in the Figure 4.C.4.
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Figure 4.C.4: The isothermal M-H plots for BFN, BFCN and BCN at 5 K and 300 K.

The clear separations between both the curves are observed for all the samples. The values of
magnetic moment for low temperature isothermal M-H plots are found to be less than the
values of high temperature isothermal M-H plots. They point to the increased
antiferromagnetic interaction at lower temperatures.

The observed antiferromagnetism in BFN, BFCN and BCN is originated from the antiparallel
alignment of the spin related to the ordered magnetic structure. The BFN is a double
perovskite ceramic oxide with Ba occupying corner positions of the cube and Fe/Nb located at
the centre of oxygen octahedron placed inside the cube. Here in order to balance the over all
charge of the unit cell the strong magnetic ion Fe’* and strong electric ion Nb** occupy places

in ordered manner. The partial negative unit cell of BaFeO, (containing Fe’* at the centre) is
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surrounded by the six partially positive unit cells of BaNbO; (containing Nb”" at the centre)

along all the six axial directions in order to neutralize the compound. Such an ordered
arrangement represents a —Fe—Nb—Fe— chain. The partial substitution of Fe by Co is also
considered to be an ordered system containing chains of —Fe—-Nb—Co—Nb—Fe- since the XRD
pattern has not distinguished the two different phases related to two different chains of —Fe—
Nb-Fe— and —Co—Nb—-Co— [2]. As the spin related to each transition metal element represents
a lattice point of a magnetic structure. The spin of the nearest neighbor lattice point in the six
axial directions are found to align predominantly in the antiparallel direction. This results in
observed antiferromagnetism of the compounds. In addition, the observed weak
ferromagnetism related to the narrow opening of the M-H loop suggests small amount of
ferromagnetic ordering inside a matrix of antiferromagnetic ordered structure. Such a dual
property of compounds suggest at the spin glass like behavior of samples [3-5]. This needs
further detailed investigation through susceptibility measurements as a function of temperature

and field.

4C.12 Magnetic Hqsteresis Studies of BFGN Series: [Ba(Fer_XGdXN]DOj)O}]
where X=0,0.25,0.50:

There exists a possibility of samples, where the B-site element Fe is gradually substituted by 4f
rare earth element Gd, to show magnetic behavior due to the spin of unpaired electrons
available at the 4f orbital [1]. Here the contribution from the orbital spin component could also
plays a significant role. The unpaired electrons of inner 4f shell are shielded by the surrounding
crystalline field results in unquenched orbital magnetic moment [1]. The nonzero component of
orbital magnetic moment interacts with the spin and exhibit high values of magnetic moment

for the compounds of these elements. The Gd is exhibiting ferromagnetic behavior just bellow
the room temperature (T,. =17°C) [1]. Though, the oxides of the rare earth elements generally

exhibit paramagnetism with high values of magnetic moment per atom [1].

The magnetic hysteresis loop of these samples collected at two different temperatures; 5 K and
300 K are presented in the Figure 4.C.5 and Figure 4.C.6 respectively. In contrast to the
samples of previous series, the samples of this series (BFGN and BGN) have not shown any
opening of M-H loop at both the temperatures. The opening of M-H loop exhibited only by
the BEN sample and absence of such opening in BEFGN and BGN sample is identified clearly
through the magnified view of the low field region presented in the inset of Figure 4.C.5 and

Figure 4.C.6. This observed nature of M-H loop points at absence of ferromagnetism in BFGN
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and BGN samples. In addition the observed less values of magnetic moment (M in emu/g) also

support the absence of ferromagnetic interaction and suggest the possibilities of paramagnetic

or antiferromagnetic ordering in the compounds.
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Figure 4.C.5: The magnetic hysteresis loop for BFN, BFGN and BGN at 5 K.
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Figure 4.C.6: The magnetic hysteresis loop for BFN, BFGN and BGN at 300 K.
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Figure 4.C.7: The measured magnetic moment M for BFN, BFGN and BGN along
with theoretically calculated M (paramagnetic state) at 5 K and 300 K.

The further investigation of observed M-H curve of the samples is done by comparing it with
the theoretically calculated magnetic moment values. The magnetic moments of the samples are
calculated at both the temperatures using the classical theory of paramagnetism (Langevin
theory of paramagnetism) presented by Equation 4.C.1 and quantum mechanical theory of
paramagnetism presented by Equation 4.C.2. In the present case values of n are 5, 5.998 and 7

for BEN, BFGN and BGN respectively. The calculated values of magnetic moment (M in emu)
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corresponding to the paramagnetic state of BEN, BEFGN and BGN are presented in the Figure

4.C.7 along with the measured experimental data at both the temperatures.

The clear deviation observed for the BFN compound is attributed to the presence of small
amount of ferromagnetism as discussed in the eatlier section. On the other hand for the
compound BGN (complete substitution of Fe by Gd in BFN) the experimental values of
magnetic moment are found nearly similar to that of the theoretically obtained curves at both
the temperatures. This observed agreement between experimental values and theoretical curves
suggests paramagnetic nature of BGN in the entire temperature range. The observed marginal
difference in the experimental and theoretical values may be due to consideration of spin only
contribution resulted through the quenched orbital moment. The possibilities of unquenched
deep orbital moment originated from the screening through surrounding crystalline field can
not be neglected for compounds having rare earth elements. The observed deviation of
magnetic moment for the BFGN compound from its theoretically calculated values, suggests
presence of antiferromagnetic ordering in these compounds. The values of magnetic moment
for BEFGN compound lie in between the values of BFN and BGN compound. The comparison
of M-H curves at both the temperatures suggests that the magnetic moment of BFGN
compound represents average sum of the BEN and BGN curves. It cleatly suggest co-existence
of two different type of magnetic interaction in a single compound, viz., antiferromagnetism
related to the BFN ceramic and paramagnetism related to the BGN ceramic. The possibility of
such co-existing different magnetic regions is further supported by the observed distinct phases
(related to BFN and BGN) in the X-ray diffraction studies of this compound.

Further, the observed paramagnetism can be effectively probed through the M>H/T curves,
generally known as the isothermal M-H plots. The isothermal M-H plots obtained at 5 K and
300 K for BEN, BFGN and BGN are presented in the Figure 4.C.8. The both low temperature
(5 K) and room temperature (300 K) isothermal curves found superimposed on each other for
BFGN and BGN compound. This clearly suggests paramagnetic behavior of these compounds.
The observed antiferromagnetism in BFN is originated from the antiparallel alignment of the
spin related to the ordered magnetic structure as suggested eatlier. On the other hand magnetic
interaction is not observed for BGN compound. The paramagnetic nature of BGN compound
is supported by the general observation that the oxides of rare earth elements exhibit
paramagnetism [1]. The observed weak ferromagnetic ordering inside a matrix of

antiferromagnetic ordered structure for the compounds of BFCN series and paramagnetic

166



| PL.D. Thesis on “Effect of Substitution at....... Origin of Giant Dielectric Constant” by Devang D. Shah
Chapter AC:
Results and Discussion (Bulk): Magnetic Characterization I

nature of BGN ceramic needed further detailed investigation through susceptibility

measurements carried out with variation of temperature and field.
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Figure 4.C.8: The isothermal M-H plots for BFN, BFGN and BGN at 5 K and 300 K.

4.C.2 Temperature Dependent Magnetization Studies: (M-T Curves):

The temperature dependent magnetization data collected with two different modes of
measurement; viz., zero field cooled (ZFC) mode and field cooled (FC) mode are likely to
provide fruitful information regarding any magnetic transitions. The temperature dependent
magnetization curves (M-T curves) of all five samples are collected in the temperature range of
5K to 300 K with ZFC-FC mode. Such M-T curves are measured at two different values of
magnetizing field; low field of 500 Oe and high field of 10000 Oe. The Figure 4.C.9, Figure
4.C.10, Figure 4.C.11, Figure 4.C.12 and Figure 4.C.13 show such M-T curves collected for the
BFN, BFCN, BCN, BFGN and BGN samples, respectively. The left axis of magnetic moment
represents ZFC-FC curves collected at low values of field (500 Oe) while the right axis of
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magnetic moment represents ZFC-FC curves collected at high values of field (10000 Oe). The

observed clear separation between ZFC-FC curves in the entire temperature range collected at
500 Oe for BFN sample suggest the dependence of susceptibility on the thermal history of the
sample. The observed separation disappears in the ZFC-FC curves collected at the higher
values of magnetizing field up to 10000 Oe.

In general the magnetization data are recorded during warming cycle of the sample, i.e., from
low temperatures to high temperatures. But in the present case we have found no deviation in
the data even while cooling the sample in field cooled mode (FCC). The observed nature of
magnetization data for BFN sample suggests spin-glass like magnetic behavior of the

compound [6]. The temperature below which such a separation between ZFC-FC curves be

observed, known as freezing temperature 7,. The freezing of magnetic spin bellow this

temperature results in spin-glass or cluster glass state. The presence of spin-glass like magnetic
structure is further supported by the observed unsaturated M-H curve with narrow opening at
low field region which is typical behavior of spin glass [7]. It is to be noted here that other
samples of the series have not shown such a separation between ZFC-FC curves suggesting

absence of spin glass like behavior in each of them.
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Figure 4.C.9: The temperature dependent magnetization data with ZFC-FC mode for
BFN at 500 Oe (left axis) and 10000 Oe (right axis).
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Figure 4.C.10: The temperature dependent magnetization data with ZFC-FC mode for
BFCN at 500 Oe (left axis) and 10000 Oe (right axis).
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Figure 4.C.11: The temperature dependent magnetization data with ZFC-FC mode for
BCN at 500 Oe (left axis) and 10000 Oe (right axis).
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Figure 4.C.12: The temperature dependent magnetization data with ZFC-FC mode for
BFGN at 500 Oe (left axis) and 10000 Oe (right axis)
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Figure 4.C.13: The temperature dependent magnetization data with ZFC-FC mode for
BGN at 500 Oe (left axis) and 10000 Oe (right axis).
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In addition to this BEN, BFCN and BCN samples have shown a peak in the magnetization data

collected during ZFC mode at 500 Oe in the low temperature region. On the other hand
magnetic moment data did not show such a peak in FC mode but exhibited monotones
increase in magnetic moment at low temperatures. This typical bifurcation of ZFC-FC data in
the low temperature region along with observed peak suggests antiferromagnetic transition in

the samples [8]. The temperature values corresponding to peak represents antiferromagnetic

transition temperature generally known as Neel temperature 7). The values of T, for BFN,

BFCN and BCN are 25 K, 19 K and 29 K respectively. The values of T, shifts to lower

temperatures; 11 K, 11 K and <5 K respectively for BEN, BFCN and BCN on increasing the

magnetizing field from 500 Oe to 10000 Oe. This nature of antiferromagnetic transition
temperature T is earlier attributed to the thermodynamic history dependent feature indicating

metastable magnetic state at low temperatures [9-10]. This type of metastable magnetic state is
observed when a small ferromagnetic cluster is formed in the predominantly antiferromagnetic
compound [11]. This is further supported by the observed weak ferromagnetism in the M-H
loop of these compounds. The observed weak ferromagnetism is attributed to the super
exchange interaction between —Fe—Fe— (or —Co—Co— or —Fe—Co-). Such super exchange
interactions are possible only when two magnetic ions occupy the position in the nearby oxygen
octahedron. The presence of such super exchange interactions (of nearby magnetic ions) in the
antiferromagnetically ordered —Fe-Nb-Fe— (or —Co—Nb—-Co— or —Fe-Nb—Co—Nb—Fe-)
compound is likely to be related with the defects and distortions. Although the magnetic
moment exhibited by the super-exchange interaction should be very high but in the present
case the relatively small amount of defects (ferromagnetic clusters) exhibiting super exchange
interaction resulted in the observed very less values of magnetic moment. It is already been
reported eatlier that we have not observed any impurity phase related to the distorted chains in
the XRD pattern along with the main phase. Therefore it clearly suggests that the amount of
such ferromagnetic regions is much smaller than the typical detection limit of XRD
measurement in comparison to the main phase. The samples BFGN and BGN have not shown
presence of any antiferromagnetic transition in the M-T curves down to 5 K (Figure 4.C.12 and
Figure 4.C.13) suggesting paramagnetic nature of the samples up to this temperature.

The investigation of paramagnetic, ferromagnetic or antiferromagnetic nature of the samples

can also be effectively studied through Curie-Weiss law given by Equation 4.C.3.
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Figure 4.C.14: The curie plot fitting for BFN, BFCN, BCN, BFGN and BGN.

Neel Temperature Curie Constant
Sr. Sample T C 4
No P N K
K erg K g Oe?

1 BFN 25 0.00585548 -108.52840244
2 BFCN 19 0.00422695 -96.8394737
3 BCN 29 0.00424486 -84.32802204
4 BFGN - 0.00919933 -17.25504048
5 BGN - 0.01246962 2.80330782
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Table 4.C.1: The fitting parameters of curie plot with Neel temperature.

Where, y, = % = magnetic susceptibility of the compound

Cis Cutie constant and @ is a parameter having positive, negative or zero values.

The values of curie constant C and parameter @ can be obtained by fitting a straight line to

1
the — — T curve. The slope of the straight line gives values of 1/C and its intercept on
Z’ﬂ

temperatute axis gives values of €. The zero intercept (8 =0) represents paramagnetic nature
of the sample in the entire temperature region. This type of paramagnetism can be explained
using the curie law. The non zero values of parameter € indicates deviation from the curie law
of paramagnetism. The positive values of @ represents ferromagnetism and negative € values
suggest antiferromagnetism. It should be noted here that the Curie-Weiss law is valid only in

the paramagnetic region above the transition temperature 1. or T, corresponding to

ferromagnetic or paramagnetic materials respectively. The fitting of curie plot for all five

samples are presented in the Figure 4.C.14. The obtained best fitted parameters are listed in the

Table 4.C.1. It is evident from the figure that the BGN sample shows pure paramagnetic nature

with negligible @ values. The rest four samples viz., BEN, BFCN, BCN and BFGN exhibit
1

antiferromagnetic behavior with negative @ values. Among them the — — T' curves obtained
Km

at low field values (500 Oe) for BEN sample exhibit non linear nature in the entire temperature

range. The observed nonlinearity clearly points at apparent contribution of ferromagnetic

interaction even up to room temperature.

4C.3 Summarg of Magnetic Characterization (Bulk}.

The complex ceramic oxides BFEN, BFCN, BCN and BFGN have exhibited antiferromagnetic
ordering. The BGN ceramic have shown nearly ideal paramagnetic nature in the entire
temperature region. The BFN, BFCN and BCN have shown very weak signal of
ferromagnetism at low temperatures. The BEN ceramic has sustained this weak ferromagnetism
even up to the room temperature. The observed weak ferromagnetism is attributed to the super

exchange interaction between magnetic ions available in the form of ferromagnetic clusters at
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defects and grain boundaries. Since amount of such super exchange interactions is too small

than the predominantly antiferromagnetic ordering, it resulted in to the observed low values of
magnetic moments. The thermal history dependent values of magnetic moment/susceptibility

for BEN ceramic suggest spin-glass like magnetic behavior of the compound.
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CHAPTER 5

Results and Discussion (T]:xin Films)

(Structural, Micro structural, Optical and Electrical Characterization of Thin Film

Samples)

The characterizations of thin films are presented in this chapter. The structural, optical and
clectrical studies of the film are presented here. The obtained results were presented collectively
for detailed analysis. The results are discussed with respect to different composition as well as
with respect to bulk material. Detailed studies on reduction of dimension are presented here.
From the application point of view the radiation effects on the films are also been studied and

discussed in detail.
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5.1 Cyystallographic Structural Studies: (X~Rag Diffraction -~ XRD):

The growth of the desired composition in proper stoichiometry is essential for the successful

deposition of thin films. On the other hand an alteration in the stoichiometry of compound
results in distorted crystal structure and/or generation of secondary crystallographic phases.
The X-ray diffraction analysis is the best tool to study the crystallographic structure of the
compound in bulk as well as thin film form. The presence of secondary phases if any can be
distinctly separated through comparative studies of XRD patterns. Therefore in order to
confirm the single phase formation and to ensure the absence of any impurity phase we have
conducted the crystallographic structural studies through X-ray diffraction. The preliminary
analyses of the collected data were carried out by comparing the patterns of films with that of
respective bulk ceramic. The determinations of crystallite size were done for all the films using
Debye scherrer method (Equation 4.A.1) as well as Williamson — Hall equation (Equation
4.A.2) [1-2]. The induced strain was also estimated using Williamson — Hall equation.

The results are presented and discussed in eight different groups. The sections below explain
the characterization of various films prepared through PLD technique and discussed in
Chapter-3. The induced modifications on irradiating these films by O"" and Ag"" Swift Heavy

Ions (SHI) are also discussed here.

5.11 X-Ray Diffraction Analysis of BFN-1 Films:

The Figure 5.1 shows XRD patterns of as prepared film (BFN-1), film annealed at 600 °C
(BFN-1-An-P), film annealed and irradiated with O"* fluence 5x10"* (BFN-1-An-B) as well as
film annealed and irradiated with O™ fluence 1x10" (BFN-1-An-C). Figure also include XRD

patterns of substrate I'TO and bulk target ceramic BFN for comparison. The pattern for as
prepared film (BEN-1) clearly indicates the amorphous glassy phase formation along with the
small peaks related to substrate ITO. The BFN phase was not developed in the as prepared
films. The films were then annealed at 600 °C in air for one hour. The pure single BEN phase
was obtained now. The peaks related with the substrate (ITO) are indicated by vertical
downward arrow in the figure. The patterns for the irradiated films also sustain the BFN phase.
This clearly suggests that the crystallographic structure of BEN-1 films remains unchanged up
to the O'" fluence 1x10" ions/cm’ The elementary analysis of XRD patterns was done using
Powder X software. The crystal system, lattice parameter and full width at half maxima
(FWHM) of each peak were determined by fitting each of the patterns. The obtained

parameters are listed in Table 5.1.
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Figure 5.1: The XRD patterns of BFN-1 films with BFN-Bulk and ITO. (All patterns

are up lifted by 1000 cps from bellow pattern except BFN-bulk. The peaks indexed with
vertical downward aero are related to ITO.)
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Figure 5.2: The Williamson — Hall plot for BFN-1 films.

In-depth analysis of these patterns was done using Williamson — Hall equation as well as Debye
scherrer method. The Figure 5.2 represents fitting of Williamson — Hall equation for all these

films. The obtained values of crystallite size and induced strain are presented in the Table 5.1.
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The very small and negative values of percentage strain (<0.5) indicates neatly strain less

growth of the films [3]. Further, the values of the crystallite size do not show any unidirectional

nature. The crystallite size does reduce for the films irradiated with O"* ions.

Lattice Crystallite size (nm)
Sr. Sample Sample Details Irradiation| Crystal Para;neter N - Percen.tage
No Fluence |System Debye | Williamson Strain
Scherrer Hall
A)

1 BFN-1 As Prepared - - - - - -

2 | BFN-1-An-P Annealed - Cubic | 4.0529 13 10 -0.19
3 | BFN-1-An-B [Annealed and irradiated B Cubic | 4.0529 12 -0.41
4 | BFN-1-An-C |Annealed and irradiated C Cubic | 4.0529 9 -0.06
5 BFN-2 As Prepared - - - - - -

6 | BFN-2-An-P Annealed - Cubic | 4.0529 12 13 -0.1
7 | BFN-2-An-B |Annealed and irradiated B Cubic | 4.0529 12 15 0.03
8 | BFN-2-An-C |Annealed and irradiated C Cubic | 4.0529 10 14 0.04
9 BFCN As Prepared - - - - - -
10 | BFCN-An-P Annealed - Cubic | 4.0692 11 10 -0.11
11| BFCN-An-B |Annealed and irradiated B Cubic | 4.0692 11 11 -0.03
12| BFCN-An-C |Annealed and irradiated C Cubic | 4.0692 12 12 -0.03
13 BCN As Prepared - - - - - -
14| BCN-An-P Annealed - Cubic | 4.0886 8 19 0.55
15| BCN-An-B |Annealed and irradiated B Cubic | 4.0886 10 10 -0.01
16| BCN-An-C |Annealed and irradiated C Cubic | 4.0886 6 5 -0.33
17 BMN-1 As Prepared - - - - - -
18 | BMN-1-An-P Annealed - Cubic | 4.0909 6 7 0.02
19 | BMN-1-An-B |Annealed and irradiated B Cubic | 4.0909 6 5 -0.07
20 BMN-3 As Prepared - - - - - -
21 | BMN-3-An-P Annealed - Cubic | 4.0909 10 11 0.03
22 | BMN-3-An-B |Annealed and irradiated B Cubic | 4.0909 7 5 -0.4
23 | BMN-3-An-C | Annealed and irradiated C Cubic | 4.0909 6 -0.28
24| BGCN-1 As Prepared - - - - - -
25 |[BGCN-1-An-P Annealed - Cubic | 4.2211 10 21 0.45
26 |BGCN-1-An-A|Annealed and irradiated A Cubic | 4.2211 11 13 0.11
27 |BGCN-1-An-B|Annealed and irradiated B Cubic | 4.2211 10 16 0.31
28 BGCN-2 As Prepared - - - - - -
29 |BGCN-2-An-P Annealed - Cubic | 4.2211 9 23 0.6
30 |BGCN-2-An-B|Annealed and irradiated B Cubic | 4.2211 9 7 -0.25
31 |BGCN-2-An-C|Annealed and irradiated C - - - - -

Table 5.1: The crystal structure parameters obtained through XRD analysis along with
particle size and lattice strain. (Here A,B,C,D are irradiation fluences respectively,

1x10" ions/cm?, 5x10" ions/cm?, 1x10" ions/cm?, and 5x10" ions/cm?.
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9.1.2 X-Ray Diffraction Analysis of BEN-2 Films:

The BFN-2 films were deposited by keeping the substrate temperature higher than the BFN-1

films at 400 °C. The Figure 5.3 shows XRD patterns of as prepared film (BFN-2), film

annealed at 600 °C (BFN-2-An-P), film annealed and irradiated with O™* fluence 5%10"* (BFN-

2-An-B) and film annealed and irradiated with O™* fluence 1x10"” (BFN-2-An-C) along with

substrate I'TO and bulk target ceramic BFN.

T Il‘ T T T T T
6000 | l l .
| BFN-2-An-C || | |
= s I |t i) tenrton S b ]
5 4500 - BFN-2-An-B | T
e [ “ P, "
iy BFN-2-An-P || :
g 3000 MM‘WrW"'MMW’“*"/W““'““”'”"”M‘M"v“’ﬂ\' Mmmwﬁmwwww" Mttt St Seoppaiomodoatonpiiyad
[
= | BFN-2
[femi by e - »
1500 .
IT b
www%«wwwwww WW‘WWWVW?EWMMWNMb}[vvmmw,wwwwwwm«w»m
BFN-Bulk J J\
(| R ! i Jl A i L A }1 i ) i | i ) i JtT”'\‘:
10 20 30 40 5(‘)} 60 70 80
Angle 20 ()

Figure 5.3: The XRD patterns of BFN-2 films with BFN-Bulk and ITO. (All patterns
are up lifted by 1000 cps from bellow pattern except BFN-bulk. The peaks indexed with
vertical downward aero are related to ITO.)

0.016 - | ' . BEN2-ADC
e BFN-2-An-B
4o BFN-2-An-P
0.012 - Line shows Linear Fit of Data_
— N
L - D - _
[]
®
£0.008 - : -
2
0.004 + i
0.000 T ! ! ! R . !
0.0 0.1 0.2 0.3 0.4 0.5 0.6
sind

Figure 5.4: The Williamson — Hall plot for BFN-2 films.
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The pattern for as prepared film (BFN-2) clearly indicates the amorphous glassy phase

formation. The pure single BEN phase was obtained in the films after annealing at 600 °C in air
for one hour (see Figure 5.3). The peaks related with the substrate ITO are indicated by vertical
downward arrow in the figure. The patterns for the irradiated films also sustain the BFN phase.
This clearly suggests that the crystallographic structure of BEN-2 films remains unchanged up
to the above mentioned irradiation of O'" ions. The elementary analysis of XRD patterns was
done using Powder X software. The crystal system, lattice parameter and full width at half
maxima (FWHM) of each peak were determined by fitting each pattern. The obtained
parameters are listed in Table 5.1.

In-depth analysis of these patterns was done using Williamson — Hall equation as well as Debye
scherrer method. The Figure 5.4 represents fitting of Williamson — Hall equation for all these
films. The obtained values of crystallite size and induced strain are presented in the Table 5.1.
The negligible values of percentage strain (<0.1) indicates nearly strain less growth of the films
[3]. In contrast to the BEN-1 films the crystallite size increases marginally for the BEN-2 films

through irradiation with O"" ions.

5.13 X-Ray Diffraction Analysis of BFCN Films:

The BFCN films were deposited by keeping the substrate temperature 400 °C. The Figure 5.5
shows XRD patterns of as prepared film (BFCN), film annealed at 600 °C (BFCN-An-P), film

annealed and irradiated with O™* fluence 5x10'> (BFCN-An-B) and film annealed and irradiated

with O”" fluence 1x10" (BFCN-An-C) along with substrate ITO and bulk target ceramic
BFCN. The pattern for as prepared film (BFCN) clearly indicates the amorphous glassy phase
formation with small peaks related to the substrate ITO. The pure single BFCN phase was
obtained in the films after annealing at 600 °C in air for one hour (see Figure 5.5).

The peaks related with the substrate ITO are indicated by vertical downward arrow in the
figure. The patterns for the irradiated films also sustain the BECN phase. This clearly suggests
that the crystallographic structure of BFCN films remains unchanged up to the above
mentioned irradiation of O ions. The elementary analysis of XRD patterns was done using
Powder X software. The crystal system, lattice parameter and full width at half maxima
(FWHM) of each peak were determined by fitting each pattern. The obtained parameters are
listed in Table 5.1.

In-depth analysis of these patterns was done using Williamson — Hall equation as well as Debye

scherrer method. The Figure 5.6 represents fitting of Williamson — Hall equation for all these
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films. The obtained values of crystallite size and induced strain are presented in the Table 5.1.

The negligible values of percentage strain (<0.1) indicates nearly strain less growth of the films
[3]. Here also the crystallite size increases for the BFCN films through irradiation with O'" ions.

This indicates improvement in crystalline nature of the films with the O’" ion irradiation.
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Figure 5.5: The XRD patterns of BFCN films with BFCN-Bulk and ITO. (All patterns
are up lifted by 1000 cps from bellow pattern except BFCN-bulk. The peaks indexed
with vertical downward aero are related to ITO.)
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Figure 5.6: The Williamson — Hall plot for BFCN films.
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5.1.4 X-Ray Diffraction Analysis of BCN Films:

The BCN films were deposited by keeping the substrate temperature 400 °C. The Figure 5.7
shows XRD patterns of as prepared film (BCN), film annealed at 600 °C (BCN-An-P), film
annealed and irradiated with O"" fluence 5x10"* (BCN-An-B) and film annealed and irradiated
with O”" fluence 1x10"” (BCN-An-C) along with substrate ITO and bulk target ceramic BCN.
The pattern for as prepared film (BCN) clearly indicates the amorphous glassy phase formation.

The pure single BCN phase was obtained in the films after annealing at 600 °C in air for one

hour (see Figure 5.7).

6000
=4500
S
s ‘
- I
> BCN-An-P | “w 1 A
'E 3000 MWWNmewmwﬂ'ﬁw YA | I et St sl s M
=
)
1500 HHTO .
AWXW‘,M\MA>Wﬂ“‘"wmﬁ%wﬂ" W,«W“,, MOt b g T
o O S
= 1 1 1 1 1 1 1 1 1 1 1 1 1 =
10 20 30 40 50 60 70 80

Angle 20 (0)

Figure 5.7: The XRD patterns of BCN films with BCN-Bulk and ITO. (All patterns are
up lifted by 1000 cps from bellow pattern except BCN-bulk. The peaks indexed with
vertical downward aero are related to ITO.)

The peaks related with the substrate ITO are indicated by vertical downward arrow in the
tigure. Here the crystallographic structure of the films gets distorted on irradiating the films
with O™ ions. It is clearly evident from the figure that another impurity phase has been

introduced on irradiating the film with O™ fluence 5%10" ions per cm” (film BCN-An-B). On

irradiating with further higher fluence of 1x10" ions per cm® (film BCN-An-C) the large
crystallites destroy in to further smaller crystallites. The elementary analysis of XRD patterns
was done using Powder X software. The crystal system, lattice parameter and full width at half
maxima (FWHM) of each peak were determined by fitting each pattern. The obtained

parameters are listed in Table 5.1.
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In-depth analysis of these patterns was done using Williamson — Hall equation as well as Debye

scherrer method. The Figure 5.8 represents fitting of Williamson — Hall equation for BCN
phase of all these films. The obtained values of crystallite size and induced strain are presented
in the Table 5.1. The very small values of percentage strain (<0.6) indicates nearly strain less
growth of the films [3]. The crystallite size reduces for the BCN films through irradiation with

O™ ions.
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Figure 5.8: The Williamson — Hall plot for BCN films.

5.1.5 X-Ray Diffraction Analysis of BMN-1 Films:

The BMN-1 films were deposited by keeping the substrate temperature 300 °C. The Figure 5.9
shows XRD patterns of as prepared film (BMN-1), film annealed at 600 °C (BMN-1-An-P) and
film annealed and irradiated with O™ fluence 5x10"* (BMN-1-An-B) along with substrate ITO
and bulk target ceramic BMN. The pattern for as prepared film (BMN-1) clearly indicates the
amorphous glassy phase formation. The pure single BMN phase was obtained in the films after
annealing at 600 °C in air for one hour (see Figure 5.9).

The peaks related with the substrate ITO are indicated by vertical downward arrow in the
figure. The pattern for the irradiated film also sustains the BMN phase. This cleatly suggests
that the crystallographic structure of BMN films remains unchanged up to the above
mentioned irradiation of O ions. The elementary analysis of XRD patterns was done using

Powder X software. The crystal system, lattice parameter and full width at half maxima
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(FWHM) of each peak were determined by fitting each pattern. The obtained parameters are
listed in Table 5.1.
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Figure 5.9: The XRD patterns of BMN-1 films with BMN-Bulk and ITO. (All patterns

are up lifted by 1000 cps from bellow pattern except BMN-bulk. The peaks indexed
with vertical downward aero are related to ITO.)
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Figure 5.10: The Williamson — Hall plot for BMN-1 films.

In-depth analysis of these patterns was done using Williamson — Hall equation as well as Debye

scherrer method. The Figure 5.10 represents fitting of Williamson — Hall equation for all these
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films. The obtained values of crystallite size and induced strain are presented in the Table 5.1.

The negligible values of percentage strain (<0.1) indicates nearly strain less growth of the films

[3]. The crystallite size reduces for the BMN-1 films through irradiation with O'" ions.

9.1.6 X-Ray Diffraction Analysis of BMN-3 Films:

The BMN-3 films were deposited by keeping the substrate temperature 400 °C. The Figure
5.11 shows XRD patterns of as prepared film (BMN-3), film annealed at 600 °C (BMN-3-An-
P), film annealed and irradiated with O"* fluence 5x10"* (BMN-3-An-B) and film annealed and
irradiated with O”" fluence 1x10" (BMN-3-An-C) along with substrate ITO and bulk target
ceramic BMN. The pattern for as prepared film (BMN-3) clearly indicates the amorphous

glassy phase formation. The pure single BMN phase was obtained in the films after annealing at

600 °C in air for one hour (see Figure 5.11).
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Figure 5.11: The XRD patterns of BMN-2 films with BMN-Bulk and ITO. (All patterns
are up lifted by 1000 cps from bellow pattern except BMN-bulk. The peaks indexed
with vertical downward aero are related to I'TO.)

The peaks related with the substrate ITO are indicated by vertical downward arrow in the
tigure. Here the crystallographic structure of the films gets distorted on irradiating the films
with O”" ions. It is clearly evident from the figure that an impurity phase has been introduced
on irradiating the film with O™ fluence 5x10" ions per cm” (film BMN-3-An-B). On irradiating
with further higher fluence of 1x10" ions per cm” (film BMN-3-An-C) not only it re-crystallizes

the BMN phase but also splits the larger crystallites in to nano size (5 nm) crystallites. The
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clementary analysis of XRD patterns was done using Powder X software. The crystal system,

lattice parameter and full width at half maxima (FWHM) of each peak were determined by

fitting each pattern. The obtained parameters are listed in Table 5.1.
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Figure 5.12: The Williamson — Hall plot for BMN-3 films.

In-depth analysis of these patterns was done using Williamson — Hall equation as well as Debye
scherrer method. The Figure 5.12 represents fitting of Williamson — Hall equation for BMN
phase of all these films. The obtained values of crystallite size and induced strain are presented
in the Table 5.1. The very small values of percentage strain (<0.5) indicates nearly strain less
growth of the films [3]. The crystallite size reduces for the BCN films through irradiation with

O’ ions.

5.1.7 X-Ray Diffraction Analysis of BGCN-1Films:

The BGCN-1 films were deposited by keeping the substrate temperature 400 °C. The Figure
5.13 shows XRD patterns of as prepared film (BGCN-1), film annealed at 600 °C (BGCN-1-
An-P), film annealed and irradiated with Ag"" fluence 1x10"” (BGCN-1-An-A) and film
annealed and irradiated with Ag”" fluence 5x10"” (BGCN-1-An-B) along with substrate ITO
and bulk target ceramic BGCN-10C (BGCN). The pattern for as prepared film (BGCN-1)

clearly indicates the amorphous glassy phase formation. The pure single BGCN phase was

obtained in the films after annealing at 600 °C in air for one hour (see Figure 5.13).
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Figure 5.13: The XRD patterns of BGCN-1 films with BGCN-Bulk and ITO. (All

patterns are up lifted by 1000 cps from bellow pattern except BGCN-bulk. The peaks
indexed with vertical downward aero are related to ITO.)
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Figure 5.14: The Williamson — Hall plot for BGCN-1 films.

The peaks related with the substrate ITO are indicated by vertical downward arrow in the
figure. The patterns for the irradiated films also sustain the BGCN phase. This clearly suggests
that the crystallographic structure of BGCN films remains unchanged up to the above

mentioned irradiation of Ag”" ions. The elementary analysis of XRD patterns was done using
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Powder X software. The crystal system, lattice parameter and full width at half maxima

(FWHM) of each peak were determined by fitting each pattern. The obtained parameters are
listed in Table 5.1.

In-depth analysis of these patterns was done using Williamson — Hall equation as well as Debye
scherrer method. The Figure 5.14 represents fitting of Williamson — Hall equation for all these
films. The obtained values of crystallite size and induced strain are presented in the Table 5.1.
The very small values of percentage strain (<0.5) indicates nearly strain less growth of the films

[3]. The crystallite size reduces for the BGCN-1 films through irradiation with Ag"" ions.

5.1.8 X-Ray Diffraction Analysis of BGCN-2 Films:

The BGCN-2 films were deposited by keeping the substrate temperature 400 °C. The Figure
5.15 shows XRD patterns of as prepared film (BGCN-2), film annealed at 600 °C (BGCN-2-
An-P), film annealed and irradiated with O'" fluence 5x10'* (BGCN-2-An-B) and film annealed
and irradiated with O™ fluence 1x10" (BGCN-2-An-C) along with substrate ITO and bulk
target ceramic BGCN-10C (BGCN). The pattern for as prepared film (BCN) clearly indicates

the amorphous glassy phase formation. The pure single BGCN phase was obtained in the films

after annealing at 600 °C in air for one hour (see Figure 5.15).
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Figure 5.15: The XRD patterns of BGCN-2 films with BGCN-Bulk and ITO. (Al
patterns are up lifted by 1000 cps from bellow pattern except BGCN-bulk. The peaks
indexed with vertical downward aero are related to ITO.)
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The peaks related with the substrate ITO are indicated by vertical downward arrow in the

figure. Here the crystallographic structure of the films remains unchanged up to the O”" fluence
510" ions per cm” (film BGCN-2-An-B). On irradiating with further higher fluence of 1x10"
ions per cm’® (film BGCN-2-An-C) the crystalline structure destroys completely in to glassy
phase. The elementary analysis of XRD patterns was done using Powder X software. The
crystal system, lattice parameter and full width at half maxima (FWHM) of each peak were
determined by fitting each pattern. The obtained parameters are listed in Table 5.1.

In-depth analysis of these patterns was done using Williamson — Hall equation as well as Debye
scherrer method. The Figure 5.16 represents fitting of Williamson — Hall equation for all these

films. The obtained values of crystallite size and induced strain are presented in the Table 5.1.
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Figure 5.16: The Williamson — Hall plot for BGCN-2 films.

The very small values of percentage strain (<0.6) indicates nearly strain less growth of the films
[3]. The crystallite size reduces for the BGCN films through irradiation with O’ ions and then

destroys completely into amorphous phase.

5.2 Micro Structural Studies: (Atomic Force Microscopg ~ APM):

The microstructure topography of the films is another important feature to confirm the batter
quality of the films. The Atomic Force Microscopy (AFM) is useful to collect such 3D images
of the films. The surface features like grain growth, cluster formation, defects, micro cracks,

roughness, etc, can be determined using AFM.
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The micrographs are presented and discussed in eight different groups.
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5.2.1 AtomicForce Microscopg of BEN-1 Films:

The Figure 5.17 shows 2D and 3D AFM micrographs of as prepared film (BFN-1), film
annealed at 600 °C (BFN-1-An-P), film annealed and irradiated with O”" fluence 5x10"* (BFN-
1-An-B) and film annealed and irradiated with O”" fluence 1x10"” (BEN-1-An-C). It is revealed

from the images that the clusters of grains with well defined grain boundaries are developed

after annealing the films.

RMS Average | Height of | Maximum |[Maximum
Sr . Roughness | Roughness Max?mum Valley Pe:ak
) Sample Sample Details Available | Depth Height
No.
Peak
(m) | (m) | @m) | (@m) | (m)
1 BFN-1 As Prepared 8.66965 | 6.96057 | 11.3905 | 23.4784 | 31.174
2 BFN-1-An-P Annealed 26.7147 | 20.8361 | 60.9025 | 103.061 | 52.7867
3 BFN-1-An-B |Annealed and irradiated| 15.3862 12.0956 | 25.7655 | 51.9429 | 39.8926
4 BFN-1-An-C |Annealed and irradiated| 23.0445 17.5617 | 45.0217 122.279 | 42.9107
5 BFN-2 As Prepared 5.79113 | 4.69559 | 8.14539 | 16.4231 | 20.1944
6 BFN-2-An-P Annealed 20.02 15.75 42.53 74.00 40.70
7 BFN-2-An-B |Annealed and irradiated| 17.54 13.58 35.66 70.26 40.26
8 BFN-2-An-C |Annealed and irradiated| 16.78 13.34 35.16 64.84 34.28
9 BFCN As Prepared 10.7746 | 8.19586 | 18.1172 | 43.8935 | 34.0417
10 | BFCN-An-P Annealed 20.2197 | 13.7488 | 47.5765 | 112.739 | 40.4266
11 | BFCN-An-B |Annealed and irradiated| 16.6418 | 12.8291 | 29.0333 | 58.3053 | 47.4439
12 | BFCN-An-C |Annealed and irradiated| 16.7043 13.6211 31.568 61.249 | 39.7282
13 BCN As Prepared 8.47249 | 6.91903 | 12.6576 | 28.5457 | 26.3773
14 | BCN-An-P Annealed 18.595 14.8443 | 35.5978 | 71.5954 | 46.0424
15| BCN-An-B |Annealed and irradiated | 17.1327 | 13.9293 | 29.4145 | 56.8237 | 44.4029
16 | BCN-An-C |Annealed and irradiated| 22.3196 | 18.6708 | 36.4714 | 63.6327 | 51.5523
17 BMN-1 As Prepared 10.4623 | 7.73229 | 21.5031 | 39.1242 | 34.8759
18 | BMN-1-An-P Annealed 26.5908 | 21.8092 | 50.3605 | 81.3128 66.51
19 | BMN-1-An-C | Annealed and irradiated | 25.1759 | 20.9139 | 48.9343 | 87.1479 | 46.2851
20 BMN-3 As Prepared 12.8983 | 10.2386 | 20.3563 | 43.3222 | 36.6604
21 | BMN-3-An-P Annealed 18.7538 | 14.9247 33.758 65.464 | 66.1395
22 | BMN-3-An-B | Annecaled and irradiated| 22.6714 | 18.2796 | 44.9384 | 71.2024 | 54.7766
23 | BMN-3-An-C | Annealed and irradiated| 18.9462 | 15.0663 | 35.2864 | 76.8397 | 59.6558
24 BGCN-1 As Prepared 16.6718 | 13.2865 | 28.0482 | 59.9093 | 49.4348
25 | BGCN-1-An-P Annealed 26.7541 | 21.1531 | 49.5407 | 86.0961 | 76.5408
26 |BGCN-1-An-A | Annecaled and irradiated| 22.8306 | 16.2821 | 41.4703 104.071 | 58.8715
27 |BGCN-1-An-B | Annecaled and irradiated| 52.0487 | 43.4658 | 97.3491 161.6 142.008
28 BGCN-2 As Prepared 8.36296 | 6.79285 | 13.5955 | 21.4967 | 24.654
29 | BGCN-2-An-P Annealed 22.5515 | 18.0953 | 43.0103 82.581 52.4009
30 |BGCN-2-An-B | Annealed and irradiated| 16.1634 | 13.1622 | 27.9147 45.266 | 42.8949
31 |BGCN-2-An-C | Annealed and irradiated| 24.8858 19.7983 | 479195 | 87.7102 | 52.9475

Table 5.2: The roughness parameters of films obtained from surface analyses of AFM

micrographs.
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Figure 5.17: The 2D and 3D AFM micrographs for BFN-1 films.
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Figure 5.18: The surface roughness histogram obtained for BFN-1 films.

The detailed processing of the images was done in the light of roughness parameters and
particle height. The surface roughness histograms collected for all micrographs of BFN-1 films
are shown in the Figure 5.18. The obtained different parameters like; rms roughness, average
roughness, height of maximum available peak, maximum peak height and maximum valley
depth are presented in the Table 5.2. The surface roughness of the BEN-1 films decreases on

irradiating the films with O"* ions. The lowest roughness is found for the O™ fluence 5x10"
ions per cm’® (BFN-1-An-B). On irradiating with further higher fluence of 1x10" ions per cm®
(film BFN-1-An-C) the roughness increases slightly. The height of maximum available peak
(maximum available particle size) decreases on irradiating the films with O™ ions. The
minimum particle size is obtained for the O'" fluence of 5x10'* ions per cm® (BFN-1-An-B).

These results are in agreement with the variation in the crystallite size from the XRD analysis.

9.2.2 Atomic Force Microscopy of BFN-2 Films:

The Figure 5.19 shows 2D and 3D AFM micrographs of as prepared film (BFN-2), film
annealed at 600 °C (BFN-2-An-P), film annealed and irradiated with O”" fluence 5x10"* (BFN-
2-An-B) and film annealed and irradiated with O™ fluence 1x10" (BFN-2-An-C). It is revealed

from the images that the clusters of grains with well defined grain boundaries are developed
after annealing the films. The detailed processing of the images was done in the light of
roughness parameters and particle height. The surface roughness histograms collected for all
micrographs of BFN-2 films are shown in the Figure 5.20.

The obtained different parameters like; rms roughness, average roughness, height of maximum

available peak, maximum peak height and maximum valley depth are presented in the Table 5.2.
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Figure 5.19: The 2D and 3D AFM micrographs for BFN-2 films.
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Figure 5.20: The surface roughness histogram obtained for BFN-2 films.

The surface roughness of the BFN-2 films decreases on irradiating the films with O'" ions. The
lowest roughness is found for the highest O”* fluence 1x10" ions per cm® (BFN-2-An-C). The
height of maximum available peak (maximum available particle size) also decreases on
increasing the irradiation fluence. These results are not in agreement with the variation in the
crystallite size from the XRD analysis. It means that because of irradiation the particle size
reduces but the crystallinity improves than that of pristine film. The crystallinity increases up to

fluence 5x10'" ions per cm? and then reduces with higher fluence.

5.2.3 AtomicForce Microscopg of BFCN Films:

The Figure 5.21 shows 2D and 3D AFM micrographs of as prepared film (BFCN), film
annealed at 600 °C (BFCN-An-P), film annealed and irradiated with O’" fluence 5x10"
(BFCN-An-B) and film annealed and irradiated with O™ fluence 1x10" (BFCN-An-C). It is

revealed from the images that the clusters of grains with well defined grain boundaries are
developed after annealing the films. The detailed processing of the images was done in the light
of roughness parameters and particle height. The surface roughness histograms collected for all
micrographs of BFCN films are shown in the Figure 5.22.

The obtained different parameters like; rms roughness, average roughness, height of maximum
available peak, maximum peak height and maximum valley depth are presented in the Table 5.2.
The surface roughness of the BFCN films decreases on irradiating the films with O'" ions. The

lowest roughness is found for the O™ fluence 5x10" ions per cm® (BFCN-An-B). On

irradiating with further higher fluence of 1x10" ions per cm” (film BFCN-An-C) the roughness
increases slightly. The height of maximum available peak (maximum available particle size)

decreases on irradiating the films with O’ ions.
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Figure 5.21: The 2D and 3D AFM micrographs for BFCN films.
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Figure 5.22: The surface roughness histogram obtained for BFCN films.

The minimum particle size is obtained for the O™ fluence of 5%10'* ions per cm* (BFCN-An-
B). These results are not in agreement with the variation in the crystallite size from the XRD
analysis. It means that because of irradiation the particle size reduces but the crystallinity

improves than that of pristine film.

5.2.4 AtomicForce Microscopg of BCN Films:

The Figure 5.23 shows 2D and 3D AFM micrographs of as prepared film (BCN), film annealed
at 600 °C (BCN-An-P), film annealed and irradiated with O™" fluence 5x10"* (BCN-An-B) and
film annealed and irradiated with O™ fluence 1x10"” (BCN-An-C). It is revealed from the

images that the clusters of grains with well defined grain boundaries are developed after
annealing the films. The detailed processing of the images was done in the light of roughness
parameters and particle height. The surface roughness histograms collected for all micrographs
of BCN films are shown in the Figure 5.24.

The obtained different parameters like; rms roughness, average roughness, height of maximum
available peak, maximum peak height and maximum valley depth are presented in the Table 5.2.
The surface roughness of the BCN films decreases on irradiating the films with O™ ions up to
fluence 5x10' ions per cm® (BCN-An-B). On irradiating with further higher fluence of 1x10"
ions per cm® (film BCN-An-C) the roughness increases slightly. The height of maximum
available peak (maximum available patticle size) decreases on irradiating the films with O'" ions.
The minimum particle size is obtained for the O™ fluence of 5x10" ions per cm” (BCN-An-B).
These results are not in agreement with the variation in the crystallite size from the XRD
analysis. It means that because of irradiation the crystallinity reduces but the particle size

increases for the highest fluence.
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Figure 5.23: The 2D and 3D AFM micrographs for BCN films.
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Figure 5.24: The surface roughness histogram obtained for BCN films.
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Figure 5.25: The 2D and 3D AFM micrographs for BMN-1 films.
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9.2.5 Atomic Force Microscopy of BMN-1 Films:

The Figure 5.25 shows 2D and 3D AFM micrographs of as prepared film (BMN-1), film

annealed at 600 °C (BMN-1-An-P) and film annealed and irradiated with O™" fluence 1x10"
(BMN-1-An-C).

It is revealed from the images that the clusters of grains with well defined grain boundaries are
developed after annealing the films. The detailed processing of the images was done in the light
of roughness parameters and particle height. The surface roughness histograms collected for all
micrographs of BMN-1 films are shown in the Figure 5.26.

The obtained different parameters like; rms roughness, average roughness, height of maximum
available peak, maximum peak height and maximum valley depth are presented in the Table 5.2.
The surface roughness of the BMN-1 films decreases on irradiating the films with O'" ions.
The height of maximum available peak (maximum available particle size) also decreases on
irradiating the films with O"" ions. These results are in agreement with the variation in the

crystallite size from the XRD analysis.
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Figure 5.26: The surface roughness histogram obtained for BMN-1 films.

5.2.6 AtomicForce Microscopg of BMN-3 Films:

The Figure 5.27 shows 2D and 3D AFM micrographs of as prepared film (BMN-3), film
annealed at 600 °C (BMN-3-An-P), film annealed and irradiated with O fluence 5x10"
(BMN-3-An-B) and film annealed and irradiated with O™ fluence 1x10"” (BMN-3-An-C). It is
revealed from the images that the clusters of grains with well defined grain boundaries are
developed after annealing the films. The detailed processing of the images was done in the light
of roughness parameters and particle height. The surface roughness histograms collected for all

micrographs of BMN-3 films are shown in the Figure 5.28.
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Figure 5.27: The 2D and 3D AFM micrographs for BMN-3 films.
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Figure 5.28: The surface roughness histogram obtained for BMN-3 films.

The obtained different parameters like; rms roughness, average roughness, height of maximum
available peak, maximum peak height and maximum valley depth are presented in the Table 5.2.
The surface roughness of the BMN-3 films increases on irradiating the films up to O™ fluence
5%x10" ions per cm® (BMN-3-An-C). On irradiating with further higher fluence of 1x10" ions
per cm” (film BMN-3-An-C) the roughness decreases slightly. The height of maximum available
peak (maximum available particle size) also increases on increasing the irradiation fluence.
These results are not in agreement with the variation in the crystallite size from the XRD
analysis. It means that because of irradiation the crystallinity reduces but the particle size

increases.

9.2.7 Atomic Force Microscopy of BGCN-1 Films:

The Figure 5.29 shows 2D and 3D AFM micrographs of as prepared film (BGCN-1), film
annealed at 600 °C (BGCN-1-An-P), film annealed and irradiated with Ag"" fluence 1x10"
(BGCN-1-An-A) and film annealed and irradiated with Ag"" fluence 5x10"* (BGCN-1-An-B).

It is revealed from the images that the clusters of grains with well defined grain boundaries are
developed after annealing the films. The detailed processing of the images was done in the light
of roughness parameters and particle height. The surface roughness histograms collected for all
micrographs of BGCN-1 films are shown in the Figure 5.30.

The obtained different parameters like; rms roughness, average roughness, height of maximum
available peak, maximum peak height and maximum valley depth are presented in the Table 5.2.

15+

The surface roughness of the BGCN-1 films decreases on irradiating the films with Ag”" ions
up to fluence 1x10" ions per cm® (BGCN-1-An-A). On irradiating with further higher fluence
of 5x10" ions per cm” (film BGCN-1-An-B) the roughness suddenly increases.
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Figure 5.29: The 2D and 3D AFM micrographs for BGCN-1 films.
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Figure 5.30: The surface roughness histogram obtained for BGCN-1 films.

The height of maximum available peak (maximum available particle size) also shows similar
sharp increment with the highest fluence of Ag"" ions. These results are not in agreement with
the variation in the crystallite size from the XRD analysis. The observed sudden increase in the

roughness may be due to increased fluence of the very high energy of Ag"”* ions (200 MeV).

9.2.8 Atomic Force Microscopy of BGCN-~10C-2 Films:

The Figure 5.31 shows 2D and 3D AFM micrographs of as prepared film (BGCN-2), film
annealed at 600 °C (BGCN-2-An-P), film annealed and irradiated with O™ fluence 5x10"
(BGCN-2-An-B) and film annealed and irradiated with O™ fluence 1x10" (BGCN-2-An-C). It

is revealed from the images that the clusters of grains with well defined grain boundaries are
developed after annealing the films. The detailed processing of the images was done in the light
of roughness parameters and particle height. The surface roughness histograms collected for all
micrographs of BGCN-2 films are shown in the Figure 5.32.

The obtained different parameters like; rms roughness, average roughness, height of maximum
available peak, maximum peak height and maximum valley depth are presented in the Table 5.2.
The surface roughness of the BGCN-2 films decreases on irradiating the films with O™* fluence
5%x10" ions per cm® (BGCN-2-An-B). On irradiating with further higher fluence of 1x10" ions
per cm” (film BGCN-2-An-C) the roughness increases slightly than the pristine film. The height
of maximum available peak (maximum available particle size) decreases on irradiating the films

with O"* ions. The smallest particle size is obtained for the O™ fluence of 5x10'" ions per cm’

(BGCN-2-An-B) and is increases suddenly for the O™ fluence of 1x10" ions per cm® (BGCN-
2-An-C). The similar behavior is observed in the crystallite size analysis from the XRD up to

the O" fluence of 510" ions per cm® (BGCN-2-An-B).

203



Ph.D. Thesis on “Effect of Substitution at
Chapter d:

Origin of Giant Dielectric Constant” by Devang D. Shah

Results and Discussion (Thin Films)

BGCH-2
Height Range: 47.%4 nm

2301

£
=
% -—
Ly
B
=
-3
==
=
=
o=
-
-2003 1753
X Range: 500 nm
BGCH-2-An-P
Z Range: 1586 nm
=
)
-
L]
£
=
% -
[
e
=
-3
==
=
()
=
-
1
31 284 534
X Range: 500 nm
BGCH-2-An-B
Z Range: 3%.835 nm
=
]
-
E
=
g -
-+
L=
=
-3
==
=
=)
=l
-
-3271 -3021
X Range: 500 nm
BGCH-2-An-C
Z Range: 144.3 nm
g
F
-
g
=
]
£
g
-4
=
-
=
-
A\

-1549 -1299

X Range: 500 nm

-1799

BGCH-2

Znm
anm
A3
2300
2200 1600
¥inm] 2100 A700
2000
Z[nm]
-2000
BGCH-2-An-P
ZInm]
_ 50
1]
-50
2100 500
2000 400
1900 300
¥[nm] 1300 200 X[nm]
1700 100
BGCH-2-An-B
ZInm]
fo
-50
-2400
-1600 -2900
-1700 -3000
Y[nm] -1800 -3100 ¥[nm]
-1900 -3200
BGCH-2-An-C
Znm]
e 50
. 0
‘ -50

-1500

’ -1300
-1400

-1500

-1700
-1600

1500 ¥[nm]

Y[nm]

-1900

Figure 5.31: The 2D and 3D AFM micrographs for BGCN-2 films.
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Figure 5.32: The surface roughness histogram obtained for BGCN-2 films.

The structure destroys at further higher fluence of of 1x10" ions per cm* (BGCN-2-An-C).
These results suggest that the films could not sustain the BGCN phase at such higher fluence
of O ions.
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Figure 5.33: The micro cracks observed in AFM micrographs of annealed films.
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5.2.9 Observation of the Micro Cracks using Atomic Force Microscopy:

The Figure 5.33 represents micro cracks observed through AFM images. It is clearly evident
from the surface features of the films that the micro cracks are developed in the films after
annealing the films at 600 °C. The similar micro cracks are observed for majority of the
samples. The estimated length of such cracks varies from 1 pm to 7 pm with 0.3 pm width.
These typical dimensions of the micro cracks are comparatively larger than the film thickness of
~2000 A (0.2 um). Therefore these films can not be utilized for further electrical

characterization.

5.5 Optical Spectroscopg: Ultra Violet - Visible (UV~Vis.) Spectroscopic Analg sis:

The UV-Vis. spectroscopy is primarily useful to determine the energy band gap of semi-
conducting materials. The optical characterization of the prepared thin films was performed by
UV—vis transmittance measurements. The inset figures presented in the graphs of Figure 5.34
shows such collected transmittance data plotted against the energy of incident photons for the
pristine thin films. The optical absorption coefficient, «; can be calculated from the

transmittance data using the formula:

where, d is thickness of the films and T is the transmittance. The relation between incident
photon energy hv and absorption co-efficient @ can be given by well-known Davis and Mott

equation [4]:
abv=[D(0w-£)] (5.2)

where, constant D is the edge width parameter and £ . represents energy band gap. The

parameter ¥ depends on the type of transition occurs in the material. In the present case we

considered y = % corresponding to the direct allowed transition.
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Figure 5.34: The Tauc’s plot for pristine thin films obtained from the UV-VIS
transmittance data. Inset shows oscillations in transmittance data.
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The plot between (ahv)2 and hv , generally known as Tauc’s plot [5-6], is developed for all the

pristine films to calculate activation energy values. The direct band gap energy E, can be

obtained by extrapolating the linear part of the Tauc’s plot.

;‘(') Film Formula/Substrate (1?:1;1 telfgailelz"]‘;‘gd (f;}))
1 BEN-1 | Ba(Fe,.Nb,.)O,/ITO/Glass 3.56
2 BFN-2 | Ba(Fe,.Nb,.)O,/ITO/Glass 3.53
3 BFCN | Ba(Fe,,:Co,,Nb,:)O,/TTO/Glass 3.58
4 BCN Ba(Co,-Nb,-)O,/ITO/Glass 3.65
5 BMN-1 | Ba(Mn,.Nb,:)O,/ITO/Glass 3.40
6 BMN-3 | Ba(Mn,.Nb,.)O,/ITO/Glass 3.43
7 BGCN-1 | Ba(Gd, ,,Coq ,;Nby O,/ ITO/Glass 3.65
8 BGCN-2 | Ba(Gd, ,,Coy ;;-Nb, ) O4/ITO/Glass 3.63

Table 5.3: The optical band gap values obtained from Tauc’s plot.

The Figure 5.34 represents such Tauc plots for all pristine films. The obtained values of energy

band gap E, are presented in the Table 5.3. The obtained values of enetgy band gap E, (in the

range of 1.8 eV to 3.2 eV) suggest that our samples belong to a category of wide band gap
semiconductors. The observed oscillating nature of the transmittance data in the inset images
of the graphs is likely due to the interference effects. Similar oscillations were reported when

transparent thin films are deposited on transparent substrates [7-8].

5.4 Electrical Characterization:

It is mentioned in the section 5.2.9 that the electrode formation on the surface of the film is not
possible due to the observed micro cracks in the AFM micrographs. How ever the electrical
characterization of BFN-2 films has been performed as it contains negligible micro cracks. The
resistivity analysis, capacitance studies and dielectric loss measurements have been performed
on these films.

The temperature dependent resistivity of BEN-2 films at 1 kHz frequency is shown in the
Figure 5.35. The overall resistivity values decreases with increase in the irradiation fluences of
O"" ions. The observed drop off in resistivity values suggests development of defects like
oxygen vacancies caused by the columnar defects generated by the fast moving ions. The fast

moving ions loose their energy and creates track with local defects during the trajectory through
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matter. These local defects can trap the charges and enhance the charge asymmetry. This type

of defects increases the carrier concentration of electrons and holes.

Resistivity p (m) at 1kHz

10° 3
L | 1 | 1 | 1 | 1 | 1 | 1 | 1 | 1 1 1

50 100 150 200 250 300 350 400 450
Temperature T (OC)

Figure 5.35: The temperature dependent resistivity data of BFN-2 films at 1 KHz
frequency.

In general temperature dependent resistivity can be given by Arrhenius equation:

p= ,ooe[";j ...... (5.3)

where, p, is resistivity at infinite temperature, E, is activation energy, k is Boltzmann

constant and 7 is absolute temperature. This equation suggests monotonic logarithmic

variation in the resistivity data. The Figure 5.35 clearly shows that the resistivity of BFN-2 films
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decreases with increase in temperature up to 350 °C. This suggests normal semi-conducting

behavior of the films; following the above Equation 5.3. The resistivity makes a valley and
starts increasing with temperature above 350 °C. This typical nature of films indicates metal like
conduction in the films. Such change in the nature of resistivity curve points towards presence
of a phase transition. It may also be due to possible change in the mechanism of conduction.
During such transition the activation energy values do not remain constant. Hence such
behavior of resistivity could not be explained by Arrhenius equation. For further analysis of
such unanticipated resistivity data we calculated temperature dependent activation energies

using derivative Equation 5.4 [9-10]:

dnp
E =k
o d(T)

Further, the observed change in the nature of resistivity at 350 °C can be analyzed effectively
through the temperature co-efficient of resistance (T'CR). It is also a very useful tool for
investigation of conduction mechanism along with temperature dependent activation energy

analysis. The TCR can be calculated from the resistivity data using following Equation 5.5 [11]:

TeR=LR _Ldp (5.5)
RdT  pdT

The temperature dependent activation energy values and temperature dependent TCR values

for the BFN-2 films are presented in the Figure 5.36(a) and Figure 5.36(b) respectively. It is

clearly evident from the figure that the activation energy FE, remains constant in the region

near to room temperature. The typical low values (~0.1 eV) of E_ suggests that the conduction

in this region is dominated by the free charge carriers like electrons trapped at singly ionized
oxygen vacancies [12-15]. On increasing the temperature from room temperature to 200 °C, the
singly ionized oxygen vacancies makes a transition to doubly ionized oxygen vacancies. This is
reflected through increase in activation energy to ~0.5 eV.

A normal behavior of semi conducting thin films is to show negative temperature co-efficient
of resistance (NTCR) where as metallic behavior is linked to positive temperature co-efficient
of resistance (PTCR). In the present case the BEN-2 films show number of transitions between

NTCR-PTCR up to 300 °C. As mentioned in our paper [12] the higher dose of SHI irradiation
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using O"* on BFN films suppress such NTCR-PTCR transitions. The observed behavior points

that the origin of these transitions is purely due to local variation in the defects. But in contrast
a strong NTCR-PTCR transition at 350 °C could not be eliminated by means of SHI irradiation

of O™ in BFN films. The transition found splitted in to two for highest fluence of O'". Similar
variation is observed for the E, values also. In addition the activation energy values decreases

sharply up to ~ -2.0 eV and again sharply rises to positive values. These results clearly suggest
that the transition observed at ~350 °C is not only related with the changes in the conduction
mechanism but it is also related with a structural transition linked electrical or magnetic phase
transition. The observed sudden transition and its temperature variations with irradiation
fluence can be effectively used to prepare electrical/magnetic switching semi-conducting

device.
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Figure 5.36: The temperature dependent (a) activation energy values and (b) TCR
values for BFN-2 films.

The temperature dependent dielectric analysis of the films is shown in the Figure 5.37. The
Figure 5.37(a) shows variation of capacitance and dielectric loss at 1 MHz frequency with
variation of temperature. The capacitance of the irradiated films improves along with significant

decrement in the dielectric loss. The irradiation of film by O ion results in improvement of
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the quality factor. As discussed in our paper [13] the temperature dependent analysis of

electrical data shows two dielectric relaxation peaks in the capacitance vs. temperature curves.

The overall capacitance also increases with increment in temperature while the dielectric loss

remains nearly unaffected.
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Figure 5.37: (a) The temperature dependent comparison of capacitance and dielectric
loss for BFN-2 films. The temperature dependent (b) capacitance and (c) dielectric loss
at four different frequencies for BFN-2 films. (d) The variation of capacitance and
dielectric loss with different irradiation fluence of O’" ion at four different temperatures
measured at 1 MHz frequency.

The in depth analysis of the data is done along with the variation of frequency. The Figure
5.37(b) shows temperature variation of capacitance at four different frequencies. The values of

capacitance for pristine film are found to be very small. The frequency or temperature
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dispersion is not observed for pristine film. On the other hand irradiated films shows increase

in dispersion with increment in O'" ion fluences. Further, the dielectric relaxation has also been
introduced due to irradiation. For the first fluence of 1x10" ions/cm? a very broad relaxation
peak is observed. The same peak is enhanced and splitted in two by increasing the fluence up to
1x10" ions/cm® The enhancement in capacitance as well as introduction of dielectric
relaxations with irradiation is caused by the columnar defects generated by the fast moving ions
as pointed out earlier.

The Figure 5.37(c) shows variation of dielectric loss with frequency as well as temperature
variation for different thin film samples. The comparison shows very high dielectric losses for
the pristine films. Further, variation of dielectric loss does not show any relaxation similar to
the capacitance data. We observed that on irradiation, films show reduction in dielectric losses
as well as frequency dependency. The reduction in dielectric loss can be explained using the
thermal spike model [14-15]. Model suggests that sudden energy loss by fast moving ion causes
local heating at the molecular size. Such localized heating induces local annealing resulting in
rapid re-crystallization and reduction in imperfections induced by oxygen vacancies [15]. The
reduction in oxygen vacancies and/or pinning of charge carrier is the likely reason for the
observed reduction in dielectric loss. We do observe marginal increase in dielectric loss for the
highest fluence of 1x10" ions/cm’ (see Figure 5.37(d)). This marginal rise could be due to the
observed marginal increase in strain which enhances both the capacitance and the dielectric

loss.

5.5 Summary of Thin Film Characterization:

Here, we have successfully synthesized thin films of complex ceramic compounds on
ITO/glass substrate using PLD technique. The pure single phase is developed through
annealing the films in air at 600 °C. The microstructure photographs of the films have revealed
that the grains and clusters are developed on irradiating the films with O'" ions. The O ion
irradiation also helps to improve the crystallinity of the samples. Over all crystal structure of the
films remains nearly unaffected up to the fluence of 1x10" ions per cm” SHI irradiation using
O"" except for BCN and BGCN films. All these films exhibit band gap in wide band semi-

conductor region.
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The electrical properties of the BFN-2 films can be suitably modified using the SHI irradiation.

The film capacitance increases and the loss decreases significantly with the help of 100 MeV
O™ ion irradiation. The SHI irradiation not only modifies the grain boundary strain but also
creates local defects. The collective effect of strain reduction and creation of defects can be a
valuable tool to tune the dielectric properties of these films. Further, a prominently large NTCR
to PTCR transitions is observed at 350 °C. The origin of this transition is likely to be a
temperature dependent structure phase transition rather then a local fluctuating defects. Such a
phase transition may be linked with electrical/magnetic phase transition. This makes BFN film
a promising candidate as switching device. Further, the switching temperature can also be

modified using appropriate SHI irradiation fluence.
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CHAPTER 6

Summary of the Work and Future Scope

(Summarg of Results, Overall Conclusions, Scope for Future works)

This chapter mainly compiles all the major achievements and concrete conclusions of the
work. The over all conclusions of the studies meeting the final requirement of the thesis are

presented here. At the end future scope of the above work is discussed in brief.
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The major findings, achievements and results are summarized here. The summary is followed

by the scopes for future work in this area.

6.1 Summary of Results:

The samples of complex ceramic oxides have been synthesized without the presence of any
impurity phase by conventional ceramic synthesis method. These compounds are prepared by
gradual substitution of Fe in Ba(Fe,;Nb,;)O; by 3d transition elements; Co, Mn and 4f rare
carth elements; Gd, Eu and Y. The formation of pute single/double phase of identical matrix is
confirmed through fitting the XRD patterns. The compounds BFN, BCN, BMN, BGN, BEN,
BYN, BFCN-10C, BFCN, BFCN-40C, BFMN and BGCN-10C have exhibited single phase
formation while the compounds BEFGN, BFEN, BGCN and BECN have shown double phase
formation with identical matrix. The analysis of the XRD patterns revealed that each of these
phases has cubic symmetry. The SEM images of the samples have promised the batter
densification of the samples with less porosity. The good quality of the samples has been
confirmed through values of percentage densification calculated from the structural parameters.
The crystallite size as well as induced lattice strain is also determined from the XRD patterns
for each phase of the compounds. The thermal analysis of the compounds suggests very broad
transition induced by oxygen vacancies for BFN, BFCN and BCN compounds. The BEN
compound has shown a weak sharp transition at higher temperature which could be a possible
phase transition. Further, the values of band gap energy obtained through optical studies have
confirmed the wide band gap semi conducting nature of the samples.

In contradiction to the existing theories of ferroelectricity we observed high values of dielectric
constant in spite of having cubic symmetry for the samples containing 3d transition elements.
On the other hand the samples not containing 3d transition elements viz.; BGN, BEN and
BYN have not shown such high values of dielectric constant with similar cubic symmetry.
Additionally the samples containing 3d transition elements have also simultaneously shown
very high values of conductivity (dielectric loss) along with high dielectric constant. This
resulted in distortion of the P-E loops (leaky nature) for the samples showing high
conductivity. In depth analysis of observed high conduction induced dielectric relaxation is
carried out through four different representations, viz.; impedance representation, permittivity
representation, electric modulus representation and conductivity representation. The Cole-Cole
model of dielectric relaxation and Jump relaxation model (JRM) of ac electrical conductivity

were utilized to separate out the contribution of intrinsic (doped charges) and extrinsic factors
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(space charge and oxygen vacancy induced dipoles). In addition, smaller values of activation

energy points at the significant contribution of oxygen vacancies. Further, the observed large
variations in the electrical response of different samples suggest that the substituted elements at
Fe site play a significant role in enhancing or suppressing the dielectric constant values. The
studies of conduction mechanism revealed that the process of conduction is either hopping or
polaron tunneling. The temperature, as well as distortions along the chains of -Nb-Fe/Co-Nb-,
decides the percentage contribution of polaron tunneling and/or correlated barrier hopping to
the conductivity

The magnetization studies have shown that the complex ceramic oxides BEN, BFCN, BCN
and BFGN have exhibited antiferromagnetic ordering. The BGN ceramic have shown nearly
ideal paramagnetic nature in the entire temperature region. On the other hand the BFN, BFCN
and BCN have shown very weak signal of ferromagnetism at low temperatures. The BFN
ceramic has sustained this weak ferromagnetism up to the room temperature. The observed
weak ferromagnetism is attributed to the super exchange interaction between magnetic ions
available in the form of ferromagnetic clusters at defects and grain boundaries. Since amount of
such super exchange interactions is too small than the predominantly antiferromagnetic
ordering, it resulted in to the observed lower values of magnetic moments. The thermal history
dependent values of magnetic moment/susceptibility for BEN ceramic suggest spin-glass like
magnetic behavior in the compound.

In order to determine the industrial usage of these ceramics we have successfully synthesized
thin films of complex ceramic compounds on ITO/glass substrate using PLD technique. The
pure single phase is developed through annealing the films in air at 600 °C. The SHI irradiation
of the films using O’" ion not only improve the microstructure but also helps to improve the
crystallinity of the samples. The electrical properties of the BFN-2 films can be suitably
modified using the SHI irradiation. The optical studies exhibit band gap in wide band semi-

conductor region for the prepared films.

6.2 Overall Conclusion:

The observed single phase for the compounds with complete substitution of Fe by Co, Mn,
Gd, Eu and Y suggests formation of homogeneous chains of unit cells containing B’ site
element and Nb in ordered manner; i.e. chains of -B'-Nb—B’-Nb—B’—. The charge imbalance
originated by the partially negative unit cell of BaB’O; and partially positive unit cell of

BaNbO; restrict them to be distributed homogeneously in order to neutralize the compound.
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The observed antiferromagnetic (or paramagnetic) ordering observed at low temperatures also

supports the homogeneous distribution of BaB’O; and BaNbO;. Though the observed double
phase in the compounds BFGN, BFEN, BGCN and BECN is due to co-existence of separate
neutralized chains of —B,-Nb-B,’-Nb-B,’— and -B,’-Nb-B,’-Nb-B,’—. Here, the difference
in the atomic size of B,” and B,” elements produce large difference in the length of these
individual chains.

Apart from having giant values of dielectric constants the observed leaky nature of P-E loop
prevents the possible use of samples in ferroelectric storage applications. On the other hand the
nearly constant values of giant dielectric constant in the wide temperature and frequency range
shows the possibilities of use of these samples in capacitor industries or sensor devices
operating at high frequencies. The in-depth analysis through electrical transport suggests that
the local lattice distortions influenced by oxygen vacancies enhances the dielectric constant to
such observed higher values. However, the flexibility or rigidity of the oxygen vacancies along
with the doping of free charge carriers plays a crucial role in obtaining the giant level of
dielectric constant along with moderate level of conductivity.

The SHI irradiation not only modifies the grain boundary strain but also creates local defects in
the films of these compounds. The collective effect of strain reduction and creation of defects
can be a valuable tool to tune the dielectric properties of these films. Further, the switching
temperature of NTCR-PTCR transition can also be modified using appropriate SHI irradiation

fluence. This makes BFN film a promising candidate as switching device.

6.5 Scope for Future Works:

The large amount of work has been carried out to obtain high values of dielectric constant in
last several years. In the present work we have focused on the origin of such observed giant
values of dielectric constant. In order to fulfill the industrial demand we synthesized thin films
of these compounds. Apart from having giant values of dielectric constant the observed very
high conductivity (dielectric loss) prevent these samples (containing 3d elements) to be utilized
for industrial applications on large scale. On the other hand the samples like BaTiO; (BT) along
with the rare earth doped samples BGN, BEN and BYN studied by us exhibit very low loss
and comparatively low values of dielectric constant. The development of such a technique is
highly desirable through which the property exhibiting giant dielectric constant (of compounds

with 3d elements) can be coupled with the property of exhibiting low loss (of compounds with
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4f elements). In order to obtain such a technological tuning between giant dielectric constant of

BCN and negligible loss of BT we planned to prepare multilayer capacitor of these compounds.

(2)
Metal layer

Metal layer
i

-

’ R \ Thickness
BT

(b) Hopping

(c) Tunneling

Figure 6.1: (a) A schematic diagram of proposed multilayered capacitor. The (b) and (c)
represents corresponding change in hopping and tunneling barrier induced at
sandwiched BT layer.
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If the layers of BCN exhibiting high loss with giant dielectric constant are separated by thin

layer of BT exhibiting very low loss than one can develop a material showing low loss along
with high dielectric constant. The Figure 6.1 (a) shows such sandwiched multilayer.
By tuning the thickness of sandwiched BT layer we can obtain desired properties. The tuning
can be done by following the two key points:
(1) Thickness of sandwich layer must be higher than Hopping/Tunneling length of the
charge carriers.
(2) Thickness must be lesser than the range of ferroelectric interaction between the layers
of BCN.
In this way mobility of charge carriers can be restricted satisfying increasing need of high

energy storage devices.

Secondly, various types of materials have been synthesized to probe the ferroelectric nature of
the materials in recent past but very little attention is given to probe the multiferroic or
magneto-electric properties of these compounds. In the present work we have carried out some
magnetization experiments to understand the magnetic interaction in the compounds. The
observed weak ferromagnetic ordering in BFN ceramic sustains even up to room temperature.
This result requires further investigation to probe observed magnetic ordering as either canted
antiferromagnetism or ferromagnetism. The neutron diffraction technique is one of the best
techniques to probe the local magnetic structure of compound. In addition neutron diffraction
analysis can also help in identification of magnetic defect structures which could not be

observed through XRD due to their poor contribution in X-ray scattering.

220



| PL.D. Thesis on “Effect of Substitution at....... Origin of Giant Dielectric Constant” by Devang D. Shah
List of Publications ﬂ

1. “Origin of giant dielectric constant in Ba[(Fe,_ Co,),,Nb, ,]O;” by Devang D. Shah,
P. K. Mehta, M. S. Desai and C. J. Panchal, Journal of Alloys and Compounds 509
(2011) 1800-1808

List of Publications in Refereed Journals:

2. “Temperature dependent switching behavior of BEFN thin films: a wide band gap
semiconductor” by Devang D. Shah, P. K. Mehta, M.S. Desai and C.J. Panchal,
Proceedings of International Symposium on Semiconductor Materials and Devices

(ISSMD-2011) and J. Nano- Electron. Phys. 3 (2011) No1, P. 330-340.

List of Publications in Conference Proceedings:

1. “Dielectric studies of Ba[(Fe, Co,),,Nb,,]O; Compounds” by Devang Shah,
Bhagwati Bishnoi and P.K. Mehta, Proceedings of 52" DAE-SSPS 2007 (P-867).

2. “Structural and dielectric properties of Ba[(Mg, Co,),;Nb,;]O; (X=0.05)" by
Bhagwati Bishnoi, Devang Shah, P.K.Mehta, Dinesh Shukla and Ravi Kumar,
Proceedings of 52" DAE-SSPS 2007 (P-861).

3. “Structural and Dielectric properties of Ba[(Fe, Co,),,Nb,,]O; compounds” by
Devang D. Shah and P.K. Mechta, in the one day seminar at department of Physics,
The M. S. University of baroda, February-2009.

4. “Transport properties of Ba[(Fe, Co,),,Nb,,]O; compounds” by Devang D. Shah
and P.K. Mehta, in the one day seminar at Applied Physics department, The M. S.
University of baroda, February-2009.

5. “Investigation of Electrical Conduction in Ba[(Fe, Co,),,Nb,,]O; Compounds” by
Devang D. Shah and P.K. Mehta, Proceedings of 3 NSAMS-09, Tirunelveli (P-57).

Won the 1* prize for best oral presentation.

6. “Effective permittivity analysis for conducting Ba[(Fe,;Gd,,;)Nb,:]O;” by, Devang
D. Shah, N. V. Patel P.K.Mehta and Ravi Kumar, Proceedings of 54" DAE-SSPS
2009 (P-873)

7. “Structural Investigations of Relaxor Dielectric Compounds - Ba[B’, ,Nb, ,]O;; where

B’=Fe, Co, Y, La, Eu, Gd” by Devang D. Shah, Abstract book of National Workshop

221



| PL.D. Thesis on “Effect of Substitution at....... Origin of Giant Dielectric Constant” by Devang D. Shah
List of Publications ﬂ

on X-Ray Diffraction Techniques and Applications (NWXRD-2010), (P-21) Selected

for oral presentation.

8. “Tuning of High Energy Storage Materials” by Devang D. Shah and P. K. Mehta,
Abstract book of 3" Research Convention (West Zone) — ANVESHAN-2010.

9. “Structural and Impedance Studies of Ba(Mn,;Nb,;)O;” by Devang D. Shah and P.
K. Mehta, Proceedings of 55" DAE-SSPS 2010 (P-275), AIP Conf. Proc. 1349, 1041-
1042 (2011).

10. “SHI Induced Enrichment of the Electrical Properties in BEN Films” by Devang D.
Shah and P. K. Mehta, Proceedings of Seventeenth National Symposium on Solid State
Nuclear Track Detectors and Their Applications (SSN'TD-17).

11. “Structural and Electrical Studies of Ba(Fe,;Gd,,;Nb,;)O;” Devang D. Shah and P.
K. Mehta, Proceedings of 56" DAE-SSPS 2010, AIP Conf. Proc. 1447, 1017-1018
(2012). Won the best poster award.

List of International Recognitions:

1. The XRD Rietveld refinement pattern of Ba(Fe,,Nb,,)O; - (BFN), has been
accepted for publication at International Centre for Diffraction Data (ICDD),

U.S.A. (Ref ID for pattern IA031F).

2. The XRD Rietveld refinement pattern of Ba[Fe,,Co, ,Nb,,]O; - (BFCN) has been
accepted for publication at International Centre for Diffraction Data (ICDD),

U.S.A. (Ref ID for pattern IA031E).

3. The XRD Rietveld refinement pattern of Ba(Co,,Nb,,)O, - (BCN) has been
accepted for publication at International Centre for Diffraction Data (ICDD),

U.S.A. (Ref ID for pattern IA031D).

222






	Devang Shah Thesis

	Front Cover

	Cover page
	Dedication
	Declaration 
	Certificate

	Acknowledgements
	Contents
	List of Figures
	List of Tables
	Chapter 1 Introduction
	1. 1
Ferroelectrics
	1. 2 Relaxor Ferroelectrics
	1. 3 High K Ceramics

	1. 4 Perovskite Structure

	1. 5 Double Perovskite Structure

	1. 6 Barium Niobates

	1. 7 Literature Survey

	References:

	Chapter 2 Statement of the Work and Thesis Objective
	2. 1 Statement of the Work: (Aim of the Present Thesis):
	2. 2 Supplementary Thesis Objectives: (Sub Goals to Achieve Main Aim):
	References:

	Chapter 3 Experimental Procedure
	3. 1 Sample Preparation:
	3. 1. 1 Solid State Reaction Technique: (Bulk Ceramic Sample Preparation):
	3. 1. 2 Pulsed Laser Deposition (PLD) Technique: (Thin Film Sample Preparation):
	3. 1. 3 Swift Heavy Ion (SHI) Irradiation:
	3. 1. 4 Summary of Prepared Samples: (Bulk and Thin Film Samples):

	3. 2 Instrumentation:
	3. 2. 1 Designing and Fabrication of Programmable High Temperature MuffleFurnace: (Working Temperature Up to 1500 °C.)
	3. 2. 2 Sample Holders for Electrical Characterization: (Having Perfect EMIShielding with Temperature Range 80 K to 800 K):
	3.2.2.1 Programmable High Temperature Sample Holder: (Having TemperatureRange 300 K to 800 K):
	3.2.2.2 Programmable Low Temperature Sample Holder: (Having TemperatureRange 80 K (LN2) to 350 K):


	3. 3 Characterization Techniques:
	3. 3. 1 Structural Characterization: (Crystal Structure and MicrostructureStudies):
	3.3.1.1 X-Ray Diffraction (XRD): (Crystal Structure Analysis):
	3.3.1.2 Scanning Electron Microscopy (SEM):
	3.3.1.3 Atomic Force Microscopy (AFM):
	3.3.1.4 Differential Scanning Calorimetry (DSC):
	3.3.1.5 Thermal Gravimetric Analysis (TGA):

	3. 3. 2 Optical and Electrical Studies: (Optical Spectroscopy with ElectricalTransport):
	3.3.2.1 Ultra Violet - Visible (UV-Vis.) Spectroscopy:
	3.3.2.2 Complex Impedance Spectroscopy:
	3.3.2.3 Polarization vs. Electrical field (P-E): (Electrical Hysteresis Curve)

	3. 3. 3 Magnetic Characterization: (Magnetization and Hysteresis):
	3.3.3.1 Magnetization vs. H-field (M-H) Curve: (Magnetic Hysteresis Curve):
	3.3.3.2 Temperature and field dependent Magnetization: (M-T Curve):


	References:

	Chapter 4 Results and Discussion (Bulk)
	Chapter 4A Results and Discussion (Bulk): Structural Characterization
	4.A. 1 Crystallographic Structural Studies: (X-Ray Diffraction - XRD):
	4.A. 1. 1 0BX-Ray Diffraction Analysis of 100% Series: [Ba(XR0.5RNbR0.5R)OR3R] (whereX=Fe, Co, Mn, Gd, Eu, Y):
	4.A. 1. 2 1BX-Ray Diffraction Analysis of BFCN Series: [Ba(FeR0.5-XRCoRXRNbR0.5R)OR3R](where X=0, 0.10, 0.25, 0.40, 0.50):
	4.A. 1. 3 2BX-Ray Diffraction Analysis of BFMN Series: [Ba(FeR0.5-XRMnRXRNbR0.5R)OR3R](where X=0, 0.25, 0.50):
	4.A. 1. 4 3BX-Ray Diffraction Analysis of BFGN Series: [Ba(FeR0.5-XRGdRXRNbR0.5R)OR3R](where X=0, 0.25, 0.50):
	4.A. 1. 5 4BX-Ray Diffraction Analysis of BFEN Series: [Ba(FeR0.5-XREuRXRNbR0.5R)OR3R](where X=0, 0.25, 0.50):
	4.A. 1. 6 5BX-Ray Diffraction Analysis of BGCN Series: [Ba(GdR0.5-XRCoRXRNbR0.5R)OR3R](where X=0, 0.10, 0.25, 0.50):
	4.A. 1. 7 6BX-Ray Diffraction Analysis of BECN Series: [Ba(EuR0.5-XRCoRXRNbR0.5R)OR3R](where X=0, 0.25, 0.50):
	4.A. 1. 8 7BSummary of Crystallographic Structural Studies:

	4.A. 2 Micro Structural Characterization: (Scanning Electron Microscopy -SEM):
	4.A. 2. 1 8BSummary of Micro Structural Characterization:

	4.A. 3 Thermal Analysis: (Differential Scanning Calorimetry – DSC and ThermalGravimetric Analysis – TGA):
	4.A. 3. 1 9BDifferential Scanning Calorimetry – DSC:
	4.A. 3. 2 10BThermal Gravimetric Analysis – TGA:
	4.A. 3. 3 1BSummary of Thermal Analysis:

	4.A. 4 Summary of Structural Characterization (Bulk):
	References:

	Chapter 4B Results and Discussion (Bulk): Optical and Electrical Characterization
	4.B. 1 Optical Spectroscopy: Ultra Violet - Visible (UV-Vis.) Spectroscopic Analysis:
	4.B. 2 Complex Impedance Spectroscopy: Dielectric Spectroscopy:
	4.B. 2. 1 Complex Electrical Analysis of 100% Series:  [Ba(X0.5Nb0.5)O3] (where X=Fe, Co, Mn, Gd, Eu, Y):
	4.B. 2. 2 Complex Electrical Analysis of BFCN Series: [Ba(Fe0.5-XCoXNb0.5)O3] where X=0, 0.10, 0.25, 0.40, 0.50:
	4.B. 2. 3 Complex Electrical Analysis of BFMN Series: [Ba(Fe0.5-XMnXNb0.5)O3] (where X=0, 0.25, 0.50):
	4.B. 2. 4 Complex Electrical Analysis of BFGN Series: [Ba(Fe0.5-XGdXNb0.5)O3] (where X=0, 0.25, 0.50):
	4.B. 2. 5 Complex Electrical Analysis of BFEN Series: [Ba(Fe0.5-XEuXNb0.5)O3] where X=0, 0.25, 0.50):
	4.B. 2. 6 Complex Electrical Analysis of BGCN Series: [Ba(Gd0.5-XCoXNb0.5)O3] (where X=0, 0.10, 0.25, 0.50):
	4.B. 2. 7 Complex Electrical Analysis of BECN Series: [Ba(Eu0.5-XCoXNb0.5)O3] (where X=0, 0.25, 0.50):
	4.B. 2. 8 Ac Conductivity Analysis Collectively for All the Samples:  (‘S’ parameter analysis):
	4.B. 2. 9 Summary of Dielectric Spectroscopy Analysis:

	4.B. 3 Electrical Polarization Studies: P-E loop Analysis :
	4.B. 4 Summary of Optical and Electrical Characterization (Bulk):
	References:

	Chapter 4C Results and Discussion (Bulk): Magnetic Characterization
	4.C. 1 Magnetic Field Dependent Magnetization Studies: Magnetic Hysteresis (M-HLoop):
	4.C. 1. 1 Magnetic Hysteresis Studies of BFCN Series:  [Ba(Fe0.5-XCoXNb0.5)O3] where X=0, 0.25, 0.50: 
	4.C. 1. 2 Magnetic Hysteresis Studies of BFGN Series:  [Ba(Fe0.5-XGdXNb0.5)O3] where X=0, 0.25, 0.50:

	4.C. 2 Temperature Dependent Magnetization Studies: (M-T Curves):
	4.C. 3 Summary of Magnetic Characterization (Bulk):
	References:


	Chapter 5 Results and Discussion (Thin Films)
	5. 1 Crystallographic Structural Studies: (X-Ray Diffraction - XRD):
	5. 1. 1 X-Ray Diffraction Analysis of BFN-1 Films:
	5. 1. 2 X-Ray Diffraction Analysis of BFN-2 Films: 
	5. 1. 3 X-Ray Diffraction Analysis of BFCN Films:
	5. 1. 4 X-Ray Diffraction Analysis of BCN Films:
	5. 1. 5 X-Ray Diffraction Analysis of BMN-1 Films: 
	5. 1. 6 X-Ray Diffraction Analysis of BMN-3 Films: 
	5. 1. 7 X-Ray Diffraction Analysis of BGCN-1 Films: 
	5. 1. 8 X-Ray Diffraction Analysis of BGCN-2 Films: 

	5. 2 Micro Structural Studies: (Atomic Force Microscopy - AFM):
	5. 2. 1 Atomic Force Microscopy of BFN-1 Films:
	5. 2. 2 Atomic Force Microscopy of BFN-2 Films:
	5. 2. 3 Atomic Force Microscopy of BFCN Films:
	5. 2. 4 Atomic Force Microscopy of BCN Films:
	5. 2. 5 Atomic Force Microscopy of BMN-1 Films:
	5. 2. 6 Atomic Force Microscopy of BMN-3 Films:
	5. 2. 7 Atomic Force Microscopy of BGCN-1 Films:
	5. 2. 8 Atomic Force Microscopy of BGCN-10C-2 Films:
	5. 2. 9 Observation of the Micro Cracks using Atomic Force Microscopy:

	5. 3 Optical Spectroscopy: Ultra Violet - Visible (UV-Vis.) Spectroscopic Analysis:
	5. 4 Electrical Characterization:
	5. 5 Summary of Thin Film Characterization:
	References:

	Chapter 6 Summary of the Work and Future Scope
	6. 1 Summary of Results:
	6. 2 Overall Conclusion:
	6. 3 Scope for Future Works:

	List of Publications
	Back Cover





