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Abstract

This thesis contains some fundamental understandings of mechanism related to the
dielectric, ferroelectric and impedance spectroscopicystidAgNbO; and its modified
systems. The results analysis are mostly qualitative in nature which has accounted
previous reported facts while explaining as well as added some new concepts that fits to
be more appropriate. The quantitative figures aredeessed in order to focus more on

the underlying physics for different mechanisms of some particular electric properties in
the titled compounds. The modified systems are designed by partially incorporating
impurity atoms at the Bite of the ABQ perovskte compound. The impurity atoms are
chosen of isovalent (T4 Sb*, V°*) as well as alieovalent (Mfy W®*, Ti*") in nature.

The alieovalent impurities are chosen to design charge carrier (electrotibpés)
systems.The effect of JahiTeller ions (MA*, W** and Tf*) on the ferroelectric
properties also understood and properly explaifidek role of impurities in bringing
structural and microstructural changes and their effect on dielectric, ferroelectric and
other electric properties of the compouisdextensivelyanalysed and discussed in the
subsequent chapters.

This work was carried out to improve the dielectric and ferroelectric properties of
AgNbO; to be an alternative for the hazardous lead (Pb) based ferroelectrics. This is
because the dynans of cations (Ag, Nb) and nature of Ay Nb-O bonds in AgNb®
features similarly to that of the dynamicd cations in PkHbased compounds. The
compound exhibits an exceptionallgrle spontaneous polarisati¢®2e C/ 3 im its
polycrystalline form at stitient appliedfield (22kV/cm) and iscomparable to50

e C/ “ofpolycrystalline PbTi@ceramic, at room temperature. But, the former shows a
poor 0. (?4tl~12kVGvhichnis quite lower than the latter, which is a matter of
concern. Multiple dielecit anomalies also appear in the temperature dependent
permittivity of the compound which is related to the complex coupling betweery NbO
octahedra and the cations dynamics. Therefore, numbers of modifications were carried
out to verify the effects of doptnon dielectric and ferroelectric parameters and to
understand the underlying science of several mechanisms.

Solid state synthesis route is chosen to prepare samples for the investigated compound
(AgNbGs) in which required oxide materials are taken as pascursors (AgD, NOs).

Manual grinding is opted in order to properly mix the oxide powders for their
homogeneous presence. Calcination and sintering are two thermal processes which are
followed to bring the desired phase of the compound and to dénsifellet type sample

for various experiments. The modified systems are titled with the element oxid#,(Ta
Sh0Os, V205, MNO,, W03, TiO,)-doped AgNbQ systems. The amount of element oxides

is measured in molecular weight fraction of b in order to pdially incorporate the

metal elements in place of Nb, at thesiBe of ABQ; perovskite structure. All the
prepared samples are characterised witray diffraction technique (XRD), Scanning
electron microscope (SEM)/Field emission scanning electron sticpe (FESEM), X

ray photoelectron spectroscopy (XPS) and RAMAN spectroscopy to extract the structure
and microstructure information. The frequency dependent electrical parameters
(impedance, dielectric loss, phase angle and capacitance) are collecteédewittip of
Impedance analyser within a broad range of temperature from room temperature (RT),
25°C to 450C. The temperature dependent dielectric constant is extracted from the
impedance data to examine the nature of dielectric anomalies, the effeatliitation

on dielectric constants, Curie temperatures and dielectric losses of the compounds. The
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polarisationelectric field (RPE) hysteresis loops for all the samples are collected by
Radiant precision loop tracer.

The role of precipitated silveparticles in AgNbQ is thoroughly and systematically
investigated by complex impedance spectroscopy within frequency and temperature
domain of 100Hz to 1MHz and 2% to 450°C respectively. Extensive analysis over
relaxation mechanisms verified that only ingic (grain) conduction is the major
contributing source. The absence of extrinsic (interfacial) conduction indicates that the
precipitated silver nano particles has no active role in the electrical properties as these are
supposed to be deposited in vasointerfaces. In the isovalent metal oxides doping,
satisfactory results in ferroelectric properties came ipOSHdoped and YOs-doped
systems. In the $S0s-doped system, the improvedEPloop appeared at higher applied
field. MnO,-doped AgNbQ systemsare prepared successfully by retaining the phase of
the parent systemiow concentration ofMnO, was substituted in molecular weight
fraction (x = 0.02, 0.04) of NKDs to prepare the modifiedgNbO; compoundby solid

state route, with an object to partially incorporkta®* in place of NB* site. The XPS

results identify the presence of manganese irf"Mmd Mn®*'state. The ferroelectric
parameters were improved and results were properly discussegiddgéd AJNDbG;
systems were successfully prepared by retaining the phase of the parent kpstem.
concentration of/VO; was substituted in molecular weight fraction (x = 0.02, 0.04) of
Nb,Os to prepare the modifieddgNbO; with an object toincorporate W' in placeof

Nb°>* to design the electron doped systems. XPS peaks identify the presence of tungsten in
W°®" and W* state and hence confirm the possible hole doping in the modified systems. In
the AWN2 system, the ferroelectric properties reduced but in AWN4 systgnificant
increase in the parameters was observed which were analysed with possible reasons.
Transition metal oxide TiPwas selected to dope with the AgNb€§ystem in order to
partially incorporate T{ in place of NB* cation. XPS results confirmed tipeesence of

Ti** andTi®* state and hence the possible hole doping in the system was successful. In the
TiO,-doped systems, though ferroelectric parameters exhibited high enhanced value but
the shape of the loop approaches lossy feature. Apart from tthes,effect of
modifications on structure, microstructure, dielectric constant, tangent loss, activation
energy, resistance of the materials were accurately reported, sincerely analysed and
properly discussed.

The thesis provides some qualitative infoimatregarding the titled compound which

will benefit the other researchers to go for other transition metal oxide modifications. The
properties of the modified systems are also suitable to be used in capacitors and memory
applications.

Keywords: ceramics;dielectric response; lead frederroelectrics; electrochemical
Impedance spectroscopy
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Chapter 1

Introduction

Oxide materials show amazing electric and magnetic properties on which still lots of
research is going on t&xplorethe underlying fundamental science which is responsible
for variousphenomena [1]. Dielectric, ferroelectric, piezoelectric, eleaptic, optical,
semiconducting, magnetic, giant magnetoresistance, superconducting etc. are some of the
physical properties which have been highly investigated and reported since the lgeginnin
of the last century [3]. The above mentioned properties are reported to be strongly related
to the structure in which the oxide material has been crystallised. Some of the structures
which are more favourable for the oxide materials to crystallise afeutde structure,

(b) Garnet structure, (c) Perovskite structure and (d) spinel structures. Among them, oxide
materials which are crystallised in perovskite (ABGtructures have been studied
extensively since the report of ferroelectricity in Bagi® 1945. Thereafter, perovskite
oxide materials are reported with a range of properties such as: dielectric §CaTiO
KTaG0;), ferroelectric (PbTi@ KNbO;s), piezoelectric (PbZ4xTikOs), electreoptic (Ph-
yLayZri4TixOz), semiconducting (BalLaxTiO3), Magnéic (GdFeQ, LaMnGs), giant
magnetoresistance (LaMnQ), high Tc superconductivity (Y/3BasCuGsx) and many

more. These materials promise for better and suitable application in electronics and
telecommunication industries like: high energy storage dapscNorvolatile computer
memory, microwave communication, sensors, read heads in hard disks, magnetic
detectors, electrolyte in solid oxide full cells, laser etc. The simplicity in their structure
and the versatility in their nature make them moreaetitre for unfolding the science
behind different physical phenomenaf]L

1.1 Perovskite structure

The mineral (CaTig) was discovered by Gustav Rose in 1839 from the samples found in
the Ural mountain and the structure possessed by this mineral is named as perovskite after
a Russian mineralogist, Count Lev Aleksevich von Perovskite.

O
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Figurel.1: ABO; perovskite structure [8].



Figure 12: Perovskite, CaTigl8].

The feature of this structure is a primitive cube with formulaunitAB® er e, GO0 A6 i s
| arger cation in the corner may be a mono\y
smaller cation at the centre of the cube may be a pentavalent, tetravalent and trivalent
element respectively and Oxygen atom occupies the cehtitee faces. The material

which crystallised in perovskite structure can be viewed as a repetition of the formula unit
ABOg, or the repetition of a three dimensional frame work of; BGtahedra or the

repetition of AQ, dodecahedra which are shown in thgufel. It can be detected that

the coordination number of cation A is 12 and for cation B is 6.

Perovskite structure also has its different manifestation such as: (a) double perovskite
(A2BB'Og) or (AA'B,Og) and (b) layered perovskite which is of thrgpes given by (i)
DionJacobson(A[ABrOsn+1)),(i)RuddlesdenPopper(An1BnO;,.][AO][ABO 3]) &

(iii) Aurivillius ([BIiO 2][A n-tMNO3p49]) [1-5].

1.1.1 Characteristics of Perovskite structure

(&) The structure shows a great stability which allowed variation in tolerance factor
(t) that leads to little distortion in the structure without disturbing the basic
framework.

(b) The cations at A and B sites can be a suitable combination of (I, V), (Il,n/) a
(11, 111y oxidation states and hence can be considered as insensitive to the charge
distributions.

(c) The structure can withstand although a considerable departure from ideal
stoichiometry will occur like: (i) oxygen vacancies and (iirsike cation
vacarcies.

1.2 Dielectric and Ferroelectric Perovskite

Modern age electronic equipment is reducing its size for its easy access and
communication purpose but without compromising with the efficiency and durability of
the gadgets. Capacitor is a must element whakles maximum space in the electronic
appliances and therefore, miniaturisation of electronic equipment means miniaturising the
size of the capacitor by retaining the energy storing capacity. This drives the material
scientist to design ceramics of higleléictric constant or improve the existing dielectric
value of some good performer material to the required value by suitable modification.
Therefore, it is very much essential to understand the underlying science for the



mechanisms of dielectric, ferroeteéc and several other parameters relating to electric
transport properties [9].

1.2.1 What is a dielectric?

A dielectric is a class of material that gets polarised when interacts with the external fields
like electric field, magnetic field, thermal field, meadzal field, electromagnetic wave

etc. Four basic polarisation mechanisms have been identified in a dielectric material: (a)
electronic, (b) atomic/ionic, (c) dipolar/orientational and (d) space charge polarisation.
Electronic polarisation is due to theifihg of charge centres of bound negative charge
clouds of electron and positive nucleus due to the application of an electric field. A
second source of polarisation is observed in molecules which are formed by atoms from
different elements. The electrodssplaces towards the stronger binding atoms in the
absence of an electric field. But, the presence of an external field shifts the equilibrium
position of the atoms which creates a dipole moment. This is known as atomic/ionic
polarisation. The third kindof polarisation arises due to the asymmetric charge
distribution in molecules which results in the development of permanent dipole moment.
This dipole reorients according to the applied external field. This is known as
dipolar/orientational polarisatiof.he source of the fourth type of polarisation is due to
the free charge carriers which are restricted in their motion. This is known as space
charge polarisation. These polarisation mechanisms are microscopic in nature which
related to the macroscopic maeable parameter of the material is known as permittivity

[9l.

Nature occurring dielectric materials are found with very less permittivity ranges from 1

to 5 ex: air (1), amber (2.6), glass (3.8) etc. There is a significant effect of the structure of

the compound on its dielectric property. Non centrosymmetric structure has a possibility

of generating permanent dipole moment to give a polar behaviour to the compounds
crystallised in this menmosymmetric $trucluse assowiate a |l we
with polar behaviour as rare combination of fe@mtrosymmetric and ngpolar material

also exists. Ferroelectric materials are a subclass of dielectric material which possesses
nortcentrosymmetric structure show unusual high permittivity near their ticamsi

(Curie) temperatures about which their polar structure changes-ootermone [912].

1.2.2 What is a ferroelectric?

Ferroelectric ceramics are categorical dielectrics of single crystal or polycrystalline solids
composed of crystallites which possess pleeuliar reversible spontaneous polarisation

i.e. they possess permanent electric dipole which reorients in responding to the changing
electric field. The word spontaneous may mean that the polarization has a nonzero value
in the absence of an applied atic field. The word reversible refers to the direction of

the spontaneous polarization that can be reversed by an applied field in opposite direction.
The most prominent features of ferroelectric properties are hysteresis and nonlinearity in
the relationbetween the polarization (P) and the applied electric field (E). This is because
there are some materials with spontaneous polarisation due to theymaoretry and

polar structure but cannot be reversed by changing the direction of the applied field.
Therefore, hysteresis loop is the fingerprint of a material to be recognised as a
ferroelectric material. With increase in temperature the-asmirosymmetric, polar
character of the structure vanishes and stabilise with the increases free energy by adopting
a centrosymmetric, nepolar structure. The temperature at which this polar phase shifts
to the nompolar phase is known as Curie temperaturg) (¥hich associates with the
structural transition from lower symmetry to higher symmetr$,[9-18].



1.2.3.What causes ferroelectric distortion?

Several theories were developed with time to explain the origin of ferroelectricity with its
discovery in different type of materials. Oreisorder theory was formulated for the
early ferroelectric materials like Rioelle salt (KNaGH4Os-4H,O), mono potassium
phosphate (KEPQy) in which hydrogen bond was supposed to be the essential part in
order to exhibit ferroelectricity. Then displacive transition theory was formulated to
explain the ferroelectricity in perovskitexides (BaTiQ, LiNbOs; etc.) in which
octahedral displacement or cation displacement is an essential feature. Then with the
discovery of ferroelectricity in several complex oxides, a more generalised soft phonon
mode theory was conceptualised to expl&norigin. But, the common feature in all the
cases is that the centre of symmetry or inversion symmetry must break due to which
centers of positive and negative charge clouds must shift from each other. This creates a
dipole and as a result net spontargeepalarisation will develop in the unit cell. Therefore,
distortion of the structure to reduce the symmetry is necessary in order to bring
ferroelectric instabilities in a compound systerif].

Paraelectric (PE) Ferroelectric (FE)

Figure 13: Showing the catioand anion positions in the paraelectric phase and their
displacemenin the ferroelectric phase][9

E

Figure 14: P-E hysteresis loop showing ndinear growth of polarisatiomector and its
reversibility [10.

1.2.4.Distortion in a perovskite structure:

In a perovskite structure distortion can be generated most favourably by three types: (i)
octahedral tilting, (ii) cation/anion displacements and (iii) Jaelter distortion. All these
distortions are meant to bring a structin@n its higher symmetry to a lower symmetry.



When the arrangement of the ions makes the system unstable at high energy then it
rearranges the ions in accordingly to creaséable low energy state-g, 1221].

1.2.5.0ctahedral tilting/Cation displacement:

A perovskite structure can be considered as a repetition gfoB@ahedra in a regular
manner. This Bation undergoes a strong hybridisation with the Oxygen anion and hence
develops a bond of both ionic and covalent in nature. Dependingtiuparature of orbit

for B-cation electron exchange takes place between the anion and cation. This develops a
strong coulomb interaction and increases the energy of the system. In order to reduce the
excess energy the-&ation slightly displaces from thewter of the octahedra. Due to this
asymmetry in different BD bond lendt occurs and symmetry lowers [2Z].

Cubic Perovskite
Cubic Perovskite ABO,

Cubic Perovskite ABO, e @ e @

Q0:00

Oxygen — @ S
I ~~ - B-cation

™ A-cation

Distortions ocuring in perovskites:
« Tilting of the octahedra
» Cation displacements
» Jahn-Teller distortions

Electronic, magnetic and dielectric properties
depend on the details of such distortions

Figure 15: Cationsposition in cubic perovskite [11

The oxygen octahedra as a basnit are seen to be tilted or rotated form in some of the
materials crystallised in perovskite structures. The tilting or rotation of these BO
octahedra in particular crystals is explained in terms of a mathematical tool known as
tolerance factor.

1.2.6.Tolerance factor

The tolerance factor is proposed by Goldschmidt in 1923 which is number that provides a
provisional idea about the stability of perovskite structure. Mathematically, it is given by,
t=(ratro) / & 21),where, k1 ionic radius of A cation,gri ionic radius of B cation

and p 1 ionic radius of oxygen anion §29].

For ideal cubic perovskite t = 1, in which the size efcAtion matches approximately to

O- anion to form a perfect closed cubic structure andsibe of the B cation matches to

the interstitial S p @taledray éx: SIT@koy mismatéhsof theo f o r
size of the anion and cations, the toleran
ex: CaTiQ or BaTiG; respectively. Thideads to tilting or rotation of B octahedra in
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order to occupy the available volume for éation which lowers the symmetry of the
system by assuming hexagonal, tetragonal, rhombohedra or orthorhombic structure
though basic framework remains intact. § mechanism associated with displacement of

B cation which may exhibitsfroelectric distortion [-B, 1329).

TiOs-octahedron rotation

Figurel.6: Showing octahedral rotation and the cation displacement [32].
1.2.7.Perovskite structure containing d transition metal

It is observed that the-arbital energy is very sensitive to distortion and covalency which
mostly affects octahedral rotation. It is calculated that whefl @adsition metal will
occupy the octahedral site the Jaheller distortion further favours after crystal field
splitting. Due to the existence small energy gap between the HOMO (valence band) and
LUMO (conduction band) symmetry distortion occur whichkisown as JahiTeller
distortion of second order in order to stabilise HOMO and destabilise LUMO. As an
effect, it reduces the crystal symmetry andems the energy band gap [3/23. It is
observed that for the high valent chtions like Tt*, Nb>*W°®" etc. when occupies the
octahedral centre, it favours the decreasing HOMUMIO splitting and increases the
CatoiOxygen bonding. Again, for theé&" B*tions
Sb*™, Sit* etc., the second order Jahaller distortionleads to a steoactive electron

lone pair [3031].

Due to this distortion, the®dcation displaces from its centre which mismatches the
anionic and cation centre. This leads to the generation of a dipole and polarisation within
a unit cell. The orderingf the displaced cation in the perovskite structure depends upon
the valence requirements of the anion and catiaration repulsion. The spectacular
properties shown by sucH ¢ransition metal perovskites are: dielectric, piezoelectric,
ferroelectic ard insulating etc. [43, 30.

The stabilisation of the HOMO will disappear as soon as tlebdal starts occupying
electrons. The spirspin interaction of unpaired electrons in theobitals develops in
addition to chargé charge interaction which gigerise to magnetic behaviour. This
interaction may be direct or indirect through overlapped oxygen orbital. Such perovskite
material exhibits both electric as well magnetic properties which combination ranges from
(insulating, diamagnetic), (metallic Pauli magnetism), (semiconductor,
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antiferromagnetism), (colossal magnetoresistance, antiferromagnetism) (metallic, spiral
antiferromagnetism) etc. [2, 3, 30, 31]

e‘;’ A ———— _\'3-y2
[ —1-—30-;'2
3d orhim.li-' IOD(] J}1> 0
Ad — | xy
........ iy
...... i )Jz, X

e ' =) \K’g/ D

Figure 1.7: Cation orbital splitting due to crystal field effect and -Jailer distortion [L1].
1.2.8.Jahn1 Teller transition of the second order:

In an electronically degenerate state, if the orbitals are asymmetrically occupied then the
energy of the system will be increased. This forces the system to lower its symmetry in
order to get rid ofthe excess energy which leads towandsodtion and is known as Jahn
Teller distortion as per the due who proposed and explain this mechanism. This distortion
lifts the degeneracy of the system J[3Rnlike other distortions, the offentering of
cationsis of less probability in Jakmeller type. It is observed that the population of
electrons in4y states also affects the octahedral rotation. The higher the population in the
toy State or the low spin state experiences less octahedral rotation. Thesgigh
configuration associates with larger octahedral rotation and hencksbibe cation
displacement [334].

The ferroelectric hysteresis loop finds its application in data storage. At Curie point, a
small electric field can generate a large polarisatidiich can concentrate electric flux
density and results high dielectric constant. This can be used in oagaciigh energy
storage. In drroelectric materials, change in electric polarisation also accompanies with
change in shape and hence can bwss electromechanical transducers and actuators.
Ferroelectric thin films is now an attracting field of interest for the application of non
volatile computer application as the current static and dynamic memory chips lose data
which they contain as so@s the power supplied to the memory chips is interrupted and
is not retrievable. Another application currently under investigation is the use of
ferroelectric materials as electro optic switching devices for optical computers. This idea
is based upon thebdity of a ferroelectric material to change its refractive index under an
applied field.

Uchida et alinvestigated the effect of charge carrier doping by theoretically and matched

with the previous experimental result for confirmation. In their repgof, i-prirgciples

calculations of carriedoping effects in SrTigd t hey explained t he
instabilities after the doping of charge carriers (electron/hole) by photoinduced method. It

7



is theoretically calculated and investigated that due taliege carrier doping the ionic

radii of the constituent elements varies and hence also the tolerance factor. From the first
principle calculation it is observed that the conduction band mostly consistsothdad

of the B-cation centred at oxygen octdra and valence band consists the 2p orbital of

the oxygen anion. When electron as a charge carrier is doped into a system it occupies the
orbital of the Bcation and hence increases its effective radii. This lowers the tolerance
factor and promotes octatiral rotation. When a hole is doped into a system it occupies
the orbital of the oxygen and ifafrrg) is positive then net tolerance factor increases. This
suppresses the octahedral rotatios].[3

Wangetalr eported AFerroelectric Instability
which they explained that the ferroelectric instability in a system requires only a short
range portion of the Coulomb force with an interaction range of the order of the lattice
constant. The doping of electrons screens the long range coulomb interaction and at a
critical charge carrier density the ferroelectric instability vanishes due to the domination
of short range repulsive forawer the coulomb interaction [B6

Till date, materials crystallised with perovskite structure possessing ferroelectric property
has been rigorously investigated and reported by a large numbers. Perovskite titanates
particularly BaTiQ opens the window for investigation to search the origin of
ferrodectricity first time without any hydrogen bond, which was supposed to be the
essential parameter for earlier natural occurring ferroelectric materials. Perovskite
niobates like LINb@, KNbO; were discovered with ferroelectric nature. But, the superior
properties were found in PbTiCand its modified systems. Perovskite niobates such as
LiNbO3;, KNbQ; etc. were discovered with their ferroelectricity in 1949 also provide an
equal opportunity to investigate them to unravel the mystery of ferroelectricityatgba

with the titanates and keeps enormous importance as etecamics for electronics and
engineering. But, the most versatile one is the lead zirconium titanate (PZT) as well as the
other lead based ceramics which exhibit extremely good propetiiek @ominate in its
application as smart materials. But, the toxic nature of lead is not proper and suitable for
large scale consumption as it deteriorate the quality of soil, water and air which threatens
the safety and tranquillity of environment andune. There is a huge uproar worldwide to
reduce the use of lead (Pb) which dominates in its application as smart materials. Hence,
material scientists have shifted their focus to develop lead free ferroelectric materials with
comparable functional propess[1, 7, 12]

Among the several classes of lead free ferroelectric material, perovskite niobates like
LiNbO3 (LN), KNbO3 (KN), NaNbQ; (NN) and their solid solutions like KLN, KNN, and

LNN are also investigated in large scale. These perovskite niobatesantains 54

(Nb®") at their octahedral cage which is supposed to be an essential feature to be good
ferroelectric material. These ferroelectric niobates with their large spontaneous
polarisation are becoming promising materials for laser technolog@sgraphic
techniques, integrated optics, surface acoustic wave devices and high frequency
telecommunication signal processing techniques.

Silver niobate (AgNb@) also crystallised in perovskite structure of Pmg@nmetry at
room temperature. Ag with its effective ionic radius of 1.28A at-gite of eight
coordination numbers and Ribwith its effective ionic radii of 0.69A at Bite of six
coordination numbers within AB{Jormula unit assume a distorted perovskite unit due to
its low tolerance factoof 0.956. The room temperature polarisation versus electric field
(P-E) loop is very slim giving an impression of antiferroelectric grdeown in Fig. 1.9
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But, the presence of small remnant polarisation~(P . 0 4 6 ?) dravé argument in
favour ofweak ferroelectricity. This material came into limelight with the discovery of an
extreme | ar ge spont an?® duis popyaystalling Bt dt o n
sufficient high field (220kV/cm). This value is higher than the polycrystalline PH{RO

5 0Qcnt) and single crystal of BaTiX 2 6 ¢ & And aiso from the polarisation values

of all polycrystalline perovskite niobates. This attracts to choose this material for the

research programnjé2, 49.
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Figure 1.10The atomic displacements along thaxis lead to the spontaneous polarization in the
crystal. (b) For comparison, the patterns for the previously repBltesh(Sciau et al., 2004) are
also given. A cross (+) stands for the center of symmetry iRloenstructure (Yashima et al.,
2011)[57].

1.3 Brief discussion about the literatures on PerovskiteAgNbg

Silver Niobate (AgNbG) was first discovered by Francombe and Lewis in 1958. Since
then, several research groups have been working on this material to explain the basic
mechanism related to the multiple dielectric anomalies in temperature dependent
permittivity plot, weak ferrelectricity, structural transformations etc. and reported the
results in various journals of repute. Some of the groups whose works are very vital in
understanding the intrinsic behaviour of the materials are listed as: Nalbandyan et al.
1980; Lukaszewskiet al. 1983; Kania, 1983, 1998; Kania et al. 1984, 1986;
Pisarski&Dmytrow 1987; Paweczyk 1987; Verweft et al. 1989; Hafid et al. 1992; Volkov
et al. 1995; Fortin et al. 1996; Petzelt et al. 1999; Valant et al. 1999 (I & II); Ratuszna et
al. 2003; Grinbergt al. 2004; Sciau et al., 2004; Saito et al. 2005; Fu et al.2007, 2008(a,
b); Levin et al. 2009, 2010; Yashima et al. 2011; Miga et al. 2011; Chang et al 2012;
Niranjan et al., 2012 etc.

1.3.1.Synthesis of AgNbQ system:

Silver niobate can be preparég conventional sadl state route by taking AQ and
Nb,Os as raw precursors. This method is mostly approached by the researchers due to the
easy availability of metal oxides and is particularly niobium oxide. For chemical route,
water/acid soluble metalitrates are required and preparing niobium nitrate salt is
impossible. Still niobium oxalates {§1sNbO,o:6H,0) are used to prepare the compound
by chemical method. Silver faces volatility problem and hence to maintain stoichiometry
calculated extra (3wt ¥silver oxide is added. Presence of negligibly minute secondary
phases continues to present along with the AgiNjpiiase irrespective to the synthesis
process and condition of preparing. Metallic silver precipitates during high temperature
processing likecalcination and sintering and is easily introduced in solid state synthesis
route. This is confirmed from the high resolution transmissétectron microscopy
(HRTEM), X-ray photoeletron spectroscopy (XPS) etc. [39].
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Figure 1.11 Temperatur@ependence of (a) dielectric constant, (b) dielectric loss, and (c)
polarization (Kania et al., 1984) and 32Bspacing of the lattice (Levin et al., 20099)].

1.3.2 Temperature dependent relative permittivity study of AQNbQ; system:

Six successivedielectric anomalies appear in the temperature dependent relative
permittivity s;dorippuhd ih @viide Aangh bf @mperatsieown in Fig.

1.11 Each dielectric anomaly is associated with particular structural transformation that
brings severaphase transitions. These anomalies are assigned,ad VM3, O;, O, T,

and C: at 67°Ci from orthorhombic M to the orthorhombic M at 260 °Cifrom
orthorhombic M to the orthorhombic N at 350°Ci from orthorhombic M to the
orthorhombic @, 364°Ci from orthorhombic @to the orthorhombic € 387°C 1 from
orthorhombic Qto the tetragonal T, 57%Ci from tetrayonal T to the cubic C phase [39

49]. The low temperature dielectric anomalyaMM, is of relaxor nature, M M3 is a

broad phase transition andsMO; is a sharp phase transition. The dielectric loss also
shows related peaks at corresponding temperatures. RecHmlyy et alreported the
appearance of a phase transition=2¥and (T)
they assigned it a¥lp phase [46 Kania et al.reported that the M M, phase transition
depends upon the concentration of thé*Amtion. The shifting of sharp phase transition
and low temperature dielectric anomaly in a modified system of Aghe@ends upon

the nature oflopants as in Lithium (£) modified system the sharp ¢ O) transition

shifts to higher temperature and MM, transition shifs towards lower temperature |56
However, in potassium (K) modified system all the transition points shift towards lower
temperature. The nature of each phase, structure and the related cation dynamics have
been rigorously investigated through theoretical first principle method as well as several
experimental techniques and the most important are discussed below.
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1.3.3 Ferroelectric study of AgNbGO; system:

A narrow slim polarisation vs. electric field-@ loop appears at room temperature (RT).

A very small value of r ean-alnik \p/oclmaf at0s.att 9 Soer
2.95kV/cm) is found in the polycrystallinené single crystal of AgNb©respectively

shown in Fig. 1.pt7, 48. The debate over its nature whether antiferroelectricity or
ferroelectricity was continued a long time. This came to an end with the acceptance of the
weak ferroelectricity at RT. Fetalr eported a | arge sponftaneou
in its polycrystalline form but at suéfient high field of 220kV/cmshown in Fig. 1.8(b)

[50]. The narrow shape of-B loop continues with increasing field and suddenly evolves

to satur at’eat 220&V/ci.ZThiCdiscorery confirms that the AgNb® a

potentially ferroelectric material in nature. The temperature dependent ferroelectric study

of the compound confirms that ;Mphase is ferroelectric nature, ;Mx M3 are
antiferroelectric whereas @,& C-phases are paraelectric nature [47), 48

1.3.4 Structural study of AgNbO3; system:

Ratuszna et al\Weirauch et al.,, M. Pawelczynd Verweft et alat first suggested that

like NaNbG;, the phase transitions of AgNb@re associated with two basic mechanisms

of phase transitions i.e. octahedral tilting and cation displacements. The high temperature
paraelectric phase transitions between @, T and C are mostly due to the octahedral
tilting. Down to room temperaturé)e phase transitions fromy @ M3 polymorphs is due

to octahedral tilting and the Rbcation displacement from the center of the NbO
octahedra. This ofentering of NB" cation forms dipole and hence the antiferroelectri
orders in the Mpolymorphs p0-53].

X-ray photoelectron spectroscopy study Knuczek et al.also supported the covalent
characters of the chemical bonds between Ag and O as well as Nb and O ions. This result
also supported by the report Bl et al.in which bondlength analysis as theoretically
predicted. It is found that the bond length of-Bgis ~2.43 A in the structure which is
significantly smaller than the sum of A¢L.28 A) and 3 (1.40 A) ionic radii [54

It was after the advancement of the fpsinciples calculatios as well as modern
techniques of synchrotron radiation it is revealed that chemical bonding in the perovskite
oxides is not purely ionic as it was supposed rather it possesses covalent character which
plays a crucial role in the occurrence of ferroeletiriin the perovskite oxides.
Theoretical investigations brinberg et al. and Shigemi et alsuggest that a strong
hybridization exists between Ag and O due to which a largeesfter of Ag at the Aite

of perovskite AgNb@compound is observed like Pb ion in lead based materials. But, the
excess Nb@octahedral rotation of ~ 14.®ccupies the available space for*Agation

within AgO;, chamber. This blocks the proper -cfintering of A§" cation and results

poor polarsaion at low applied field [55, 36

Sciauetali n their report, st r;phadesiusiagXayiandv e st i g
neutron diffractiono confirmed the existe
successfully revealed the essential structahanges related to thesMO,;, OF T and

TzZzC phases but failed to g MpandMzMzphaseh i nf o
They postulated the eexistence of ordered and disordered subsystems in AgNb®

ordered system leads to sharps{MD;) phase transibin and the disordered system leads

to broad (M Z N phase transitions. All the Wphases have orthorhombic symmetry
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with rhombic orientation and lattice parameters wheregh&3e acquires orthorhombic
symmetry (Cmcm) with parallel orientationj phasehas P4/mbm symmetry and C

phase has Pm3m symmetghown in Fig. 1.110ctahedral tilting is found responsible

for high temperature transitions such a8 © and TZC phase wher e
transitions are ascribed to cation displacements. Their study reviwed strong

structural disorder dominates in the paraelectric O and T phases due to the NbO
octahedral tilting whereas the low temperature-paraelectric distortions are dominated

by Ag'* and NB* cation displacements [h7

Levin et al.investigatedhe structural changes underlying the diffuse dielectric response
in AgNbGQ;, using high resolution -ray diffraction, neutron total scattering, electron
diffraction and xray absorption fine structure measurement. They reported the Pbcm
space group in whit all the Mpolymorphs are crystallised having lattice

parameterdcacxlicax4a, where g=4A corresponds to the lattice parameters of ideal
cubic perovskite Their results confirmed the existence of a complicated coupling
between octahedral tilting and loadisplacements of both A§and NB* ion sub lattice.
The coupling becomes stronger at low temperature dielectric anomaty NIY) which
associated with a large NpOctahedral tilting [58

Yashimaetai n t heir report of fstruct wyor ei oft d ea
large extent clarified some of the phenomenal problem. They used convieegemt

electron diffraction, electron diffraction, the neutron and synchrotron powder diffraction

and frst principle calculations to properly investigate the room temperature polar
character. They found the rarest case of ferrielectric ordering of the lattice dipoles in
AgNbO; systems and first time suggested the-nentrosymmetric PmgZpace group to

explain the polar M phase. They explained the net polarisation in AghNimQpolar M,

phase is essentially due to cations displacements alongatkis by lowering to Pma2
norrcentrosymmetric space group from Pbcmpase [58

Niranjan et al.recenty eported titled AFirst principle
AgNbO3 and AgxKNbOs;s ol i d sol uti ono. They suggestec
centrosymmetric (PmgRand centrosymmetric (Pbcm) phases and therefore ferroelectric

and antiferroelectricorder at room temperature. The spontaneous polarisation in the
AgNbO; system is enhanced due to the suppression ofsMie@hedral tilting due to

potassium (K*) substitution of larger ionic radii whichdreases the tolerance factor][60

While From all he above structural investigations, it is verified that both the displacive
transition which accompanies with tilting of Np@©ctahedra and the displacement of
Ag'*, Nb°* cations are responsible for the phase transitions in Aghb@&pound. The
excess octzedral rotation forces the cations in ferrielectric/antiferroelectric order and
blocks the proper oftentering of A§* cation [5061].

1.3.5 High frequency dielectric spectra study of AgNbQ system:

Kugel et al., Hafid et alandFortin et al.studied the high frequency dielectric spectra by
measuring the permittivity at radio wave, microwave, submillimeter wave and infrared
regions for a AgNb@AgTaO; mixed systems. They identified that a relaxation mode
which is associated with the Ribdynanics and that exists in the submillimeter range
which is responsible for diffuse peak of dielectric constant observed in the vicinity of the
M,z M3 transition. The temperature dependence of the low frequency dielectric
permittivity is related to the presenckthis relaxatiormode at high frequency range {62

64].
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Volkov et al.,, Petzelt et alreported that for noferroelectric phases, a negligible
dielectric dispersion is observed with a broad frequency range from 1 kHz ~ 100MHz.
Dispersion observed in the submillimeter region isteelavith one relaxation mode [65

66].

Miga et al. studiedthe linear and nonlinear dielectric parameters wpdfymorphs of
AgNbO; ceramics as well as single crystal. They reported that the linear dielectric
response is dominated by the submillimeter relaxation mode related to *hdyNamics

at (M Z ). The nonlinear dielectric response at lower temperature is due to the
freezing of both A§" and NB* which led to polar weak relaxor ferroelectricity. The polar
M; phase is moreover a glassy dipolar state arise due to the frustration of inter
competition betwen antipolaand polar states [§.7

The strength, relaxation frequency and temperature of its appearance depend strongly on
Nb/Ta ratio and this phenomenon is particularly observed in pure Aglb@amic.

These studies also confirmed that the attradtigh dielectric constant derives its origin

from the contribution of the submillimeter relaxation meal€lielectric susceptibility [62

67].
1.3.6 Modifications on the AgNbQO; systems:

Several modifications are carried out on the AgNbO3 system to enltanekectrical
properties basically weak ferroelectricity at low applied field. Most of the modifications
are carried out by monovalent alkali elements (Li, Na, K) by substituting in place*df Ag
cation, at Asite of the ABQ perovskite structure and mbsthese are carried out by
Kania et al.andFu et al. The most successful results appear in thenadified AQNbQ

system with enhance ferroelectric parameters, large electromechanical coupling factor as
well as improved dielectric values and hence numimérpublished works by several
other groups alsbased on L-imodified system [6§6].

Hu et al.also modified the Alj-site by substituting with bismuth (B) and mostly focus

on the phase transitions and dielectric properties of the modified systheysreported

that with the increase in the content of bismuth the temperature stable dielectric constant
in the vicinity of MbZ  Mphase transition [17

The B (Nb)site is largely modified by substituting with tantalum {Javhich emerged

as an excelldnmicrowave dielectric material. Agdb,.xO3 solid solution shows a rare
combination of high dielectric constants with moderate dielectric losses in a wide range of
temperatureValant etalhave reported hi gh4l4, dighhgudlity i vi ty
factor (Q x f = 711GHi 860GHz,-40°C O T W) ir6tle AgNh,TaOs( 0. 46 O x O 0.
system which created hope on silver niobate (Agib@&s a parent material for
microwave applications8p-86]. Most of the high frequency dielectric spectroscopic
studies hae been carried on the AgNB®@gTaO; solid solution system to understand the
physical mechanism of the broad phase transition ZM N). It is reported that the

increase in Ta concentration lowers the temperature for M Mphase transition [#8

86).

Khan et al and Guo et almodified the AgNbQ system by combined substituting with
Li'* at Ag**-site and Ta" at Nb*-site. They mostly observed the phase transitions during
M-polymorphs and reported the convergence @f M, and M; transitions into a single
broad frequency dependent maximum witbreasing content of lithium [87, B8
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Some progress also proceeded in fabricating the thin film of the AgNhQlifferent
substrates. The substrate also found in controlling the ferroelectric, piezoelectric and
dielectric properties of the compound. Better ferroelectric properties are observed in the
AgNbQ; thin film grown on SrTiQ substrate [89, 91

Silver niobate also shows good photocatalytic property at visible range. This is due to the
acceptable band gap and the presence of metallic silver that precipitates during high
temperature thermal processing of calcination and sintering. Lots of modifications are
carried out on this compad to improve its efficiency [985].

1.4.Motivation of Thesis

Reviewing the above literatures it is concluded that silver niobate is a versatile material
having a wide range of applications ranging from high frequeapgacitors, dielectric
resonators, phase shifters, transducers, and actuators to suitable material for photovoltaic
and visible range photocatalyst. The poor polarisation at low applied field is not an
attractive figure to use it in ferroelectric memorypbgations. According to literatures,

there exists a strong structural similarity of AgNb@th the Pbbased compounds such

as: (i) a strong hybridisation between-®las well as A¢D, (ii) both A (Pb, Ag) and B

(Nb, transition metal ion) site catiofff &centering are present, (iii) a high value okite
distortion for both i.e. Pb (~0.05A) and Ag (~0.03A) and (iv) a strong coupling with the
external applied field. These features of theb@bed materials are the key factors for
their superior ferroeet r i ¢ property. B u t?yalue of golnsationi nt e d
is observed at low applied field is not acceptable to satisfy the above structural features.
However, the material recovers suddenly to an extreme large spontaneous polarisation to
attains at ur at i &)mata(sifizienChigle fiald of 220kV/cm, which is even higher
than the spontaneous polarisation of polycrystalline PHTiG 5 03 and single
crystal B a T°). Thi3 indic&tés ¢hé&t the nmaterial has the potential to bed go

lead free ferroelectric material. Whereas, the unacceptable low polarisation value at low
applied field must be related to the intrinsic complicated Nb€@ahedral rotation and
cations (Ad*, Nb**) dynamics. From the above systematic and effictstussion on
structural investigations it is established that Aghk@stem undergoes NigO@ctahedral

tilting in its high temperature (O, T and C) phase transitions. During lowering of
temperature (M My, M;) this octahedral tilting associate with itdation too to largely

distort the structure of unit cell. This distortion also develops a complex coupling of
cations (Ad*, Nb>") movement and ordering in the respective sub lattice of these cations.

It is calculated that the excess octahedral rotatidd.89 occupies the available space

for Ag'* cation and hence suppresses the proper polarisation. Though, structural distortion
is an essential part in perovskite niobates/titanates to bring ferroelectric property within
them but in silver niobate (AgNkPexcess distortion due to large octahedral rotation is
the hurdle of being a good ferroelectric material. It is stressed that though structural and
electrical studies showed thati;Ndhase in principle antiferroelectric but ferroelectric
properties can bepgeared as a result of slight modification of this state. The appearance
of the multiple dielectric anomalies in th
of dopants can be studied to bring the broaeZ WMi; transition near the room
temperature. Ris will help in designing a temperature stable high dielectric constant
system like AgTayNbyOs system. The metallic silver particle that precipitates during
synthesis and densification process has been traced in HRTEM, XPS etc. Apart from this,
metallic silver nano particles precipitate during high temperature processing like
calcination or sintering of AgNb{ceramic. The role of the precipitated particles in the
electrical properties of the compound is doubtful and has not been properly addressed.
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1.5.0bjective of Thesis:

Therefore, in this thesis it is targeted to improve the ferroelectric parameters by taking
suitable measures which has the ability to reduce distortion. The selective measures are:
() to increase the tolerance factor by substitutivith suitable dopants, (ii) by charge
carrier (hole/electron) doping and (iii) By incorporating the Jaélter active cations at

the octahedral site.

Considering the above measures for improving ferroelectric properties the suitable
dopants are chosen lydging their ionic radii, electronegativity, oxidation states and
potential to be Jahfeller active. In order to create the charge carriers we have chosen
impurity doping method in which a foreign element of different valence (alieovalent) is to
be substuted in place of a selected cation site. In the photoinduced method, charge
carriers are created by photon energy without creating lattice distortion. But in impurity
doping method the parameters of the dopant such as ionic radii, oxidation states,
electonegativity, external orbital, nature of defects like vacancy or interstitial ions etc.
will influence the electrical properties. Apart from this, also effect of isovalent dopant is
studied. From the literatures, it is summarised that the dynamics ofai\im g¢s very
crucial in bringing the multiphase transitions in AgNb&3 well as ferroelectric orders.
Therefore, in this work we have modified the B (Nb) site within the Nb&ahedra of

the ABQO; perovskite. Low molar percentage doping is preferrecetain the identity of
AgNbO; phase. The isovalent dopants,Q¢, Ta,Os and ShOs) and alieovalent dopants
(MnO,, WQ;, TiO,) are chosen to substitute X3 in molar fraction to bring necessary
modifications. The overall objective is summarised as:

) To prepare the samples of bulk AgNb@nd its modified systems through
conventional solid state route.

(i) To characterize with Xay diffraction (XRD), field emission scanning electron
microscopy (FESEM)/scanning electron microscopy (SEMjayX photoelectron
spectroscopy (XPS) and RAMAN spectroscopy to extract the structure and
microstructure information.

(i)  Toevaluateelectrical popertieshy Impedancapectroscopic technique
(iv)  Toevaluatepolarisation vs. electric field (E) hysteresis loap

(v) To examine the enhaamentdeterioration of electrical properties due to
modifications.

(vi)  To correlate the structural and microstructural changes with the obtained results.

(vii)  To correlate the parameters of dopants that influenced the results of the modified
systems.

(vii) Owverall, to nvestigate the underlying science that affects the dielectric,
ferroelectric and other electric properties of the material to increase more
fundamental understandings.

(ix)  To sort out the role of thmetallic silver particleon electrical propertiethrough
complex impedance spectroscopy.
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Chapter 2

Experimental methodology

2.1. Introduction

This chapter contains the procedure for material preparation, experimental and
characterization techniques. The collected data are properly analyzed and are presented in
this thesis. All the experimental works are planned and executed in consultation with the

supervisorso in order

t o
the fundamental physics throughout this work. The Aghb&amic and its modified
systems are prepared by solid state synthesis route. Analytical techniquesrdike X

get more rel

Diffraction (XRD), Raman spectroscopy,-rdy Photoelectron Spectroscopy (XPS),
Scanning Electron Microscopy (SEM), Field Emission Scanning Electron Microscopy
(FESEM) ae used for phase confirmation and structural analysis, examining existing
oxidation states of elements in the compounds and surface morphology of the prepared
samples etdielectric and ferroelectric properties are studied by Impedance analyzer and

P-E loop tracef96-105].

2.2.Samples preparation

AgNbQ; is prepared by following the solid state synthesis rdbdid state method is one
of the oldest synthesis techniquekich is used to prepare the polycrystalline material

abl

In this method the powder issually prepared from the raw mineral oxides or carbonates
by crushing, grinding and milling. There are the various steps for the preparation of
AgNbO; sample which involve solid state route are shown in the flow .chbe various

steps involved in solidtate method to prepare the AgNj&e shown in the flow chart.

Ag,0 and NBbOs are mixed in a stoichiometry proportions and grinded for 2 hasirgy
agate mortar. The mixed powder was calcined at required temperature. Then the calcined
powder was compadleor pelletized using uniaxial press using tungsten carbide die and
finally the samples are subjected for sintering. A detail about calcination and sintering

temperature is given in the respected chapters.

Weighing of Raw oxides in
stoichiometry proportion

)

I8

Grinding in agate
mortar for 2 hrs

f Calcination of the

properly mixed powder:

1L
( Compaction of the
calcined powders

L into pellets

¥

for various
characterisations

.

(( Sintering of the pellets

J

Figure 2.1: Flow chart for solid state reaatimethod for preparation of butidver niobate
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2.3. Characterization techniques

There are several techniques which is used to characterize a Material to have fundamental
knowledge about its basicfeatures. Weemploy these techniques according to the
necessity of information about the materialuaravel. Inceramic type of compounds
mostly use as functional materials researchers are interested to know about the structure,
composition, chemical state, electticand magnetic properties etc. To gather this
information characterization techniques such asydiffraction, Raman spectroscopy,
X-ray Photoelectron Spectroscopy, Scanning Electron Microscopy, Field Emission
Scanning Electron Microscopy are very neeegs\We are briefing under the utility and

the principle of operation for some of the important technique that are availed during our
research.

2.3.1.Structural and microstructural characterization

X-ray diffraction

The structure of a compound in which it isystallized keeps much significance in
governing the physical properties such as electrical, magnetic, optical etc. Therefore, it is
essential to have a basic idea of the position of the cations and anions at the crystal
matrix, the nature of bonding, tlerrounding of each ion and its distance from close
neighbour X-ray diffraction is a significant and naitestructive technique to obtain a
pattern which is the finger print of a material. The position of the peaks will provide the
first information aboutthe phase of the targeted compound. Apart from this, we can
derive lattice constant, bond angles, bond length, crystallite/particle/grain size and strain
etc [99, 100]

Incident X-rays Diffracted X-rays
with a wavelength of A coherent scattering (A)
from lattice planesAand B

Figure.2.2: Constructive interference from the parallel planes

The workingpr i nci pl e of the instrument based up
plane separation comes in the range of wavelengthrafyXand hence able to scatter the
radiation. =~ The constructive interference of the diffractedradiation gives the
interfererce pattern which depends upon the lattice inter planer spacing obeying the law
given by Bragg i.e.

2d sin d= na (2.2)
Wheredistheintep | anar di st ance, d is thiéfracBonagg anr
and & is the wavelength of the incident wa
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parallel planes. This law indicates that the constructive interference of diffracted waves
takes place only when the irfelanar path difference is integnalultiple of the incident
wave length $9-100.

Figure2.3: X-Ray Diffraction unit RIGAKU JAPAN/ULTIMA -IV)

Raman spectroscopy

Raman shift depends upon the nature of the substance and independent of the exciting
radiation. Therefore, it can providbe characteristic feature of a material. Raman shift
can be measured by obtainiRaman spectroscopy which is based on the phenomenon
called Raman scattering, named after the Indian scientist Sir C.V. Raman who first
discovered it in 1928.In Raman scattgrmeasurement, a single frequency light, usually
from a single mode laser source, is made to incident on the sample and scattered light is
coll ected at an angle with respect to the
The inelastically scadted light with lower {stokes scattering} or higher {astokes
scattering} frequencies can be measured with photo detector. The energy difference
between the scattered and incident light is known as Raman shift (usually given in a wave
number crit = 11 with wavelengtH expressed in cm), which equals to the vibrational or
phonon frequency of the sample, as long as selection rule is allowed. The spectrum is
usually presented in terms of the intensity of the Raman scattereddigtitiiaction of

Raman sht [101, 102]

X-ray photoelectron spectroscopy (XPS)

XPS is based on the measurement of the kinetic energy of photoelectrons generated when
the sample is illuminated with soft (1.5 kVjray radiation in an ultrldigh vaccum. If
one xray photon withenergy Im is used to excite an atom in its initial state with energy
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Ei and to eject an electron with kinetic energy, KE, with the atom resulting in a final state
with energy E, one would have the following equation based on total energy conservation

hn+ E= KE + 2.2)

The difference between the photon energy and electron kinetic energy is called binding
energy of the orbital from which the electron is ejected and the ejeletettions arequal

to & - E which is shown in above equation. Since the photon energy is known from X
ray radiation source and the electron

Figure 2.4: XRay photoelectron spectroscop§RS)

KE can be measured, the binding energy can be determined, which gives the energy
difference between final and initial state of the atom involved in transition. This binding
energy is characteristics for different orbitals of specific elements and is yoemidl to

the HartreeFock energy of the electroorbital. Therefore peaks in the photoelectron
spectrum can be identified with the specific atoms and surface composition can be
analysed Because the photoelectrons are strongly attenuated by passaggh tkine
sample of material itself, the information obtained comes from the sample surface, with a
sampling depth on the order of 5 nm. Chemical bonding in molecules will cause binding
energy shifts, which can be usedetdract thenformation of a chemidanature {such as
atomic oxidation statefrom the sample surfacé(1-103.

Scanning Electron Microscope (SEM) and Field Emission Scanning Electron
Microscope (FESEM)

Optical microscopes have limited spatial resolution, usually on the order of a fevetéhundr
nm in the best case scenario, due to the diffraction limit of light. Higher resolution, a few
nm or even sub nm, is needed for many applications, especially in the study of nano
materials. Scanning electron microscopy is a powerful and popular techoiqoeging

the surfaces of almost any materials with a resolution down to about few nm. The image
resolution offered by SEM depends not only on the property of the electron probe, but
also on the interaction of the electron probe with the specimen.riédtion of an
incident electron beam with the specimen produces secondary electrons, with energy
typically smaller than 50eV, the emission efficiency of which sensitively depends on
surface geometry, surface chemical characteristics and bulk chemuabsition. SEM

can thus provide information about the surface topology, morphology and chemical
composition. FESEM gives clearer and less distorted pictures with spatial resolution to 1
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% nm which is &b times better than the conventional SEM. In additethat it produces
high quality and low voltages images with negligiblec&zleal charging of sampled (4
105].

Figure 2.5: Scanning Electron Microscopy (JEOL JS9A84LV)

Figure 2.6: Field Emission Scanning Electron Microscopy (Nova NanoSEM/ FEI)

2.3.2.Electric characterization
Impedance measurement (AC Resistance)

AC resistance measured by the HIOKI impedance analyzer model IM3570 using two
probe method. The data was collected by using the software supplied by the HIOKI
Company which connects computidie impedance analyzer. Impedance is a complex
resistance experienced by the current when it passes through the circuit consists of
resistors, capacitors and inductors. Similar to the resistance is the ratio of voltage to the
current. Impedance has realdamaginary parts. Real part demonstrates the ability of
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circuit to resist the current and imaginary part relate to ability of circuit to store electrical
energy. When AC voltage V of amplitudea\and frequency f applied then it can be
explained in termsfdime t is

60 6 OEdJ¥ O 6 OEJO (2.3)
where ¥ is radial frequency and is equal
system [9],
)0 ) OEJ0 3 (2.4)
Then the impedance wilb¢ — —mW——— @ —— (2.5)

The voltage and current functions can also described6a® 6 A and) O

) A

t — A - AIzOEGET E (2.6)
Real part of the impedance e Alz0
Imaginary part of the impedance  : . OBl

Cole-Cole plots

If any signal is applied to pure resistor then Z*= R (resigtpme applied to the pure
capacitor then Z*=- (*wbere C is capacitance. Real life systems cannot be
represented by the neither pure resistor nor pure capacitor rather than the combination of
resistor and capacitor. Let us consider an AC signalpBeapto the parallel combination

of the resistor and capacitor the impedance can be written as

:Z E (2.7)

- (2.8)

- (2.9)

If real impedance plotted on the x axis and imaginary impedance plotted onattig y
then the pt is known as Cok€ole plot [104105.
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Low frequency data is right side of the plot and higher frequencies are left is shown in Fig
2.7. The impedance spectra often appear as single or multiple arcs in the complex plane.
Cole Cole plots have great importance to study the electrical properties because the shape
of the plot yields insight intogssible conduction mechanisms [10d5.

Dielectric analysis

The dielectric analysis explains the permittivity and conductivity of material properties as
a combined complex permittivit§* which is analogues to the complex impedance. Just
like complex impedance it is also represented by its reaihaaginary components

rr =y (2.10)

wheref' is real permittivity and often is called dielectric constant #hds imaginary
permittivity and referred as loss factor. The real permittivity cacdbeulated from the
capacitance measured through the two probe method using impedance analyzer. Relation
between capacitance and real permittivity is

Np— (2.11)

Where d is the distandeetween the two electrodes and A is the area of the sampjg and
is the rmittivity of the free space [$4

Electric modulus

The modulus is the inverse of complpgrmittivity f* and can also be expressed as a
derivative of complex impedance

z

- ~ Jee Qe (2.13)
Where M' isReal part of the modulus andl" is imaginary part of the modulus.
Fundamentally, complex electrochemical impedance (Z*), modiés and permittivity

(r*) parameters are atfletermined by applying an AC potentetl a variable frequency

and measuring output current through the sanipla broader sense dielectric, modulus,

23



and impedance analysispresent the same operational principles and can be referred to
as subsets @ universal broadband electrochemical impedance spectrascopy
P-E Hysteresis Loop Measurement

Polarizations vs. electric field {E) measurements were performed using precision
premier Il, a standard ferroelectric testing machine (Radiant Technolbyy)sample is
coated with metallic silver paste which will act as conducting layer. It is then set for
heating for a good adhesifiR].

Figure 2.8 Schematic circuit of F= hysteresis loop.

Fig. 2.8 shows the modifié SawyefTower circuit designed andabricated for the
investigations on ferroelectric hysteresisgPand JE loops in the composite flm3he

AC signal in a frequency range, 10-HZHz from the function generator (Scientific SM
5060) was used to obtain the hysteresis loops for a fectde material. The voltage

lying across the ferroelectric sample is put on the horizontal plates of the digital storage
oscilloscope, thus plotting, a quantity which is proportional to the field across the sample
on the horizontal axis. The parallel R@cuit is connected in series with the sample,
which allows compensation for any phase shift due to conductivity lecthie loss in the
sample The value of capacitance, C is chosen to be large enough so that most of voltage
drops in the circuit occuracross the ferroelectric materidlhe voltage, V developed
across C is proportional to the charge flowing thiotdlge polar materialsThus, the
polarization P = g/A = CV/A (where A is are sample)is plotted on vertical axisThe
SawyerTower circuitnot only displays the hysteresis loop on the oscilloscope screen but
also measures the important quantities such asdPk.
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Chapter 3

Dielectric, ferroelectric and impedance
spectroscopic studies of AgNbgceramic

3.1 Introduction

Recently, afamily of Ag-based oxides APO:, Ag.COs, AgVOs, AgGaQ, Ag.CrOy,
AgNbO; etc. has attracted particular interests due to their ability to split water, as well as
decompose organic contaminants hathir and aqueous solutioAmong them, AgNb@

was a highly studied material for visible ligtitiven photocatalytic activity107, 108.

But, the discovery of a strong field induced double hysteresis loop having saturation
polarisation of 52 PC/ cfin its polycrystalline form and revelation of higlermittivity

(> 400) in microwave/radio frequency range for AgNRaOs (x = 0.5) solid solution,

has also diversified its application semiconductor industries [85]. The compound

also exhibits multiphase transition in its temperature dependanitfpeity plot which is

also very much informative for fundamental resedmlunderstand cation movements
The compound assumes distorted perovskite AB@ucture at room temperature. The
recent group of researchers assigned theceoatrosymmetric Pmg2space group to
explain its weak ferroelectricity which brings to an end of the earlier assigned
centrosymmetric Pbcm space group which was meant for antiferroelectric beh&viour [
61].

Silver based compound prepared from,@g AgCQ; etc. as raw materigl faces a
problem of precipitation of metallic silver nanoparticles during high temperature
processing of the compound [107, 108 hough, these precipitated particles were
reported to enhance the photocatalytic properties but, whether the variouscalectri
properties like permittivity, conductivity, ferroelectricity etc. are influenced or not, yet to
be investigated. This precipitated particles deposits near various interfaces like grain
boundary or surface of the sample, is also previously reporteldeby/EM amnl HRTEM

images [85, 86 What we are assuming that, the precipitated metallic silver nano particles
will affect the electrical properties if any extrinsic conduction (interfacial conduction like
grain boundary or surfaesectrode contact) will adribute to the total conductivity. The
study of U(T) cannot provide any informati
as contribution of microstructure cannot be distinguished. In this context, impedance
spectroscopy is an appropriate tecjug to analyse the conduction mechanism and
differentiate the role and contribution of different microstructures. The charge carrier
movement within grain contributes to intrinsic conduction and that of along any interfaces
like grain boundary or sampler$ace contributes to extrinsic conduction. The activation

of charge carrier in these regions depends upon the temperature as well as frequencies and
they will remain relax when unable to follow to the changing cycle of electric field. At
this stage, a peakill appear in the impedance spectrum and the appearance of number of
relaxation peaks with their sequence will inform about the activated region. By
distinguishing the activated regions whether intrinsic and extrinsic one can assert the role
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of the pregpitated metallic silver nano particl¢$09-111]. Some of the earlier works
also reported the frequency dependent permittivity and susceptibility study in a wide
range of frequency which mostly explained the dynamics of different cations which
affects diéectric behaviour. There is no report regarding the contribution of surface
microstructures like grain, grain boundary, géersurface, defects et6467).

In the present work, we have systematically and successfully investigated the electric
transport properties of AgNb®@ (AN) and distinguished the intrinsic and extrinsic
conduction in the material. We have carried the impedance measurement within
frequency domain of 100Hz to 1MHz and within the temperature randi€(5450°C)
containing its major iglectric anomalies.

3.2 Experimental details

We prepared AgNb©by standard solid state reactions. Starting materialgOAand
Nb,Os were mixed stochiometrically for respective compound and 3wt% ext@ Ags
added to meet the silvéoss due to its/olatility [41, 5§. After two hours of manual
grinding, the properly mixed powders were kept in an alumina crucible for calcination at
830 °C for 6h in air. The calcined powders were mixed with 3 wt% polyvinyl alcohol
(PVA) solutionwith proper millingand uniaxially pressed into disks of diameter ~10 mm
and a thickness ~ 1 mm using hydraulic press under ~70 MPa pressure. The prepared
pellets were kept over an alumina plate for sintering at 1030 °C for 3h in normal
atmospheric condition. The pale yellowlaar pellet of AN system was collected after
sintering. X-ray diffractograms of all the compositions were investigated by using the
XRD (Rigaku UltimalV) using nickel filter with Cu K radiation issuing from a 1.6 kW
Rigaku rotating anode generator. Measnents were taken on reflection mode of
oriented crystal pellets for step size 0.928 scanning rate 2Oper minute. The
microstructures of sintered pellets were observed using a Nova Nano SEM/FEI field
emission scanning electron microscope (FESEM) el as the mapping images of the
samples was taken. The pellets were allowed for Au coating on the targeted surface by a
sputtering unit up to two minutes. This was intended to avoid the accumulation of
electrons on the surface of the samples due to eteatradiation during image. The
dielectric data at four selected frequencies in a temperature rarf§ei2850 °C were

taken by using HIOKI IMPEDANCE ANALYZER IM3570 during heating as well as
during cooling processes. For electrical measurements, ritexexl pellets were coated
with silver electrodes and fired at 400°C for 30 min for good adhesion. The furnace was
controlled with 2C rise per minute during the collection of dielectric data. Polarizations
vs. electric field (FE) measurements were perfeéd using precision premier I, a
standard ferroelectric testing machine (Radiant Technology).

3.3 Data analysis

The impedance can be expressed as, Z =Z'+iZ" where Z' and Z" are the real and
imaginary impedance values which are derived as 2 [£>and Z" = 2 H | The value

of real (U') and imaginary part (U'") of
— and —B# — where, ¥ is thejiathgul ar

capacitance opfsthé peerivitysopfreespacea(®854 X0 F/m). The

electric modulus can be expressedasM' +i M'' where M)aandM=cosd

M sindZ) = ¥C

26



3.4 Results and Discussion

3.4.1 XRD, SEM, XPS and RAMAN spectrum studies

(114)

Intensity (a.u)

2 Theta (deg)

Figure3.1: XRD and FESEM of AgNbgxsystem

The XRD pattern ofhe prepared sample is shown ig.F3.1, and its inset shows the
correspondingcESEM image. Positions of all the diffraction peaks are well indexed to
orthorhombic AgNb@ (JCPDS Card No. 078738/0520405 [93-95]. Minute traces of
secondary phases are unavoidable irretspe of synthesis conditionsA]]. FESEM
image of AN system shows little varied size of grains having average size of 2um. Small
traces of pores present in the samples. Experimental density ~91% ofitiaéaensity

is obtained of the sintered AN ceramic sample.

Raman spectra provide important information regarding the internal vibration in the
crystal lattice.Fig. 3.2shows the different vibrational modes obtained in our prepared
sample of the parentM and its modified system which agrees well with the previous
reported data. It is observed that all the internal vibrations related te ddb@hedra lies

within 160 cm' to 900 cn. Around the region 170 cmto 325 cni, the first intense

mode is obseed which is splitted and corresponds to the degenerated modes assigned as
g6 and g5 respecti Vandy 420 drtae offow theersity whicB 6 0 ¢ m
are assigned as g4 and is suppoG-Hbdbondso be t
The posible cause for this low intensity is due to the low tilting angle between the
adjacent Nb@octahedra. The second intense mode appears ~ 575 60 cm" with a

shoulder ~ 525 cthi 575 cm'ar e a s s i aymderespeatisely.grhese modes are
supposed to be arised due to the symmetric stretching of The diti@hedra which
correspondsat different NbO bond lengths [114, 115
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Figure 3.3 XPS spectra oAgNbO; system

Fig. 3.3 illustrates the XPS results of the AgNb&ystems. The appeargubaks are
deconvoluted and the binding energy corresponding to the peh&atethat silver exists
in Ag*'state;niobium exists in NB' state.But the position of thpeak ~ 368ev indicates
the presence of 3d (Ag®) related to metallic silver particleln addition with oxygen ©
state a small trace of oxygen vacancy peak is also ideribied 15.

28



3.5 Dielectric study

Fig.34ex hi bi t s

AN system. Four dielectric anomalies af T&

o

t h

e

temperature

dependent

8 5 AICM,), MCEC (M.z Ms), T F
a 3% M3z O;) and 386C (O1z O,) are observed in our prepared sample which

matches mostlyo the earlier reports where;Megion is ferroelectric (FE), Mand M
regions are antiferroelectric (AFE) and finally, @, are in paraelectristate (PE) 42-
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Figure3.4: Temperature dependent relative permittivityAgNbO; system

However, thetransition temperature forcTo is reported to be around %7 to 70C is
somehow appears at little higher. In a recent study, Kania et al. reported that particularly,

TcTE peak varies with the concentration of Agpn [45] .
and the position of all the dielectric anomalies which confirmed the good quality of
polycrystalline AgNbQ@ prepared in normal condition and can suitably studied for

electrical investigation.

The

3.6 Impedance and Electric modulus study
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Figure3.5 Realand imaginary part of relative permittivity of AgNb&ystem at room
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Fig.35showst he combi ned pl ot of real (0U') and i
permittivity of AN system as a function of frequency at RT. At frequency lessltkéiz,

the figure shows strong dispersive nature
occurs below 100 kHz and nearly frequency independent feature appears while
approaching high frequency window. No relaxation peak appears in the imagarary p
(U'"'") within the f-umagegienrappgarsvabonedlOOnksiz whicht a
marks the increasing value in both the cases. It is observed that the high frequanty U

in (U'"") corresponds to the nearsignpsther equer
arrival of dipolar relaxation stafd 16-118].

@ °C @ 0c
a=0s7 a=0m

I EENNERER
§ § § 3 @
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g # 8 38 § i
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Figure3.6: Real part of relative permittivity Simulated with modified Debye equation AgNbO
system at room temperature

In order to calculate the activation energy of the dipo&axations, we follow the
modified Debye relaxatromodel, given by eq (1117].

R R _ (3.1)

Wh e r gi, stafit' permittivity, Ree -very high frequeangwar per mi
f r e g u ei radayation time ang - a parameter to describe the extent of difference

from stamlard Debye relaxation. Fig&.shows the mathematically simulated with
experimental data for some selectedgematures. From the best fitted plots we derive a

series of relaxation times and it is found that they Yolibe Arrhenius law shown fig. B.

1.0
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Figure 37: Activation energies of domain wall motion AgNb&ystem at room temperature

U zexpdE® ksT) ) , w telexaton titche at infinite temperature, Erelaxation
activation energy, g Boltzmann constant, and T is the temperature. Three distinct
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Arrhenius regions are found out having activationenetgy E0O . 1 15ev i,8 FE

0.042eV inAFE region,and ga 0. 21eV in PE region. The
energies explains the domain wall motion and its high mobility. This may be associated

with n or p type hopping of charge or snadlaron conduction mechaniqdhl6-11§.
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Figure3.8: Imaginary part of impedance and electric modulus of AgiyStem at selected
temperatures. In set shows the activation energies.

Studying the imaginary part of impedance (Z") and electrical modulus (M") helps a lot to
examine the low frequenaglaxations. The inability of resolving the multiple relaxations
properly within low frequency regime in Z" can be solved in better way in M" as the latter
one scales inversely toapacitances. Fig. & and (b) shows selective plots of the
impedance £"(f)) and electrical modulus (M"(f)) respectively which exhibits relaxation
process. A feeble, not properly defined relaxation peak enters through the low frequency
window of M"(f) around 34%C which becomes prominent and shifts towards higher
frequeng side with elevated temperature. The low frequency relaxation also appears in
Z"(f) but in a later stage around 3Z5and in similar manner shifts towards higher
frequency with rising temperature. The existing dipoles contribute their maximum
electrical response at the frequency corresponding to the relaxation peak and beyond
which they remain in reked state. The inset of Fig.3@ots the log fax vs. 1/T
separately for Z"(f ) and M"(f) which indicates the relaxation process is characterised by
Arrhenius type behaviour (f sfexp (B ksT)), where § is the preexponential factor
and E™ represents the activation energy of dielectric relaxations. We found the value of
~¢to be of 1.36eV and 1.38eV from electric modulus and impedance dpéztiesly
which is a bigger enough to be assigned with possgjidin conduction only [116

To verify the presence of multiple relaxation processes such as grain, grain boundary or
surface conduction etc., we have investigated the AN bulk sybrengh studying Cole

Cole of impedance (Z" vs. Z') and electric modulus (M" vs. M"). The spike form of Cole
Cole of impedance continues up to ZZ@Gnd that indicates the strong insulating nature

of the compound. Thereafter, it bends towards abscissaké the shape of a semi
circular arc around 35C which signals the beginning celaxation processFig, 3.9
illustrates the CokCole semicircles at selected temperatures. In the diagram, it is
observed thabnly one semicircle appears within frequedoynain.
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Figure3.9: ColeColeof impedance of AgNbgsystem at selected temperatygmulated with
equivalent electric circuit model ofsRRCQ).

The radii of the semicircles decrease and their centres seem to be lie below the abscissa
with elevationof temperature. This suggests for a 1izebye tyge conduction procesin

a similar manner, only a single seanicular arc appears in the Cabole of modulus,

shown in Fig.3.10 This confirms that a single relaxation process dominates over the
conduction mechanism which can be identified as grain effect.
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Figure 3.10Cole-Cole ofelectric modulu®f AgNbQ; system at selected temperatures.
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Figure 311 Activation energieslerived from Arrhenius regions of DC conductivity.
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Again, to make out the correlation between the charged defects and the observed
electrical properties an equivalent electric circuit is modelled. It is found that the observed
electrical properties fit pperly to the equivalent circuit of fRCQ), where Ris the
resistance contributed from electrode, 0R
capacitance. The parameter 06Q06 is the cons
as modified capacitarcof the AN bulk system. The equivalent impedance of CPE is
given by "MZ* =whliB(hj ¥i)s the modified version ¢
responseo Iserdeasysiemau rHeafe,dioB6 and &énd are co
6nd whiminés the edgrea of departure from the ideal capacitor behaviour lies
between 0 to 1. For n = 0, Q behaves as a perfectly resistor and for n = 1, it acts as a
capacior. The well fitted curve proves the close agreement between the experimental
result andthe simulated electric model containing single (RCQ) element. Such accuracy

in fitting of experimental curve with single element (RCQ) confirms the single relaxation
process which attributes to grain. Therefore, the macroscopic relaxation process is
moreoer due to the microscopic conduction which occurs inside the grain and the grain
boundary conduction is neglected as the possibility of ionic diffusion along the boundary
has been ruled out. We have extracted the
estimated the dc conduct i vi t-thickbegs opsamiple,i ng f
A- area of crossection. The estimated conductivity data is plotted as a funcfion o
temperature as shown in Fig.3.afd is found to obey the Arrhenius behaviouriof =

Go*exp (B ksT), where E°™ activation energy for the relevant conduction process.

The plot of Fig. 3.11shows three distinct regimes: (i) FE region, T< “MOE™™"

=0.159eV, (ii) AFE region, 10C < T < 350C, E;°" = 0.095eV and (iii)) PE region, T >

350°C, E;"°"= 1.185eV.

e 3rs°CcZUZ",
@ IIFCMM",
o
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450°Cc 21z"
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10° 10° 10* 10° 10°
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Figure 3.2: Normalized functions M"/Myaxand Z"/Z".x of AGNbO; system at selected
temperatures.

In order to differentiate the long range or short range migratiachafged defects, we

have plotted the normalized functions M"},ax and Z"/Zmax @s a function of frequency

at selected tempatures which is shown in fig. 21If the peaks of Z"@d M" coincide

with each othethenit indicates for the dominatioof long range migration of charge
carriersin the conduction process. If the peaks have a significant gap then localized or
short range migration of charge defs takes part in conductidm our case, the marginal

gap between the peaks at 3%Dreducedo narrow gap at 45C. This suggests for an
electrical response mostly dominated by localized or short range migration of charge
defects. But, as soon as temperature elevates long range hopping of charge defects
evolves. And hence at end studied tempeeata mixed conduction mechanism of both

33



short range and long range hopping of charge carriers dominates. This long range hopping
of charge carriers contributes to dc conductiji§9-112].

In order to identify the nature of charge defects participatatie observed relaxation

and conduction mechanism, we searched the previous literature which have reported the
activation energies of approximately equal the value we have obtained. The activation
energy observed in ferroelectric region is of 0.239 ard thereafter, throughout the
antiferroelectric region, this value reduces to 0.08¥6 Such a low value of activation
energy has been mentioned in perovskite oxide and in several complex oxide systems
which is attributed to the migration of localizetlarge arriers such as polaroiigh
temperature sintering creates a possibility for presence of oxygen vacancies in metal
oxide systems which forces electrons to occupy the site as charge compensators. The
lattice distortions somehow accompanied with ¢bmpensating electrons to form bound
states which often act as effective dipoles. When the electrons hop in association with the
lattice distortion in response to the applied ac field that generates short range polaronic
hopping as well and hence, diporeorientation takes placeAgain, the obtained
activation energy of 1.188V in paraelectric region is very much similar to the value of
ionic conduction omigration of oxygen vacanciek is reported that small polarons play

a vital role in the high pafisation whereas the migration of oxygen vacancies has its
importanceduring relaxation processes [112Q.

It is established that only the intrinsic grain conduction has the dominant role within the
selected frequency domain and described temperatunge rwhich contains the most
important dielectric anomalies at proper positions. The contribution of interfacial
conduction of any kind such as grain boundary or surface polarisation are found absent or
may have any negligible presence to affect the ccimmtu process. The effect of
unavoidable prepitation of metallic silverparticles in the electrical properties of
AgNbO; is a grave concern, which is supposed to be deposited along the various
interfaces like grain boundary or the samglectrode surfae The absence of any
interfacial relaxation within the study range suggests that the charge carriers along these
regions have not activated or negligible participated in the conduction process. Therefore,
in the prescribed frequency and temperature ripe precipitated silver nano particles
have no significant role in the conductivity as well as permittivity of the titled
compounds.

3.7 Conclusion

The AgNbQ sample was prepared by standard solid state techniqueeraal conditions

and its quality of the crystalwas verified after finding proper shape and dielectric
anomalies at appropriate positions. Relaxation mechanism was studied from real part of
permittivity and imaginary part of both impedance and electric modulus. Only single
relaxation proess attributed to grain was addressed within the prescribed frequency and
temperature zones as well as nature of different charged defects contributing towards
conduction were sorted out. The much doubtful role of precipitated silver nano particles
in electrical properties were ruled owtithin the temperature range containing major
dielectric anomaliesas they were supposed to be deposited along various interfaces like
grain boundaries.
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Chapter 4

Dielectric, ferroelectric and impedance
spectroscopic atidies of TaOs, ShOs and
V,0s-doped AgNDbG; ceramics

4.1. Introduction

Recently, AgNb@based materials have attracted much attention of the researchers due to
their unique microwave properties. It is revealed that, AgNla.O; solid solution, with

X = 0.5, as a newoOhmicgpavepneatenalithattisi appiicabje in(the
microwave ard radicfrequency region [886]. The compound assumes distorted
perovskite ABQ structure at room temperature. The recent gadugsearchers assigned

the noncentrosymmetric®Pmc2 space group to explain its weak ferroelectricity which
brings to an end of the earlier assigned centrosymmbarn space group which was
meant for antiferroeectric behaviour [561]. The compound suténly dragged the
attention when it is reported that a strong field induced double hysteresis loop having
saturation polarisation of 52 uC/ émppears in its polycrystalline form at ajhiapplied

field of 220kV/cm [49]. Apart from this, AgNb@ is also an attractive material as a
candidate of visible light photocatalyst for the oligapollutants degradationThe
versatility of this material makes it a suitable candidate for fundamental research as well
as modifies it to bring the potential feeveral electrical and electronic components.
There exists a complicated coupling between jNb§gtahedral tilting and local
displacements of both Ag and Nb that mechanised a series of changes in the cation
displacements off their sites which are the caiderroelectricity and dielectric pperty

of the materia[57-61]. Most of the literature based on enhancement of ferroelectricity
and dielectric behaviour also figure out the role of excess octahedral rotation or tilting
which locks the offcentering bkaviour of Ag and to suppress that one by inducing
chemical pressure in AgNBOThe strong dependence of dielectric and ferroelectric
properties of AgNb@on crystal structures and dynamics of cations are revealed through
many works but still the role of icrostructures on its electrical behaviour is not properly
investigated. Like volatile problem of Bi in bismuth ferrite, in AgNb@e volatility of

silver left option for creation of oxygen vacancies and compositional inhomogeneity. But,
unlike the leakge problem and high dielectric loss in former, moderate dielectric loss
characteristic features in latter case.

To enlarge the fundamental idea we have modified the AN system by dopi@g, Ta
SkOs and \LOs separately by low (10%) molar percentage. The purpose of modification

is to bring the effect of minute substitution of isovalent dopant in the surface morphology
and to observe the related effects on electric transport properties as well as dielectric and
ferroelectric properties. By complex impedance analysis we have investigated the
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role/effect of different microstructuresn the electrical properties of the parent system
which havebeenelaborated in the present report.

4.2. Experimental details

We preparedAgNbO; by standard solid state reactions by taking@gNb,Os (Alfa

Aesar grade) as the starting materials. Again, we add 10% molecular weight of dopants
like TaOs, SBOs and W,Os to prepare AgNbgTa0s (ATN), AgNbOs/Sh,Os (ASN)

and AgNbQ/V,0s (AVN) modified systems. Additional 3wt% of AQ was added to
compensate the loss of silver dueits nature of volatility 41, 5§. The weighed raw
materials were grinded properly in order to bring a homogeneous presence of all the metal
oxides to set for amrasy thermal reaction. After two hours of manual grinding, the
properly mixed powders were kept in an alumina crucible for calcination at 830 °C for 6h
in air. The calcined powders were mixed with 3 wt% polyvinyl alcohol (PS@&tion

with proper millingand uniaxially pressed into disks of diameter ~10 mm and a thickness

~ 1 mm using hydraulic press under ~70 MPa pressure. The prepared pellets were kept
over an alumina plate for sintering at 1030 °C for 3h in normal atmospheric condition.
The pale yellowcolour pellet of AN system was collected after sintering-ra§
diffractograms of all the compositions were investigated by using the XRD (Rigaku
Ultima-l V) using nickel filter with Cu KU r a
rotating anode generator. Meaements were taken on reflection mode of oriented crystal
pellets for step size 0.025t scanning rate 2@er minute. The experimental density,{d

of the sintered ceramic samples was calculated by the Archimedes method using kerosene
oil as the liguidl medium. The microstructures of sintered pellets were observed using a
Nova Nano SEM/FEI field emission scanning electron microscope (FESEM) as well as
the mapping images of the samples was taken. The pellets were allowed for Au coating
on the targeted siace by a sputtering unit up to two minutes. This was intended to avoid
the accumulation of electrons on the surface of the samples due to electron irradiation
during image. The dielectric data at four selected frequencies in a temperature range 25
°C 1 450 °C were taken by using HIOKI IMPEDANCE ANALYZER IM3570 during
heating as well as during cooling processes. For electrical measurements, the sintered
pellets were coated with silver electrodes and fired at 400°C for 30 min for good
adhesion. The furnacsas controlled with ZC rise per minute during the collection of
dielectric data. Polarizations vs. electric fieldEPmeasurements were performed using
precision premier Il, a standard ferroelectric testing machine (Radiant Technology). The
mixtures vere calcined at temperature of 830 for 6hrs. The prepared sample for
various measurements was sintered at 1@3dor 3hrs. XRD patterns of the samples
were taken by using RIGAKU ULTIMA 1IV. The FESEM images were taken by Nova
Nano SEM/FEI. The impedancdata were taken by using HIOKI IMPEDANCE
ANALYZER IM3570 within frequency domain of 100Hz and 1MHz and in a temperature
range 25°C to 450°C.

4.3. Data analysis

The impedance can be expressed as, Z =Z'+iZ" where Z' and Z" are the real and
imaginaryimpedance values which are derived as Z'A1ZQand Z" = D E+ The
val ue of real (U") and i maginary part (U’

o

UN—— —and —8Yr — where, ¥ is thejisahegul ar
capacitance ofsthé peendtivity of rlee space (8854 W' £0-/m). The
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el ectric modulus can be expr es s&)Yanddvs= M=M' +

M sindZ) = ¥C

4.4. Results and Discussion
4.4.1.Structure and Microstructure analysis

The XRD patterns of all prepared samples are shown in4Eig.Positions of all the
diffraction peaks matches and well indexed to orthorhombic AgNBOPDS Card No.
0704738/ 0520405) which confirms theofmation of required phaselk the modied
systems, the position of all the diffraction peaks also matches with the parent one. It is
reported that minute traces of secondary phases in AglllEOunavoidable irrespice

of synthesis conditiongt]].
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Figure 4.1: XRD images of AN and its dified sydgems. Inset shows the peak §hij of
(114).

The shifting of XRD peak may be due to sintering effect as metal oxides aid in the
sintering process or may be due to the fractional substitution®6fS&* and \** cations

in place of NB* of ABO; structure. But, the surface morphology of the modified systems
and evolution of grains which will be discussed next indicates for the partial substitution
of cations.The Field emission scanning electron microscopy (FESEM) image of the AN
sample illustrad in Fig4.2, shows distribution of grain size from 1.2um to 5um.In the
ATN system, the grain size has reduced and the variation ranges from 2 pm to 3 um. In
the ASN system, the variation of grain size ranges from 3 um to 1.5 nm.

There is no noticeable ahge in shape of polyhedron grains due to tantalum and
antimony substitution in place of niobium in the AN system. But, substitution of
vanadium in place of niobium has drastically change the shape and size of the parent
system. The polyhedron grains iretAN system changes to cubic or rectangular brick
shape with average size ranges from 9.5 pm to 3 pm with small traces of minute grains
less than pm. Presence of pores also visible in all the samples with significantly less in
the AVN system.
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Figure 42: FESEM images of AN (a), ATN (b), ASN (c), and AVN (d).
4.4.2.Impedance and Electric modulus study

Complex impedance spectroscopy study is a technique to analyse the electric transport
properties of the material. Basically the contribution of microstructurdiseirelectrical
properties can be understood. The surface structure contains grains and lattice defects like
grain boundaries, pores, cracks, vacancies etc. The conduction of charge carriers, their
nature and the activated regions can be assessed byngtuthg relaxation peaks
appeared in diffemt electrical parameter$Q9-111].

Studying the imaginary part of impedance (Z") and electrical modulus (M") helps a lot to
examine the low frequency relaxations. The inability of resolving the multiple relagat
properly within low frequency regime in Z" can be solved in better way in M" as the latter
one scalesversely to capacitanceBig. 4.3 and Fig.4.4 show selective plots of th@)
impedance (Z"(f)) and (bklectrical modulus (M"(f))respectively which exhibits
relaxation process. In the AN system, a feeble, not properly defined relaxation peak enters
through the low frequency window of M"(f) around 3@5vhich becomes prominent and
shifts towards higher frequency side with elevatethgerature. The low frequency
relaxation also appears in Z"(f) but in a later stage arountC3aBd in similar manner

shifts towards higher frequency with rising temperaturee relaxation peak enters
through low frequency window around 3%5in the ATNsystem, around 276 in the

ASN system and an early arrival of relaxation appears arourf@ i@3he AVN system.

As temperature elevates, these peaks shift towards the higher frequency end with reduced
height.

The dipoles generate due to the separatiocationic and anionic centres which occurs

due to the migration of the charge carriers through hopping at vacant sites inside the
lattice. The thermal energy possessed by the charge carriers determines the hopping
distance as well as the range of frequeifor following. Relaxation frequency is the
maximum for the charge carriers to conduct in order to bring polarization and beyond
which they remain in relaxed state which reduces polarization. This dielectric relaxation
occurs at different frequenciesrfdifferent materials which are dependent to the type of
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defect related to the dipoles which may be a physical or chemical {ef@eg®, 100
107.
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Figure 4.3: Imaginary part of impedance (Z"(f)) of AN, ATN, ASN and AVN systems at
selected temperatse

To verify the presence of multiple relaxation processes such as grain, grain boundary or
surface conduction etc., we have investigated the AN bulk system through studying Cole
Cole of impedance (Z' vs. Z") and electric modulus (M' vs. M") which arersin the

Fig. 45 and Fig.4.6 respectivelyIn the AN system, the spike form of Cebole of
impedance continues up to 2@and that indicates the strong insulating nature of the
compound. Thereafter, it bends towards abscissa to take the shapenafcacular arc

around 358C which signals the begimy of relaxation process [982]. Fig. 45
illustrates the ColeCole semicircles for AN and its modified systems. Within the chosen
temperature range, only one semicircle appears. The distinctG8tdesemicircles
indicate a unique electrical response of a particular region. Sometimes, the resistance of
intrinsic and extrinsic conducting regions are not sufficient to resolute the individual
conduction process which overlaps giving an asymmetric @ator semicircles.
Therefore, ColeCole of modulus of all the systems are plotted in. Big, which can
resolve the electric response due to grain and grain boundary and suppresses the response
due to electrode surface conduction effect. In a similar eraronly a single semi
circular arc appears in the Cabole of modulus.
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systems at selected temperatures.
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Figure 4.5Cole-Cole (Z' vs. Z") plot of AN, ATN, ASN and AN systems at selected
temperatures.

This confirms that a single relaxation process only dominates over the conduction
mechanism in all the systems. In general, grain relaxation activates at first which follows
by grain boundary and thereafter surfamnduction effect. Therefore, we assign the
relaxation process is due toetlgrain conduction effect [992]. The radius of the Cole

Cole semicircle which measures the resistance of the material decreases with the
increasing temperature.
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Figure 4.7.Cole-Cole (Z' vs. Z") plot of AN, ATN, ASN and AVN systems at 350 °C.

The centres of the semicircles seem to lie below the abscissa. This suggests for a non
Debye type conduction proces8(-92]. Fig. 4.7 illustrates the Cok€ole semicircle of all

the modified systems for comparison at a single temperé36€EC). It is observed that

the resistivity of the ATN system has increased significantly. There is a decrease in
resistivity in both the ASN and AVN system but a drastic reduction is observed in the
latter system. Fig. 4.8 plots the log fax vs. 1/T separatelfor Z"(f ) and M"(f) which
indicates the relaxation process is characterised by Arrhenius type behaviquexp =f
(Es®/ kgT)), where § is the preexponential factor and € represents the activation
energy of dielectric relaxation3he activabn energies for the parent AN system was
calculated to be of 1.36eV and 1.38eV from imaginary part of impedance and electric
modulus data respectively. This value is bigger enough to be assigned witrssit@epo
grain conduction only [95 It is observedhat substitution of tantalum has enhanced the
activation of energy (1.55eV and 1.53eV) whereas substitution of antimony and vanadium
has reduced the activation energy given in the £8).It is claimed that such high value

of activation energy is liablfor the migration of oxygen vacancies.
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It is established that oxygen vacancies plays a crucial role in the electrical relaxation of
perovskite oxides and they affects the dielectric relaxations at high temperatures due to
increase in the oxygen vacancy concentration. Tamilsedvaal. in their work on Eu
substituted BiFeg) reported that the decrease in activation energy is related to the
suppression of oxygen vacancies2fl]. Thus we can assume that tantalum substitution
has enhanced the oxygen vacancies whereas antimony and vanadium isub$igtsit
suppressed the oxygen vacancies. The enhanced activation energy in the ATN system can
be explained due to the increase in resistivity of the modified system. Similarly, decrease
in resistivity of the ASN and the AVN system can be responsible ferréduced
activation energy of the modified systems. Hence, the early arrival of relaxation
behaviour in the AVN and the ASN systems can be related to the reduced activation
energy due to the substitution effect.

Table 4.1: Dielectric constant of AN éiits modified systems at specified temperatures.

Dielectric Constant AN ATN ASN AVN

(at 10kHz)

At Room Temperature 171.58 219 600 265.72

30°C
Temperature at 330.63 310 354.72
FE-AFE (85°C) (80°C) (75°C)
Temperature at 853.77 645.23 1527.57
AFE-PARA (355°C) (355°C) (350°C)
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4.5. Dielectric and ferroelectric study

Fig. 49, Fig. 410 and Fig.4l11l ©pl ot the temperature depe
different frequencies for the AN system in comparison with the ATN, ASN and AVN
systems respectivelfzour major dielectric anomalies at ¥4 8 5 ALM,), ICC

(Moz M3), TFF A 3G Msz Oy) and 388C (012 O,) are observed in our prepared

sample which matches mostly to the earlier reports wheneedion is ferroelectric (FE),

M, and M regions are antiferroelectric (AFE) and finally, @, arein paraelectric state

(PE) [42-44). However, the transition temperature foi Tis reported to be around &7

to 70C is somehow appears at little higher. In a recent st€idgia et al.reportedthat

particularly, ™= peak varies with the concentration of Agn [45].
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Figure 4.9: Temperature dependent relative permittivity plot of AN and ATN systems at different
frequencies.

The plot shows that the nature and shape of the tempeddpendent permittivity of

ATN and AVN systems matches to that of the parent AN system where as in ASN system
the feature has completely changed. The multiple dielectric anomalies appeared in the AN
system also clearly visible in the ATN and AVN systemsnehg in the ASN system, the
corresponding transition points are not properly distinguished. The low temperature
dielectric anomaly which is related to ferroelectric to antiferroelectric transition is
disappeared in the ASN system. There is no such nokicshift of the Curie temperature

for AFE to PE transition point in ATN and AVN systems though low temperature
dielectric anomaly slightly shifts to lower valughe increasing figure of real permittivity

is observed in both the ASN and AVN systems buhleghanced value is seen in the
former system. I n the ATN system, the U(T
dielectric anomaly (¢ M3), the permittivity value of the ATN system is higher than the
AN system, (ii) at and above the Curie temperatiieepermittivity of the ATN system is
lesser than the parent systefhe values of relative permittivity of the modified systems

are listedin the table. 4.1The variation of the dielectric loss with temperature of the
systems under study at differentqfuencies is plotted in Fig.12. Tantalum substitution
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in place of niobium has reduced the dielectric loss value whereas substitution of antimony
has marginally increased the figure of the modified systems in comparison to parent
system. But, the vanadiusubstitution has resulted an unpredictable increase in dielectric
loss and particularly, at low frequencies.
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Figure 4.10: Temperature dependent relative permittivity plot of AN and ASN systems at
different frequencies.
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Figure 4.11: Temperatudependent relative permittivity plot of AN and AVN systems at
different frequencies.

In addition with, the hysteresis loop plotted in Fgl3 also shows the low remnant
polarisation value which also matches to the earlier reports. All the samples sitows P
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hysteresis loop at room temperature. The value of saturation polarisgjiangRPemnant
polarisation (P are provided in the table 4.2 slim unsaturated hysteresis loop of small

P. and R values are observed in the parent AN system. In ATN sydtemhysteresis

loop appears with little change in polarisation values having utmost equal shape of loop.
In ASN system, simply a loop appears for low applied voltage of 10kV and evolves to
attain saturation for applied 20kV. In AVN system, a proper dmgsis loop with
comparatively magnified polarisation value is observed.
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Figure 4.12: Temperature dependent dielectric loss of plot of AN, ATN, ASN and AVN system at
different frequencies.
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Table 4.2: Ferroelectric parameters of AN and its modified systems at room temperature.

Applied Saturation & Remnant AN ATN ASN AVN
Filed Polarization (UC/cnr)

10Kv Prax 0.24 0.36 0.68 0.57

P 0.03 0.06 0.09 0.28

20Kv Prax 0.44 0.67 1.69 1.14

P 0.06 0.11 0.51 0.60

The increase in permittivity particularly at Curie temperature and saturation polarisation
observed in ASN and AVN system suggests for the generation of any additional
polarisation mechanism i.éncrease in any net dipole momeiit.is well known that
ferroelectric phase is essentially the cooperative phenomena which is stabilised by the
long range coulomb interaction of electric dipole moments that appears spontameousl|
each cell [6R The most relevant microscopic parameters which influence the
modifications are atomic or ionic radii, lattice parameters of the compound, ionicity and
covalency of the bonds, local potentials, polarisabilities of the ions and bonds, nature and
concentratins of the introduced defects [6& is established that the dielectric materials
with high permittivity are linked to the Bfoctahedra joing to each other at their top [88,
126:128. The cation located at the centre of the octahedra plays the croigain
dominating their dielectric properties. In our perovskite oxide AghW@r the radius
Sb*(0.62A) and VV*(0.58A) being smaller to N0.69A), when a little of Nb cation at
B-site is substituted by the 3band \?* ions the correlation of Nb{s intensified and

that results in the increase in permittivity of the modified ASN and AVN systems. Again,
it is also verified that the incorporation of smaller cations in place of larger cationsin BO
octahedra increases the rattling space fatton moverent [126128. This leads to
enhanced ferroelectricity in the ASN and AVN systems. The approximately equal ionic
radius of NB* (0.68A) to that of NB" may be failed in increasing the rattling space in the
ATN system which leads to poor enhancement inrgahility. The Curie temperature
mostly depends upon the bond strength éd/8-O ion pairs. If the substituted cation is

of lower bond energy then the Curie temperature will shift towards lower values and vice
versa. It is calculated by Ogawea al that the covalent bond strength of-Gb TaO are
comparatively higerto Nb-O bond strength [129, 1B(Hence minute substitution of Sb
and Ta in place of Nb will not bring any significant change within Nb@ahedra and
henceno changes in the Curierngerature are observed in the modified systems. In the
previous literature on AgNb{nodified with Ta, it is reported that the Curie temperature
for antiferro to paraelectric phase is not affected by the substitution however; the shifting
of broad phas@M,z M3) transition point towards lower temperature is observed which is
verified due to the lowering of Nb concentration which is also matching to our régult [
67]. We can expect that the-® bond is also strong covalent in nature which may be the
reasorfor not shifting of Curie temperature in the AVN system.

There are several factors which are responsible for loss in dielectric materials can be
classified into two classes: (a) intrinsic loss and (b) extrinsic loss. The intrinsic loss arises
from the anhamonic phonon decay process in pure crystal lattice whereas the extrinsic
loss finds its source from crystal defects, grain boundariesndary phases and pores
[126-128. As it is verified that in the chosen temperature and frequency range the
intrinsic grain conduction dominates over the extrinsic interfacial conduction therefore,
the behaviour of dielectric loss can be supposed to be of intriagiatra grain in nature.

In this respect we can relate the changing grain size to the dielectric loss of the modified
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system. As there is no noticeable change in shape and size of grain size in ATN and ASN
system therefore, the variation dielectric losgasy close to parent AN system. But, the
drastic increase in grain size and change in shape of grains in the AVN system might have
increased the dielectric loss to significantly high.

4.6. Conclusion

The 0.1mole of isovalent (T#s, SBOs and WL0Os) substituted AgNbG; systems were
prepared by conventional solid state route. From the impedance spectroscopic analysis
only intrinsic (grain) conduction was found to be the dominant feature in the modified
systems. The appearance of low temperature relaxations elatedr to the reduced
activation energy in the systems. The decrease in resistgnoeder in the modified
systems was supposed to be the cause for reduced activation energy. The surface
morphology of the AVN system was seen a drastic change in its ahdpgze and was
related to its improved dielectric, ferroelectric as well as high dielectric loss.
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Chapter 5

Dielectric, ferroelectric and impedance
spectroscopic studies of Mn®@doped
AgNbO; ceramic

5.1 Introduction

Materials, used inthe dielectric resonator applications, should have high dielectric
constant (U) and moderate |l oss (tani) in
AN based materials have shown the potential of this system for the dietestitator
applicatiors. AN system has distorted perovskite structure at room temperature (RT) and
shows six reversible phase transitions, linked to structural transformation, and confirmed
by the 6U6 wady.lIn theeAM gystenghiera exists & domplicated coupling
between the Nb@octahedral tilting and the local displacements of both the Ag and Nb
atoms. This lead to a series of changes in the cation displacements throughout the M
phasegM1, M, M3). Octahedral rotation is present for all the-Mhase and influeces
transitions between thenmé evolution of polar statefashimaet al have successfully
proposed the nenentrosymmetric Pmg2space group over centrosymmetric Pbcm to
explain the polar nature of Mphase $7-61]. Yashima et al have verified the
displacement of atoms in ferrielectric order in AgNB&itice, which is an extremely rare
case in ferroelectric materials, that results net spontaneousspttar[59]. M, is a polar
phase in which cations are arranged along the observed ferroelE&yiorder but the
weak ferroelectricity is due to the blocking of Ag -offntering due to thexcess
octahedral rotationM,Zz M3 is a broad phase transition in which the cations arrange in
antiferroelectric (AFE) order and attributed to the dynamics of tdns in the AN
system A sharp phase transition occurdvidZz O; and is reported as the Curie poing)T

as Q phase shows the paraelectric (PE) behavibe. low tolerance factor (t = 0.956) in

the AN system is responsible for the excess Nb@ahedral atation during the phase
transition. This obstructs the Ag atoms displacement as well as force its dynamic in
antiferroeletric order in the AN system [55, h6By suitable modification in the AN
system, a chemical pressure can be build up for suppressngctahedral rotation by
increasing the tolerance factevhich may recover the Ag atoms off centering behaviour
ard enhance ferroelectricityKania et al. have reported the enhanced ferroelectric
behaviour at RT in the AgLiyNbO;f or x =  (rl].(B6t, Fumet 4l. dave reported
reduced ferroelectricity as well as reduced dielectric behaviour in thgKagbO;
system f or [POn fist @irnciplenaaltukations, effects of carrier generated
by photoinduced doping i8rTiOs, Uchida et al.have reported that the doping of hole
and electron can control the octahedral rotation, which affectsefentric instability

[39]. In this present work, the effect of hole as charge cardepingon the electrical
properties oftie AgNbQ system is carried out. Heterovalent ¥n = 0.53 A) ions were
incorporatedat the NB*(r = 0.69 A) ions e to create holén the modified AN system.
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For this purpose0.02 and 0.04 moles of Mn®@ere substituted in place of NOs to
prepareAgNbO; modified with MnO, systemsThe effect of hole doping (Mf, Mn*",

the presence of Jafireller active cation Mii (3d°®), electronegativity of Mn (1.55) on the
dielectric and ferroelectriproperties of the modified systems wereserved, analysed
and discusseth detail. Along with this, the contribution of microstructures like intrinsic
(grain) or extrinsic (grain boundary, samylectrode surface contact etc.) parameters to
conduction mechanism also investigated by complex impedance spectrestupyue.

5.2 Experimental Details

AgNbGOs/MnO, (AMN), and AN ceramic samples were synthesized by solid state reaction
route. AgO, Nb,Os and MnQ, were used as the starting raw precursors and mixed
stochiometrically. The amount of Mp@as taken itow molarconcentration (0.02, 0.04)

of Nb,Os in order to incorporate M in place of NB* cation at Bsite of the perovskite
structure.The systems are named as AMN2 and AMN4 respectiiyra 3 wt% AgO

was added to the mixture in order to meet the siloss due to its volatility41, 5§.

After two hours of manual grinding, the properly mixed powders were kept in an alumina
crucible for calcination at 83%C for 6h in air. The calcined powders were mixed with 3
wt% polyvinyl alcohol (PVA)solution with proper millingand uniaxially pressed into
disks of diameter ~10 mm and a thickness ~ 1 mm using hydraulic press under ~70 MPa
pressure. The prepared pellets were kept over an alumina plate for sintering &C1030
for 3h in normal atmosphiercondition.The pale yellow colour pellet of AN, dark brown
colour pellet of AMN was collected after sintering-r&y diffractograms of all the
compositions were investigated by using the XRD (Rigaku UHM)ausing nickel filter

wi t h Cu K U suina flomaa 1.6 kW Rigaku rotating anode generator.
Measurements were taken on reflection mode of oriented crystal pellets for step size
0.025 at scanning rate 2Qper minute. The microstructures of sintered pellets were
observed using &Nova Nano SEM/FEfield emission scanning electron microscope
(FESEM) as well as the mapping images of the samples was taken. The pellets were
allowed for Au coating on the targeted surface by a sputtering unit up to two minutes.
This was intended to avoid the accumulataf electrons on the surface of the samples
due to electron irradiation during image. The impedance data were collected within 100
Hz to 1 MHz, in a temperature range 251 450 °C by using HIOKI IMPEDANCE
ANALYZER IM3570. The data were collected duribhgth heating as well as cooling
processes. For electrical measurements, the sintered pellets were coated with silver
electrodes and fired at 400°C for 30 min for good adhesion. The furnace was controlled
with 2°C rise per minute during the collection déléctric data. Polarizations vs. electric

field (P-E) measurements were performed using precision premier Il, a standard
ferroelectric testing machine (Radiant Technologyya} photo electron spectroscopy

was taken to examine the oxidation states ofirtherporated doparite. manganese and

other existing elements such as silver, niobium and oxygen. The data were obtained by
using Thermo ESCALAB 250 physical electronics photoelectron spectrometer having Al
KU -ray (1486.6 eV) as exciting radiation. &linding energy was determined by
reference to the C 1s line at 284.8 eV.
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5.3 Results

5.3.1 XRD, SEM, XPS and Raman spectroscopy Study

The XRD patterns of the AN and MaQloped AN samples are shown in thig. 5.1

The position of the peaks is found to beatching to the orthorhombic structure of
AgNbO; system as per th@CPDS Card No. 078738 and are indexed accordingly.
Minute traces of impurity secondary phases are also identified in the diffraction pattern
which is reported as unavoidable in the comqburrespective of synthesis route [41

The little shifting of XRD peak position in the modified systems indicates the partial
incorporation of Mn in place of Nb in AgNk@eramic. The lattice parameters of all the
systems are calculated and put inTiable5.1
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Figure 51:X-Ray diffraction pattern of the AN and its modified systems.

Table 5.1Lattice parameters calculatbg using check cell software.

Compound AN AMN2 AMN4
Lattice C

a (A 3.9541 3.9592 3.9523

b (A) 3.9002 3.8988 3.8988

c (A) 3.9331 3.9362 3.9362

Fig.5. 2shows theFESEMimages of the parent and its modified systems. It is observed
that the noruniformity of the grain size distribution increases in the modified systems.
The size of the grains in the AN system is of ~2 um. However, the size distribution ranges
~1.5 um to 5 um. the polyhedron shape of the AN grain remains to some extent identical
to that of the AMN systems. The amount of the surface pores appears in the AN system
also reduces in the AMN systemiexperimental density ~91%, 91.35% and 92% of
theoretical dengy are obtained of sintered AN, AMN2 and AMN4 ceramic samples,

respectively.

50



Counts (a.u.)

Figure 5.2(a). FESEM images of theMd, AMN2 and AMN4 systems.
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Figure 5.3: Xray photoelectron spectroscopyages of théAMN system showinthe possible
oxidation states of theonstituent elements

XPS data is very much relevant to identify the oxidation states of the constituent elements
in a compound. Figh.3illustrates the XPS data of the AN, AMN2 and AMN4 systems.
The binding energy corresponds to the position of all identified peaks confirm the
presence of major constituents like silver inAstate, niobium in NY state and oxygen

in O” state. The peakassociated to the minute constituent element i.e. manganese is also
examined to be existing in Mh Mn** states which confirms that hole doping washe
modified systemsin addition to this Mi (3c°) is a Jah#Teller active ion which was
confirmed b be present at the oxygen octahedral sk#.the identifications are carried

out by cross checking the previous literatugeg [115, 131

Raman spectra provide important information regarding the internal vibration in the
crystal lattice. Fig5.4 shows the different vibrational modes obtained in our prepared
sample of the parent AN and its modified system which agrees well with the previous
reported data. It is observed that all the internal vibrations related tg ddb@hedra lies

within 160 cm' to 900 cnt. Around the region 170 chto 325 cni, the first intense

mode is observed which is splitted and corresponds to the degenerated modes assigned as
gs @ N @ regpectivelyThe modes ~ 360 cmand ~ 420 ci are of low intensity which

are asg n e d 4 aadsis sgpposed to be the associate bgnaiodes of NHO-Nb bonds

The possible cause for this low intensity is due to the low tilting angle bettinee
adjacent NbO6 octahedrihe second intense mode appears ~ 575ic610 cm' with a
shouber ~ 525 criti 575 cm'lar e a s s i gmaderespeatisely.grhese modes are
supposed to be arised due to the symmetric stretching of The diti@hedra which
corresponds to different NO bond lengths. Due to the partial incorporation of
manganese in place of niobium it is observed that the two intense modes have slightly
shifted towards lowvave numbeside[113, 114.
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Figure 5.4: Raman spea of the AN and modified systems showing the possible vibrational
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5.4 Dielectric study
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Figure 5.5: Temperature dependent relative permittivity and tangerafldssAMN2 systems at
selected frequency. The heating and cooling cycles with the thermal hysteresis are also shown at
different layers.

Fig. 5.5 andFig. 5.6 illustrate the diagram of the temperature dependent dielectric
constan{ U) and tfoussgectédtfrequeticieduang boththe heating as weas
cooling cycle for theAMN2 and AMN4 systemsespectively Threedielectric anomalies

are clearly observable in both the modified systelws. the AMN2 system dielectric
anomalies appears d@tc - ~ 62C (Miz My), ~277C (M2z M3) and Tc*F ~369C
(M3z O,). Similarly for the AMN4 system, dielectric anomalies appégf's ~ 61°C
(M1z My), ~256°C (M2z Ms3) and T F ~356C (M3z O,). The small dielectric anomaly

of (012 Oy) is not properly visible in both the systemsminute hump type feature also
appears in betwedfyz M3 during cooling cycle. The thermal hysteresis is also observed
at T and the hysteresis region of AMN2 systems is found to be wider than AMN4
system.The position of all the dielectric anomaliegture and shape of the above plots
match to the earlier reported values and hence this confirms that the pregraggds are

of good quality It is observed that the doping of hole into the AN system by
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incorporating MA*, Mn®* etc. has improved the désitric values quite significantly.
There is a little shifting offc"= towards the low temperature whereas absolutely no
shifting is observed in 3*F value in the modified systems. In the AMN4 system, a new
phase transition type picture appears in between broad and sharp dielectric anomaly. It is
interesting to note that though dielectric constant has increased by a steady figure but
there are no sudbig changes in the dielectric loss of the modified systems.
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Figure 5.6: Temperature dependent relative permittivity and tangemfltssAM N4 system at
selected frequency. The heating and cooling cycles with the thermal hysteresis are also shown at
different layers.

5.5 Ferroelectric study.

Fig. 5.7 shows the polarisation versus electric fieleHPhysteresis loops at RT of the AN
based ceramic samples. We observe an improvement in the ferroelectric parameters after
the modification by hole doping into the AN systems. An unsaturated shirhyteesis

loop of R ~0.037 PC/cr, Prnax~ 0.24 pClcrfiis observed for the AN ceramic samples.

For the AMN2 ceramic sample, P0.04 pC/cm and Rax ~ 0.41 pC/emi and for the

AMN4 ceramic sample, R0.16 puC/cri and Rax~ 0.52 pC/cni were observed. In both

the AMN2 and AMN4 ceramic samples an enhancement in saturation polarisation than
the parent AN system is observed.
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Figure 57: P-E hysteresis loop of the AN, AMN2 and AMN4 systems for 10kV of applied field.

Table5.2: Ferroelectric parameters of the AN atedmodified systems.

Applied Saturation & AN AMN2 AMN4
Filed Remnant Polarizatiol
(uC/ent)
10Kv Prax 0.24%6 0.394 0.434
P 0.03%6 0.036 0.109

5.6 Discussion of the results.

Porosity, grain size, impurities have a significant role in determiningetbetrical
properties of ceramic samples. The reduced amount of pores in the AMN systems can be
related with their enhanced dielectric and ferroelectric properties. But in the present
study, charge carriers (holes in case of Mioping) are created in tHMN systems and

its effect cannot be ignored. Though, theoretical work carried out by K. Uehidh

relate with the SrTi@system but the effect of carrier doping on8fatahedral rotation

may be considered as universal. Generally, carrier doping in an oxide system creates
variation in ionic radii as well as in tolerance factor, which can control the octahedral
rotation and it is theoretically verified that the dopingreduces the octahedral tilting

[39]. Since, the doped holes in an oxide system occupies top of the valence band with
oxygen 2p orbital, but in AN system, the top of the valence band consists mostly of
oxygen 2p and to some text 4d orbitals of Ag atom®$§, 132. It is reported that the
doping of holes in a perovskite system increases the tolerance factor, which can
ultimately suppess the octahedral rotatioB(]. Therefore, in the AgNb©system, the
bottom of the conduction band consists4af orbitalsof the Nb atoms Earlier it is
reported that the doping of holes or electrons in a materipkssges the ferroelectricity

[35]. However, in the present study an enhancement of ferroelectricity is observed in both
the AMN systems. Manganese mostly &xi;n Mn®*, Mn*" oxidation states in a
compoundwhich is confirmed from the XPS data and hence may create holes when
substituted at Nb sites in the AN system. In AgNi@stem, the excess octahedral tilting
locks the Ag offcentering and is the main respdiisicause fothe weak ferroelectricity

As doping of holes suppresses the octahedral rotation this may unlock-ttentaffing
behaviour of the Ag which may lead to an increase of the dipole moments and increase in
ferroelectricity in AMN systems. Agairthe most relevant microscopic parameters which
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influence the modifications are atomic or ionic radii, lattice parameters of the compound,
ionicity and covalency of the bonds, local potentials, polarisabilities of the ions and
bonds, nature and concentaais of the introduced defects likacancy and interstitial

ions [63]. Variation in lattice parameters and shifting of the XRD peaks indicates the
introduction of lattice distortion in the modified systems. These lattice distortions can
create additional idole moments in respective unit cell and help in enhancing the
polarisation of the system. It is well known that ferroelectric phase is essentially the
cooperative phenomena which is stabilised by the long range columbic interactions of the
electric dipoé moments and appears spontaneously in each unit68gllIin addition,
another explanation can be given on the basis of electronegativity, ionicity and covalency
of the bonds. According to Pauling scale, the electronegativity of Mn is 1.55 and that of
Nb is 1.6 and therefore, when Mn is substituted in place of Nb, the electronegativity
difference between the Nb and O (3.44) increases. The increasing difference in
electronegativity between metal and oxygen also increases the ionicity of the bonds. It is
anestablished fact that ionicity of a bond relates to its polar character whereas covalency
of the bond relates to its nguolar character. The increasing ionicity of the bonds makes
them more polar in naturédgain, from the XPS result, it is confirmed thmaanganese
exists in Mri* (3d®) and M (3d) states. Between these two states>MBd’) are a
JahnTeller active ion and hence it can favour a Jabkher type of distortion within its
octahedral site. If we observe at the evolution & Pops inthe modified systems then

one can notice that the remnant polarisation €ro applied field) of AMN4 system is
comparatively larger (~ twice that of AN) than that of AMNZ2 VRlue is very close to

AN). However, at highest applied field (10kV/cm), th@provement in polarisation value

is well observed for both the modified systems. This indicates that the distortion due to
octahedral tilting/rotation has reduced to some extent. Though several possible
explanations are there but the significant improveanwénP, value for AMN4 system
indicates that the Jakreller distortion dominates over other factors with the increase in
the concentration of JahFeller active MA* cation in the modified systemsherefore, it

can be argued that the incorporation of Mio the AgNbQ system increases its ionicity

due to which its polarisation increases, which completely matches with our experimental
results.
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Figure 58: Band gapralculated from UVspectraof AN and its modified systems.
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It is earlier discussed ithe introduction part that if the distortion in the perovskite
structure reduces then it will widen the energy gap between valence band and conduction
band[1, 30]. Fig. 5.8 illustrates the UV spectroscopy of the AN and AMN systems. It is
observed that thband gap of AMN4 system has increased by some value than the AN
system. This indicates that in the AMN4 system the structural distortion due to octahedral
tilting/rotation is reduced and which is most probably due to the dominance ef dédm
distortion over other possible factors.

The increase in dielectric constants in the AMN systems can be related to the net increase
in polarisation of the systemmk the AMN systems, - decreases butcf™ increases
slightly, which is similar to AgxLixNbO; sysem, reported earlieiThis behaviour can be
explained on the basis of development of internal and external stresses, arising due to the
doping in the respectivAN systems 113. The wide thermal hysteresis loop indicates

the presence of thenternal andexternal stress arises due to the dipole orientation,
clamping of dipole moment grain boundary regions etc. [71, 77).87

There are several factors which are responsible for loss in dielectric materials can be
classified into two classes: (a) intringoss and (b) extrinsic loss. The intrinsic loss arises
from the anharmonic phonon decay process in pure crystal lattice whereas the extrinsic
loss finds its source from crystal defects, grain boundapm®s and secondary phases

In the Chapter 4f this thesis, the dielectric loss was related to the increase in grain size
of the modified AgNb®@ systems which is ayblished work in thgournal It was argued

that the intrinsic grain conduction dominates over extrinsic one within the prescribed
frequencyand temperature range and therefore, hence the major source of dielectric loss
must be of intrinsic in nature. In the present work also, the intrinsic grain conduction is
observed to be dominating over the extrinsic interfacial conduction, which will be
discussed in the next section. But, the most expected cause for the minimal variation of
dielectric loss in the modified systems can be related to theinoticeable variation in

the shape and size of the grains. The little variation in tangent loss neypllaéened in

terms of increasing neaniformity in the distribution of the grains.

5.7 Complex Impedance Spectroscopy Study

The relaxation behaviour of the AN based systems was examined by the complex
impedance spectroscopy study. Imaginary part ofrtigedance (Z") and imaginary part

of the electrical modulus (M") vs. frequency study which can help to know about the low
frequency relaxations present in a system. The inability of resolving the multiple
relaxations in the low frequency region, presenfa material, by the Z" study can be
overcome by the M" study, which scale inversely to capaatfi®®-117].

Fig.5.9.(a, b) and Fig.5.10(a, b) illustrate the selective plots of the impedance (Z"(f)) and
electrical modulugM"(f)) variations for he AMN2 and AMN4 systems respectively. It is
observed that in all the systems, low frequency relaxation peak app8&6s°€ in the

M"(f) plot and it shifts towards higher frequency region at further elevated temperatures.
The low frequency relaxation gk al® appears in the Z"(f) plot 355 °C and shifts
towards higher frequency region at further elevated temperatures. The existing dipoles in
a material contribute their maximum electrical response at the frequency corresponding to
the relaxation peaknal beyond this they remain in relaxed state. The insets of all the
figures show the lognfx vs. 1/T plots separately for the Z"(f ) and M"(f) behaviours,
which suggest that the relaxation process is of Arrhenius type. The Arrhenius type
behaviour is given by f sexp(E®/ kgT), where, § is the preexponential factor and,&
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representshie activation energy of the dielectric relaxations, present in the system. For all
the systems, the activation energies are calculated and plotted in the inset of their
respective figures. These high values gf BEuggest the possibility of grain condoctin

the AMN systems [114.18].
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Figure 5.9 Imaginary part of electrical impedance (Z"(f)) plotted inllog scale and modulus
(M"(f)) plotted in linear scale of the AMN2 system at selected temperatures. The inset shows the
activation energy efrived from relaxation frequencies.
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Figure 512: (a) Cole-Cole (Z' vs. Z") andb) Cole-Cole (M' vs. M") plots of the AMN4 system.

We have also studied the Cdlmle of impedance in which Z' is plotted against Z" in the
diagrams. The appearance of semicircle in the diagram indicates to a relaxation process.
The number of semicircles appear in the diagram are related to differenictogd
sources. For three distinct semicircles appear in the diagram, the high frequency
semicircle is identified due to the intrinsic grain conduction effect, the intermediate
frequency semicircle is due to the interfacial grain boundanduction effectand the

low frequency semicircle is due to theatede contact effect. Fig. 5.44and Fig. 5.12
illustrate the ColeCole of impedancaliagrams of the AMN2 and AMN4 systems. Only

one semicircle appears for all the systems within the prescribed frequerty
temperature range whose centres seem to be lie below the abscissa axis. Such depressed
semicircles indicate neDebye type of conduction process within the samples. The radius

of the ColeCole semicircle equates approximately to the resistance ofdkerial at the
corresponding temperature. It is observed that the radii of the semicircles for all the
systems of investigation decreases with increase in temperature.
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Figure 5.13 Comparison of resistance from Cdlele radius, at 35C.

Again, in order to assess the effect of doping on resistances of the systems as well as its
rate of degradation with temperature the combine plot of-Cole semicircles of the

AN, AMN2 and AMN4 systems at some selected temperatures are illustratéd. in
5.131t is observed that the resistance of the modified systems reduces as an effect of
doping but order of the resistance remains same at all the temperature. With elevated
temperature, the rate of degradation of resistance also remains approximiédehy.un

In the Chapter3, the increased/decreased activation energies of the modified systems are
related to the increase/decrease in the resistance of the compounds. But the activation
energies of the AMN2 and AMN4 are very close to that of AN systemalsesreported

in earlier works that the activation energy depends upon the oxygen vacancies. But from
the XPS data, the oxygen vacancy related peak is not that much prominent to surely
ascertain their role in determining the behaviour of activation ereergithis modified
systems.

To sort out the multiple relaxations in a systems, the-Cole of electric modulus is an
important tool which plots M' against M" in the diagram. Sometime the superimposed
effect of different conductions is ngroperly restved in the ColeCole of impedance
which appears distinct in the former method and provides more information regarding
intrinsic ard extringc conduction sources. Fig. 5.11b and Fig. b.l®strate the Cole

Cole of modulus of the investigated systems in which only single semicircles a@appear
the diagrams. This confirms that a single relaxation process dominates over the total
conduction mechanism, which can be related with the graircteffeherefore, the
macroscopic faxation process present in th®MIN systems may be due to the
microscopic conduction, which occurs inside the grains.

5.8. Conclusion

AgNbO; systems modified with MnOwere prepared by conventional solid state route.
Improved erroelectric and dietgric properties in the modifiedystems were explained

on the basis of hole doping, increase in difference of the electronegativity of cations and
anions and Jahieller distortion. However, double value of remnant polarisation @f th
AMN4 system than o#tr systems indicates that Jaheller distortion dominates over the
other factors. Intrinsic (grain) conduction was identified in all the systems.
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Chapter 6

Dielectric, ferroelectric and impedance
spectroscopic studies of W@ doped
AgNbO; ceramic

6.1. Introduction

AgNbQ; is considered as a multifunctional material with microwave communication,
micro technologies and as a vigilight driven photocatalysthe multiphase transition

in temperature dependent permittivity plot has madkis material interesting for
fundamental research. The compound assumes distorted perovskites&kB&ure at
room temperature. The recent group of researchers assigned ttentmsymmetric
Pmc2 space group to explain its weak ferroelectricity whimings to an end of the
earlier assigned centrosymmetAbcmspace group which was meant &otiferroelectric
behaviour But, the discovery of a strong field induced double hysteresis loop having
saturation polarisation of 52 pC/érn its polycrystallne form and revelation of high
permittivity (> 400) in microwave/radio frequency range for AgNRaOs (x=0.5)

solid solution, has also diversified its applicatiorsemiconductor industrigg49,85, 86.
There exists a complicated coupling between pNb§gtahedral tilting and local
displacements of both Ag and Nb which mechanised a series of changes in the cation
displacements. Though, both the Ag and Nb cation possess thentéfing behaviour

the material experiences weak ferroelectricithe low tderance factor (t = 0.956) is
responsible for excess NbOctahedral rotation during phase transition which obstructs
Ag displacement as well as force its dynamn antiferroelectric order Suitable
modification is proposed to induce chemical pressuippress the octahedral rotation

by increasing the tolerance factor given by—t:—m_ which may recover Ag off centering

behaviow to enhance ferroelectricif$5]. Several modifications have been carried out by
substituting monovalent cationki( Na, K) in place of Ag at Asite of the compound
which reports interesting results which differs for one from another cations effect on
dielectric and ferroelectric propertief70-88]. The Bsite (NB") has been modified
largely by Tantalum (T4) by several researchers which reports excelleritrawave
propertieg[62-66, 8286]. The most exciting result came in the compound with separate
Li and Ta substitution having number of publishearks andalong with this a combine
substitution effect of Li and & also has beeneported recentlyApart from this, few
works has been reported with Bi, Sb substitution tbaece the electric properties
However, the charge carrier (hole/electron) doping also controls the octahedral rotation
that blocks the oftentering of Ag ion which has been theoretically investigated by
K.Uchida et.al and verified wth the experimental findingl35]. According to hem, the
tolerance factor of a compound increases/decreases as per the nature of the charge carriers
due to increase/decrease of the effective radius of the cation/anion in a compound.
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In this chapter we want to investigate the effect of electron doping on the dielectric and
ferroelectric properties of AgNhGsystem. In the present wotk02 and 0.04 moles of
WO; were substituted in place bib,Os to prepae AgNbQ; modified with WQ systems.

This was preferredo as to partially incorporate ¥W(r = 0.60A) in place of NB (r =
0.69A) in order tccreate electron in the AN systeffhe effect of electron doping (H

W%, the presence of Jatireller active cation W (5d%), and electronegativitpf Mn

(2.36) on the dielectric and ferroelectriproperties of the modified systems were
observed, analysed and discusdseddetail. Along with this, the contribution of
microstructures like intrinsic (grain) or extrinsic (grain boundary, samleletrode
surface contact etc.) parameters to conduction mechanism also investigated by complex
impedance spectroscopy technique.

6.2. Experimental details

The AgNbQ and its modified systems were prepared by solid state route by takiy Ag
Nb,Os and WQ as the starting materials. The amount of 3\&as calculated in
molecular weight fraction (x=0.02, 0.04) of ) to design some modificatiorlhe
modified systems are named as AWN2 and AWN4 systémeach case 3wt% extra
Ag,O was added to meet the silMess due to its volatilityAfter proper manual grinding

to intersperse the oxides, the mixtures were set for calcination at temperaturé®fa30

6hrs. The calcined powders were mixed with 3 wt% polyvinyl alcohol (P¥élution

with proper millingand uniaxially pressed into disks of diameter ~10 mm and a thickness
~1 mm using hydraulic press under ~70 MPa pres3ire prepared samples for various
measurements were sintered at T@3€r 3hrs XRD patterns of the samples were taken

by using RIGAKUULTIMA IV using nickel filter with Cu I§ radiation issuing from a

1.6 kW Rigaku rotating anode generator. Measurements were taken on reflection mode of
oriented crystal pellets for step size 0.928 scanning rate 20per minute. The
microstructures ofistered pellets were observed usingEeOL JSM6084LV scanning
electron microscopeSEM) as well as the mapping images of the samples was taken. The
pellets were allowed for Au coating on the targeted surface by a sputtering unit up to two
minutes. This wa intended to avoid the accumulation of electrons on the surface of the
samples due to electron irradiation during imagea) photo electron spectroscopy was
taken to examine the oxidation states of the incorporated daparitsngsten and other
consttuent elements. The data were obtained by using Thermo ESCALAB 250 physical
el ectronics photoel ect r o-ray ($4p6e6ceV)r as meiting r h a\
radiation. The binding energy was determined by reference to the C 1s line at 284.8 eV.
The impednce data were taken by using HIOKI IMPEDANCE ANALYZER IM3570
within frequency domain of 100 Hz to 1 MHz a temperature range %5 - 450°C.
Hysteresis loops were taken by Radiant precision ferroelectric characterisation system,
standard ferroelectricesting machine (Radiant Technologyraman spectrum was
measured using a laser Raman spectrometer (Horribba Scientific Instruments T6400) at
room temperature. The power of the incident laser beam was n200 with
monochromatic wavelength 514 nm.

6.3. Results and Discussion
6.3.1. XRD, SEM, XPS and RAMAN results

Fig. 6.1 illustrates the XRD patterns of the all prepared samgtesitions of all the
diffraction peaks are well indexed to orthorhombic AgNH@CPDS Card No. 070
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4738052-0405. Presence of minuteaces of secondary phases is observed in the pattern
but which is reported to be unavoidable in the prepared compousgpentive of
synthesis routelgll, 58] The lattice parameters were calculated by check cell software by
considering orthorhombic uncell containing single formula unit which are provided in
the table 6.1 The shifting in position of diffraction peaks may be related to the partial

incorporation 6tungsten in place of niobium.

Fig. 6.2 illustrates the SEM images of the AN and AWN sys$ from which we can
observe the changes in its surface microstructures. The grains of the parent AN system
appears to be polyhedron shaped having their size distributes from 1.8um and is

very much similar to the earlier reports. But in the modisgdtems, the shape of the
grains transforms gradually from apparently polyhedron in AWN2 to more alike
cube/cuboid in AWN4 witloverall increase in its dimension tbgm.
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Figure 6.1X-Ray diffraction pattern of the AN and its modified systems.

Table6.1: Lattice parameters calculated by using check cell software.

Compound AN AWN2 AWN4
Lattice C
a(A) 3.9541 3.9476 3.9570
b (A) 3.9002 3.8140 3.8998
c (A) 3.9331 3.9222 3.9314
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Figure 6.2.SEM images of the AN, AWN2 and AWNsystems.

The presence of pores reduces comparatively to that of parent system. Experimental
density ~91%, 91.7% and 92.5% of theoretical density are obtained of sintered AN,
AWN2 and AWN4 ceramic samples, respectively. The transformation in shape and size
of the grains in the modified systems also suggests the partial occupation of the tungsten
in place of niobium.Fig. 6.3 illustrates the XPS data of the AWN systems which is
helpful in identifying the oxidation states of the constituting elements presettiei
compound. The positions of the peaks for all the constituent elements are given separately
in the figure sheet. The corresponding binding energies of all the peaks indicate the
presence of silver in Aj state, niobium in NB state and the minor efteent tungsten in

W® and W* states 4, 133. This confirms successful electron doping due to presence of

W°®" (5d°) and incorporation of JakReller active cation W (5d") in the AN systenj32,
33].
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Figure 63: X-ray photoelectron sp&oscopy imagesf the AWN system showinghe possible
oxidation states of the constituent elements
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Figure 64: Raman spectra of the AN and AWN systems showing the possible vibrational modes
of the systems.

Raman spectra provide important information regarding the internal vibration in the
crystal lattice. Fig6.4 shows the different vibrational modes obtained in our prepared
sample of the parent AN and its modified system which agrees well with the previous
reported data. It is observed that all the internal vibrations related te ddb@hedra lies
within 160 cm' to 900 cn. Around the region 170 cmto 325 cn', the first intense
mode is observed which is splitted and corresponds to the degeneratedassigeed as

gs a n @ regpectively. The modes ~ 360 ¢rand ~ 420 cil are of low intensity which

ar e as sjagdissdpposesl todpe the associate bending modes©fN\bbonds

The possible cause for this low intensity is due to the low tilingle between the
adjacent Nb@octahedraThe second intense mode appears ~ 575ic610 cm® with a
shoulder ~ 525 cthi 575 cm'ar e as s i agmderdspeatisely.grhese modes are
supposed to be arised due to the symmetric stretching of The diti@hedra which
corresponds talifferent NBO bond lengths The vibrational modes appeared in the
spectrum of the modified systems are also found to be identical to that of the parent
system. But the intensity of the peaks reduces considerably in theaadeggtems which
dependupon the content of tungsten in the compounds. Teimal shifting of
vibrational modes and reduction in its intensity confirms th&f Was successfully
occupied the sites of Nbin the AgNbQ ceramic[114, 113.

6.3.2. Dielectric and ferroelectric results

Fig.651i | l ustrates the temperatur eWN2apdetsr den't
modified systems during heating as well as cooling cycles at four selected frequencies.
Four major dielectric anomalies at' ¥ & T2AM1Z My), 263C (Mxz M3), TE &
327°C (Msz O4) and 376C (O;z O,) are observed in our prepared samfienilarly, the
appearance of dielectric anomalies in the AWN4 systems are obserVetF & T3
(M1z My), 248C (Maz M3), TMF & 3A sz Oy) and 358C (O1z Oy), which is
shown in Fig. 6. A hump like feature appears withi,Z M3 during cooling cycle
which matches mostly to the earlier repofitse thermal hysteresis also clearly observed
at theT*FF which is a basic feature of ferroelectric systems.

65



m Heating Cycle
| @ Cooling Cycle|

AWN2

o170 1250 { @ 10kHZ
4 A
R L = N
1 A n 1000
1250 ’d
% ] j : 2 o]
1000 - 750 -
(&) 0] 2 ls Los S
£ ] 500 )
D 500
> 1 250 4
a 250-' Lo - 0.0
04 -
T 1 T T T 1202 1 1 ) T T
w1290 1 Thermal o @ 1MHZ -2
- . ayl 0.3 1000 4 wy
€ 10004 Hysteresis loop 1 . i I
g . %
2 800 - 5 I 800 4 . Los
° a — _0_2 LO
O 600+ [} 600 - 3 s
L & S
i 4004 400 - L 0.4
E - 0.1
@ 200 200 4 L
8 ]@ 100kHZ
0 T T T T T 0.0 0 — T T T T T 0.0
0 100 200 300 400 500 0 100 200 300 400 500
[+
Temperature’C TemperatureC

Figure6.5: Temperature dependent relative permittivity and tangenofabe AWN2 systems at
selected frequencies. The heating and cooling cycles with the thermal hysteresis are also shown at
different layers.
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Figure 66: Temperature dependent relative permittivity and tangenolfase AWN4 systems at
selected frequencies. The heating and cooling cycles with the thermal hysteresis are also shown at
different layers.

It is observed that all the transition points shitbsvards lower temperature in WO
modified AN systems which is contrast to the result of Mn@dified AN systems.The
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thermal hysteresis at thec’fF is also shown in the figure and it is observed that the
region of thermal hysteresis widens with the dagamcentration. The modification also
increases the dielectric loss which increases with the concentration of the dopant.

Fig. 6.7 illustrates the HE hysteresis loop of the investigated systems which shows
interesting results in the modified systenfsom table 6.2,It is observed that the
ferroelectric parameters of AWN2 systems reduce to lower value in comparison to the
parent AN system. However, in the AWN4 system, the value of the above parameters
improve and is found even more to that of the Adsksm.
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Figure 6.7:P-E hysteresis loop of the AN, AWN2 and AWN4 systems for 10kV of applied field.

Table 6.2: Ferroelectric parameters of the AN and AWN systems.

Applied Saturation & AN AWN2 AWN4
Filed Remnant Polarizatiol
(uC/cnt)
10Kv Prax 0.246 0.207 0.280
P, 0.0 0.028 0.066

6.3.3.Discussion

The microscopic parameters such as atomic or ionic radii, lattice parameters of the
compound, ionicity and covalency of the bonds, local potentials, polarisabilities of the
ions and bonds, natueand concentrations of the introduced defects influence theielectr
behaviour of the compoundhough, theoretical work carried out by K. Uchidial.

relate with the SrTi@system but the effect of carrier doping onBfatahedral rotation

may be consided as universal. Generally, carrier doping in an oxide system creates
variation in ionic radii as well as in tolerance factor, which cartrobthe atahedral
rotation Theoretically it is calculated that the doped electrons occupy the bottom of the
conduction band that is mostly contributed by the B site cation orbitals of the3ABO
perovskie system 35]. In the AgNbQ system, the bottom of the conduction band
consists of4d orbitals of the Nb atom&6, 132. With the electron doping in the AWN
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systemthe effective radius of Nb increases and therefore, the tolerance factor decreases
which ultimately promotes the octahedral rotation. Theoretically it is predictedh#nat
promotion inoctahedral rotation will suppress the ferroelectric instability. Experimentally

it is also verified that electron doping will deteriorate the ferroelectric property in a
compound.Wang etal. verified their theoretical simulated work with the experimental
results and reported that the doping electrons cascade the long range coulomb interaction
which impedes the ferroelectricity due to over domination of short range repulsive forces
[36]. Again, according to Pauling scale of electronegativity, when W (2s3partially
substituted in place of Nb (1.6) the overall difference of electronegativity from O (3.44)
decreases. The decrease in difference of electronegativity between the cation and anion
reduces the ionic character of the bonds. The overall redoogd character of Ni©

bond reduces its polar nature and hence may reduce the ferroelectric properties.

From the XPS result, it is confirmed that tungsten exists M @) and W* (5d°)
states. Between these two oxidation state¥, (") are JahiTeller active ion and can
expect of favouring a distortion within its octahedra which will reduce the octahedral
tilting/rotation [1-3, 32] If we observe at the evolution ofE° loop of the modified
systems then one can notice that the ferroelectric paresfetethe AWN2 systems are
reduced. However, for AWN4 system the ferroelectric parameters are improved in
comparison to the AN system which we can expect due to reduction in octahedral
tilting/rotation. The inter competition of different mechanism foabetdral distortion can

be expected from the above results. The doping of electron and the preserfégsW
promote octahedral rotation and hence will suppress the ferroelectric instability in
AgNDbG; system. The reduction in the differenceetéctronegativity between cation and
anion due to incorporation of tungsten also reduces the polar nature of the bond. These
three factors favour for the reduced ferroelectricity as we have found in AWN2 system. It
is established that the Jafeller distation dominates over the all possible distortions.
Therefore, the probable increase in concentration of-Jeher active W* (5d%) in
AWN4 system led the dominance of Jaheller distortion over the other possible
mechanisms. This suppresses the octathedling/rotation to some extent and recovers
ferroelectricity in AWN4 system.

= AN
1— AWN2
—— AWN4

0 /
g % = og g
Photon Energy (eV)

Figure 6.8 Band gap calculated from the UV spectra of AN and its modified systems.

It is earlier discussed in the introduction part that if the distortion in the perovskite
structure reduces then it will widen the energy gap between the conduction band and the
valence band. Fig. 6.8 illustrates the UV spectroscopy of the AN and AWN systems. It is
observed that though the band gap of AWN2 and AWN4 system has decreased but the
band gap of AWN4 system is more than that of AWN2 system. This indicates that in the
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AWN4 system the structural distortion due to octahedral tilting/rotation is reduced and
which is most probably due to the dominance of Jidlker distortion over othergssible
factors.

It is established that in the high dielectric materials thg @®&fahedra are joined to each
other at their top which are the source of polarisaaalirg to high permittivity [126

127). The cation located at the centre of the octahplirgs the crucial role in dominating

their dielectric properties. In our perovskite oxide AgNb@hen the comparatively
smaller cation W/(0.6A) is substituted in place of Ri§0.69A) it intensifies the
correlation among Nbgoctahedra. This results thecrease in permittivity of the AWN
systems. The shifting of Curie temperature depends upon the bond strength. The reduced
intensity of Raman vilational modes indicates the decreabbond strength. Therefore,

in the AWN systems all the transition poistsft towards lower temperature.

There are several factors which are responsible for loss in dielectric materials which can
be classified into two classes: (a) intrinsic loss and (b) extrinsic loss. The intrinsic loss
arises from the anharmonic phonon @egrocess in pure crystal lattice whereas the
extrinsic loss finds its source from crystal defects, grain boundarees)dsey phases and
pores In the chapted of this thesis, it is concluded that the increase in dielectric loss in
the modified systemis which intrinsic grain conduction is a dominating figure, depends
upon the increased grain sigE36]. Therefore in AWN systems the enhance dielectric
loss can be related to the increased grain size as it is confirmed from SEM images as in
the subsequérsection it will be verified that the intrinsic grain conduction is the major
contributing part in the total conductivity of the AWN systems.

6.4. Complex impedance spectroscopy

Complex impedance spectroscopy is a technique to investigate the relamatbanism
shown in a ceramic compound. This will provide the information regarding the
conducting regions (intrinsic or extrinsic) and the limit of temperature when charge
carriers activate and the nature of the activated charge carriers within a pdescribe
frequency and temperature range. For the application purpose of any material this
information provides the suitable area and range for the better efficiency of the concerned
material[109-112,123-125]. This relaxation behaviour can be observed by studying the
spectrum of imaginary part of impedance (Z") and imaginary part of electric modulus
(M"). Fig. 6.9(a, b) and Fig 6.10(a, tlustrate the relaxation peaks iohaginary part of
impedance (Z") an@maginary part of electric modulus (M") at selective temperatures.
The low frequency relaxation appears ~%50n the AN system whereas in the AWN2
system it appears ~2%D and in the AWN4 system it appears ~Z25The relaxation
peaks in all the systeniehave in the same manner with temperature. As the temperature
elevates, the relaxation peaks shift towards the higher frequency belt with reduced height.
The frequency corresponding to the relaxation peak is the maximum frequency that can
be followed bythe charge carriers associated with dipoles. Beyond this frequency, the
carriers are unable to follow the changing applied field and hence remain relax without in
stress. With increase in temperature, the thermal energy enables the dipoles to follow the
frequency of higher order and hence the reason for shifting of relaxation frequency. The
insets of all the figures show the lag.fvs. 1/T plots separately for the Z"(f ) and M"(f)
behaviours, which suggest that the relaxation process is of ArrhemasTtye Arrhenius

type behaviour is given by f g&xp €./ kgT), where, § is the preexponential factor

and
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Figure6.9: (a) Imaginary part of electrical impedance (Z"(f)) plotted inllog scale andb)
modulus (M"(f)) ploted in linear scale ofthe AWN2system at selected temperatures. The inset
shows the activation energy derived from relaxation frequencies.
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Figure6.10: Imaginary part of electrical impedance (Z"(f )) plotted inllog scale and modulus
(M"(f)) plotted in linear scale othe AWN4 system at selected temperatures. The inset shows the
activation energy derived from relaxation frequencies.

= represents the activation energy of the dielectric relaxations, present in the system.
The calculated actitimn energy for the ANsystemis bigger enough to assign the
relaxation due to the intrinsic grain conduction effect. However, the calculated activation
enegies for AWN2 and for AWN4are reduced to a lower value. In tBbapter3, it is
observed that for the 8D0si doped and YOs T doped systems the activation energies also
reduced sufficiently and is explained as the reason behind the lower temperature
relaxations appeared in those systems. In the ch&piels also observed that MrO
modifications do not bring in any lower tperature relaxation as the activation energies
remain very close (AMN4) and even higher (AMN2) in comparison to the parent AN
systems. Therefore, the lower temperature relaxations found in the AWN systems may be
related to their reduced activation energies
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Figures.11: (a) Cole-Cole (Z' vs. Z"and(b) Cole-Cole (M' vs. M") plog of the AWN2 system

Cole i Cole diagram is plotted by taking real part of impedance Z' as an abscissa and
imaginary part of impedance Z" as an ordinate. If the diagram adpesaes semicircle

then it indicates a relaxation mechanism. If more than one semicircle appears in the
diagram then each semicircle attributes to a unique electrical response due to the
activation of charge carriers in different regions like intrinsicai@r or extrinsic
(interfacial). If three Col&Cole semicircles appear in the diagram within the frequency
domain then the semicircle at high frequency attributes to the grain conduction, the
semicircle at intermediate frequency ascribes to the grain bopmdnduction and the
semicircle at low frequency regime arises duth&surface conduction effgdt09-112].
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Figures.12 (a) Cole-Cole (Z' vs. Z"and(b) Cole-Cole (M’ vs. M") plos of the ANWN4 system

Fig. 6.11a and Fig. 6.2a illustrates the Colk&ole of impedance cAWN2 and AWN4
systems in which only a single semicircle appears in the diagrams. All the semicircles are
depressed.e. their centres seem to be lie below the abscissa axis which indicates the
nature of conduction within the compounds are of-Debye type. For a Debye type of
conduction a complete semicircle appears with its centre lie on the abd4€iSsHL .

The radis of the semicircles measures the resistance of the material at that particular
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temperaturelt is observed that the radius of the semicircles decrease with the elevated
temperature which indicates decrease in resistance of the material with increasing
temperature. This shows the insulating/semiconducting nature of the material. However,
the single relaxation in all the systems may be assigned to the intrinsic grain conduction
effect as intrinsic charge carriers activate earlier in comparison to extraggons in a

high insulating material and so also may be in the AgNt¥damic.In order to bring a

more clarification we plot the Coleole of electric modulus (M' vs. M") which has the
ability to resolve two individual electric response. Electric modstages inversely to the
capacitance whereas the electric impedance varies directly to the resistance of the region.
As capacitance of intrinsic and extrinsic regions differs hugely therefore, the electric
response of highest capacitive region likes ser&dectrode contact completely
suppresses in electric modulus but, highlights the lowest capacitive intrinsic grain region.
Fig. 11b and Fig. 12b illustrates the G@ele of modulus of the modified systems in
which single semicircles also appear in thagdams. This confirms that there is also
dominance of intrinsic source of conductivity within the prescribed frequency and
temperature range which can be attributed to the intrinsic grain conduction effect.
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Figure 613 Comparison of resistance fra@ole-Cole radius, at 35C.

Fig. 6.13plots the ColeCole semicircles of the AN and AWN systems at 85@hich

shows the resistance of the material reduces sufficiently in the modified systems and the
amount of reduction increases with the increase indtgant concentratiorAs in the

earlier discussion it is already verified therefore the reduced activation energies in the
modified systems can be related to the reduced resistance of the systems.

6.5. Conclusion

AgNbO; systems modified with W9were prepared by conventional solid state route.
The ferroelectric and dielectric properties in the modified systems were explained on the
basis of electron doping, increase in difference of the electronegativity of cations and
anions and Jakmeller disbrtion. The contrast results in ferroelectric properties in AWN2
system and AWN4 system was explained on the basis of domination off Skdm
distortion due to the increase in number of Jabler active ions in AWN4 systems.
Intrinsic (grain) conductio was also identified as the dominant feature.
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Chapter 7

Dielectric, ferroelectric and impedance
spectroscopic studies of Ti@doped
AgNbO; ceramic

7.1. Introduction

AgNbO; which assumes ABperovskite structure has been largely investigated as a
parent material for microwave application and a visilgatliphotocatalytienaterial The
multiphase transitions appeared in its temperature dependent permitiivtyl Gre
associated with struatal transformation, dynamics and ordering of cationsAge.(A-

site) and Nb (B site). This has brought a curiosity among researchers to carry out
fundamental research on it to observe the substitution effect at different cationic sites.
Since its discowy by Fracombe and Lewis, a long standing debate continued to explain
the slim hysteresis loop shown by the material whether belongs to antiferroelectricity or
ferroelectricity. ButFu et al reported the strong field induced double hysteresis loop
having saturation polarisation of 52 pC/ érat a tigh applied field of 220kV/cnj49].

The early accepted centrosymmetriebcm structure which agrees well to
antiferroelectricity has been overruled by the later research groups by suggesting to polar
Pmc2at itsvirgin state to explain the va& ferroelectricity{57-61]. Yashima et alhave
verified the displacement of atoms in ferrielectric order in Aghlz@ice, which is an
extremely rare in ferroelectric materials, that resoksspontaneous polarisatidb9].

Both, A- and B site cation off centering are observed in the compound which also
possesses sing covalency of A0 bonding[54, 55] Instead of a very similar structural
feature of lead based perovskite AgNEXhibits unacceptable low value of spordans
polarisation in comparison to the lead based compounds. Structural accompanied with
theoretical investigation revealed that though Nb as$itB atom goes ferroelectric
ordering, the Asite Ag atom undergoes #gtroelectric ordang. Grinberg et al.
investigated theoretically by taking a mixed structure of ferroelectric and antiferroelectric
of 40 atomsupercellsand reported that the excess octahedral rotation ofQ4iGe to

low tolerance factor (0.956) blockde offcenterng of Ag ion [55]. The excess
octahedral rotation to occupy the available space within cubic structure also forces Ag ion
in antiferroelectric order. This problem can be overcome by substituting larger cation at
A-site or smaller cation at-Bite. In another way, by makirgloy with compound of
larger space volume negative pressure can be created which may open the blockage for
Ag i onds propoBr displacement |

There are several modifications carried out atit@ by alkali elements (Li, Na, K) by
Kania et.al, Fu et.al and others§9-88]. The B-site is reported to be largely modified by
Tantalum substitution at niobium place which has shown the best microwave properties.
Some of the earlier works also reported the frequency dependent permittivity and
susceptibility studyn a wide range of frequency which mostly explained the dynamics of
different cations which adfcts dielectric behaviourin a breakthrough theoretical
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investigation on effect of charge carrier doping in SgJ'ldrhida et al.have reported that

the doping of hole can suppress the octahedral rotation which affects ferroelectric
instability [35]. In the work, the authors have doped the charge carriers in the system by
photo induction method in which effect of lattice distortitias not taken into
consideration

As most of the modifications in the AgNb®ystem have been carried out by monovalent
cations in place of Ag site and pentavalent cations specificallyjrTplace of Nb site, we

have approached to modify the system btetwvalent cations in order to observe the
charge carrier effect on various electric properties. Accounting the results of Uchida et al.,
we have chosen to dope hole in the titled compound by impurity doping method in order
to observe its effect on ferraeitric instability. Again, till date the highly investigated,
reported functional materials are Ba%j@bTiG;, lead zirconium titanate (PZT), lead
lanthanum zirconium titanate (PLZT) and their modified systems in which the transition
element titanium (T7) ion has occupied the-8ite of the above perovskites. Therefore
we select Ti@to dope with AgNb@ system in order to incorporate’T{0.61A) in place

of Nb°* (0.69A). In this paper we have reported the effect of hole doping on the dielectric,
ferroekectric and electric trapsrt properties othe systemsnodified with low molar
percentage (x = 0.010.02, 0.03 and 0.04) dFiO, to substituteNb,Os. The improved
dielectric, ferroelectric results were analysed and discusgetcounting effect of hole
doping, effect of increase in difference of electronegativity and effect ofTellar
distortion. This workis supposed to be useful fttre fundamental researcs well as for
theapplicationpurpose as a functional material.

7.2. Experimental details

We prepared AgNbg (TiO,) (x=0.01, 0.02, 0.03, 0.04) by standard solid state reactions.
Starting materials Ag, N,Os and TiQ were mixed stochiometrically for respective
compound. The amount of TiQvas chosen tsubstituteNb,Os in molecular weight
fraction to bring modification byincorporate titanium in place of niobium. Silver is a
volatile element and hence silver based compounds suffers from loss of silver during high
temperature calcination and sintering. To maintain tlygired stoichiometry of silver
fraction, 3wt% extra AgD was added to meet the silVess due to its volatility41, 5§.

The mixtures were calcined at temperature o 830r 6hrs in air.The calcined powders

were mixed with 3 wt% polyvinyl alcohol (PVJAsolution with proper millingand
uniaxially pressed into disks of diameter ~10 mm and a thickness ~1 mm using hydraulic
press under ~70 MPa pressuldie prepared samples for various measurements were
sintered at 103@ for 3hrs XRD patterns of the sargs were taken by using RIGAKU
ULTIMA IV using nickel filter with Cu I§ radiation issuing from a 1.6 kW Rigaku
rotating anode generator. Measurements were taken on reflection mode of oriented crystal
pellets for step size 0.02%t scanning rate 20per minute. The microstructures of
sintered pellets were observed using a Nova Nano SEM/FEI field emission scanning
electron microscope (FESEM) as well as the mapping images of the samples was taken.
The pellets were allowed for Au coating on the targstethce by a sputtering unit up to

two minutes. This was intended to avoid the accumulation of electrons on the surface of
the samples due to electron irradiation during imageayXphoto electron spectroscopy
was taken to examine the oxidation stateshefincorporated dopants. titanium and

other constituent elements. The data were obtained by using Thermo ESCALAB 250
physical electronics photoelectron spectrometer having AlXkKay (1486.6 eV) as
exciting radiation. The binding energy was deteedi by reference to the C 1s line at
284.8 eV. The impedance data were taken by using HIOKI IMPEDANCE ANALYZER
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IM3570 within frequency domain of 100 Hz to 1 MHz in a temperature rand@ 25
450PC. Hysteresis loops were taken by Radiant precision fertoelexharacterisation
system,a standard ferroelectric testing machine (Radiant Technol&aman spectrum

was measured using a laser Raman spectrometer (Horribba Scientific Instruments T6400)
at room temperature. The power of the incident laser beam 208s mW with

monochromatic wavelength 514 nm.

7.3. Characterisations

7.3.1.XRD, FESEM, XPS and RAMAN study

The XRD patterns of all the synthesized samples are shown i.Eig.ositions of all the
diffraction peaks are well indexed to orthorhombic AgNH@CPDSCard No. 520405 and

070

(114)

@ AgNbgOyq
# AQNb33033

* o
T!szmozs . .

Inetnsity (a. u.)

Inetnsity (a. u.)
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Figure7.1:X-Ray diffraction pattern of the AN and its modified systems. The inset shows the
enlarged view of (137) peak.

Compound) AN ANT1 ANT2 ANT3 ANT4
Lattice (
a (A 3.9541 3.9556 3.9536 3.9528 3.9544
b (A) 3.9002 3.9014 3.9020 3.9042 3.9015
c (A 3.9331 3.9353 3.9350 3.9333 3.9327

Table 7.1:Lattice parameters calculated from the Check cell software application.
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4738) Minute traces of secondary phases are identified as AG¥ AgNb;O,5 which

are unavoidable irrespie of synthesis conditions [#1The impurity secondary phase

in the modified systems is identified as;Nb10O.9 having a negligible intensity in
comparison to the parent phase. The prominence of these impurity phasasasawith

the increase in the concentration of Ti®he lattice parameters are calculated by Check
cell software application by considering the structural unit equivalent to the single
formula unit AgNbQ which are listed in theéable 71. Though, thereare noticeable
changes in the lattice parameters but the overall volume of unit cell remains

approximately same. The shifting of diffraction peak suggests a successful substitution of
titanium at the desired site.

>
@
e

3

Figure 7.2FESEM images of the AMMNT2, ANT3 and ANT4 systems.

Fig. 7.2 illustrates he FESEM images of the AN and its modified systems. The grains of
the AN sample are of polyhedron shape which distributes inhomogeneously having size
ranges from 1.2um to 5pum. The substitution of titanium has reduced the grain size.
Inhomogeneous distribion of grains from nano scale (~ 500 nm) to micro scale (~2 pm)

is observed in the modified system. The shape of the grains has also transformed into
cube/cuboid shape in tmeodified systemdrig. 73 illustrates the XPS spectra thfe AN

and its modifiedsystem. The binding energies corresponding to the position of the peaks
agree with the existence of Agand NB® staes It is also confirmed that titaniuexists

in the sample both ifi** and Ti* oxidation states [54, 134This indicates the succeasf

hole doping in the system. In addition>T{3d") is a JahsTeller active ion and hence
will promote JahriTeller distortion B2, 33.
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Figure 7.3X-ray photoelectron sposcopy images of thBNT system showingie possible
oxidation states of theonstituent elements
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Figure 7.4Raman spectra of the AN andN\A4 system showing the possible vibrational modes
of the systems.

Fig.7.4 shows the Raman spectra of the AN and its modified system. The intense modes
at 170i 300 cm' and at 570° 600 cm" indicates the vibration modes of Np6xtahedra

which match tothe earlier reported values [113, 114 the modified system, there
appears a slight shifting of the vibrational modes towards lower wave number side. This
indicates the increase in bondesigth in between metal cation and oxygen anion.
According to Pauling scale, the electronegativity of Ti is 1.54 and that of Nb is 1.6 and
therefore, when Ti is substituted in place of Nb, the electronegativity difference between
the Nb and O increases. Timereasing difference in electronegativity between metal and
oxygen signifies for more ionic character in the bonds. Therefore, the electrostatic
attraction among the metal and oxygen atom increases accordingly and as a result it
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enhances the bond strengtomparatively. The shifting of Raman modes also indicates
the successful incorporation of titanium in place of niobium.

7.3.2.Dielectric study
Fig.7.5 Fig 7.6 and Fig 7.7 illustrate h e

| oss

temperature
( delactedfrequeadies for the modified systems. The heating and cooling

dependent

cycles of individual samples along with their thermal hysteresis are also shown in its

different layers.
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Figure 7.5Temperature dependent relative permittivity and tangenofo&3 N2 systems at

selected frequency. The heating and cooling cycles with the thermal hysteresis are also shown at
different layers.

From the position of dielectric anomalies, nature and shape of the heating and cooling
curve of the temperature dependenttreéapermittivity it is confirmed that thquality of

the crystal is suitable for other characterisatidreugh silver loss is imminent in the
compounds. There is a significant improvement observed in the dielectric values of the
modified systems. The lowemperature dielectric anomaly ) shifts towards lower
temperature and the high temperature dielectric anomafyf (Tshifts slightly towards

higher temperature. The modification has also brought an increase in the dielectric loss
but the rate of inease is high above the Curie point'{f) whereas it is very minimal
below the mentioned poinln a modified system the various parameters of the dopants
which play crucial role in the systems are identified such as: atomic or ionic radii, lattice
paraneters of the compound, ionicity and covalency of the bonds, local potentials,
polarisabilities of the ions and bonds, nature and concentrations of the introduced defects
like va@ancies and interstitial ion§7].
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Figure 7.6 Temperature dependent relative permittivity and tangenolo&s T3 systenat
selected frequency. The heating and cooling cycles with the thermal hysteresis are also shown at
different layers.

Figure 7.7Temperature dependent relative permitjihdtangent loss ocANT4 systems at
selected frequency. The heating and cooling cycles with the thermal hysteresis are also shown at
different layers.

These parameters of the dopants often generate some additional dipole mememts
affects polarisatiormechanism and net polarisability of the systems. Apart from this,
porosity, grain size and secondary phases can also affect the electric properties of a
ceramic. In the AN modified systems, though small but a noticeable changes in the lattice
parametersra observed, we can expect for the NOtahedra linked lattice distortion.
Therefore, this definitely influences the cationic dynamics which is a very crucial
mechanism in the AN system and is the source of the multiple phase transition which
relates toferroelectric and diferroelectric behaviourslt is also established that the
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