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Abbreviations

AC - alternating current

DC — direct current

PT — lead titanate

PNR(s) — polar nanoregion(s)

NBT — sodium bismuth titanate

PMN — lead magnesium niobate

PMN-XPT lead magnesium niobate — lead titanate
PZT — lead zirconate titanate

FTIR — fourier transform infrared spectroscopy
PFM — piezoresponse force microscopy

RF(s) — random field(s)

XRD - X-Ray diffraction

(Z)FC — (zero) field cooling

(Z)FH — (zero) field heating



1. Introduction

Defects are the cornerstone that bridges solid state physics and materials
science to the novel technological applications. Strict control of defects and
their states in a solid state matter offers a powerful tool to tune physical
properties (i. e. conductivity, mechanical properties, etc.) of the materials. This
was a key aspect in developing the semiconductor electronics to the level it has
reached nowadays. Furthermore, the defect chemistry plays a crucial role in
other types of materials.

Perovskite oxides are a very important class of materials. The flexibility
of the oxygen octahedral system provides many degrees of freedom and tuning
possibilities for different kinds of properties. Perovskite oxides can possess
very attractive properties such as ferroelectricity, high piezoelectricity, high
ionic conductivity etc. Sometimes it is even possible to have multiple ferroic
orders simultaneously.

The extensive studies of perovskite oxides started with a ground-breaking
discovery of the first inorganic ferroelectric barium titanate'. It was quickly
identified that barium titanate possesses a very strong piezoelectric effect. The
superior piezoelectricity is due to the ferroelectricity and high spontaneous
polarization in barium titanate>*. Consequently, other perovskite oxides such
as lead titanate were sintered and identified as ferroelectric material.

Later on, studies were concentrated on more complex materials to meet
the requirements for practical applications. The versatility of the octahedral
system was exploited and the studies from the conventional ferroelectrics were
focused on the substituted perovskite oxides. The possibility to introduce
different kinds of transition metal ions in the B-site of the perovskite lattice
offered many new possibilities. Sintering of so far unbeatable piezoelectric
ceramics lead zirconate titanate revolutionized the piezoelectric applications.
The complex solid solutions of perovskite oxides revealed exciting phase

diagrams with a very robust behaviour.
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The substitutional disorder in the perovskite lattice promoted a new
phenomenon (a new type of ferroelectric behaviour) widely known as relaxor
ferroelectricity (a material referred to as a relaxor). Relaxors were considered
as “dirty’ displacive ferroelectrics® where the long range ferroelectric order is
suppressed by the internal random fields. The random fields which arise due to
the charge and/or site disorder seem to be the key to understanding the
complicated nature of relaxor ferroelectrics’.

Nowadays, lead-based complex perovskite oxides demonstrate the largest
piezoelectric response but the requirement for environmentally friendly
materials drives the studies of low-lead containing compounds. Development
of lead-free materials is one of the rapidly growing branches of ferroelectricity.
The performance of lead-free materials was particularly increased due to the
very complex substitutions in the perovskite lattice, which usually has 2 or 3
counterparts and forms exotic and complex phase diagrams®.

It is evident that perovskite oxides offer a lot of interesting physical
phenomena but the essential driving force for further investigations is several
important application fields. One of them is the medical ultrasound where the
excellent piezoelectric properties of perovskites were utilized for diagnosis on
the daily basis. Furthermore, the precise positioning/actuation systems cannot
be acomplished without the unique electromechanical properties of perovskite
ferroelectrics. Different substitutional ions in the perovskite lattice enable to
obtain the high-power generation of ultrasonic waves which is the key
ingredient for hidrolocation. Finally, the possibility of polarization switching
together with a novel domain wall engineering abilities should enable modern
microelectronic devices for telecommunications and computing.

This work is devoted to the investigation of several complex perovskite
oxides where the random fields occur due to the charge disorder in A or B site
of the perovskite lattice. The experimental investigation is focused on the
lattice dynamics and ferroelectric/piezoelectric response of these materials.

Combination of such experimental data gives all the necessary information
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relevant for technological applications and reveals the contribution of the

complex chemical nature to the dielectric and electromechanical properties.
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1.1 The objectives of the work

The main aim of the thesis is to investigate the macroscopic properties
related to the phase transitions in some disordered perovskite oxides via
broadband dielectric and vibrational spectroscopies. Another aim is finding the
relation between the macroscopic ferroelectric/electromechanical properties
and the local polarization patterns and revealing the role of disorder depending
on the site where it is present. Several potentially perspective perovskite oxides
which were not previously investigated were chosen.

The following goals were formulated in order to achieve the aims of the

thesis:

e To investigate the dielectric properties of sodium bismuth titanate (NBT)
single crystals in a broad temperature and frequency range;

e To investigate the impact of Mn and Cr dopants on the dielectric
properties of NBT single crystals;

e To investigate the dielectric properties of NBT ceramics at microwave
frequencies. To determine the contributions of phonons and central peak
to the dielectric permittivity;

e To investigate the presence of the ferroelectric order in PMN-17PT single
crystals;

e To investigate the lattice dynamics and the relaxor-ferroelectric crossover
in the phase diagram of (0.4-y)NagsBigsTi03-0.6SrTiO5-yPbTiO3 solid
solutions;

) To investigate the electromechanical properties of (0.4-y)NagsBig5TiOs-
0.6SrTiO3-yPbTiO; and 0.4NagsBigsTiOs-(0.6-xX)SrTiOz-xPbTiO; solid
solutions;

e To investigate the local polarization and piezoelectric response of (0.4-
Y)Nag sBig5T103-0.6SrTiO3-yPbTiO; solid solutions by Piezoresponse

force microscopy;
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1.2

1.3

To compare (0.4-y)NagsBigsTiO3-0.6SrTiO5-yPbTiO; solid solutions

with some canonical relaxor-PbTiO; solid solutions;

Statements presented for the defense

The dielectric properties of sodium bismuth titanate (NagsBigsTiO5) are
determined by the anharmonicity and the peculiar bismuth ion dynamics.
This A-site disorder perovskite oxide cannot be classified as a relaxor
ferroelectric.

0.83PbMgy/sNb,;305-0.17PbTiO; single crystals undergo spontaneous
phase transition. The lattice dynamics of this crystal resembles order-
disorder phase transitions.

The crossover from relaxor to ferroelectric properties is observed in
Nag sBip5TiO3-SrTiO5-PbTiO3 solid solutions. The different substitutional
species at the A-site do not affect the electromechanical properties. The

dielectric anomalies are related to the relaxation mode.

Scientific novelty

The microwave dielectric properties of sodium bismuth titanate are
reported in a wide temperature range (300-800 K);

The influence of Mn and Cr doping to the conductivity and dielectric
properties of NBT single crystals is reported;

The origin of high temperature dielectric anomaly was explained in NBT;
The dielectric spectra were investigated in the 0.83PbMg;3Nb,;305-
0.17PbTiO5; (PMN-17PT) single crystals with an intermediary strength of
random fields;

Polarization/strain  hysteresis and pyroelectric  properties  were
investigated in 0.83PbMg;/3Nb,;303-0.17PbTiO; (PMN-17PT) single

crystals;
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1.4

Local piezoelectric response was investigated in 0.83PbMgy;3Nby;305-
0.17PbTiO5; (PMN-17PT) single crystals;

The relaxor to ferroelectric crossover was investigated in (0.4-
Y)NagsBigsT103-0.6SrTiO5-yPbTiO; solid solutions via broadband
dielectric spectroscopy for the first time;

The compositional dependence of electromechanical properties was
investigated in NagsBig 5 TiO3s-SrTiO5-PbTiOj3 solid solutions;

Local polarization response of NagsBigsTiO3-SrTiOs-yPbTiO; was

investigated and linked to the morphology and macroscopic properties.
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2. Overview

The fundamental knowledge necessary to understand the interpretation of
experimental results is presented in this chapter. The goal of the chapter is to
present the basis of the theory so the less experienced reader would have the
basic ideas behind the physics of the work. The chapter is concentrated on
general concepts with some characteristic examples to emphesize the
complexity of the topic.

The particular features and relevant physical properties of the
investigated materials are presented together with experimental results (i. e.
Chapter 4).

2.1 Perovskite oxides

The chemical formula of conventional perovskite oxides is ABO3. The
oxygen anions form an octahedral cage. The B-site cation lies inside the
oxygen octahedra. A-site cation takes place between the network of oxygen

octahedra. The perovskite lattice is depicted in Figure 2.1.1.

Figure 2.1.1 Schematic representation of perovskite structure. Reprinted from K.

Zhang et al.” with permission of Royal Society of Chemistry.
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The sum of valence of cations must be 6+ to satisfy the charge neutrality
in the perovskite lattice. The most classical ferroelectrics consist of 2+ valence
and 4+ valence ions at the A and B-sites respectively.

The perovskite lattice is quite flexible. The different perovskite sites can
host a wide variety of cations. The space group of the lattice depends on the
cation radii. The different sizes of cations can induce many different physical
properties. If the small cation like titanium is placed at the B-site, it tends to
off-center from its ideal position. This causes spontaneous polarization to
occur. Thus, the pyroelectric, piezoelectric and ferroelectric properties can
occur in such lattices. The larger ions also tend to distort the oxygen
octahedral. This leads to various oxygen tilting modes which are of

antiferrodistortive nature®®.
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Figure 2.1.2 Phase diagram of lead zirconate - lead titanate (PbZr,,Ti,Os3). Reprinted
by permission from Springer Customer Service Centre GmbH: Springer Nature,

Nature Communications from N. Zhang et al.', copyright (2014).

Another attractive feature is the possibility to produce mixed systems
where several different cations can host A and/or B-sites simultaneously. This
offers a lot of possibilities to tune physical properties by combining quite
different features of the perovskite oxides. One of the most exciting phase
diagrams of the solid state physics is well renowned mixture between

antiferroelectric lead zirconate (PbZrOjz;) and ferroelectric lead titanate
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(PbTiO3). The richness of that phase diagram is presented in Figure 2.1.2.
Zirconium and titanium ions possess a valence of 4+ in the perovskite lattice.
There are no restrictions of compositional ratio of Zr and Ti ions. It is possible
to sinter any composition throughout the phase diagram. One of the most
important features of such phase diagrams is so called morphotropic phase
boundary. This is a narrow concentration region where the lattice does not
possess the structure of the end members of phase diagram. The complicated
mixed structure can occur. Sometimes, new lower symmetry phase can appear
(i. e. usually, it is monoclinic). The MPB of lead zirconate titanate is in the
vicinity of 50:50 Zr:Ti ratio. It is evident from the Figure 2.1.2 that the phase
diagram is quite robust and can possess various physical properties.

It is possible to introduce cations with a different valence in the
perovskite lattice. It induces defects (particularly oxygen vacancies). It alters
the domain wall mobility in ferroelectric perovskite oxides. It might also
increase the oxygen ion conductivity which is relevant for the solid oxide fuel
cells. The doping levels are quite low and the phase diagrams are not studied
extensively. Sometimes it is even hard to identify the valence states of the
dopants (ocassionally some cations even have a mixed valence states).

A particular interest is focused on the disordered perovskite oxides where
different valence species occupy the same lattice sites. The charge disorder is
introduced in the perovskite lattice and it produces many fascinating physical
phenomena. Both ions have a different valence than the ideal 4+ ion. Thus, in
order to preserve the charge neutrality, these ions should arrange in some
particular manner. One of the examples is a canonical relaxor PbMg1,3Nb,303
(PMN). The Mg and Nb ions have valences of 2+ and 3+ respectively. In order
to have a charge balance the ratio of Nb:Mg ions should be 2:1. This ratio
corresponds to the effective valence of 4+. Unfortunately, the ordering in such
materials is not properly understood. According to some studies, it is not
possible to achieve full ordering in some materials (like PMN). The regions
with a 2:1 Nb:Mg ratio exists but other regions have a disorder of these two

ions'’. The perfect ordering could be reach in the system where the ratio
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between B site ions is 1:1. One of the examples is lead scandium niobate
(PbScy,Nby,,03)*%™. The perfect 1:1 ordering can be achieved by anealling
and/or quenching procedure. It was shown that perfectly ordered and
disordered samples have drastically different macroscopic properties** .
Further chapters will mainly focus on the physical properties and main
features of both classical and disordered perovskite oxides. The phenomenon

related to ferroelectricity will be presented and discussed.

2.2 Ferroelectricity

Ferroelectricity is a phenomenon which is an electrical analogue to the
ferromagnetism. One of the most important features of ferroelectricity is the
occurrence of permanent dipole moment (or polarization) in the material. This
Is not sufficient condition for the material to be classified as a ferroelectric.
Another important requirement is the ability to control the direction of
polarization by an external electric field. If this requirement is not satisfied
than the material is considered to be only pyroelectric. This is a functional
definition of ferroelectricity°.

N. Setter stressed an important structural aspect which was also known
previously™: the material is a ferroelectric if it underwent the structural phase
transition from symmetric parental phase to a lower non-centrosymmetric
phase whose polar directions are linked to each other by the lost symmetry
operations of parental phase. This means that in order to have a ferroelectric
material you must have a structural phase transition.

The ferroelectric phase transitions can be described by Landau-type
phenomenological theory. In this case it is another analogy to the
ferromagnetism since macroscopically this phenomenon can be described in
the same manner as ferromagnets if the proper order parameter is chosen. The
polarization in proper ferroelectrics is proportional to the order parameter.
There are two boundary definitions of the order parameter in ferroelectrics.

First one is the displacement of some atoms from its ideal centrosymmetric
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positions. These types of ferroelectrics are called displacive ones. The
displacement of the atoms in the symmetric phase is absent while below the
phase transition temperature the displacement becomes non-zero.

The second type is the ordering of some atoms or their groups. In this
case the material can be well described by the multi-well potential. The atoms
can occupy one of these positions. At the symmetric phase both of these
positions are equivalent, so statistically the atoms occupy both positions in the
same manner and thus order parameter is zero. Below the phase transition
temperature one of the positions starts to dominate and order parameter
becomes non-zero.

Both of these microscopic models of ferroelectricity can be described
with an anharmonic potential®®. In this sense the difference between these
models is related to the different height of potential barrier between the
equivalent positions relative to the energy kTc (k is Boltzmann constant and T¢
— phase transition temperature).

The distinction between order-disorder and displacive type ferroelectrics
is not trivial. The difference between these two boundary cases can be
identified by the investigation of the static dielectric. The expansion of
thermodynamic potential of a ferroelectric phase transition in terms of order
parameter is described by the following equation®’:

G(T,E,p) = (T =T + 2 pn* + - —anE  (22.1)
Where G — is the free energy, n — order parameter; T — temperature; T, — phase
transition temperature; a, f — expansion coefficients; ay — polarization; E —
electric field. From this equation it is possible to determine the temperature
dependence of the static dielectric permittivity (the second derivative of the

thermodynamic potential with respect to an electric field):

£ = —aw (2.2.2)

T-T¢c

This is the Curie-Weiss law which is also applicable for the magnetic
susceptibility in ferromagnets. This equation can give a hint to the type of

phase transition. The Curie-Weiss constant Ccy determines the height of the

29



potential barrier and vyields the information about the phase transition
mechanism. For the displacive type ferroelectrics this constant is much larger

than for the order-disorder ones.

2.3 Lattice dynamics in perovskite oxides

The ferroelectricity is considered to occur due to the instability of the
zone center phonon mode. This means that the eigenfrequency of the lowest
frequency mode tends to zero when the phase transition temperature is
approached. The fundamental work of the Cochran'® revealed that the
temperature dependence of the squared frequency of the lowest frequency TO
phonon is linear vs. temperature:

w? = A(T — T) (2.3.1)

By combining the Cochran law (Eq. 2.3.1) with Lyddanne-Sachs-Teller
relation? it is possible to arrive to the Curie-Weiss law for the static dielectric
permittivity (Eq. 2.2.2).

The conventional perovskite oxides (barium titanate, lead titanate,
strontium titanate and others) usually have a high temperature cubic phase
(space group Pm3m). Most of the materials which will be studied belong to the
same space group at the highest temperatures. There is one formula unit in the
primitive lattice of this space group. This means that there are 5 atoms which
need to be considered. So there are 3N (N = 5) vibrational degrees of freedom.
The cubic perovskite oxide has 15 phonons. There are 3 acoustic modes and 12
optical modes. The optical modes belong to the 3F,, and 1F,, modes. Both of
these optical modes are triply degenerate. The Fy, symmetry modes are only IR
active. F,, mode is weakly polar and thus not detectable with the infrared
techniques. The cubic perovskite structure under consideration supposed not to
have Raman active modes.

The graphical representation of the normal vibrations in the cubic phase
is depicted in Figure 2.3.1. The vibrations of titanium ions against the oxygen

octahedral are called the Slater mode (Figure 2.3.1 (a)). Another vibration
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where the whole oxygen cage vibrates against the A-site framework is called
the Last mode (Figure 2.3.1 (b)). The bending of oxygen octahedral, the Axe
mode is depicted in the Figure 2.3.1 (c)%.

Figure 2.3.1 Normal vibrations of cubic perovskite oxide. (a) Slater mode; (b) Last

mode; (c) Axe mode. The picture is taken from Hlinka et al.**

The ferroelectric instabilities can be related to either Slater or Last modes.
The lowest frequency phonon is of Last-type in lead-based perovskite oxides
while the Slater mode is of lowest frequency in a non-Pb perovskite oxides

(note the references by Hlinka et al.*>*®

). When the cubic phase transforms to a
tetragonal, each F;, mode splits into 3A; +3E modes. The soft mode is of A;
(the displacements of the vibration should be along the polarization axis) and
exhibit softening in the tetragonal phase. All the A, + E pairs are both Raman
and IR active. Vibrations with no center of inversion is both Raman and IR
active.

The other type of instability is related to the relaxation mode (it is often
considered as the heavily overdamped phonon). The phase transition occurs
due to the critical slowing down of the dipolar relaxation. The temperature
dependence of relaxation time in the framework of the mean-field theory can
be expressed as follows?*:

T-Tc

T~To (2.3.2)

The instability of phonons does not play an important role in the order-disorder
phase transitions. The dielectric properties of such phase transition has a well

pronounced dielectric relaxation at the microwave frequencies. When the
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1

probing frequency becomes lower than . the minimum in the temperature

TTo

dependences of dielectric permittivity is observed.

The two ferroelectric instabilities mentioned above are only the
theoretical limits. The real cases of the phase transitions in perovskite oxides
are much more complicated. It is quite difficult to find the purely displacive or
order-disorder system in the perovskite oxides. There are many experimental
evidences with a theoretical justification which show the coexistence of order-
disorder and displacive type dynamics®*?*". Usually, the coupling between
the lowest frequency phonon and the relaxation mode is observed in the
vicinity of the phase transitions. Such complexity is promoted in complex

perovskite oxides with substitutional disorder.
2.4 Relaxor ferroelectrics

The main features of relaxor ferroelectrics will be reviewed in this
section. A lot of properties will be discussed in the framework of the relaxor
PMN which is the most extensively studied relaxor material. It is considered to
be a canonical relaxor system.

Relaxor ferroelectrics is a special class of ferroic materials which
macroscopically are cubic® and do not show any spontaneous ferroelectric
phase transitions. Relaxor ferroelectric properties are primarily caused by the

112930 In other words, the

substitutional disorder in the perovskite lattice
disorder (site, charge) is mandatory for the relaxor properties to occur.

Many peculiar properties of relaxors were observed. Relaxors are
considered to be of displacive type since the underdamped polar phonon
experiences softening above the Burns temperature®*. Thus, relaxors were
initially classified as ‘dirty’ displacive ferroelectrics”.

The peculiarities concerning relaxors started piling since the early studies.
Burns and Dacol observed the birefringence occurring in relaxors at certain

temperature®. Birefringence should not occur in cubic crystals. The
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appearance of birefringence and deviation of linear dependence of refractive
index* indicated that some kind of polarization fluctuations occur. These
polarization fluctuations were associated to the microscopic polar entities
referred to as polar nanoregions (PNRs). The main feature of the polar
nanoregions is that they are dynamical entities, not static ones. Thus, they
should be distinguished from (nano)domains. This is one of the most debatable
concepts in relaxor physics. PNRs can only be observed by indirect
experiments. It is considered that they appear at Burns temperature where their
size is only several unit cells. PNRs grow with the decrease of temperature up
to several nanometers®>*". One of the direct observations of these nanosized
polar entities can be performed by Piezoresponse force microscopy. The
labyrinth-like polar structures were identified in several relaxor systems>®“2,
These polar structures have a fractal nature which was also identified by
different experimental techniques®. The idea of PNRs is quite vague and some
opinions exist which dispute the necessity of such concept to describe the
properties of relaxors*.

One of the most fascinating properties of relaxors is their response to
external electric fields. The main feature which distinguishes them from other
ferroic systems is giant dielectric permittivity which is accompanied by the
broad dielectric relaxation. The dielectric relaxation extends more than 10
orders of magnitude in frequency*“°. The temperature of the permittivity peak
depends on the probing frequency (i. e. that is the maximum of real part of
permittivity shifts to higher temperatures when the probing frequency is
increased). Such behaviour is often referred as a diffuse phase transition
despite the absence of any detectable structural changes. Firstly, the unique
dielectric properties were explained by a superparaelectric model*” which
assumes the polar pseudospins embedded in a disordered matrix. At high
temperatures the dielectric permittivity obeys a Curie-Weiss law. The deviation
starts to appear below the Burns temperature!! (although one should be
cautious about the Burns temperature because there are many discrepancies in

different experiments. Even some doubts can be found in the literature®).
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Quialitatively, superparaelectric model can reproduce the dielectric behaviour
but it fails in any other properties of relaxor ferroelectrics.

Relaxors have a close resemblance to the dipolar glasses. Thus, many
properties were attributed to the glassiness of the system. Both of these
materials undergo a collective freezing phenomenon. This means that some
characteristic relaxation time diverges at a particular temperature Tyr. The
freezing in relaxors have many similarities to dipolar glasses. It was evidenced
by the broadband dielectric spectroscopy®®>*.

The dipolar glasses are materials which have a dipolar frustration in the
lattice. This is usually achieved in the mixed systems of ferroelectrics and
antiferroelectrics of order-disorder type™. The long ferroelectric range is
suppressed by the frustration. This is one of the most important similarities
between relaxors and dipolar glasses. On the other hand, relaxors are
considered as a displacive systems®. The most significant distinction between
these two types of materials is the possibility to induce the ferroelectric order
by an external electric field®. The possibility to induce ferroelectric order in
relaxors has been confirmed in several systems. This means that relaxor ground
state is close to normal ferroelectrics. In the vicinity of low frequency
permittivity peak, the ferroelectric phase persists even after removing an
external electric field. Experimentally, this has not been achieved for the
dipolar glasses.

The significant difference between dielectric relaxation in dipolar glasses
and relaxors were also identified. It was shown that the distribution of

relaxation times in these two systems is different™ >’

. The analysis of
distribution of relaxation times revealed several contributions in relaxors as
opposed to the dipolar glasses. Another important difference is the frequency
range of relaxation which is much broader in the case of relaxors.

The theoretical background was developed for the glassy systems and can
be quite well defined by the phenomenological theory®®®. The main idea of
these models is that there is an interaction between the fixed length

pseudospins which undergo freezing phenomenon, i. e. at the freezing
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temperature Tyg it occupies certain position which cannot be manipulated. The
same ideas were applied for relaxor ferroelectrics®’. The random fields random
bonds model of dipolar glasses were extended for the relaxor ferroelectrics (i.
e. Spherical random bonds random fields model of relaxor ferroelectrics)®.
This model is based on the assumption that the rigid pseudospin is placed in
the paraelectric matrix. The length of this pseudospin is fixed but it can take
any direction on the sphere. This is a generalization of random bonds-random
fields model and it can describe all three types of ferroic systems and crossover
between them.

Spherical random bonds random fields model can explain the Pb and Nb
NMR lineshapes observed in relaxors®*®. Unfortunately, this model fails to
explain experimental results of nonlinear dielectric properties. According to the
SRBRF, the scaled third order nonlinear susceptibility supposed to have
maximum in the vicinity of the freezing temperature Ty (as opposed to dipolar

glasses where divergence is observed in Ty

). Some nonlinear studies
support this idea® while others give slightly different results. The
experiments by Dec et al. show that the scaled 3™ order susceptibility has a
broad minimum which was confirmed in several relaxor systems’* ",

The SRBRF model was extended in order to reproduce the experimental
data on nonlinear susceptibility. It was called compressible spherical dipolar

I, This extension revealed the main flaw of SRBRF model: the

glass mode
assumption that the pseudospins are in the rigid matrix is invalid. It was shown
that the electrostrictive coupling plays a crucial role in relaxor ferroelectrics.
This addition to the model can reproduce the temperature dependence of third
order nonlinear susceptibility. It also shows that the random bonds are as
important as random fields.

As it was already mentioned, the relaxors are of displacive type. This
analogy is also due to the fact that the canonical lead-based relaxors are closely
related to the classical displacive type ferroelectric lead titanate (PbTiO3)"*"".
Thus, many attempts to identify the soft mode in relaxor ferroelectrics can be

found in the literature. The softening of the lowest frequency mode was found
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at high temperatures in the vicinity of the Burns temperature®"#® \When the
temperature is decreased and the temperature of low frequency permittivity
maximum is approached, this soft mode becomes heavily overdamped®®*.
This gives rise to the so called waterfall effect. One of the phonon branches in
this temperature region becomes overdamped from certain values of
momentum dys. In the reciprocal space it looks like an optical phonon branch
“falls” into the longitudinal acoustical branch with the decrease of momentum
q®. The heavily overdamped regime of TO optical phonon below g persists
down to the temperatures which correlate with the freezing temperature Ty.
This phonon then becomes again underdamped at the I point of Brillouin zone.
The heavily overdamped phonon at the I" point is responsible for the broad
dielectric relaxation and is often called a “central peak™. This central peak is
responsible for the broad dielectric relaxation which is observed at the
microwave frequencies and extends to the THz region. The dielectric
relaxation of this central peak often resembles the dispersion in order-disorder
type ferroelectrics. It is worth noting that the central peak can also be observed

86,87

in Brillouin and Raman scattering experiments Recently, several

sophisticated Raman experiments actually revealed the softening of polar

88,89

phonon™™ thus supporting the displacive nature of relaxors.

2.5 Lead-free relaxor ferroelectrics

The random fields were thought to be the hallmark of the relaxor
properties to appear in perovskite oxides®>®. Relaxor properties can occur even
in the systems where the charge disorder is absent. A large class of barium
based complex perovskite oxides exhibit relaxor-like properties. Usually, it is a
systems where barium titanate is mixed with some other incipient ferroelectric

like barium zirconate®

. barium stannate®. The ferro-inactive ions like
zirconium or tin possess a 4+ valence in perovskite lattice. The dielectric
dispersion in the intermediary compositions (i. e. 50:50 Ti:Zr ratio) resembles

relaxor properties. It is sometimes considered that despite the absence of
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different valence states, the weak random fields still exist in the systems. Some
authors relate the relaxor behaviour to the Ti-O dipoles and their

displacements®*°

, other refer to the same problem by considering the
clustering of ferro-active titanium ions®®’. Sherrington considers such systems
as soft pseudospin glasses®.

The story behind the lead-based canonical relaxors and lead-free relaxors
is significantly different. Nobody has come up with the unified explanation
which could take into account peculiarities in the different systems. The
mechanisms behind the relaxor behaviour in lead-free relaxors is closer to the
one proposed by Samara®® while for lead-based relaxors this mechanism was
neglected (the molecular dynamics simulations revealed that lead
displacements play important role for the relaxor properties to develop in
PMN-xPT system'®). It seems that Ti-O bonds produce the polar clusters
while ferro-inactive ions act as a nonpolar matrix in lead-free relaxors.

One of the important features of some lead-free relaxors is that it is
impossible to induce ferroelectric phase with an external electric field which is

generic feature of relaxors'®

. Absence of the E-field induced phase transitions
can be found in some NBT-based systems with strontium titanate'®. This

closely relates these systems to dipolar glasses.
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3. Experimental techniques

3.1 Samples

This work is concentrated on three different types of complex perovskite
oxides. The first one is sodium bismuth titanate (NaysBigsTiO3) single
crystals/ceramics. This material is one of the most important lead-free
perovskite oxides. Most of the improvement of piezoelectric properties was
achieved on the NBT-based systems®®?%® The complex structural phase
transformations of NBT were extensively studied in the literature'® *°. The
pure sodium bismuth titanate has a very unique phase transition sequence with
several tilting modes of the perovskite lattice****2,

The main purpose of the investigation is related to its microwave
properties in a wide temperature range. The dielectric data on NBT single
crystals is not available at the microwave frequencies. For the first time, the
dielectric spectra in 10 Hz — 1 GHz frequency range and 300 — 800 K
temperature range is presented. The same investigations were carried on the Cr
and Mn doped NBT.

The ambiguity of ferroelectric and relaxor state of NBT will be resolved.
It will be shown that despite having similar features to canonical relaxors NBT
demonstrates completely different picture when viewed from the relaxor-
ferroelectric perspective.

The investigated NBT single crystals were grown by Czhochralski
method. The crystals were grown by prof. J Suchanicz group who confirmed
the single perovskite phase of the crystals by XRD experiments (not presented
here but the XRD data is accepted for publishing).

The bulk ceramics of NBT were produced by the conventional mixed-
oxide route. The samples were sintered for 3 hours in 1150 °C temperature™*,
The relative density of the ceramics was larger than 93 %.

The second single crystal presented in the thesis is 0.83PbMg;,3Nb,;303-
0.17PbTiO3; (PMN-17PT). The extensive study of dielectric, ferroelectric and
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piezoelectric properties has not been accomplished so far. PMN-17PT crystals
are considered to have an intermediary strength of random fields. This
composition is in the rhombohedral side of the phase diagram™*. This region of
the phase diagram has not been thoroughly studied. There are several
unanswered questions related to the ferroelectric ordering and structural phase
transition in the rhombohedral side of the phase diagram.

PMN-17PT (001) single crystals were grown by the modified Bridgeman
technique'™. These crystals were yellowish and transparent. It indicates the
high quality of the single crystals. The crystal was produced by the commercial
manufacturer.

The last set of materials consists of (0.4-y)NagsBigsTiO3-0.6SrTiO3-
yPbTiO; and 0.4Nag sBig5Ti03-(0.6-X)SrTiOs-xPbTiO; solid solutions. This
Is a complex ceramics which consist of relaxor counterpart mixed with a lead
titanate (analogous system to PMN-xPT). The relaxor part is the
0.4Nag sBig5Ti03-0.6SrTiO5. The exchange of one of the counterparts by lead
titanate leads to a very complex phase diagram where the crossover from
glassy to relaxor and ferroelectric states is observed**® %,

The thorough studies of dielectric properties and lattice dynamics were
carried out for the first time in (0.4-y)NagsBigsTiO3-0.6SrTiO3-yPbTiOs.
Furthermore, the detailed studies of piezoelectric and ferroelectric properties in
macroscopic and microscopic scales were carried out. It allowed to identify the
complex domain structures and their contribution to the macroscopic
piezoelectric effect. Many reports can be found in the literature about the
excellent properties of similar ternary solid solutions but the lattice dynamics
and different types of contributions to the piezoelectricity were not thoroughly
studied. It will be shown that despite different microscopic picture of PMN-
XPT and NBT-ST-PT solid solutions, the macroscopic response has genuinely
the same features.

NagsBigsTiO5-SrTiO3-PbTiO; (NBT-ST-PT) ceramic samples with a
different NBT:PT (or ST:PT) ratio were prepared by the conventional solid

state reaction method. Chemical-grade oxides and carbonates (purity > 99.5%)
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Na,COs, Bi,03, SrCO3, PbO and TiO, were used as starting materials. The
powders were weighed according to the stoichiometric ratio, mixed with
ethanol and milled in an agate ball mill for 24 hours at room temperature. In a
first round, the dried powder was calcined at 850-900 °C for 2 hours.
Afterwards, it was milled again under the same conditions for 24 h and
calcined for a second time at 1000 °C for 2 h. After another milling step for 24
h, the powder was pressed uniaxially into a cylinder with a diameter of ~17
mm and a thickness of ~10 mm and then compacted under pressure of 30 MPa
using a hydraulic press. The ceramic sample was sintered at 1200 °C for 3 h.
The calcination was carried out in a covered platinum crucible. The pressed
pellet was sintered in a platinum crucible filled with a powder of the same
composition. The structural characterization of the produced ceramics can be
found in APPENDIX II. Only one of the compositions is presented but the
same trends can be observed in different concentration samples. Further
information on the preparation and structural aspects can be found in the
literature™®**°,

The summary of the investigated samples are represented in Table 3.1.
All the electrodes were painted and fired at a certain temperature with a certain

conductive paste.

Table 3.1 Summary of the investigated samples.

Sample Sample form Preparation Electrode Firing T Orientation
method
NagsBigsTiO3 Single crystal | Czochralski Ag 750 K (001),
NagysBigsTiO; Ceramics Solid state reaction | Au N/A
Nag sBigsTiO3:Mn Single crystal | Czochralski Ag 750 K (001),
NagsBigsTiO5:Cr Single crystal | Czochralski Ag 750 K (001),
0.83PbMg,sNb,;303- | Single crystal | Modified Ag 750 K (001),
0.17PbTiO; Bridgeman
(0.4-y)NBT-0.6ST- | Ceramics Solid state reaction | Ag/Au 750 K N/A
yPT
0.4ANBT-(0.6-x)ST- | Ceramics Solid state reaction | Ag/Au 750 K N/A
XPT
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3.2 Broadband Dielectric Spectroscopy

The dielectric spectra were investigated in a broad frequency and
temperature range. The temperature was measured with Keithley Integra 2700
multimeter which can be equipped with different temperature sensors. For the
low frequency experiments 100 Q platinum resistor or a diode was used. The T
type thermocouple was used as a temperature sensor in the microwave
frequency experiments. Most of the data was obtained in 100 — 500 K

temperature range.

waveguided§
systems
8-12GHz
23-53GHz

80-120GHz
Impedance analyzer Network analyzers FT IR spectrometer

Solartron 10°Hz - 65 kHz 0.3 MHz - 3 GHz 300GHz - 750THz
B [

LCR meter 20Hz - 1MHz TD spectrometer
10 MHz - 40 GHz 100 GHz - 3THz
10 MHz - 110 GHz

Figure 3.2.1 The schematic representation of dielectric experiments performed in the

thesis. The picture is provided by Sergejus Balciiinas.

The different frequency ranges requires different experimental setups
which will be discussed from the lowest frequency range to the highest
frequency range. The graphical summary of dielectric experiments is depicted
in Figure 3.2.1.

The experiments at low frequencies (5 mHz — 1 MHz) can be performed
by measuring the capacitance and loss tangent with a conventional LCR

meters. The HP-4824A LCR meter was used for the most of the experiments in
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this work. The limiting factor for measuring the lowest frequencies (5 mHz —
100 Hz) is the measurement of the current. In order to obtain the data, the
SOLARTRON 1296 dielectric interface along with  SOLARTRON 1250
frequency response analyzer was used. The dielectric interface allows to
measure very low currents which is necessary to measure the capacitance
reliably. The simple flat capacitor model was used to extract the permittivity
from the capacitance and loss tangent in these experiments.

The capacitance measurement with an LCR meter fails at higher
frequencies since the inductance of the experimental setup cannot be neglected.
More sophisticated experimental techniques are necessary for the experiments.
The measurement of complex reflection/transmission coefficients in the
coaxial line is the most convenient method for the 1 MHz — 1 GHz frequency
range. The complex reflection and transmission coefficients are related to the

Impedance of the samples by the following equations:

* Zy—Zg

R = ZZTZO (321)
T"=— (3.2.2)

R T  denotes the complex reflection and transmission coefficients
respectively; Z, — the complex load impedance (i. e. the sample); Z, represents
the characteristic impedance of the transmission line. Z, is real and equal to 50

Q in our case. The load impedance of the sample can be expressed as Z; =

1

vt The relation between the complex capacitance C™ and complex dielectric

permittivity can be expressed via the flat capacitor model™?°.

Two different vector network analyzers were used for the measurements
in 1 MHz — 1 GHz frequency (Agilent 8714ET; Agilent E5071C). In the case
of complex reflection measurements the sample was placed at the end of short
circuited coaxial line. Such kind of experimental setup requires more robust
calibration procedure. The calibration procedure is required so the scattering
matrix of the experimental setup could be determined. Three calibration loads

IS necessary to obtain the elements of scattering matrix. The most conventional

42



calibration loads are short circuited coaxial line; open coaxial line and loaded
coaxial line (50 Q load).

The relation between permittivity and capacitance of flat capacitor is only
valid for the low permittivity samples. With the increase of permittivity, the
distribution of the electric field in the sample becomes inhomogeneous causing
the flat capacitor model to fail. This must be taken into account since this work
particularly deals with large permittivity samples (sometimes exceeding
10000). The region of coaxial line where the sample is placed must be
considered as a circular waveguide. This means that multiple modes with a
different distribution of electric field can be excited. This can be taken into
account by a so called multi-mode capacitor model developed by Lapinskas et
al.*?!. This model extends the reliably measured frequency range and usually
eliminates the artificial resonant dispersion due to the excitation of several
waveguide modes.

The complex transmittance experiments were carried for the single
crystals of sodium bismuth titanate with an Agilent N5071C in a custom-made
coaxial line which was developed by KeZionis et al.'2. High temperature
region of the reflection experiments is limited to 500 K. The transmission
configuration extends the temperature range up to 1000 K which is necessary
for the measurements of NBT single crystals. The whole physics and
calibration procedures are based on similar philosophy as previously described.
The details of the experimental setup is described in the literature'?,

The coaxial line technique fails above 1 GHz frequency range if the
permittivity of samples is large. It faces some difficulties due to the non-ideal
calibration loads. Particularly, the short-circuit load has a finite resistance due
to the skin effect.

The 8 — 100 GHz frequency region can be covered by the waveguided
systems. It is possible to measure scalar reflection and transmission
coefficients. In the waveguided systems we deal with a waves and the voltage
and current does not have a significant meaning since the wave travels in the

space which is confined by the metal walls. The waveguides can support
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different kind of waves which are described by their electric and magnetic field

distribution in the propagating media.

Figure 3.2.2 The electric field distribution of H;o mode.

The main requirement for the waveguided system is that only the
fundamental mode could propagate. This can only be achieved in a limited
frequency range and is only dependent on the cross-section of the waveguide.
Thus, several waveguide systems must be used in order to cover wider
frequency range. In this work, three different systems were used: 8 — 12 GHz;
25 — 40 GHz; 36 — 55 GHz. The place of the sample is important during the
experiments. The advantage of the fundamental mode (Figure 3.2.2) is that it
has a single maximum along the longer wall of the waveguide (E-field vector
is perpendicular to this wall). That place of the waveguide is ideal for the
sample to be placed. The electric field has a maximum value while the
magnetic field has a minimum value. Thus, the magnetic permittivity does not
influence the data and can be neglected. The geometrical restrictions for each
of the waveguided systems imply the requirements for the sample geometry.
The lowest frequency waveguided system has quite large physical dimensions.
Since the sample is placed parallel to the shorter wall of the waveguide, this
implies geometry of the samples. It is not possible to get the sufficient amount
of the material in order to perform an investigation in 8-12 GHz frequency
range. On the other hand, one has to note that for the higher frequencies it is
necessary to prepare the samples with much smaller cross-section area. This is

often a challenge for the high permittivity samples.
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The electrodynamics of cylindrical sample in the waveguide was used for
most of the experiments. The detailed description of the Maxwell Equation
solutions is provided by J. Grigas'®.

Some experiments required different model. The electrodynamics for the
parallelepiped sample in the waveguide is straightforward. The sample is
treated as the dielectric inhomogeneity in the waveguide. Thus, there are three
separate regions in the waveguide where boundary conditions need to be taken
into account. The two regions can be considered as a conventional waveguide
and the solutions can be obtained from the wave equations of a z component of
the magnetic field (it is the most convenient component for the Hyo mode). The
region where the sample is placed also should be considered and the solution
of the wave equations is not trivial. Since the samples usually have a large
permittivity, the region where the sample is placed cannot be treated as a
region where only the fundamental wave is propagating. Several modes
depending on the boundary conditions can appear in this region. The field can
be expressed as the superposition of multiple modes. The whole three regions
must satisfy the boundary conditions and after applying the mode-matching
procedure the solution for the scalar reflection and transmission coefficients
can be obtained. The detailed mathematical model is not provided here due to
the robustness but it can be found in the literature®,

The scalar reflection and transmission coefficients are measured by
custom-made Elmika R2400 scalar network analyzers. The power of incident,
reflected and transmitted waves is detected by the semiconductor low noise
diodes for microwave applications. The end of the waveguide is terminated
with a load which absorbs the transmitted wave (waveguide is considered to be
semi-infinite).

The dielectric permittivity can only be obtained by solving the nonlinear
equation [|R|, |T[] = f(¢’, €””). This can only be done by solving optimization
problem. This is performed by a custom-made solver based on the modified

Newton optimization method.
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The terahertz spectroscopy was used for the investigation of materials in
100 GHz — 1 THz frequency range. This is a different technique compared to
the previously described ones. It is a time-domain technique. The short
picosecond pulse is transmitted through the dielectric slab. The response of the
sample is Fourier-Transformed in order to obtain the complex transmission
coefficient. The transmission coefficient is related to the complex refraction
coefficient (which is related to complex dielectric permittivity) according to

the following equation*?:
iw(N—l)d))

ey [F—exp (iw:'d)rk (3.2.3)

(N+1)2 N+1

4Nexp(

T(w) =

where N — complex refraction coefficient; d — thickness of the sample; ¢ —
speed of light; @ — angular frequency; m — number of reflections in the sample.
The detailed description of the experimental setup which was used is provided
by P. Kuzel and J. Petzelt'®.

The thin slab of high-permittivity sample is necessary for the
experiments. THz spectroscopy is a powerful tool for the investigation of
microwave dielectric relaxation. It bridges the low-frequency data with a
phonon contribution to the dielectric permittivity.

The combination of all the above mentioned experimental techniques
provides most of the information about the dipolar relaxation and dynamics of
ferroelectrics and related materials. The ability to access such a broad
frequency range is required for the investigation of relaxor ferroelectrics.

The analysis of dielectric spectra requires some relaxation models. One of
the most renowned models is the Debye model which can be derived
analytically. This model considers that the material consists of dipolar
relaxators which do not interact with each other and is described by the Debye-

relaxation formula:

£* () = e(o0) + Q=) (3.2.4)

1+iwT

£*(w) is the complex dielectric permittivity; (o) is the contribution of higher
frequency processes (phonons, electrons); t is relaxation time; w is the angular

frequency. £(0) — () is often denoted as Ae and is called the dielectric
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strength of relaxation (this is the quantity which describes the contribution of
relaxation process to the dielectric permittivity).

The Debye relaxation describes systems where the relaxation consists of a
single relaxation time z. In other words, distribution of relaxation times of such
system has a form of Dirac delta function.

Usually, the dielectric relaxation is much broader than the ones which can
be described by the Debye model. Some empirical corrections must be made to
the Debye formula to describe broader relaxations. The most general case is

called Havriliak-Negami equation*?*:

£* (W) = g(o0) + —20=e) (3.2.5)

(1+(iwtpn)1=9)F
Two additional parameters are introduced in the Havriliak-Negami equation.
Parameter a represents the breadth of distribution of relaxation time and is
directly related to the peak width of imaginary part of dielectric permittivity.
The parameter S represents the asymmetry of the dielectric spectrum. Since the
distribution of relaxation times of this equation has a finite width, the
parameter zyy IS called the Havriliak-Negami relaxation time. The physical
meaning of this parameter is ambiguous. Usually, the mean relaxation time is
analysed instead. Sometimes the edge of distribution is also considered. The
general aspects of Havriliak-Negami equation,its logarithmic moments and
their relation to 7, can be found in an excellent review papers by Zorn'?>*%,
In this work only the mean relaxation time is considered.
In the most general case, the dielectric spectra can be described by the
superposition of the Debye relaxations. It can be expressed by the following
equation®?’;

e (w) = e(o) + Ase f+oo fno)dinz

— 1+iwT

(3.2.6)

Where f(Int) represents the distribution of relaxation time. Eq. 3.2.6 can
describe any complex dielectric spectra if the distribution of relaxation time is
known. Usually, the inverse problem is solved for determining the distribution

from the frequency dependences of permittivity>**%’.
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The fitting procedure was carried out by the superposition of several
Havriliak-Negami equations. Each particular case will be presented and

justified where it is relevant.

3.3 Vibrational Spectroscopy

A branch of experimental techniques which deal with the lattice and/or
molecular vibrations is called vibrational spectroscopy. The probe which
interacts with the lattice vibrations is necessary for these experiments. The
lattice vibrations in the solid state physics is characterized by the quasi-
particles called phonons. It is generally a chain of atoms which are bonded by
electrostatic interactions. This excitation is considered to be localized in the
material.

There are two types of phonons in the matter: acoustic and optical
phonons. The acoustic phonon is a coherent vibration of the atomic chain. The
optical phonon is the anti-phase vibration of the atomic chain (i. e. ions which
have opposite charge move in a different direction from their equilibrium
position). The characteristic frequencies of optical phonons lies in a far
infrared region (hence, the name optical phonon). There can be two different
types of phonons depending on the propagation direction vs. the displacement
of the atoms. The phonon is called longitudinal if the displacement of the
atoms coincides with the direction of propagation and transverse when it is
perpendicular to the propagation.

Phonons in the matter can interact with electromagnetic waves. The
interaction between electromagnetic waves and phonons occur at the I'-point of
the Brillouin zone. This means that the interaction occurs between the long-
wavelength phonons (relative to the lattice constants). There are three main
techniques which are capable of probing the phonons at the Brillouin zone
center. The optical phonons can be probed by Raman and Fourier-transform
infrared spectroscopies while acoustic phonons can be investigated by the

Brillouin scattering technigque (please note that Raman and Brillouin scattering
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can be achieved in a very similar experimental setup). In this work only Raman
and FTIR spectroscopic studies were carried out.

The polar phonons can be investigated by the FTIR experiments. Phonon
is called polar when dipole moment of the atomic chain changes during the
vibration. This experiment is closely related to the broadband dielectric
spectroscopy since it probes polar vibrations and is closely related to the
dielectric function of the material.

The main component of the FTIR spectrometer is Michelson
interferometer (Figure 3.3.1). The FIR source is usually the mercury lamp. The
beamsplitter splits the signal. One part of the signal goes to the fixed mirror
and the other one to the moving mirror. In this case the autocorrelation
function is obtained in the detector (interferogram). The power spectrum is
obtained after the Fourier transform of the interferogram. The experiment can
be carried out in a transmission and reflection mode. In the case of
transmission mode the sample is placed between the beamsplitter and detector.
The calibration is necessary to determine the response function of the
spectrometer. The empty sample holder serves as a calibration kit in
transmission geometry. The transmittance of the sample can be determined as

follows:

__ Ps(w)
IT| = P (3.3.1)

where |T| represents the transmittance spectrum; P; — power spectrum of the
sample; Py — the power spectrum transmitted through the empty sample holder.
Unfortunately, the transmission geometry is usually not suitable for the high
permittivity samples. The signal can hardly transmit the sample in the FIR
region and it is difficult to prepare sufficiently thin samples for the

experiments.

49



fixed mirror

r

- | »

"IEE i

+ / X translating

source L :
i mirror
beamsplitter | @——1,2—»
|
detector

Figure 3.3.1 The scheme of Michelson interferometer. The image source:

http://scienceworld.wolfram.com/physics/Fourier TransformSpectrometer.html

The investigation of high permittivity solid samples is much more often
conducted in the reflection geometry. This can be achieved by placing the
sample in the position of the fixed mirror. The calibration is performed by
placing a highly-reflective mirror (as it is shown it the Figure 3.3.1). The
reflectance spectrum is obtained by using the same equation as for the
transmittance spectrum (Eq. 3.3.1). The Py represents the power spectrum from
the highly reflective mirror and Psis the power spectrum of the sample.

The relation between the dielectric permittivity and reflectance spectrum
is as follows:

IR = 20
Gt

(3.3.2)

¢* denotes the complex dielectric permittivity.

The equation 3.3.2 hints that the determination of complex dielectric
permittivity from the reflectance spectrum is not ambiguous. First of all, one
needs to solve the nonlinear equation to determine the permittivity. Secondly,
there are two unknown quantities (real and imaginary part of dielectric
permittivity).

The dielectric function can be modelled by the sum of simple oscillators

(3-parameter oscillator model)*??:

Sk
0 —w? +iwykT0

e(w) = €, + Xk — (3.3.3)
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The term &, denotes the higher frequency contributions (i. e. electronic

contribution), S, — oscillator strength; w;ro and y,ro— frequency and damping
of k-th transverse optical phonon.

This model takes into account only transverse modes. It does not allow
the tuning of LO frequency and thus the line width of the phonon bands cannot
be adjusted. This model works quite well for the materials where the bands are
quite narrow and the damping is low. The difficulties arise to describe the
spectra of perovskite oxides where the damping and spectral bands are quite
broad. This problem can be solved by introducing the so called four parameter
oscillator model*?*:

o—wi+iyjLow

0—w2+iijow

() = e, [1; Z% (3.3.4)
Here, numerator and denominator have only LO and TO parameters
respectively. It is obvious that this function is much more robust.

The FTIR spectra were measured with the Bruker Vertex v80
spectrometer in 30 — 3000 cm™. The spectra were recorded in 100 — 500 K
temperature range. The temperature was monitored and controlled by SPECAC
WEST 6100+ controller. The T type thermocouple was used as a sensor. The
special unit by Bruker was used for the reflection experiments.

Raman spectroscopic experiments are based on the inelastic light
scattering. The incident light (laser beam) interacts with an optical phonons.
The scattered light has a different frequency than the incident beam. This
happens due to the fact that the particle is excited to the virtual states. The
relaxation to the ground state is followed by the interaction with optical
phonons. If the backscattered photon has a lower energy than the incident
beam it is called the Stokes shift; if the energy is larger — the anti-Stokes shift.
The intensity of the Stokes shift is much larger since the transition takes place
from the ground state which is highly populated (the anti-Stokes shift is due to
the jumps from the excited vibrational levels which according to the

Boltzmann statistics is less populated).
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Raman Spectroscopy can identify different kinds of phonons and
supplement the FTIR experiments. The Raman active modes are the ones
which has a change of polarizability during the vibration. The Raman signal is
proportional to the imaginary part of dielectric susceptibility at a given
frequency. This relation arises from the fluctuation-dissipation theorem®%°.

The analysis of Raman spectra is less robust than the IR spectrum. The
vibrational frequencies are directly related to the peaks in the Raman spectra.
Since the Raman spectrum very often consists of multi-peaks, it is relevant to

fit it with the superposition of Gaussian-type functions:

21 Af
I(f) = I, + Z"f—w—fk)zkwkz (3.3.5)

The expression 3.3.5 has the same form as an imaginary part of 3-
parameter oscillator model (Eqg. 3.3.3). The quantities in Eq. 3.3.5 have the
meaning as follows: I,— intensity of k-th Raman mode; f,— mode frequency
(maximum of the peak); Af, — width of the peak (it is proportional to the
damping). Please note that all the Raman spectra in this work were normalized
by the Bose-Einstein factor.

The experiments were carried by the Renishaw RM1000 micro-Raman
spectrometer. It is equipped with an Ar laser operating at 514 nm. It works in a
backscattering geometry. The signal was detected by the CCD camera. The

experiments were carried out in 80 — 600 K temperature range.
3.4 Ferroelectric/Piezoelectric/Pyroelectric Characterization

The ferroelectric, piezoelectric and pyroelectric characterization of the
samples was performed by commercial AixACCT TF2000 analyzer. The
device is equipped with a TREK 609E-6 high voltage supply which works in a
DC regime up to 4 kV. The device also has a single beam interferometer for
the piezoelectric characterization. The sample holder can operate in 200 — 800

K temperature range.
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The measurements of the ferroelectric hysteresis can be performed by
applying the triangular voltage and measuring the current. The frequency of the
triangular wave in the experiments was 10 Hz or less. It can be considered as a
quasi-static regime.

The polarization can be calculated from the current response. The

integration of the current over time gives an accumulated charge:

Q = [, Imeasdt (3.4.1)
Where, Q is accumulated charge, leas €Xperimentally measured current; t; is
the duration of the triangular pulse. The integration of the experimental data is
performed digitally. Thus, this method is different from the conventional
Sowyer-Tower method where the capacitor performs the integration. The
polarization can be calculated by simply dividing the accumulated charge by

the surface area S of the sample:

p=2% (3.4.2)

S

Simultaneously to the measurements of the polarization hysteresis, the
displacement hysteresis was measured. The single beam laser interferometer is
focused on the top of the electrode which has a spring. The spring deforms
when the sample undergoes the deformation due to an electric field. The
detector performs the quadrature modulation. This method is capable of
measuring the displacements as low as 30 nm (according to the manufacturer
the accuracy should be around 10 nm).

The quasi-static piezoelectric and/or electrostrictive coefficients can be
determined from the experimental data. If the displacement is caused by the
piezoelectric effect, small signal ds; can be resolved by the fitting of an
experimental data for small electric field amplitudes. The relation between the
strain and electric field can be expressed accordingly:

Sg3 = d33E;5 (3.4.3)
The strain due to electrostriction is proportional to the square of the
polarization:

Sij = QijiPr Py (3.4.4)
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In the cases which will be dealt in this work (strain along the polarization
direction) the Eq. (3.4.4) simplifies to:

s = Qq,P? (3.4.5)
The determination of the electrostriction coefficient is evident from the Eq.
(3.4.5): It is necessary to plot the strain vs. the square of the polarization and
perform the linear fitting procedure.

The pyroelectric current I,ym» was measured on the heating cycle after the
sample was poled. The temperature rate was 10 K/min. The temperature
dependence of polarization can be obtained from the pyroelectric coefficient
y(T):

P= fgf y(T)dT (3.4.6)

The temperature dependence of pyroelectric coefficient can be directly

determined from the experimental data:
d
Lym(T) = (1S5 (3.4.7)

Where % Is the temperature change rate.

3.5 Piezoresponse Force Microscopy

The scanning probe microscopy (SPM) is a set of experimental
techniques which probe the nanoscale properties of the materials. The nano-
sized probe excites particular response of the material and this response is
registered. The godfathers of the SPM experiments are atomic force
microscope (AFM) and scanning tunneling microscope (STM). AFM probes
the topography of the surface due to the atomic interactions between the tip
and the surface of the sample. The STM is suitable only for the conductive
samples since it is based on the tunneling effect. The STM signal is registered
when the tip of the microscope comes close enough to the surface so the
tunneling current starts flowing between the sample and the probe.

The SPM experiments can be performed by a contact mode (the tip

touches the sample) and non-contact mode (the constant distance between the
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sample and the end of the tip is preserved). These experiments allow the
scanning of the nanoscale phenomena. The lateral resolution of STM and AFM
is less than 1 nm™**2 It is also necessary to note that it is a strictly surface

probe since the in-depth resolution is lower than the lateral resolution.

reference

in-plane

out-of-plane

ferroelectric
bottom electr.

Figure 3.5.1 The representation of piezoresponse force microscope. Reprinted from

Kholkin et al.™* with a permission of Springer Science Business Media, LLC.

The piezoresponse force microscopy (PFM) is a contact SPM method.
The interaction between the tip and the sample is due to the piezoelectric
effect. The AC voltage is applied between the sample and the tip. The
displacement of the tip can be affected by the local polarization of the sample
under test. This probes the local piezoelectric response both in-plane and out of
plane. The schematic representation of piezoresposne force microscope is
depicted in Figure 3.5.1. The deflection of the tip is monitored by the laser
beam which is focused on the 4 quadrant detector. This type of the detector is
capable of capturing topography, lateral and vertical PFM signals
simultaneously. The demodulation of the signals is performed by several lock-
in amplifiers which are one of the most important parts of the microscope. The
feedback loop is necessary to control the force on the tip.

The total PFM signal consists of several contributions. The

electromechanical contribution enables to determine the domain structure (the
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piezoelectric response is sensitive to the direction of polarization). It is a
proper tool to probe the (nano)domain structures in the complex perovskite
oxides.

The possibility of applying DC bias between the tip and the ground
electrode gives ability to study the ferroelectric switching and sometimes even
domain kinetics in ferroelectrics. It is possible to change the domain structure
and observe how it relaxes and interacts with the defects. It is very important in
the investigation of polycrystalline ceramics and films.

Another thing which can be observed in these experiments is the local
polarization hysteresis loops. This is quite a robust experiment which is
difficult to describe quantitatively but it might give crucial information about
the switching processes at the different locations of ceramic samples. This is
relevant for the work which will be presented here.

The PFM studies were performed using a MFP 3D microscope (Asylum
Research). Domain visualization was done both in a single frequency and
DART mode using an AC voltage with amplitude U, = 5 V. Both vertical and
lateral PFM images were collected. The local piezoresponse hysteresis loops
were acquired in the switching spectroscopy mode. In this mode the PFM tip is
placed on a selected location and a sequence of dc voltage pulses with duration
of 50 ms and magnitude cyclically changed from -50 to 50 V were applied
between the tip and the sample. The induced piezoresponse was measured
between the pulses (in the off-voltage state) using the DART mode. PFM
measurements were performed at room temperature and on heating up to 450
K. Cantilevers ElectriMulti 75-G (Budget Sensors) with conductive Cr/Pt
coating, a tip apex radius of 25 nm, and a resonant frequency of f, = 75 kHz
were used. For analysis of the PFM data WSxM™** and Gwyddion'** software

were used.
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4. Experimental results

4.1 Dielectric Spectroscopy of NagsBigsTiO3 (NBT)

Sodium bismuth titanate is one of the unique perovskite oxides with the
A-site chemical disorder. This material can exist in a crystalline form and thus
attracted many attention due to its very peculiar structural’®"****¥" ferroelectric

and piezoelectric'®*%®

properties.

One of the most important counterpart of NBT is bismuth which has a
very similar electronic structure to lead. The lone pair of bismuth should also
promote the covalent bonding between electronic states of A-O ions. Indeed, it
was revealed that there are evidence of the covalency due to this lone pair of
bismuth'®®. They concluded that the anomalies of physical properties of NBT
can solely be attributed to the lone-pair effects™>. The Raman experiments on
which these conclusions were made are only indirect evidence. This shows that
the bonding character changes but the exact mechanism is not obvious.

Sodium bismuth titanate has a quite complex octahedral tilting. The
octahedral tilting plays an important role and the instabilities of the tilts are
related to the some of peculiar structural transformations*** 2% The
surprising fact is that the transition temperatures which are obtained by the
convenient structural analysis techniques do not correspond to the anomalies

observed in the macroscopic response (dielectric permittivity"***

, polarization
measurements etc.). The ferroelectric hysteresis can be observed up to certain
temperature which is very often denoted as the depolarization temperature Tj.
This temperature shows that the ferroelectric order disappears spontaneously
after heating the sample above the T4 There are no structural changes in the
vicinity of the depolarization temperature. This peculiar behaviour has drawn
many attention to this system. Especially, when it was revealed that the mixed
systems based on the sodium bismuth titanate are promising materials for the
electromechanical applications. It was found by Vakhrushev et al. that NBT is

more of displacive-type material'®® but the low frequency dielectric data points
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to some relaxor-like features. The dielectric experiments in a broad frequency
and temperature range (which has never been achieved for the single crystals)

are exploited to resolve this ambiguity.

4.1.1 Single crystals of NBT

The temperature dependences of complex dielectric permittivity of
sodium bismuth titanate (001) single crystal are depicted in Figure 4.1.1. The
data is presented for both heating and cooling regimes. There is no dispersion
up to 1 GHz frequency in 650 — 900 K temperature interval. This region
indicates the paraelectric phase and it follows the Curie-Weiss law. The Curie-
Weiss law behaviour in NBT solid solutions was previously reported by
Isupov**?. The heating and cooling cycle curves coincide in this temperature
region. The discrepancy can be observed only on heating cycle where weak
dispersion is observed at low frequencies (i e. f < 10 kHz). This dispersion
disappears on cooling cycle. This relaxation is not an intrinsic property of the
crystal. It is related to the interfacial relaxation between electrode and the
crystal (i e. Maxwell-Wagner polarization).

The imaginary part of complex dielectric permittivity shows some
differences on heating and cooling cycles. It can be attributed to the above-
mentioned Maxwell-Wagner relaxation and/or conductivity. Nevertheless,
clear hysteretic behaviour can even be observed at 100 MHz curve. It is
possible to associate this hysteresis to the 1% order ferroelastic phase transition
which occurs at around 800 K'%'*%_ Ferroelastic phase transitions are difficult
to detect by means of dielectric spectroscopy. There are no anomalies in real
part of permittivity in the vicinity of the ferroelastic phase transition. It rather
can be observed only in the imaginary part. It is worth noting that this

ferroelastic phase transition occurs due to the tilting of oxygen octahedra**.
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Figure 4.1.1 Temperature dependence of complex dielectric permittivity of NBT single

crystal at different frequencies. The data is depicted on heating and cooling cycles.

The thermal hysteresis below the permittivity peak T,, = 600 K can be
clearly evidenced in Figure 4.1.1. This thermal hysteresis is related to a phase
transition from rhombohedral to tetragonal phase'****°. The phase transition is
antipolar and is related to the different tilting configurations of oxygen
octahedra. The hysteretic behaviour is due to the fact that this phase transition
occurs in a rather broad temperature range. The hysteresis is quite broad which
is not usual to classical phase transitions. Such broad thermal hysteresis can be
observed during the incommensurate phase transitions. There were several
reports on the incommensurate/modulated phase in sodium bismuth
titanate111‘112‘144.

Another peculiarity of the thermal hysteresis is that the shape of the curve
on heating and cooling differs in the vicinity of the T,. The heating cycle
resembles a proper ferroelectric phase transition with quite abrupt increase in
the permittivity. A completely different picture is observed on cooling cycle.
The same peak looks much broader. The cooling curve resembles the

properties of canonical relaxor. These experiments in a rather broad frequency
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range revealed one significant difference from the canonical relaxors. It seems
that there is no dispersion at least up to 1 GHz frequency. This is a significant
distinction between canonical relaxors and sodium bismuth titanate where
dispersion onsets at frequencies lower than 1 MHz*. So the dispersion (if it is
present) is different from canonical relaxors and rather resembles the central
peak in such classical ferroelectrics as barium titanate. This central peak is
often attributed to the coexistence of order-disorder and displacive type
dynamicsz“'145’146.

Another significant temperature region is 300 — 500 K. This is the region
where dielectric data become independent of heating and cooling cycles. It also
has a dispersion which often is regarded as a signature of relaxor ferroelectric
properties of NBT. The current experiments reveal that the dispersion lies only
below 1 MHz. It is a clear distinction from relaxor ferroelectrics where
dispersion expands more than 10 orders of magnitude in frequency. One
significant similarity to relaxor ferroelectrics can be observed in the imaginary
part of permittivity. The fashion how imaginary part develops at different
frequencies versus temperature is a signature of relaxor behaviour. The lowest
temperature data show constant loss regime which is often observed in
canonical relaxors. It is necessary to keep in mind that the rhombohedral phase
below 500 K is ferroelectric in NBT. Thus, the relaxation should be associated
with the domain wall motion rather than polar nanoregions (or microscopic
inhomogeneities). Indeed, according to Strukov and Levanyuk'’ the domain
wall dispersion lies in the frequency region below 1 MHz. It is clearly seen
from the data above 1 MHz that no additional kink in the temperature
dependences of the permittivity can be observed (for the obvious illustration,
please refer to Figure 4.1.5).

The evolution of the 300 — 500 K relaxation is much more evident from
the frequency dependences of complex dielectric permittivity (Figure 4.1.2).
The spectra below 450 K show nearly linear decrease in permittivity in semi-
logarithmic scale while in imaginary part the constant loss regime is observed

in the whole investigated frequency range. Such broad dielectric relaxations
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are often found in disordered ferroics. The significant change in dielectric

spectrum is observed at 450 K. The drastic decrease of imaginary part is

observed relative to the values below 450 K temperature. This change

correlated to the depolarization temperature of NBT**®, This means that the

domains which contribute to permittivity disappear in this temperature and thus

such gradual drop in the imaginary part of dielectric permittivity. This domain

wall-like relaxation becomes much narrower and it is possible to observe the

significant microwave relaxation where the maximum of imaginary part is

expected to be around 10 GHz. It is necessary to stress that the higher

temperature data above 300 MHz is not reliable due to the limitations of the

experimental technique. This causes a sudden drop in permittivity which is

observed in the vicinity of 1 GHz at temperatures above 450 K. Unfortunately,
due to the breadth of the relaxation it is difficult to describe it quantitatively.
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Figure 4.1.2 Frequency dependences of NBT single crystal at different temperatures.
The data is depicted only in the temperature region where the low frequency relaxation

is observed.

4.1.2 Single crystals of Mn and Cr doped NBT

Very often in order for perovskite oxides to meet specific requirements

for the applications it is necessary to modify the electromechanical properties
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by slightly doping. In the field of electromechanical applications it is known as
“hardening” or “softening” of a piezoelectric material**’. The ‘hardening’ in
this sense means that that dopants increase the coercive field, decrease the
piezoelectric coefficients of the material and makes it sustainable for the high
energy applications. The °‘softening” of the material on the other hand
decreases the coercive field and makes the material much more sensitive to
external stimuli. The doping with donor impurities in A or B-site of perovskite
lattice leads to the softening while acceptor dopants lead to the hardening. This
is usually explained by the change in domain wall mobility. The acceptor
dopants pin domain walls while donors increase their mobility'*®.

Manganese ions are often used in lead-based materials as a hardening
dopant™*® !, In some cases, the effect of Mn doping was reported to have
much more complicated impact on the piezoelectric properties’™?. The EPR
studies by Kamiya et al. showed that the mixed valence states (i. e. 3+ and 2+)
of Mn can exist in PZT* It is also possible that Mn can have 4+ state in some

cases as well (this is allowed by the Goldstone tolerance factor**?

). This means
that it is possible for manganese to occupy A-site and B-site (especially in the
case of sodium bismuth titanate). So in general Mn cannot be considered
strictly as ‘softening’ or ‘hardening’ dopant. The Mn occupancy in perovskite
lattice as a dopant is often complicated topic and is still a subject of debate
how it is incorporated in the perovskite lattice.

Chromium ions in perovskites most commonly have valence of 3+ and
act as an acceptor occupying the B-site of the perovskite lattice. It is possible
to obtain the valence 4+ in the perovskite oxide but it is necessary to produce
the material under high pressure. One of the examples of such route was
demonstrated in PbCrOs;™* and its solid solutions with other lead-based
oxides™™. The reports on more conventional production methods of Cr-doped

perovskites deal with the 3+ valence.
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Figure 4.1.3 Temperature dependences of complex dielectric permittivit of NBT:Mn

single crystal at different frequencies.

Figure 4.1.3 and Figure 4.1.4 represent the temperature dependences of
sodium bismuth titanate doped with 0.05 % manganese and 0.05 % chromium
ions respectively. Both crystals display the same temperature evolution as the
pure NBT single crystal. All the characteristic temperature regions have similar
features. Only minor differences in the maximum temperature around 600 K
(Mn and Cr doped samples have maximum slightly shifted to the lower
temperatures). Another difference can be observed in the paraelectric phase. A
significantly larger dielectric loss can be observed at the lower frequencies
indicating the increase of conductivity in the doped samples. The impact of
both dopants to the dielectric properties of NBT is similar. The permittivity
and loss is larger in both doped crystals (see Figure 4.1.5). The increase of real
and imaginary parts of permittivity indicates that the dielectric properties are
modified via contribution to the conductivity. This means that the vacancies
occurring due to the charge incompatibility in the lattice are not compensated.

They created additional dipoles which contribute to the dielectric permittivity.
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Figure 4.1.4 Temperature dependences of complex dielectric permittivity of NBT:Cr

single crystal.
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Figure 4.1.5 Comparison of temperature dependences of complex dielectric permittivity
of NBT, NBT:Mn and NBT:Cr single crystals.
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The DC conductivity at high temperatures was analyzed in order to
explain the possible Cr and Mn states in the NBT single crystal. Figure 4.1.6
represents temperature dependences of DC conductivity of all three crystals.

The activation energy of DC conductivity of pure sodium bismuth titanate
is 1.6 eV. This value correlates well with a half value of the band gap™® (as
well as with the value obtained for polycrystalline NBT*"). This means that
the conductivity in NBT single crystal is purely intrinsic (i. e. it stems from the
intrinsic electrons which are excited to the conduction band) at the highest
temperatures. The DC conductivity was determined only above the permittivity
peak temperature. The conductivity significantly drops below the peak and
thus it is impossible to determine the DC value reliably.
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Figure 4.1.6 Temperature dependences of static conductivity in NBT, NBT:Mn and
NBT:Cr single crystals. The data is represented in 550 - 900 K temperature were static

conductivity can be reliably determined.

The DC conductivity increases with both Cr and Mn doping. The highest
temperature region can well be fitted with an Arrhenius law. This indicates that
both dopants introduce impurity levels in the band gap of NBT. The activation
energies of Mn and Cr doped NBT are different. This hints that the oxidation
state of these two dopants is different. The dc conductivity depends on the
concentration of charge carriers and the mobility. The temperature dependence

of mobility depends on the scattering mechanisms of charge carriers. In the
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current case there is no reason why scattering mechanism should be dependent
on the type of dopants. The reasonable explanation is that the oxidation states
of Mn and Cr are different in the NBT crystal. Cr** state is least probable. It is
safe to assume that the Cr** ions are dominating in the B-site of the doped
crystal. The larger conductivity in NBT:Mn crystal can be related to the
presence of Mn®" ions. Mn?" state should generate more electrons than Mn**.
The more electrons in conduction band the larger the conductivity.

A very significant difference between NBT:Mn and NBT:Cr crystals can
be observed in the temperature evolution of DC conductivity. The increase of
conductivity with the increase of temperature is due to the ionization of
dopants. The slope of conductivity changes when all the impurities are ionized.
The gradual increase occurs due to intrinsic electrons being excited to the
conduction band when the temperature is increased. The same ideas apply to
the Cr-doped sample except that there are less charge carriers to be excited to
the conduction band. It is worth noting that below the inclination point, some
oxygen vacancy related conductivity manifests in the frequency dependences
of conductivity (not shown here).

The presented picture is in agreement with an experiments performed by

Maier and Randall*%8%°

on classical perovskite oxides SrTiO; and BaTiOs. It is
also in agreement with experiments performed on NBT doped with Mg and Fe
impurities™ where it was shown that samples doped with less than 1 % of
impurities has particularly electronic conductivity.

To sum up, the dielectric studies of NBT crystals did not show any
characteristic relaxor features in the vicinity of high temperature peak. The low
temperature dielectric relaxation was attributed to the domain wall dynamics
since the dispersion lies below 1 MHz. This unambiguously shows the
significant difference between the dielectric response canonical B-site relaxors
and sodium bismuth titanate.

The analysis of conductivity helped to identify the valence states and the
role of Mn and Cr doping. Both of these impurities act as an acceptor dopants

with a different valence states in the B-site of the perovskite lattice.
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4.1.3 Microwave properties of NBT ceramics

The size of previously discussed NBT single crystals was not sufficient
for the measurements in the waveguides. Thus, the dense ceramic samples of
NBT were investigated at the waveguide frequencies for complete picture of
the prevailing contributions to the dielectric permittivity.

The combination of MW (obtained by author) and Terahertz data gave an
insight of different contributions to the dielectric anomalies of sodium bismuth

titanate.
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Figure 4.1.7 Frequency dependences of complex dielectric permittivity of NBT ceramics.

Figure 4.1.7 represents the frequency dependences of complex dielectric
permittivity of NBT. The solid curves represent the approximation of
experimental data. The relaxations are observed above 1 GHz range and are in
agreement with previous result on the single crystals. The fitting model

consisted of two Cole-Cole relaxations and a damped harmonic oscillator

67



(HO). The fits at higher temperatures were performed only for the THz data
(these fits are not presented here).

The main Cole-Cole contribution (CC1) was introduced to describe the
relaxation above 1 GHz. It can be observed in the whole temperature range.
The contribution to dielectric permittivity is almost equal to the contribution of
harmonic oscillator at low temperatures. The contribution of the central peak
significantly increases with an increase of temperature.

Figure 4.1.8 summarizes the temperature dependences of the dielectric
strength of different contributions. The graph shows that the contribution of the
lowest frequency phonon mode is quite small compared to CC1 relaxation. It is
obvious that the main contribution stems from the central peak (CC1l
relaxation) and it is the origin of the permittivity maximum around 600 K. This
relaxation undergoes a significant softening with a decrease of temperature. A
possible scenario is that this is related to the coupling and transfer of the
dielectric strength from the harmonic oscillator. The HO does not show any
pronounced softening. It actually “hardens” with a decrease of temperature.

This is the underlying cause that the Curie-Weiss law is satisfied above the T,.
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Figure 4.1.8 Temperature dependences of the dielectric strength of different

contributions in the dielectric spectra of NBT ceramics.

This peculiar behaviour is related to strongly anharmonic bismuth ion

dynamics. It is in agreement with a broad distribution of bond lengths of Bi-
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O™°. This data show that NBT does not act as a typical relaxor. The only
common feature of NBT with canonical relaxors is the fact that the anomaly
around 600 K cannot be associated to any structural transformations in the

material.

4.1.4 Summary

Dielectric spectroscopy of sodium bismuth titanate revealed that the high
temperature dielectric anomaly stems from the central mode. NBT cannot be
classified as a relaxor since the low temperature dispersion exists only below 1
MHz frequency. The high temperature permittivity peak in NBT does not show
any relaxor-like dispersion. This relaxation is due to the strong anharmonic
behaviour and hopping of bismuth ions.

The studies of DC conductivity revealed that the Mn and Cr dopants
occupy the B-site in sodium bismuth titanate. Significantly larger conductivity
of NBT:Mn crystal revealed that Cr and Mn ions have different valence states
in the B-site. Mn ions either exist in 2+ states or a mixed state between 2+ and
3+. Cr ions have only 3+ valence state because a conductivity of NBT:Cr

sample is lower than NBT:Mn crystal.
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4.2 Lattice dynamics and piezoelectricity in relaxor-lead titanate solid

solutions

The complex solid solutions where the end members of phase diagram
are relaxors and canonical ferroelectrics are of great scientific and
technological significance. The phase diagrams of such compositions exhibit
morphotropic phase boundary which is a hallmark of excellent dielectric,
piezoelectric and ferroelectric properties™®**®°. The solid solutions of relaxors
mixed with a lead titanate are capable to compete with the most prominent

piezoelectric material lead zirconate titanate which is a solid solutions between

76,77 166,167

classical ferroelectric lead titanate™ " and antiferroelectric lead zirconate

Lead titanate takes a special place amongst other canonical ferroelectrics
in the perovskite oxide solid solutions. The outstanding dielectric and
electromechanical properties can be achieved in the solid solutions between
canonical relaxors PMN and PZN and lead titanate'®®*"®. The properties of
lead ions in the perovskite lattice play a crucial role for an excellent
piezoelectric performance in these materials'’.

Morphotropic phase boundaries can be found in other solid solutions with
different compounds. Recently, one of the most popular complex solid
solutions are based on ferroelectric barium titanate and other lead-free
perovskites resembling relaxor ferroelectrics'®*’2. An enormous attention to
the lead-free piezoceramics arose due to the Restrictive of Hazardous
Substances directive by the European Union. Unfortunately, lead-free materials
are still behind the lead-based compounds and hardly meet the requirements
provided by the lead titanate based solid solutions®*%310106173

The lattice dynamics and piezoelectric properties will be presented in two
complex relaxor-PT solid solution systems. The difference between these two
systems is the lattice site where the charge disorder is present in the relaxor
counterpart.

One of them is the commercial PMN-17PT (001) single crystals with a

charge disorder in the B-site. The second system is (0.4-y)NagsBigsTiOs-
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0.6SrTiO3s-yPbTiO; solid solutions (polycrystalline) where the lead free
0.4Nay sBio 5 TiO3-0.6SrTiO; represents the relaxor part. It has a charge disorder
in the A-site.

4.2.1 0.83PbMg;,3Nb,;303-0.17PbTiOj3 single crystals

The PMN-xPT is one of the most extensively studied perovskite oxide
ferroelectrics. It is composed of what is now considered as a canonical relaxor
ferroelectric PMN and ferroelectric PT. There are several reasons which make
this system so attractive. First of all, it is possible to sinter any composition
throughout the phase diagram (see Figure 4.2.1) quite easily. It is even possible
to grow quite large high quality single crystals. It has become a model system

of the disordered perovskite oxides.
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Figure 4.2.1 Phase diagram of PMN-xPT solid solutions. The diagram is reprinted from
Guo et al.™ with the permission of IOP publishing. Solid circles are taken from Shrout

et al.'*

It is widely accepted that the charge disorder in the perovskite lattice is
responsible for the appearance of random fields. The random fields prevent the
formation of long range order. The increase of PT in the PMN-xPT solid
solutions controls the strength of RFs. The titanium ion is electrostatically
compatible in the A>*B*' 0, perovskite lattice. It substitutes the (MgasNbyz)*
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in the lattice thus reducing the local charge disorder which is due to the
different valence of Mg and Nb ions.

The increase of PT content in the solid solutions promotes the
ferroelectric long range order which fully develops to more or less proper
ferroelectricity only above the MPB which is around x = 0.3'*'". The
compositions below the MPB undergo relaxor-normal ferroelectric phase
transitions from certain concentration of x. Such phase transitions are often
observed in a disordered perovskites. These phase transitions are of strong 1%
order character but the lattice does not transform to the ideal symmetric
phase'™® above the transition temperature. It rather goes to the relaxor phase
with often broad dielectric relaxation and properties similar to canonical
relaxors™*"”.

The compositions below the MPB are less systematically studied. In
many papers the Curie temperature of these compositions are presented as the

temperature of permittivity peak at low frequencies™**"®*"°. This

IS quite
contradictory with the structural data presented in the literature. For example,
structural phase transition in PMN-10PT was identified by the XRD studies to
be around 280 K'®. This is 20 K lower than the transition line extrapolated in
the phase diagram by Ye et al.'”®, The XRD data is supported by Raman
studies of Slodczyk et al.'®!. An XRD studies of low PT content compositions
showed that the rhombohedral distortion appears in PMN-xPT even for the
compositions with x = 5 %' The structural analysis by neutron scattering
strongly opposes the XRD data. Gehring and co-workers published several
papers on the structure of few compositions below the MPB. The same PMN-
10PT did not show any rhombohedral distortions even below 100 K
temperature'®®. They concluded that the rhombohedral phase observed in the
XRD experiments is related to the surface effects (as they call it, anomalous
skin effect). Similar skin effect was identified in some other compounds®®*.
Indeed, the penetration of X-rays to the sample is strongly dependent on the
energy of X-rays. Other neutron studies showed that the structural phase

transition occurs only for the compositions above x = 25 % of PT'"®. Recent
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theoretical studies by molecular dynamics also hint that structural ferroelectric
phase transition is absent in PMN-25PT*®. This structural ambiguity has not
been resolved even though some of the papers referenced above are older than
15 years. The compositional range where the cubic-rhombohedral structural
phase transition exists is debatable in PMN-XPT phase diagram.

PMN-17PT single crystal is below the MPB and in the compositional
region where not so many data on lattice dynamics and ferroelectricity have
been reported. This crystal is believed to have intermediary strength of random
fields. By combining broadband dielectric spectroscopy and investigation of
ferroelectric and electromechanical response the formation of long ferroelectric
order and its features will be elucidated. This will help to bridge the knowledge
between strong RFs perovskite oxides like PMN and compositions above the
MPB where the influence of random fields is negligible. It will be shown that
the phase transitions appearing in such intermediary systems can be considered
as an order-disorder type. The presence of charge disorder possibly masks the
characteristic features of an order-disorder phase transitions which can be
observed in less complex systems. The temperature evolution of ferroelectric
phase will be investigated and discussed in the framework of temperature

dependences of polarization and electromechanical properties.

4.2.1.1  Broadband Dielectric Spectroscopy

Figure 4.2.2 represents the temperature dependences of complex
dielectric permittivity in PMN-17PT single crystal. Dielectric anomaly is
associated with the ferroelectric phase transition at around 330 K from cubic to
rhombohedral phase’***™. A broad dispersion above the phase transition is
observed. The maximum of dielectric permittivity at different frequencies
occur at different temperatures. Although, it is important to stress that the shift
of dielectric maxima is negligible at frequencies below 1 MHz. The larger shift
occurs at microwave frequencies and is clearly observed in the 8 and 29 GHz

curves. Additional anomaly can be observed in the temperature dependence of
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imaginary part (Figure 4.2.2b). This feature only appears at frequencies below
1 MHz. This anomaly can be related to the domain wall motion because it is
observed in the ferroelectric phase. Another possibility is that this effect is
extrinsic and related to the sample-electrode interface although we neglect this
assumption because electrodes were produced with a different conditions
(different silver pastes with different annealing temperatures) and the same
feature was observed in the experimental data. The Brillouin studies by Kim et
al.'®® revealed anomaly in the same temperature region (~320 K) during field-
cooling/field-heating experiments. We can conclude that the anomaly we

observe is an intrinsic feature of PMN-17PT single crystals.
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Figure 4.2.2 Temperature dependence of complex dielectric permittivity at different
frequencies of the PMN-17PT single crystal.

The dielectric anomaly in the PMN-17PT single crystal is not as sharp as
in classical 1% order phase transition; it exhibits particular “diffusivity”. Such
picture reminds of organic ferroelectrics with an order-disorder type phase
transitions. This phase transition shows very peculiar behaviour. It is expected
to observe the minimum in the temperature dependences of dielectric
permittivity at certain frequencies (so called critical slowing down). In the
present case such minimum was not observed.

The absence of minimum can be explained after the analysis of dielectric

spectra which are depicted in Figure 4.2.3. Solid curves represent the
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approximation by superposition of two empirical Cole-Cole equations (Eq.
4.2.1). One of the components describes the broad feature of spectra which
give rise to a constant loss region at the lowest frequencies (it can be
considered as a background to a main relaxation). Another component
describes the main relaxation which mostly appears at microwave frequencies.
The structure of the dielectric spectra in PMN-17PT closely resembles

canonical relaxors.
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Figure 4.2.3 Frequency dependence of complex dielectric permittivity at different

temperatures for a PMN-17PT single crystal.

ASl ASZ

1+(jwt) % 1+(jwTy)17%2

e (w) =&, + (4.2.1)

The distribution of relaxation times in the PMN-17PT single crystal is much
broader than Debye-type relaxation. The minimum in order-disorder type
systems is observed for the materials where the dielectric dispersion is close to
the Debye relaxation. Any broadening of the spectra is masking the minima.
This can be easily shown by the modelling of 2™ order phase transition (refer
to APPENDIX ).

The Cole-Cole relaxation time was analysed more carefully (Figure

4.2.4). It is well accepted that relaxor ferroelectrics undergo freezing which is
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described by Vogel-Fulcher law. This freezing phenomenon manifests as the
divergence of characteristic relaxation time vs. temperature. One of the key
signatures of the freezing in relaxor ferroelectrics is the constant loss regime
observed at low temperatures. The constant loss regime hints that the
distribution of relaxation times in the system becomes infinitely broad. In our
case, the PMN-17PT crystals undergo structural phase transition from relaxor-
like to normal ferroelectric phase. It is difficult to discuss such system in the
framework of Vogel-Fulcher law because the long range ferroelectric order
onsets before the freezing supposed to appear. The parameters which are
obtained by describing characteristic relaxation time by Vogel-Fulcher law

have questionable physical meaning.
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Figure 4.2.4 Temperature dependence of inverse mean relaxation time. Solid line is

approximation with the critical slowing down model.
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The latter statements require another approach for analysing mean
relaxation time. Thus, the modified order-disorder model (Eq. 4.2.2)* was
applied for the analysis. The solid curve in Figure 4.2.4 is approximated by Eqg.
4.2.2. The critical slowing down model is capable to describe the mean
relaxation time of higher temperature phase. There are four fitting parameters

which are presented in Table 4.1. One of them is the phase transition
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temperature (Curie temperature) which correlates with the phase diagrams by

Noheda et al. and Guo et al.}**74,

Table 4.1 Parameters obtained from the critical slowing down model.

1 1 1 1 T. K

—,S —,S )

o o c B
1.9 x 10° 2.7 X 1012 330 2.8

Parameter S for proper order-disorder type phase transitions should be
equal to 1. For the PMN-17PT this parameter is 2.8. The interpretation of such
value is related to the large random fields in PMN-PT. Similar value was
obtained for the PZN-PT® single crystals which are known to have strong
random fields. Parameter 7, indicates that the minimum in the temperature
dependence of dielectric permittivity should be observed at microwave
frequencies (waveguide region above 2 GHz). Unfortunately, the experiments
did not show the minimum in microwave dielectric data.

The determination of the phase transition type (order-disorder or
displacive) is quite a difficult task. Order-disorder type phase transitions are
mostly observed in organic ferroelectrics such as KDP*¥", TGS, TSCC'#1%, |t
is difficult to find systems of order-disorder type in inorganic compounds as
perovskite oxides. As mentioned before there are evidence that classical
ferroelectrics demonstrate a coexistence of order-disorder and displacive phase

transitions® 2’

. The microscopic origin of polarization is off-centering of
cations in the perovskite oxides. Therefore, in the temperature range far from
T¢, the displacive nature is dominant. However, in the vicinity of T, the
shallow minima of the potential (for example, the 8-site model in BaTiOs;)
cause the order-disorder nature and the soft mode becomes overdamped.
However, in vibrational spectroscopy, it is difficult to distinguish between
overdamped soft mode and relaxation process of order-disorder nature in the
vicinity of T.

Order-disorder and displacive models of phase transition are examined

under the assumption of homogeneity. Relaxors, on the other hand, are
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heterogeneous systems and are often considered as order-disorder systems*®

although the picture is much more complicated. In general, Mg ions favor on-
centered, while Nb and Ti ions favor off-centered (ferro-active) positions. Far
above the Curie temperature, Nb and Ti ions show the displacive nature, but in
the vicinity of T, the order-disorder nature according to the 8-site model is
fulfilled. The charge disorder and lattice mismatch by the random occupation
of three different cations may be the cause of the diffusive nature of soft mode.
In addition, off-centered cations might couple to the off-center Pb ions which
may also show order-disorder nature. These off-center displacements in
shallow potential minima can be the origin of the fact that the minimum of

dielectric permittivity near T¢ is smeared (refer to APPENDIX I).
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Figure 4.2.5 Temperature dependences of FTIR spectra in PMN-17PT single crystals.

The temperature evolution of the IR spectra is depicted in Figure 4.2.5.
There are no significant changes in the spectrum above 200 cm™. The only
minor change is that some of the features coalesce into one broad band. Some
of the vibrations can be distinguished only at low temperatures. There are no
frequency shifts in the spectra. This means that the contribution of phonons to
the dielectric permittivity is constant.

There are some changes in the lowest frequency TO phonon mode (i. e.

below 140 cm™). The TO mode around 95 cm™ changes with an increase of
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temperature. The whole band in this frequency region gets broader. This
indicates the change in the damping of the TO mode. The increase of damping
Is observed up to 500 K. This kind of behaviour is inherent to relaxors. The
phonon spectrum below the T,, becomes underdamped. The phonon in the
vicinity of the permittivity peak is heavily overdamped at the Brillouin zone
center. It becomes underdamped only above the Burns temperature. The Burns
temperature could not be reached with the experimental setup.

The room temperature FTIR spectrum with an addition of THz data show
that this overdamped phonon is not related to the low frequency dielectric
relaxation. These two components coexist but the main contribution to the
dielectric permittivity stems from the central peak. This is another proof that
the anomaly in PMN-17PT single crystals has an order-disorder character and
has nothing to do with the lowest frequency phonon. These results support the

Brillouin scattering data™®.

4.2.1.2  Ferroelectric, Piezoelectric and Pyroelectric Properties

The ambiguity about the presence of the ferroelectric phase transition can
only be resolved by the polarization switching experiments. Thus, the
investigation of polarization and strain hysteresis is necessary. Figure 4.2.6
represents hysteresis loops of the PMN-17PT single crystals at different
temperatures. The sample was heated above the Burns temperature (600 K) and
cooled down to room temperature before the experiment. The ferroelectric
hysteresis loop is observed at room temperature (the black curve represents the
very first measurement after the sample was cooled down). This indicates that
the ferroelectric phase in PMN-17PT condenses spontaneously on ZFC. The
room temperature phase must be non-cubic. One can argue that the
ferroelectric phase is induced by an external electric field. Our case does not
show an electric field-induced phase transition at room temperature. Only a

single switching peak in current-voltage characteristics is observed. In the case
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of electric field-induced phase transition, two peaks in current vs. voltage
characteristics exist. The loop itself has a different shape (for example,
compare hysteresis loops in PMN®®). Furthermore, the strain vs. electric field
has a piezoelectric character. The piezoelectricity cannot manifest in the cubic
crystal so it is another justification of a non-centrosymmetric phase, since
canonical relaxor ferroelectrics have an electrostrictive character at

temperatures where phase transition can be induced by an electric field.
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Figure 4.2.6 Electric field dependence of polarization (a) and strain (b) of PMN-17PT

single crystals.

The temperature region in the vicinity of a permittivity maximum has
rather slim polarization hysteresis loops. This temperature region shows
characteristic relaxor ferroelectric hysteresis loops (two peaks in voltamperic
characteristics are observed). The electromechanical properties in this region

show large hysteretic behaviour which is characteristic to an electric field
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induced phase transitions in relaxors. It also resembles -electrostrictive
behaviour. The highest temperature region shows the paraelectric behaviour in
both polarization and strain hysteresis. The clear electrostrictive character is
observed in strain vs. field plot. This is usual behaviour for cubic perovskite
oxides.

Further investigations of polarization and strain hysteresis were carried
out by applying unipolar electric field with a different amplitude in order to
clarify the non-existence of an electric field induced phase transition. Figure
4.2.7 represents the electric field dependence of polarization at 295 K. The
induced polarization should change linearly with the electric field. This regime
was observed for the lowest amplitudes (i. e. up to 0.8 kV/cm). A nonlinear
behaviour was clearly observer after applying electric field of 1 kV/cm. The
abrupt increase of maximum polarization and large histeretic behaviour was
observed. It is related to the ferroelectric switching. The further increase of

electric field amplitude revealed the linear behaviour.
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Figure 4.2.7 Electric field dependence of polarization in PMN-17PT single crystal at 295

K temperature.

The maximum induced polarization is larger for lower fields (i. e. below
1 kV/cm). It might be related to the reversible (nano-)domain wall movement.
The unpoled sample is in a polydomain state. Several different domains and

domain walls can exist. These walls are very sensitive to an external electric
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field and thus can be moved easily. Such movement gives larger contribution
to induced polarization (via contribution to dielectric permittivity). After
certain value of the electric field the sample switches to a different state. The
field value of 1 kV/cm corresponds to that reported by Helal et al. where the
single LA mode splits into two peaks'®’. They also reported about another
transition to macroscopic monodomain structure at higher fields, but in our
polarization experiments no correspondance to this value was detected. It is
expected that the field of 1 kV/cm is sufficient for driving the sample to a
single domain state. Concentration of domain walls decreases drastically (or
disappears completely) after applying such field. The absence of domain walls
would explain the decrease of inclination of induced polarization at higher
fields. The contribution to the induced polarization solely comes from the
lattice. This experimental result is a strong evidence that the phase transition is
not being induced by the field but rather the field drives the sample to a single

domain state.
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Figure 4.2.8 Electric field dependence of the effective ds; coefficient at different

temperatures.

Field dependence of electromechanical behaviour was investigated for a
single domain sample. Figure 4.2.8 represents the ratio of maximum strain to
electric field amplitude. This ratio roughly represents the value of piezoelectric

coefficient ds; (we will call this ratio as effective ds3) for certain amplitude of
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electric field E in @ monodomain ferroelectric phase (black and blue curves
in Figure 4.2.8). The electric field dependence of effective piezoelectric
coefficient ds; shows weak dependence on the maximum value of the applied
electric field. This shows that there are no additional contributions to the strain
and we can conclude that the poled sample is fully monodomain.
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Figure 4.2.9 Electric field dependence of strain at 360 K. The inset represents strain vs.

the square of polarization.

The electric field dependence of effective piezoelectric coefficient das
becomes more complicated above the 330 K (green curve in Figure 4.2.8). The
ds3(Emax) function appears to have a maximum. This maximum is closely
related to the electric field inducible phase transition. The long range
ferroelectric order is lost above 330 K but still can be induced by an electric
field. This is the true E-field inducible phase transition region in PMN-17PT
and it only appears above 330 K. The strain vs. electric field has a different
physical nature below and above this maximum. The strain at low field regime
is due to the electrostriction. The electromechanical response can be
considered as a piezoelectric effect above the maximum (i. e. after inducing
ferroelectric phase). The convergence of the ratio Sy a/Emax t0 the room
temperature value (i. e. black curve) hints the same physical origin of the
strain. The quadratic field dependence of strain at low fields (at low fields P ~

E) is evidenced in Figure 4.2.9. The inset of Figure 4.2.9 shows the linear
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behaviour of strain vs. the square of polarization and unambiguously identifies
the electrostrictive behavior at the lowest field. The change of the slope can be
observed at higher values of polarization. This is related to the electric field
inducible phase transition and indicates the change of electromechanical
response. Surprisingly, the dependence of strain is nearly linear at the highest
fields. The strain at 340 — 400 K temperature range can be described by two
distinct electrostriction coefficients Q1;. The Q1 of high field region is larger
by roughly 20 % compared to the low field region. This is quite confusing
result bearing in mind that ratio Sya/Emax at higher fields mimics the same
behaviour as in a monodomain ferroelectric state. The strain vs. P® suggests
that the strain can be described by electrostrictive type behaviour in an E-field
induced phase. The temperature dependences of Qq; and small signal ds; can be
found in the Figure 5 of APPENDIX 1.
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Figure 4.2.10 Temperature dependence of remanent polarization and pyroelectric

coefficient.

Temperature dependences of pyroelectric coefficient and remanent
polarization are depicted in Figure 4.2.10. The data which was obtained from
the ferroelectric hysteresis loops (i. e. Figure 4.2.6(a)) is consistent with the
pyroelectric measurements. The poled PMN-17PT undergoes a first order
phase transition. The abrupt polarization drop is observed at the temperatures

which correlated with the permittivity maximum (see Figure 4.2.6(a)).
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Unfortunately, this temperature does not correlate with a critical slowing down
temperature which was obtained from the dielectric spectra'®?. There was also
an attempt to perform pyroelectric measurements for the unpoled sample. Even
in the unpoled sample (not presented here) the peak can be detected at the same
temperatures as for the poled sample. Pyrocurrent measurements are very
sensitive for the structural changes and the data on the unpoled sample
supports the idea that the structural phase transition exists in PMN-17PT.
Above the 350 K temperature pyroelectric data show non-zero remanent
polarization indicating that there are static PNRs which contribute to the
pyrocurrent. The small remanent polarization above the permittivity peak

maximum was observed in pure PMN* as well.

4.2.1.3  Local Piezoelectric Response

The macroscopic experimental data strongly support presence of the
spontaneous ferroelectric phase transition in PMN-17PT single crystals. On the
other hand, such experiments might not be sensitive enough for very small
structural changes. This would be very important if the coercive field and the
field that is necessary to induce ferroelectric order would be nearly equal in
magnitude. In such a case more sophisticated experiments would be required to
unambiguously detect the structural phase transition.

The ferroelectric phase should exhibit domain structure in the
ferroelectric phase. It should abruptly disappear above the phase transition
temperature. The domain structure can be easily probed by the piezoresponse
force microscopy. The PFM studies were performed on the unpoled PMN-
17PT single crystal.

Figure 4.2.11 and Figure 4.2.12 represents the Vertical (first column) and
Lateral (second column) PFM images at room temperature. On a larger scale
(Figure 4.2.11) the significant PFM contrast can be observed in the amplitude
of VPFM image (Figure 4.2.11(c)). The LPFM images barely show any PFM

response. This is the evidence that the polarization is perpendicular to the
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scanned surface. This corresponds to the (001) pseudocubic direction of the

crystal.

Figure 4.2.11 Room temperature PFM images of PMN-17PT single crystal. First column
represents vertical response; second column represents lateral response. Image (a), (b)
represents the topography of the scanned area; (c), (d) represents the amplitude; (e), ()

represents phase. The scanned area was 10 * 10 pm?.

The same picture in Lateral images can be observed for larger
magnification (second column of Figure 4.2.12). This shows that the Lateral
polarization is much smaller or absent in the PMN-17PT single crystal. The
VPFM images show distinct polar structure which is even observed in the
phase image (Figure 4.2.12(e)). The vertical images exhibit lamellar structure.
A very similar patterns were observed by Kholkin and Shvartsman in PMN-
20PT single crystals*®. They reported two distinct types of polar structures in
PMN-20PT. The larger domains have same lamellar shape as observed in
PMN-17PT single crystal. The other polar structure in PMN-20PT which is not

observed in PMN-17PT is small nanosized domains which are embedded in the
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larger domains and have opposite direction'®®. The dimensions of larger
domains in PMN-17PT are similar to the ones in PMN-20PT.
Slightly different situation can be observed in PMN-10PT single

crystals'®

. The domains in PMN-10PT resemble the lamellar structure but they
are not as coarse as in the larger PT compositions. It is clear that the increase
of PT content increases the size of larger domains yet preserving the same

topology of the polar structure.

Figure 4.2.12 Room temperature PFM images of PMN-17PT single crystal. First column
represents vertical response; second column represents lateral response. Image (a), (b)
represents the topography of the scanned area; (c), (d) represents the amplitude due to

piezoelectric displacement; (e), (f) represents the phase of displacement. The scanned

areawas 5 * 5 pm?®.

The temperature evolution of VPFM signal is depicted in Figure 4.2.13.
The PFM images are presented in 3 characteristic temperatures according to
the dielectric permittivity data (see Figure 4.2.2): i) at room temperature, below
permittivity peak (first column); ii) in the vicinity of the permittivity peak at
low frequencies (second column); iii) above the permittivity peak (third
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column). The piezoresponse can be observed at all the images of amplitude
(row 2 in Figure 4.2.13). Almost the same applies for the phase images (row 3)
except for the 400 K image where the polar structure is less visible. This
indicates that with the increase of the temperature the piezoresponse signal
decreases but still is preserved above the permittivity peak (please note that the

scales are different but the important thing which indicates the decrease of

PFM signal is the visibility of topography in the row 2 and 3).
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Figure 4.2.13 Vertical PFM response of PMN-17PT single crystal at different
temperatures. First column represents the scans at 295 K; second column at 350 K;;
third column at 400 K. First row represents the topography; second row represents

amplitude; third row represents phase. The scanned area was 5 * 5 pm?.

The macroscopic response (Figure 4.2.6) show significant differences at
the same temperatures compared to the PFM images. This hints that with an
increase of temperature the random fields start to play a crucial role and
decrease the correlation length. This means that the domains which are nearby
do not interact yet preserve its polar nature locally. Shvartsman et al.*
concluded that in some PMN-xPT compositions the ferroelectric order
develops in a broad temperature range. Interestingly, no abrupt changes can be
observed in the PFM images. Some 1% order characteristics of macroscopic

properties should imply that something significant should be observed at the
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nanoscale as well. It seems that the time-scale which is probed here cannot
detect such changes. Some other experiments (TOF ultrasonic data) coupled
with the current results hint rather slow kinetics of polar (nano)domains at the
mesoscale. It also shows that due to the existence of random fields the
ferroelectric phase transitions cannot be associated to purely classical order-
disorder or displacive models but all the results indicate that the spontaneous

ferroelectric phase transition is present in PMN-17PT.

4214  Summary

The studies of lattice dynamics and electromechanical response of PMN-
17PT crystal revealed that the ferroelectric order in PMN-17PT nucleates
spontaneously despite the questionable presence of the structural phase
transition. The transition to the ferroelectric state is of order-disorder nature.
No phonon softening was observed and the dielectric relaxation is due to the
relaxation mode (so-called central mode).

The PFM studies of local polarization did not reveal any conventional
ferroelectric domains. The lamellar like polar regions which are typical for

relaxor ferroelectrics were observed in the vertical PFM images.

4.2.2 NagsBigsTiO3s-SrTiO;-PbTiO; solid solutions

One of the key which lead to the breakthrough in the lead-free

piezoelectric materials was the complex solid solutions with different ions in a

different perovskite sites®®.

The structural complexity increases the
electromechanical performance but is not sufficient enough to compete with
the lead-based perovskite oxides. It was found that the lead-based relaxor-PT
compositions in the vicinity of MPB undergoes the polarization rotation which
is thought to be the origin of the superior piezoelectric performance™**%. A
similar polarization rotation was identified in pure sodium bismuth titanate

(this rotation occurs with the change of temperature)°.
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This chapter deals with a different relaxor-PT system. The charge
disorder is situated solely at the A-site of the perovskite lattice. The charge
disorder is due to the different valence of sodium and bismuth ions. This can
be controlled by substituting sodium and bismuth with an ion of 2+ valence.
The lead ion is chosen since it has very similar electronic structure. The lone
pair electron of bismuth and lead tend to hybridize with oxygen electronic
states. It also tends to different ferroelectric off-centering. Ferroelectric
displacements of lead is usually along (001) direction while bismuth tends to
off-center in (111) direction. These different displacements of ions could
enhance the polarization rotation and piezoelectric properties of the complex
solid solutions. Finally, it is expected that the excellent macroscopic properties
can be achieved by less lead in the solid solutions. This is important for the
environmentally friendly ferroelectric materials. The comparison to the

canonical relaxor-PT solid solutions will be presented.

4.2.2.1  Broadband Dielectric Spectroscopy

The dielectric properties of the (0.4-y)NBT-0.6ST-yPT solid solutions
will be discussed in the direction of the increase of the lead titanate
concentration.

The temperature dependences of complex dielectric permittivity of
0.3NBT-0.6ST-0.1PT solid solutions are presented in Figure 4.2.14. A diffuse
dielectric anomaly and the shift of permittivity peak to higher temperatures can
be observed. The dielectric peak broadens with the increase of frequency and
can hardly be visible at 300 GHz curve. The real part of permittivity becomes
weakly dependent at such high frequencies (the values of permittivity are close
to the static value of the phonon contribution). The temperature change of real
part of dielectric permittivity is typical for relaxors.

The imaginary part of permittivity shows some common features to lead-
based relaxors. The most important difference is the evolution of the loss peaks

at different frequencies. The intersection of different frequency curves in
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Figure 4.2.14 is not common to Pb-based relaxors. The picture resembles the
evolution of loss peaks in dipolar glasses. In the case of canonical relaxors, the
peak in losses at different frequencies moves to higher temperatures.
Moreover, the higher the frequency the higher the peak value of the losses. The
evolution of the loss curves at different frequencies below the peak coincides
with each other down to low temperatures where the so-called constant loss
regime (frequency independent losses) is fulfilled. The loss curves in 0.3NBT-
0.6ST-0.1PT do not coincide with each other at different frequencies. Such
behaviour of loss curves can often be observed in glassy systems and indicates

weaker polar correlations.
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Figure 4.2.14 Temperature dependences of complex dielectric permittivity of 0.3NBT-
0.6ST-0.1PT solid solutions at different frequencies.

Surprisingly, the lead role in the 0.4NBT-0.6ST solid solutions depends
on which counterpart is being substituted. The relaxor behaviour is much more
familiar to lead-based relaxors when the strontium is substituted by lead. The
case of 0.3NBT-0.6ST-0.1PT resembles the glassy order-disorder systems.
That is quite peculiar behaviour bearing in mind that the replacement of
NaysBigsTiO3 by lead titanate reduces the charge disorder and thus random
fields in the A-site of the perovskite lattice. The substitution of strontium by

lead leads to the increase of A-O covalent bonding in the lattice. Due to the
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increase of covalency, the larger strain occurs in the lattice but the strength of
random fields persists. The larger strain affects the random fields and makes
the system electrically softer (in terms of response to an external electric field).
The stress induced due to the covalent bonding of A-O sites should not change
significantly if NagsBig s is substituted by the lead. This substitution does not
change the correlation length in the system. It might be the reason why
0.3NBT-0.6ST-0.1PT solid solutions resemble the dielectric properties of
dipolar glasses. It is important to note that there is a possibility to induce the
ferroelectric phase in 0.3NBT-0.6ST-0.1PT solid solutions. The same can be
done in 0.4NBT-0.5ST-0.1PT system but the field that is necessary to induce
the ferroelectric order is nearly two times lower than in 0.3NBT-0.6ST-0.1PT.
The details of this fact will be discussed in the preceding chapters. The
difference between the strength of electric field that is required to induce the
ferroelectric phase supports the interpretation of the dielectric data.
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Figure 4.2.15 Frequency dependences of complex dielectric permittivity of 0.3NBT-
0.6ST-0.1PT solid solutions at different temperatures.

The frequency dependences of complex dielectric permittivity of
0.3NBT-0.6ST-0.1PT solid solution are depicted in Figure 4.2.15. It is evident
that the dielectric relaxation broadens when temperature is decreased. The peak
in imaginary part of permittivity shifts to lower frequencies with the decrease

of temperature. This means that the mean relaxation time shifts to longer times.
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A well expressed asymmetry of dielectric spectra can be observed at low
temperatures. The asymmetry persists even up to the highest temperatures. The
asymmetry can be observed in the parental composition (0.4NBT-0.6ST)™". It
significantly decreases with the increase of temperature. The asymmetry
parameter S converges to 1 with the increase of the temperature (note Eq.
3.2.5). The strontium substituted composition with 10 mol. % of lead titanate
had much weaker asymmetry in the dielectric spectrum™’. It is possible that
despite weaker asymmetry the microwave frequency data is not sufficient to
spot the asymmetry in 0.4ANBT-0.5ST-0.1PT solid solutions. Besides the well
pronounced asymmetry, the dielectric spectra resemble canonical relaxors.
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Figure 4.2.16 Temperature dependences of complex dielectric permittivity of 0.2NBT-
0.6ST-0.2PT solid solutions at different frequencies.

Figure 4.2.16 represents the temperature dependences of complex
dielectric permittivity of 0.2NBT-0.6ST-0.2PT solid solutions. The
spontaneous ferroelectric phase transition can be observed in the temperature
dependences of complex dielectric permittivity (around 310 K). The phase
transition is of first order type since the thermal hysteresis occurs on heating
and cooling cycles (refer to Appendix Il, same applies for this composition).
The dispersion and an obvious shift of the permittivity peak can be observed

above the phase transition temperature. This reveals that the high temperature
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phase is not perfectly cubic. The microscopic polarization fluctuations and
random fields start to play a role above the phase transition. Due to a large
degree of disorder the polarization fluctuations persists in a quite broad
temperature interval. The significant deviation from the Curie-Weiss law can
be observed above the phase transition temperature. This shows that the
0.2NBT-0.6ST-0.2PT composition is very close to the relaxor ground state
despite the presence of the spontaneous phase transition. The same
concentration of the lead titanate introduced in the strontium titanate site in
0.4NBT-(0.6-x)ST-xPT system drastically increases the temperature of the
197

anomaly
higher frequencies (compared to 0.2NBT-0.6ST-0.2PT solid solutions).

. The relaxor anomaly above the transition temperature is situated at

This result shows that polar clusters appearing in this system is related to
the strain and hybridization of A-O electronic states. The strain due to Pb-O
covalency is much stronger. That is the reason the spontaneous phase transition

occurs in the system where NBT is exchanged with the PT.
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Figure 4.2.17 Frequency dependences of complex dielectric permittivity of 0.2NBT-
0.6ST-0.2PT solid solutions at different temperatures.

The dielectric spectra of 0.2NBT-0.6ST-0.2PT are depicted in Figure

4.2.17 (only the data above the phase transition temperature is presented). The
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same relaxor-like features can be observed in the dielectric spectra. The only
difference is that the asymmetry is less pronounced (especially in the vicinity
of the phase transition). The dielectric spectra become much broader below the
phase transition temperature. Only several curves at different temperatures can
be fitted reliably with the empirical models (usually, the Cole-Cole and
Havriliak-Negami equations fail to describe broad spectra). There are hints that
the relaxation starts hardening (the mean relaxation time starts increasing with
the decrease of the temperature) with the decrease of temperature below the

phase transition. This feature supposes the order-disorder nature of the phase

transition.
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Figure 4.2.18 Temperature dependences of complex dielectric permittivity of 0.ANBT-
0.6ST-0.3PT solid solutions.

Further increase of lead titanate concentration up to 30 mol. % shifts the
phase transition to higher temperatures. The temperature dependence of the
complex dielectric permittivity of 0.LINBT-0.6-ST-0.3PT is depicted in Figure
4.2.18. The first order phase transition can be observed in this graph. A broad
dispersion is observed at microwave frequencies above the phase transition
temperature Tc (around 350 K). Such a broad dispersion resembles relaxors,

although one important feature is missing in Figure 4.2.18: the shift of
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permittivity maxima for different frequencies is absent (or negligible) in both
the real and the imaginary parts of the dielectric permittivity.

Above the phase transition temperature, deviation from the Curie-Weiss
law is observed for the static dielectric permittivity (refer to Figure S6 in
APPENDIX II). The temperature variation of dielectric permittivity in the
vicinity of its peak is similar to the dependence observed in canonical
relaxors>. This is contradictory, because one of the most important fingerprints
of relaxor ferroelectrics is the shift of the permittivity maximum with
temperature. This implies that we cannot ascertain the higher temperature
phase to be a relaxor. The deviation from the Curie-Weiss law might be
explained by the precursor dynamics®’.

The Terahertz data of dielectric permittivity give a hint that the prevailing
contribution to the dielectric permittivity does not stem from the soft
ferroelectric phonon. The jump of the permittivity in the vicinity of the phase
transition at a frequency of 300 GHz is rather small relative to the dielectric
strength of this broad relaxation process. One can expect that the phonon
contribution is of the order of 100 and it cannot explain this giant anomaly (see
the permittivity measured at 300 GHz, whose temperature dependence is
shown in Figure 4.2.18). The contribution to dielectric permittivity mostly
comes from the relaxation mode (i. e. central peak). One of the possibilities is
that the phase transition is of order-disorder type. The dispersion we observe in
the microwave region resembles order-disorder type phase transitions in
ferroelectrics.

The dielectric spectra of order-disorder type phase transitions can be well
described by the Debye-type relaxation away from the phase transition
temperature. Sometimes, the dielectric spectra broaden in the vicinity of the T,
in order-disorder type ferroelectrics. The dielectric spectra of 0.1NBT-0.6ST-
0.3PT (Figure 4.2.19) are much broader than the Debye-type relaxation in the

whole temperature region.
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Figure 4.2.19 Frequency dependences of complex dielectric permittivity of 0.1NBT-
0.6ST-0.3PT solid solutions at different temperatures.

Purely order-disorder ferroelectric phase transitions in perovskite oxides
are usually not observed. It is widely accepted in the ferroelectric community
that most perovskite ferroelectrics (such as BaTiOs) exhibit a crossover from
displacive to an order-disorder phase transition. Such a behavior is manifested
by the coexistence of mutually interacting soft polar phonon and relaxation-
type modes, exhibiting a critical slowing down towards T, On the other
hand, in such compositionally complex solid solutions the anomaly might be
related to some other dipolar excitations like polar nanoregions®.

The results on the dielectric spectra can be summarized by the
temperature dependences of mean relaxation time. They are depicted for all
the compositions in Figure 4.2.20. The compositions with an absent phase
transition show an increase of mean relaxation time with the decrease of
temperature. These compositions can be described by the VVogel-Fulcher law.
This means that the freezing of polar clusters exist in these relaxor-like
systems. The activation energy of the relaxation in 0.3NBT-0.6ST-0.1PT solid
solutions (E, = 0.14 eV) is larger compared to the parental composition (E, =

0.11 eV). The freezing temperature Ty is higher as well.
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Figure 4.2.20 Temperature dependence of the mean relaxation time in all investigated
ceramics. The data on the 0.4NBT-0.6ST solid solutions was taken from the work by

Svirskas et al.*.

The compositions which undergo the spontaneous phase transition have
similar behaviour of the mean relaxation time above the transition temperature.
The freezing temperature which was obtained is lower than the phase transition
temperature in these compositions. This is not uncommon for such highly
disordered systems with a spontaneous relaxor to ferroelectric phase transition.
So, this result is debatable and barely has a physical meaning (same as in
PMN-17PT single crystal). We cannot talk about the freezing of polarization
fluctuations below the ferroelectric phase transition. The ferroelectric domains
form below the phase transition.

The dielectric spectra were reliably fitted for the 0.2NBT-0.6ST-0.2PT
and 0.INBT-0.6ST-0.3PT compositions even below the phase transition
temperature. Unfortunately, the satisfactory curves could only be obtained no
more than 20 K below the phase transition. The relaxation hardens below the
phase transition temperature. This is a very important experimental fact which
might be related to the order-disorder nature of the phase transition. This
behaviour is nearly the same as in PMN-17PT single crystals. This feature can
be thought as a distinct feature of relaxor-PT solid solutions since similar

behaviour has not been observed in other similar disordered systems.
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4.2.2.2 Raman and IR spectroscopy

The investigation of lattice dynamics will be concentrated on the Raman
spectra. The advantage of Raman data vs. the IR data is that the Raman
spectrum is directly related to the imaginary part of permittivity at the given
frequency. Furthermore, Raman spectroscopy is more sensitive to the local
broken symmetry. It is definitely a sufficient tool to identify the mode
softening as well as local structural inhomogeneities. Figure 4.2.21 (a)
represents Raman spectra for all compositions at 100 K temperature. This
graph illustrates the change of Raman spectra versus the concentration of lead.
All the compositions show characteristic Raman spectra for the perovskite

oxides.
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Figure 4.2.21 Comparison of Raman (a) and FTIR (b) spectra for all compositions.
Raman spectra are depicted at 100 K temperature. FTIR spectra are depicted at 295 K.

0.4ANBT-0.6ST solid solutions have a macroscopic cubic structure. The
Raman spectra should be absent but the well-defined vibrational bands can be
observed. This is the consequence of broken local symmetry. These Raman

bands are quite broad and are often evidenced in complex perovskite oxides.
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The addition of lead enhances some of the spectral lines. It is clear that the
bands below 400 cm™ develop to sharp, well-defined peaks. The 150 — 400 cm’
! band is associated with the Ti-O vibrations. This means that the relaxor
compositions have a dynamic disorder of Ti** ion (local disorder of Ti
displacements). The titanium ion can hop in several equivalent positions. This
hopping is the reason for the broad spectral line in 150-400 cm™ band. The
changes can be observed below 150 cm™ as well. These bands can be
associated to A-O vibrations. The number of modes of ferroelectric
compositions well correspond to the P4mm symmetry (8 bands can be
observed). So, the spectral evolution vs. composition can be explained by the
increase of the tetragonal distortions (the structural data is known from the
works by M. Dunce et al.*).

The IR spectrum of different compositions is depicted in Figure 4.2.21
(b). The increase of lead titanate changes the reflection band below 200 cm™.
The lowest frequency band of 0.4NBT-0.6ST spectrum consists of the
relaxation mode (visible up to 100 cm™). The lowest frequency TO phonon
(rather weak one) is around 120 cm™. This phonon exists in all the
compositions. The increase of lead titanate changes the band below 100 cm™
significantly. Another phonon mode emerges which should correspond to the
Last mode of the lead titanate (please note that the PMN-17PT has a very
similar phonon band which supports this idea). The relaxation mode still exists
in the compositions with lead. It is situated below the Last mode. It can only be
seen in the THz data (the THz data was recalculated to the reflectivity and
depicted in the spectra below 50 cm™).

The ferroelectric soft mode should be visible in the temperature
dependent Raman spectra. Figure 4.2.22 represents the Raman spectra of
0.4NBT-0.6ST and 0.3NBT-0.6ST-0.1PT solid solutions. Raman spectra can
be observed in the whole investigated temperature region. The vibrational
bands are even active 200 K above the permittivity peak at low frequencies. In
both samples the intensity of Raman spectra decrease with the increase of

temperature. It seems that the peak positions do not change with temperature.
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They only get broader which indicates the increase of the disorder in the

lattice. Such behaviour indicates the dynamic disorder in the perovskite lattice.
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Figure 4.2.22 Temperature dependent Raman spectra of 0.4NBT-0.6ST solid solutions
(a) and 0.3NBT-0.6ST-0.1PT solid solutions (b).

The 0.3NBT-0.6ST-0.1PT solid solutions have sharper peaks at low
temperatures but they tend to get broader with the increase of temperature. It
indicates stronger ordering and the growth of polar clusters and/or correlation
length. No softening can be identified from such a broad peaks. It is possible to
conclude that the broad dielectric relaxation is a cooperative motion of polar
clusters in 0.ANBT-0.6ST and 0.3NBT-0.6ST-0.1PT solid solutions. This can
be clarified from the temperature dependences of mode frequencies (Figure
4.2.23). The graph reveals that all the modes have only negligible temperature
dependence of frequency. The damping increases with an increase of
temperature for some of the modes but this is common phonon behaviour. The
intensity gradually decreases with an increase of the temperature. This shows
that local symmetry breaking disappears. It becomes more and more cubic with

an increase of temperature.
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Figure 4.2.23 Temperature dependence of fitting parameters for 0.4NBT-0.6ST (a) and
0.3NBT-0.6ST-0.1PT (b) solid solutions. Top panel represents the mode frequencies;
middle panel represents the damping of the mode; bottom panel represents the intensity

of the mode.

Figure 4.2.24 represents the Raman spectra of 0.2NBT-0.6ST-0.2PT and
0.INBT-0.6ST-0.3PT solid solutions. These two compositions have much
sharper spectral lines. The main differences are related to the spectral bands
below 400 cm™. The peak at 300 cm™ is much sharper. The intensity of this
peak decreases with the increase of temperature but it persists in both
compositions even above the phase transition temperature. Together with the
decrease of the 300 cm™ peak another broad line develops in the 200 — 300 cm’

! range. This development resembles the case of pure strontium titanate®. It
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was associated to the antiferrodistortive phase transition of strontium titanate at
105 K. It hints that the tetragonal distortions develop further with an increase
of temperature (note the APPENDIX Il which shows that the tetragonality
factor is quite low at room temperature). The development of sharp peaks
might be related to another structural transformation. Unfortunately, there are
no structural data below the room temperature. These huge changes also give
some contribution to the dielectric permittivity. It might explain the low
temperature ferroelectric dispersions in similar systems'*% (such dispersion

Is evident in the current system as well).
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Figure 4.2.24 Temperature dependent Raman spectra of 0.2NBT-0.6ST-0.2PT solid
solutions (a) and 0.INBT-0.6ST-0.3PT solid solutions (b).

Finally, the bands below 200 cm™ can be well distinguished in these two
compositions. They are much more intense than in the spectra of lower PT
compositions. All the features can well be distinguished at the lowest
temperatures. These vibrations can be associated with different A-O bonds (A-
site occupied by 4 different ions). It is evident that due to the addition of lead
ions the ferroelectric order increases and the A-O vibrations become well
defined. The significant softening on the other hand cannot be observed in any

of the bands. Only the intensity decreases with an increase of temperature. The
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Raman spectra still can be detectable 250 K above the transition temperature.
This indicates presence of local polar distortions and dynamic disorder
(deviation from the macroscopic cubic symmetry). The temperature
dependence of mode frequencies of 0.2NBT-0.6ST-0.2PT and 0.INBT-0.6ST-
0.3PT solid solutions is depicted in Figure 4.2.25.
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Figure 4.2.25 Temperature dependence of mode frequencies in 0.2NBT-0.6ST-0.2PT (a)
and 0.1NBT-0.6ST-0.3PT (b)

The temperature dependences of IR spectra of 0.4NBT-0.6ST and
0.INBT-0.6ST-0.3PT solid solutions are depicted in Figure 4.2.26. The MIR
data (> 550 cm™) is only depicted at room temperature since that band does not
show any temperature changes and is irrelevant for the discussion. Also, only
the boundary compositions of (0.4-y)NBT-0.6ST-yPT system is depicted. The
middle ones have similar behaviour and do not provide any additional
information about the phonon behaviour.

The phonon spectra of 0.4ANBT-0.6ST do not change with temperature.
The only difference is below 100 cm™. This is related to the relaxation which
emerges to higher frequencies when the temperature is increase. The relaxation
is nearly absent at 10 K. The room temperature spectra show significant
increase of reflectivity with the decrease of frequency (this is indication of the
relaxation).

Similar evolution of IR spectrum is observed in 0.1NBT-0.6ST-0.3PT.

The relaxation mode is absent at 10 K spectra. Here it is possible to observe

104



only the low frequency phonon (around 50 cm™). The relaxation gradually
evolves with an increase of temperature. The largest evolution is observed in
the vicinity of the phase transition temperature. The lowest frequency mode
overlaps with the relaxation above the phase transition temperature. It might be
related to the increase of damping of this TO phonon. It is difficult to
distinguish the frequency of this mode but it does not soften. This behaviour is

very similar to the PMN-17PT single crystal. The nature of the phase transition

IS quite similar.
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Figure 4.2.26 Temperature evolution of FTIR spectra in 0.4ANBT-0.6ST (a) and 0.1NBT-
0.6ST-0.3PT (b) solid solutions.

All the compositions with non-zero content of PT have another
significant change in the phonon spectrum. The 200 — 400 cm™ band splits
(around 250 cm™). There are several interesting facts about this change in the
spectra. Firstly, it occurs at quite low temperatures (below 200 K). There are
no indications of structural changes in other experiments. Secondly, these
changes are much more obvious for higher PT content (y = 0.1 composition has
a very weak change but in the spectra of y = 0.2 and y = 0.3 the change is
obvious). Finally, the change of spectra is also observed in Raman spectra.
This indicates the non-centrosymetric nature of this band. It might be related to
the second order processes of strontium titanate. It is well known that the
Raman spectra of strontium titanate are due to the second order processes
above the antiferrodistortive phase transition. This is one of the most peculiar

properties which can be observed in the lattice dynamics of the NBT-ST-PT
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system. Unfortunately, without the low temperature structural data it is difficult
to draw unambiguous conclusions.

Raman and IR spectra revealed that the (0.4-y)NBT-0.6ST-yPT solid
solutions have common features to PMN-17PT single crystal. It is evident that
the phonon softening has no impact to the phase transition and the dielectric
anomalies in this system. These anomalies are determined by the ordering and
percolation of polar clusters which gradually transform to the ferroelectric
(nano)domains. It might be considered as a system with order-disorder
character rather than displacive one. The only changes in phonon frequencies
can be associated with non-ferroelectric changes of the lattice (or maybe strong

anharmonicity).
4.2.2.3  Pyroelectric Properties
The temperature dependences of polarization and pyroelectric coefficient

of (0.4-y)NBT-0.6ST-yPT and 0.4NBT-(0.6-x)ST-xPT solid solutions are
depicted in Figure 4.2.27 and Figure 4.2.28 respectively.
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Figure 4.2.27 Temperature dependence of spontaneous polarization and pyroelectric
coefficient in (0.4-y)NBT-0.6ST-yPT solid solutions.

The temperature dependences of remanent polarization in (0.4-y)NBT-
0.6ST-yPT solid solutions show strong 1* order character of phase transition. It
Is evident that the y = 0.1 composition which has the stable ferroelectric phase

only after applying an external electric field at a certain temperature has the

106



most abrupt polarization jump. The peak value of pyrocoefficient is largest for
this composition. The increase of lead titanate decreases the peak value.
Another important feature is the less abrupt jump of polarization in higher lead
content compositions. The polarization evolution vs. temperature in 0.1NBT-
0.6ST-0.3PT resembles the 2" order phase transition. It seems that the
polarization decreases smoothly until it gradually reaches zero. This is a quite
contradictory to the dielectric data which clearly revealed the 1% order
character of the phase transition. The polarization gradually decreases in y =
0.2; 0.3 compositions. The remnant polarization is non zero even above the
phase transition temperature which was obtained by XRD measurements (or
even higher than the temperature of permittivity peak at low frequencies). This
is a clear evidence of the polarization persisting above the phase transition
temperature. The lead titanate introduces some clusters with a very stable
polarization which can contribute to the pyrocurrent even above the phase

transition temperature.
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Figure 4.2.28 Temperature dependence of spontaneous polarization and pyroelectric
coefficient in 0.4NBT-(0.6-x)ST-xPT solid solutions.

A different scenario is in 0.4NBT-(0.6-x)ST-xPT solid solutions. The low
PT (x < 0.1) compositions which are not depicted in Figure 4.2.28 cannot be
poled thus their pyroelectric response is very weak and can be neglected. All
three compositions which are ferroelectric show a very strong 1% order phase
transition character. The abrupt jump of polarization is much more evident

relative to the (0.4-y)NBT-0.6ST-yPT system. The 1% order character increases
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with an increase of lead concentration. The saturation polarization values are
larger in this system. This can be easily explained by the increase of
ferroelectric distortion in 0.4NBT-(0.6-x)ST-xPT. Lead in the strontium site
increases the tetragonal distortion significantly and thus the 1% order character
is enhanced. Due to this stronger 1% order character, the pyroelectric properties
are larger than in (0.4-y)NBT-0.6ST-yPT system. Furthermore, it seems that
the polarization barely persists above the phase transition temperature.

This proves that the distortions induced by the bismuth and lead ions are
complementary. It can be exploited for the enhancement of internal stresses

which should improve the electromechanical/pyroelectric properties.

4.2.2.4  Electromechanical properties

The extensive studies of the electromechanical response will be provided
for 0.4NBT-(0.6-x)ST-xPT and 0.4NBT-(0.6-x)ST-xPT solid solutions. This
will help to understand how the structural complexity affects the piezoelectric
response. The role of domain walls and their contribution to electromechanical
properties will be extracted. The electromechanical investigation will be
concentrated on the 0.4NBT-(0.6-x)ST-xPT system since the characteristic
temperature regions of the anomalies are more convenient. Afterwards the
results will be generalized for both systems.

Both of these systems can be divided in several different concentration
ranges depending on the stability of the ferroelectric and/or relaxor phase. The
different origin of the electromechanical response is observed in different
concentration ranges:

i) low PT concentration region (x up to 0.05; y up to 0.1) which exhibits
relaxor-like properties in the whole temperature range and in which long-range
ferroelectric order could not be induced by even a moderate electric field!®:

i) Intermediate PT concentration range (0.05 < x < 0.15; y = 0.1) where it

is possible to induce ferroelectric phase with an external electric field. The
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representative composition x = 0.10 has a stable ferroelectric phase at
temperatures below T, = 290 K even after removing the external electric field.
iii) High PT concentration range (x > 0.15; y > 0.2) where spontaneous 1%
order phase transition between relaxor and normal ferroelectric state occurs.
The ferroelectric order in this concentration range persists up to temperature T,
on heating. This temperature is located below the permittivity maximum

temperature T,,. The difference between T,, and T, decreases upon the increase

of xandy.
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Figure 4.2.29 Polarization as a function of the electric field P(E) for 0.4NBT-(0.6-x)ST-
XPT compositions with x = 0.00 and x = 0.05 measured at room temperature (a) and

strain as a function of polarization square u(P?) corresponding to the same P(E) loops

(b).

In the low PT concentration region, polarization as a function of the
electric field is weakly nonlinear for the composition with x = 0.00 and has an
expressed trend to saturate for the composition with x = 0.05 (Figure 4.2.29
(a)). The latter indicates approaching the intermediate PT concentration range
where the ferroelectric state can be induced by a moderate electric field. In
spite of different P(E) character when comparing the compositions with x =
0.00 and x = 0.05, strain as a function of polarization square P’ is linear
according to Eq. 3.4.5 or close to linear in both cases (Figure 4.2.29 (b)). The
same trends are observed in the whole temperature range that was investigated,

thus the temperature dependences of loops are not presented here.
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Figure 4.2.30 Temperature evolution of polarization and strain hysteresis loops in
0.4ANBT-(0.6-x)ST-xPT solid solutoins. Top panel: polarization vs. electric field; bottom
panel: strain vs. electric field.

The temperature evolution of polarization and deformation hysteresis
loops of compositions with x > 0.10 is presented in Figure 4.2.30. All
compositions exhibit well expressed ferroelectric loops. The double hysteresis
loops in the temperature region slightly above the phase transition temperature
reflect the reversible field induced phase transition between ferroelectric and
relaxor states’®*'® (green P(E) curves in Figure 4.2.30 (a) and (b)). The
temperature evolution of strain hysteresis loops shows the change of
electromechanical behaviour from piezoelectric to electrostrictive. The green
curves correspond to double hysteresis loops in Figure 4.2.30 (a) and reflect a
phase transition between the relaxor and ferroelectric state. The blue curves
represent purely electrostrictive behaviour in all three compositions (i. e. the

strain is proportional to the square of the polarization, like in Figure 4.2.29

(b)).
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Figure 4.2.31 Temperature evolution of polarization and strain hysteresis loops in (0.4-

Y)NBT-0.6ST-yPT solid solutions. Top panel: polarization vs. electric field; bottom

panel: strain vs. electric field.

The similar trends in polarization and strain hysteresis loops can be
observed in (0.4-y)NBT-0.6ST-yPT system (Figure 4.2.31). 0.3NBT-0.6ST-
0.1PT solid solutions exhibit same features as the other 0.1PT composition.
There are only some quantitative differences. The dielectric anomaly in
0.3NBT-0.6ST-0.1PT solid solutions is at lower temperature compared to
0.4NBT-0.5ST-0.1PT. The significant difference between these compositions
Is the temperature T,. It is much lower in 0.3NBT-0.6ST-0.1PT solid solutions.
The difference between the permittivity peak temperature at a given frequency
is also larger in aforementioned composition. Both of these compositions do
not show a spontaneous nucleation of ferroelectric domains. This indicates that
the cubic structure persists in the investigated temperature region. The
ferroelectric order can only be induced by an external electric field.

The higher PT compositions show much stronger relaxor behaviour
above the phase transition temperature (from the point of dielectric

spectroscopy). The strain hysteresis is not so evident in the region of the E-
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field induced phase transition. It seems that the hysteretic behaviour is due to
the strong 1% order nature of the field induced phase transition (it is even
evident from the pyroelectric measurements). The electric field induced phase
transition is only visible in a quite narrow temperature region for the 0.4NBT-
0.6ST-0.3PT composition. It is a very weak phenomenon and the characteristic
inclination of polarization hysteresis (the most obviously seen in the red curve
of Figure 4.2.31 (a)) indicating the field induced phase transition can hardly be
seen. It was already mentioned that this composition does not resemble the
relaxor behaviour. This is also evident from the characteristic hysteresis loops.

Both Figure 4.2.30 and Figure 4.2.31 clearly revealed that the addition of
lead to the parental composition affect the electromechanical behaviour and
polarization hysteresis in the same manner. Onwards, the explanation of the
nature of electromechanical behaviour in these systems will be focussed on the
0.4NBT-(0.6-x)ST-xPT system since the anomalies are situated in much more
convenient temperature range (in the very vicinity or above room temperature).
This helps getting more accuarate results at the lowest field regime.

The chemical complexity of these solid solutions should give a very
complex electromechanical response. The detailed studies of the strain vs.
different amplitudes of applied electric field should reveal the nature of
electromechanical response and the contribution of domain walls and
nonlinearities to the electromechanical activity. It will also help to identify the
electromechanical properties in the vicinity of the E-field induced phase
transition. Thus the detailed studies of the temperature dependent
electromechanical response will be presented for the compositions with x >
0.1.

The intermediate PT concentration range (i. e. composition with x = 0.10)
demonstrates similar behavior to the low concentration compositions at
temperatures above T, = 290 K. Strain as a function of polarization in the
relaxor state can be described by Eg. 3.4.5 with a similar value of Q,; (Table
4.2). Below T; the electric field-induced ferroelectric state persists after electric

field is turned off. Thus, it is more appropriate to discuss the temperature range
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T < T, of the compositions with 0.05 < x < 0.15 (i.e. with x = 0.10) together

with the ferroelectric state of compositions with x > 0.15.
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Figure 4.2.32 Polarization as a function of the electric field P(E) (a) and strain as a
function of electric field u(E) (b) for unipolar electric field pulses of various amplitudes
Enmax for the composition x = 0.15 at 300 K.
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Figure 4.2.33 Piezoelectric coefficient as a function of the electric field amplitude
ds3(Emax) for the composition x = 0.20 at 340 K and at 380 K (a), as well as temperature

dependence of parameters dini;, o, and dmax (b) evaluated from the Rayleigh law.
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The strain response to unipolar electric field pulses of various amplitudes
Emax Was measured in the ferroelectric phase for x > 0.1 to obtain the
piezoelectric coefficient ds;. P(E) and u(E) dependences are depicted for the
composition x = 0.15 at 300 K as an example (Figure 4.2.32). Hysteresis is
clearly seen in the u(E) as a functions of the electric field amplitude E. Such
a situation is well known in the research of piezoelectricity in ferroelectrics. It
is frequently characterized by the Rayleigh law, which can be applied to
describe the hysteresis of either polarization or strain*®:
P = £o([.(0)+ @Emax]E * 3[ERax — E?])

a , (4.2.3)
u = (dinit + @cpEmax)E + %(Er%nax — E?)

Where &, and ¢, are weak-field dielectric permittivity and vacuum dielectric
permittivity, respectively, din; is the reversible part of piezoelectric coefficient
ds3, aand o, are the Rayleigh coefficients. The u(E) hysteresis described by
Eq. 4.2.3 represents the linear dependence of daz(Ema)*™":

d33(Emax) = dipit + acpEmax (4-2-4)

The unipolar electric field pulses were applied in the present case so Eq.
4.2.3 cannot be applied to describe P(E) and u(E) hysteresis, only Eq. 4.2.4 can
be examined. The measured quasistatic dependence of u(E) at low E,,y is quite
noisy, nevertheless u(En.x) can be extrapolated by using a linear dependence
according to Eq. 4.2.2. ds3(Enax) curve approaches saturation at a higher
electric field which is better pronounced at higher temperatures (Figure 4.2.33
(@)). The value of das; extrapolated to E,, = 0 and denoted as d;,;;, besides the
purely intrinsic value of ds3, can also contain some contribution from the
reversible domain wall motion. Both d;y;; and the maximal value of dz3(Emax),
further denoted as d.y, increase if the temperature is increased (Figure 4.2.33
(b)). Therefore ds3(Emax) is characterized in terms of diyit, o, and dmax according
to Eq. 4.2.4. According to Hall'®, di,i; corresponds to the intrinsic piezoelectric
effect, which is proportional to dielectric permittivity®>. So the increase of
dinit(T) reflects the increase of dielectric permittivity upon approaching the

phase transition temperature T.. The increase of parameter a,(T) reflects the
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increasing distance of irreversible domain wall motion at the same electric
field value. From such a point of view, it is remarkable that a threshold electric
field value exists, above which ds3(E) saturates and the total irreversible

contribution (dpax - dinit) does not increase with temperature (Figure 4.2.33 (b)).
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Figure 4.2.34 Strain as a function of polarizations u(P) in 0.4NBT-0.45ST-0.15PT solid
solutions at 300 K. Different curves represent the different amplitude of applied electric
field Emax.

Contrary to u(E), u(P) dependence is almost linear and shows no
hysteresis (see Figure 4.2.34). 033=U/Pn. In a ferroelectric phase (Figure
4.2.35) is independent of Ppa (Pmax COrresponds to various E.y that were
chosen in the experiment), reflecting linear behavior of strain as a function of
polarization. Furthermore, gs3 rather weakly depends on temperature. Only
upon approaching the temperature T;, gs3(Pmax) has a weak trend to increase,
while g33(Pmax = const.) as a function of temperature decreases (Figure 4.2.35
(b)). It is a rather surprising result considering the complex nature of
polarization. The polarization should contain contributions from different types
of domain walls as well as the induced polarization. Thus, the hysteresis and
the nonlinearity of the electric field-induced strain are related to the electric
field dependence of polarization (i. e. the nonlinearities observed in u(E) is due

to hysteresis and nonlinear behavior inherent to P(E)).
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Figure 4.2.35 Piezoelectric coefficient as a function of maximal polarization gas(Pmax) at
300 K and at 400 K (a), as well as ga3(Pmax=0.5 pC/cm?) and gss(Pmax = 4.0 uC/cm?) as
function of temperature for the composition with x = 0.20 (b).

Such a character of the electric field-induced strain could be expected if
P(E) is dominated by the contribution of induced polarization and the
piezoelectric effect arises due to the electrostriction. Due to the fact that P,
decreases upon approaching T, such a mechanism could also explain the
decrease of g3 in the same temperature range. Unfortunately, verification of
this interpretation is not trivial. It is necessary to have the full data of
permittivity and electrostriction tensors to derive the piezoelectric coefficients

and in the case of polycrystalline samples it is a difficult task.
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Figure 4.2.36 Strain as a function of the electric field u(E) (a) and as a function of

polarization u(P) (b) for the composition with x = 0.10 at 300 K at various Epay.
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Finally, the properties of the electric field-induced strain at the field
induced 1% order phase transition are analyzed. The representative composition
is X = 0.10. Both P(E) and u(E) show a jump with significant hysteresis in the
vicinity of the phase transition (see Figure 4.2.36). Strain vs. polarization u(P)
has a smooth nonlinear dependence with almost no hysteresis. There is only a
small bump in the region of the electric field-induced phase transition from the
nonpolar to the ferroelectric state. The description of u(P) according to Eg.
3.4.5 fails in the whole P range, because it is necessary to introduce different
electrostriction coefficients in the electric field regions corresponding to the
nonpolar and the ferroelectric phases. Qq;, obtained in the E, . < E; electric
field region, can be related to Qq; in the temperature region where the relaxor
state persists in all of the electric field range (Table 4.2). Q4, extracted from
u(P?) at Enax > E., is approximately 20 % higher. This difference perhaps
reflects the difference between mechanisms of P(E) in the ferroelectric and in
the nonpolar state. Since there is no additional contribution in u(P) in all of the
range of P, the electric field-induced phase transition, in terms of strain, has
electrostrictive character.

Table 4.2 Electromechanical coefficients of 0.ANBT-(0.6-x)ST-xPT and (0.4-y)NBT-
0.6ST-yPT solid solutions. All the data are presented at room temperature except the

one with the asterisk.

2 2
PT content ?nl]i /é% (pC(IZIr}Ilt\I) Ormax (PC/N) %?;2 /lc(:))
0.00 22+0.1
x =0.05 23+0.1
x=010 [ 23+01 | 135+3 | 190+10 | 1.5+0.1
x =0.15 80 + 3 170+10 | 1.2+0.1°
x=0.20 82+3 160+10 | 1.4+0.1
y=01 [21+0.1 170+10 | 1.1+0.1°
y=02 [21+01" | 80+10 | 230+10 1+0.1
y=03 [24+01" | 80+10 | 200+10 | 1.1+0.1
PMN-17PT [2.2+0.1" 750+10 | 24+0.1

The summary of the electromechanical constants are represented in the

Table 4.2. Most of the values are represented at room temperature. The asterisk
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near the constant indicates that it is not a room temperature value. Some of the
compositions have different state at room temperature and that constant cannot
be determined. The data on PMN-17PT is also presented for the comparison.
The electrostriction coefficient Q; is concentration independent in both
systems. This is a trend which is often observed in many relaxor ferroelectric
systems. The electrostriction coefficient in PMN-17PT also has the same value.
Similar values were reported for the PMN-10PT?®. It seems that this is a
common feature for relaxors and relaxor-PT solid solution systems. Ba-based
ferroelectrics show larger electrostrictive coefficients®®?. The high PT
composition, namely y = 0.3, shows larger Qq; but one has to note that it was
measured at 400 K temperature. The electrostriction coefficient is often found

to be temperature independent®®?*.

Although, some data show weak
temperature dependence of electrostriction®®,

This kind of temperature dependence would explain the larger Qq; in the
0.1NBT-0.6ST-0.3PT solid solutions. Indeed, the increase of electrostriction
coefficient with the increase of temperature was observed for most of the
compositions.

The piezoelectric coefficients in NBT-ST-PT solid solutions are nearly
the same for all the compositions. The small differences in dy. can be
explained by the temperature dependence of piezoelectric coefficient. This
means that for some compositions the phase transition is closer to the room
temperature. The piezo-coefficient increases when the transition temperature is
approached. Another explanation can be related to the nature of the
piezoelectric effect in the system. It was mentioned before that the temperature
dependences of g3 indicates that the piezo-effect in these systems occur due to
the electrostriction. In this case, the spontaneous polarization is different for all
the compositions at the temperature where the piezo-coefficient is determined.

The only composition which stands out in the NBT-ST-PT system is x =
0.1. It has the largest di,i: and gss. This composition might be considered as a
morphotropic phase boundary of 0.4NBT-(0.6-xX)ST-xPT phase diagram. This

result can be explained by the polarization rotation mechanism which is
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thought to be the cornerstone of the high piezoelectric response in the MPB
compositions of relaxor-PT solid solutions. The relaxor part of our solid
solutions favors the off-centering of ions along the [111] direction. The lead
titanate favors the distortions along the tetragonal c axis. 0.ANBT-0.5ST-0.1PT
composition is very close to the ferroelectric phase. This means that the
application of electric field can easily rotate the [111] displacements along the
tetragonal phase. This induces the ferroelectric phase and keeps it stable. The
polarization rotation mechanism thus is responsible for higher piezoelectric
response relative to some other compositions in NBT-ST-PT solid solutions.
Finally, it is obvious from the Table 4.2 that the piezoelectric properties
of NBT-ST-PT solid solutions are not exceptional. The PMN-17PT single
crystals which are far away from the morphotropic phase boundary, has much
better piezoelectric properties. This is due to the fact that its remanent
polarization is larger. The mechanism of piezoelectric effect is the same
(biased electrostriction). The only advantage of some compositions in NBT-
ST-PT family is that they have the phase transition at higher temperatures than
PMN-17PT. This increases the temperature stability of these compositions and
might be favorable for some applications. Another advantage is the ability to
control the coercive field in rather broad field interval (2.5-10 kV/cm). The
PMN-17PT system is only suitable for the soft-piezoelectric applications since
the coercive field is rather small (< 3 kV/cm). So, the NBT-ST-PT system
gives quite a lot of degrees of freedom for the tunability of piezoelectric

properties while PMN-17PT surpasses it with larger piezoelectric coefficients.

4.2.2.5 Local Piezoelectric Response

The PFM images were captured for all the compositions in the (0.4-
Y)NBT-0.6ST-yPT system. It was shown in the two previous subsections that
the 0.3NBT-0.6ST-0.1PT composition is close to paraelectric behaviour at

room temperature. The PFM experiments could not be performed below the
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room temperature thus it was impossible to reach the temperature which would

correspond to the permittivity peak at low frequencies.
Amplitude

_\,_I

Figure 4.2.37 Room temperature LPFM images of 0.3NBT-0. 6ST-0.1PT solid solutions.

The room temperature LPFM images of 0.3NBT-0.6ST-0.1PT solid
solutions are presented in Figure 4.2.37. The amplitude and phase images are
quite noisy. It is clearly seen that the phase image mimics the features of
topography. It is obvious that no signal related to the local polarization can be
observed in the images. This correlates with the macroscopic
electromechanical response which shows purely electrostrictive behaviour.
There was no evolution of PFM signal when the temperature is changed thus
the images does not hold any valuable information.

The more sensitive technique, DART, was also measured for this sample
but unfortunately it did not reveal any response which would be similar to
canonical relaxor ferroelectrics. This reveals the absence of polar correlations
at room temperature even at the nanoscale (or these correlations are very weak
and cannot be detected within the experimental limitations).

Figure 4.2.38 presents the LPFM images of 0.2NBT-0.6ST-0.2PT solid
solutions. The images are presented at different magnifications. A polar pattern
can be seen in the amplitude image (middle panel) of column (b). The
labyrinth-like polar pattern can be obviously seen both in amplitude (middle
panel of column (c)) and phase (bottom panel of column (c)). These patterns
can be considered as a nanodomains (it is clear that the dimensions of the polar
areas are not larger than 500 nm) because at room temperature 0.2NBT-0.6ST-
0.2PT solid solutions is in ferroelectric phase. The nanodomain pattern is very
irregular and it does not resemble a stripe structure like it should be (it

supposed to be consequent light and dark stripes). The ceramics have a random
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orientation of different grains. The PFM signal is much stronger in the lateral
mode. The complicated polar pattern might be explained by different
orientations of grains as well as different grain sizes. The grain boundary can
be observed in the middle panel of Figure 4.2.38 (b). The magnified image
(Figure 4.2.38 (c)) was taken in the vicinity of this boundary. The distinction of
polar pattern is evident in the previously mentioned image. Within the same
grain, complexity of the polar pattern might also arise due to different

displacement of ferro-active ions.

5.0 nm

Figure 4.2.38 LPFM images of 0.2NBT-0.6ST-0.2PT solid solutions at different
magnification: (a) 50 * 50 pm2; (b) 12.5 * 12.5 pm?; (c) 5* 5 pm® Top panel represents
the topography; middle panel represents amplitude of LPFM signal; bottom panel
represents the LPFM phase.

The domain structure resembles the ones observed in rhombohedral side
of PMN-xPT compositions'®***. It also has similar features to the TTB family
materials like strontium barium niobate (SBN)?®°. The significant difference is
that 0.2NBT-0.6ST-0.2PT solid solutions have a well-defined structural phase
transition which is debatable in the case of PMN-xPT systems. This proves that
the correlation between the domains is much stronger in the current case. It is

sufficient to form the macroscopic ferroelectric order within the grains.
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Figure 4.2.39 Temperature evolution of LPFM signal in the 0.2NBT-0.6ST-0.2PT solid
solutions. The same area was scanned as in Figure 4.2.38 (c).

The temperature evolution of the LPFM signal is presented in Figure
4.2.39. The labyrinth structure loses intensity with the increase of temperature.
Similar structure persists above the phase transition and gradually fades as the
temperature increases. It can be seen that the PFM signal is absent in 400 K
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image (amplitude and phase images reflect the topography completely). The
shrinkage of the polar domains can also be observed with the increase of
temperature. Some of the nanodomains disappear above the phase transition
(the area of darker spots increases). The images above the 320 K are much
lighter but this is not related to the PFM signal. The dielectric peak is above the
320 K and thus the permittivity is very large. It seems that due to the
electrostatic contribution the signal gets stronger.

Despite the probable superposition with an electrostatic interaction, it is
obvious that some polar entities persist in a rather broad temperature range
above the Tc. Due to the decrease of the correlation length, the polar entities
get smaller. They seem to be isolated from each other by nonpolar areas. This
actually reminds the PNRs in nonpolar matrix. Such behaviour is probably the
underlying cause of the broad dielectric dispersion above T.. The nanodomains
become as a localized polar fluctuations which significantly contribute to the
dielectric permittivity.

The behaviour of polar structures in these ceramics is non-ergodic. The
initial  measurement was performed on the annealed ceramics. After
measurements on heating up to 450 K, the cooling polar structure is not
completely reproduced. This indicates strong dependence on the thermal
history. After the sample was cooled down from the 450 K, the VPFM images
resemble the picture which was initially observed at room temperature LPFM
images. It might indicate that within the grains the polarization can be oriented
in several directions and might be the reason for such non-ergodic behaviour
(the VPFM images are not provided here). It might also be related to the 1%
order nature of the phase transition. This composition has quite a broad thermal
hysteresis in the dielectric permittivity. This means that we cannot exactly

probe the same conditions after cooling down the sample.
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Figure 4.2.40 Topography (a), vertical (b) and lateral (c) PFM images of 0.INBT-0.6ST-
0.3PT ceramics measured at room temperature. Grains with stripe domains are marked

red.

The most interesting case for the PFM studies is the 0.1NBT-0.6ST-
0.3PT. The macroscopic properties of the phase transition show some evidence
that the relaxor phase is absent in this composition. Thus, it is interesting to see
possible evolution of the polar structures in this composition and to explain
some of the peculiar macroscopic features above the phase transition
temperature.

Figure 4.2.40 shows the topography, vertical and lateral PFM images of
0.INBT-0.6ST-0.3PT taken at room temperature. One can distinguish between
two very different domain patterns. In some grains relatively large quasi-
regular stripe domains can be seen (these grains are marked red). In other
grains much finer and less regular domains are observed.

This inhomogeneity of the polar structure might be related to a variation
of the microstructure of the ceramics. The stripe domains are observed in large
grains with sizes larger than 10 um, while the irregular domains are typical for
smaller grains with sizes of only a few microns. The larger grains favor the
formation of regular domain patterns while smaller grains lead to irregular
domains or are single domain. The situation might be similar to the one
observed in BaTiO3 ceramics, when a cross-over from a polydomain to single
domain state occurs with the decrease of grain size*®. PFM images of 0.1NBT-
0.6ST-0.3PT taken up on heating are shown in Figure 4.2.41. When

approaching the phase transition temperature, the PFM signal varies differently
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in different areas. Around 350 K the PFM contrast in the grains with
quasiregular stripe domains disappears. No decay of these domains to smaller
nanodomains was observed. This is the temperature where a drastic increase in
dielectric permittivity is observed (see Figure 4.2.18). Thus, the 1* order phase
transition is related to the properties of larger grains. Apparently, these grains
have all the features of normal ferroelectrics. We assume that the dielectric
anomaly associated with the 1% order phase transition and the significant

increase of permittivity is related to a phase transition in the large grains.

Figure 4.2.41 Lateral PFM images taken on heating at 299 K (a), 323 K (b), 348 K (c),
373 K (d), and after cooling back to 299 K (e).

The PFM signal from regions with irregular domain patterns persists
much above the macroscopic phase transition temperature (Figure 4.2.41 (d)).
Figure 4.2.42 shows a closer look onto such a region. To enhance the signal to
noise ratio the measurements were done in the dual-amplitude resonance
tracking mode (DART-PFM) which operates around the cantilever resonance
frequency. Here the amplitude of the lateral PFM signal is presented. One can
see that the pattern consists of both relatively large micron-size domains and

nanodomains with sizes of 100 nm and smaller. Around 350 K the
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nanodomains decay into even smaller entities persisting at least up to 398 K (at
higher temperatures reliable observation of nanodomains was impeded by the
thermal drift). It seems that these nanodomains are responsible for the broad
dispersion in dielectric permittivity around the Curie temperature. The larger
domains show a continuous decay above Tc both in their size and in the
intensity of the PFM signal. Some of these domains can be observed even 90 K

above the macroscopic Curie temperature (Figure 4.2.42 (h)).
B G a
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Figure 4.2.42 Topography (a) and DART PFM images (lateral signal) taken on heating
at 298 K (b), 323 K(c), 348 K (d), 373 K (e), 398 K (f), 423 K (g), and 448 K (h). A region

of nanodomains and a “very stable” domain are marked by circles 1 and 2, respectively.
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Figure 4.2.43 Local piezoresponse hysteresis loops measured inside a grain with
irregular domain patterns. Measurement locations are shown in the DART PFM image
(a). Panels (b)-(d) show examples of the hysteresis loops taken at different temperatures.

Panel (e) shows the temperature dependences of the remanent piezoresponse for the

various locations.
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To study the effect of temperature on local polarization reversal we
performed switching spectroscopy PFM experiments in several locations inside
a region with irregular domains (Figure 4.2.43). The location 1 corresponds to
a “very stable” domain, while locations 3 and 6 correspond to nanodomains.
The PFM hysteresis loops indicating the locally switchable polarization can be
observed up to 400 K and for location 1 even at 450 K. Temperature
dependences of the remanent piezoresponse estimated from the local hysteresis
loops show a maximum around 360 K that roughly corresponds to the peak of
the pyroelectric current (see Figure 4.2.27). Taking into account that the PFM
signal is proportional to the value of the local piezoelectric coefficient, such a
maximum is expected around the Curie temperature where the piezoelectric
coefficient increases.

Figure 4.2.44 shows the PFM images taken after switching spectroscopy
experiments at different temperatures. At room temperature all locations were
locally poled. Above the macroscopic transition temperature (360 K) regions 1,
4, and 6 still show some remanent polarization which weakens with the

increase of temperature. It only becomes insignificant at relatively high

Figure 4.2.44 Temperature evolution of PFM signal obtained from the areas which were

poled at room temperature.

The results of the PFM studies allow us to assume that namely the grains
with irregular domain structure are responsible for the deviation from the
normal ferroelectric behavior in the studied material. The gradual decay of the

piezoresponse above the Curie temperature explains the shape of the
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macroscopic polarization hysteresis loops above the phase transition
temperature (Figure 4.2.31 (c)). The polarization related to both nanodomains
and residual micron size domains causes the gradual decrease of the
macroscopic polarization above the phase transition temperature. Interestingly,
some of the domains are very stable and exist much above the phase transition.
They still occupy about 8-9 % and 2-4 % of the scanned area at 425 K and 475
K, respectively. One can assume that these domains are pinned by some
internal defects or are related to local compositional fluctuations. To check
chemical homogeneity of the ceramics the EDS and TOF-SIMS experiments
and analysis were performed. The results are presented in Figures S4 and S5 of
APPENDIX 1I. It was found that most of the sample surface shows a
homogeneous distribution of A-site elements, namely Pb, Sr, and Bi. Only for
some grains a higher Pb/Sr ratio was observed. These grains have a size of
about 1 micron and occupy ~ 4 % of the sample area, according to TOF-SIMS.
The size and relative occupation allows us to correlate them to the regions
showing residual domains at temperatures much higher than the macroscopic
Tc (very stable domain in Figure 4.2.42). However, most of the grains showing
nanodomains as well as the grains with the large stripe domains have similar
chemical composition. Of course, small local variations of the chemical
composition on the nanometer scale cannot be resolved by the techniques used
and therefore cannot be excluded.

Mechanical stresses can stabilize a polar state in relaxor ceramics much
above the transition temperature®®’. A similar effect was observed in the
measurement of second harmonic generation in PMN-PT ceramics®®, where
the stabilization of PNRs far above T, was observed in fine-grained ceramics.
These residual polar domains might be responsible for the strong deviation
from the Curie-Weiss behavior observed above T..

An important issue concerning coexistence of distinctly different polar
structures is the interaction between them. The macroscopic measurements
show that the investigated ceramic sample acts as a single phase material

(single switching process, normal ferroelectric phase without additional
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dispersions below T.). It might be a proof that grains with irregular domains
correspond to the same phase, but due to local chemical inhomogeneities and
probably due to local stresses they are not able to form regular domain patterns
and show different local behavior.

The PFM studies show that the formation of the ferroelectric phase in
0.INBT-0.6ST-0.3PT is rather complicated. Different domain patterns form at
different temperatures in different regions of the sample. On the one hand, this
might be related to local compositional fluctuation. The situation might be
similar to materials with the so-called diffuse phase transition, e.g. Ba(Tiy.
Sn,)O0; with x = 0.10 - 0.15%. In these materials, coexistence of ferroelectric
domains and paraelectric regions around the phase transition temperature has
been observed together with a broad dielectric permittivity peak and absence of
frequency dependence of the dielectric peak position. Diffuse phase transition
behavior is an intermediate state between a ferroelectric and a relaxor. It
appears when the doping introduced disorder is still not sufficient to
completely suppress the long range order, but is enough to diminish polar
correlations in some parts.

On the other hand, the microstructure, the local mechanical and/or
electrical stress fields at defects, and the grain boundaries may stabilize
nanodomains in some grains above the global phase transition temperature. To
sum up, the internal stresses and chemical disorder result in very complex
polar structures containing micro to nano-sized polar domains, which is the
underlying cause of the complexity of the macroscopic dielectric response

around the phase transition.

4226 Summary

The studies of NBT-ST-PT solid solutions revealed that the dielectric
anomalies are related to the relaxation mode in all the compositions. The

phonon softening is not present at the I"-point of Brillouin zone.
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The domain structures in NBT-ST-PT solid solutions depend on the grain
size. Different type of polar structures can coexist in different grains. The
complexity of domain structure of NBT-ST-PT solid solutions has weak
impact on the piezoelectric properties. The piezoelectricity in the system is of
electrostrictive nature. The underlying physics of the electromechanical
properties in this family of solid solutions is nearly independent on the sites
where lead is introduced. These substitutions can effectively tune the coercive
field and transition temperature which is often important for the applications.

The MPB of NBT-ST-PT solid solutions correspond to the compositions
with an electric field inducible phase transition. These compositions have the
largest electromechanical displacements in the vicinity of electric field

inducible phase transition.
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5. Conclusions

The following conclusions can be drawn after achievieng the goals of the

thesis:

1. The largest contribution to the dielectric permittivity stems from the
central mode in the investigated disordered perovskite oxides. The
dielectric anomalies are due to the relaxation mode and have a strong
order-disorder character. Phonon instabilities play no role in the
mechanism of the phase transitions.

2. The electrostrictive behaviour in relaxor-PT solid solutions have the same
origin. It is independent on the substitutional/charge disorder of the
relaxor counterpart of the solid solutions. The possible improvement of
electrostriction might be reached by simultaneous chemical substitution
in different lattice sites.

3. The macroscopic properties of relaxor-PT systems are not dependent on
the site where the charge disorder is present. They possess the same
features of lattice dynamics. Lead titanate plays an important role in Pb-
based disordered systems but the introduction of lead to the A-site is not a
fruitful way to improve the electromechanical properties.

4. Locally, the two different investigated relaxor-PT systems show quite
distinct polar behaviour. It indicates that the interaction between the
heavily polarizable matrix and local inhomogeneities is different. It
depends on the site where the charge disorder is present. The further
studies on a charge disorder in both A and B sites might improve the
contribution of domains and domain walls to the piezoelectricity in

disordered perovskites.
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APPENDIX I
Frequency dependences of order-disorder type 2" order phase transition
The temperature dependence of dielectric permittivity was modelled in

framework of order-disorder model. Figure 1 represents the temperature

dependence of inverse relaxation time. The equation of this function is as

follows:
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Figure 4.2.1 Temperature dependence of relaxation frequency.

x 10°

25 T
I
i
[
> 2 J \
= |
£ [
E [
g 15 L
2 \
G \
@ N\
T 1 \
s / \
o /
T / .
D 05) 4 -
0
100 200 300 400 500

Temperature [K]

Figure 4.2.2 Temperature dependence of static dielectric permittivity

The Curie temperature T = 330 K.

150



The frequency dependence of complex dielectric permittivity was modelled
according to the Cole-Cole equation:
£(0)—¢&()

£(0) = £(0) + 2

(2)

£(c0) = 100 is the phonon and electron contribution to dielectric permittivity.
This parameter is independent of temperature. The static dielectric permittivity
£(0) was taken to be temperature dependent according to Curie-Weiss law (for

the 2" order phase transition).
1 T-T¢

e0) 2 T>Tc 3
1 T T
g0) ¢ , T<Tc

The temperature dependence of static dielectric permittivity is plotted in Figure
2. For the sake of simplicity the Cole-Cole a was taken to be temperature
independent as well. The temperature dependences of dielectric permittivity at
different frequencies are obtained by inserting Eq. 1 and Eq. 3 to Eq. 2.

Afterwards, the temperature dependences of dielectric permittivity at
different frequencies were plotted (Figure 3). Four graphs represent different
values of a parameter (a(T) = const). Figure 3a represents the scenario
where a = 0 (i. e. Eq 2 reduces to simple Debye relaxation model). In this case
we clearly observe well pronounced minimum in the temperature dependences
of dielectric permittivity. When the distribution function is broadened (a =
0.1; 0.2) the minimum is still observed. We see that in Figure 3c the minimum
is slightly more smeared out. Finally when we reach the « = 0.4 minimum is
masked and is not observed in any frequencies.

Another interesting point which should be noted, that in figure 3d one can
observe slight temperature shift of dielectric maximum at different frequencies.
It resembles the relaxor behaviour (although these peaks are quite sharp in

comparison to relaxor behaviour but one has to note that this is rough model).

151



>.,x10 >.,x10

53 53

E E

5 2 s 2

o o

21 21

[&] [&]

Q Q

20 20

100 200 300 400 500 100 200 300 400 500
Temperature [K] Temperature [K]

> _x 10" > _x10*

53 53

E £

s 2 s 2

o o

21 21

(&) [&

Q Q

20 20

100 200 300 400 500 100 200 300 400 500

Temperature [K] Temperature [K]

Figure 4.2.3 Temperature dependence of real part of dielectric permittivity with
different parameter a: (@) a = 0; (b) a = 0.1; (¢) a = 0.2; (d) a = 0.4.
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Figure 4.2.4 Temperature dependence of real part of dielectric permittivity with
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Figure 4 represents the temperature dependence of dielectric permittivity. The
difference is that the pre exponential factor in Eq. (1) below phase transition is
taken to be A, = 24,.

In conclusion, this proves the statements we earlier wrote in the
manuscript. We are not sure whether it is necessary to include these data in the
manuscript. Maybe it is worth adding it to supplementary material if it is
possible by the journal we are planning to submit the article to.

Also, we are doing Modified Curie-Weiss fits for PMN single crystals
from two different sources. Unfortunately, we do not have data at waveguide
frequencies. We also have results on PMN-10PT crystals which we will
analyse. These results will be presented very soon.

Figure 5 represents the temperature dependence of piezoelectric
coefficient ds; and electrostriction coefficient Qq;. These coefficients were
determined by the fitting of strain vs. Electric field and strain vs. Square of

polarization respectively.
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Figure 5 Temperature dependence of piezoelectric coefficient ds; and electrostriction

coefficient Qq..
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APPENDIX 11

Structural properties of 0.LNBT-0.6ST-0.3PT solid solutions

Figure S1 represents the temperature dependences of the real part of
dielectric permittivity on heating and cooling cycles. A thermal hysteresis is
clearly observed thus allowing us to determine that the phase transition is of 1%
order. The black curve in fig. S1 represents the temperature dependence of
permittivity for the poled sample (sample was poled and then heated). Both
experiments gave consistent results. The shift of the phase transition
temperature on heating was observed for the poled sample. Different samples
were used for this experiment so the discrepancy between the permittivity

values might be associated with the errors of sample dimensions.

13500 . .
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12000 - o Unpoled sample
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Figure S1. Temperature dependence of dielectric permittivity on heating and cooling

cycles. Heating and cooling rate was 0.5 K/min during the measurements.

Figure S2 (a) represents X-ray powder difraction patterns of a 0.LNBT-0.6ST-
0.3PT powder at different temperatures. The powder was ground from the
ceramics. The experiments were carried out on heating. The phase transition
temperature is around 350 — 360 K. Rietveld refinement revealed that the
ceramics consist of single phase and the phase transition is from the cubic to
the tetragonal phase. The temperature dependences of lattice parameters are

presented in Figure S2 (b).
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Figure S2 (a) XRD patterns of 0.INBT-0.6ST-0.3PT powder; (b) Temperature
dependence of lattice parameters obtained by Rietveld refinement (inset represents
temperature dependence of tetragonality factor);
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Figure S3 SEM micrographs of 0.INBT-0.6ST-0.3PT ceramics at room temperature.

SEM micrographs of the 0.1NBT-0.6ST-0.3PT ceramics are depicted in
figure S3. The micrographs clearly show that the ceramics consist of two types
of grains. There are large micron-sized grains (can reach up to 10 micron in
size). Other grains are submicron sized. These micrographs confirm the
existence of a bimodal distribution of grain size.

The EDS mapping of ceramics is represented in Fig. S4. The EDS reveals
that the ratio of A-site elements in the perovskite lattice is consistent with the
current composition. The elements are distributed homogenously in the
investigated region. There are few grains which occupy < 10 % of the scanned
area where the lead surpasses the amount of strontium but this is not a general
trend in the ceramic (it is not secondary phases, just a deviations from the

initial composition). Such small amount can be negligible when considering
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the macroscopic response of the material. It might explain larger PFM signal in

some parts of material but it cannot be generalized for all the smaller grains.

Electron Image 1 O Kal | TiKal

Figure S4 The distribution of different elements in 0.1NBT-0.6ST-0.3PT by EDS

analysis.

Figure S5 shows results of TOF-SIMS analysis of the sample. One can
see that, in general, the relevant elements (Pb, Sr, Bi) are homogenously
distributed across the sample surface. However, there are some grains enriched
with Pb against Sr (Fig. S5 d). They occupy approximately 4% of the total
sample area.

Figure S6 represents the temperature dependence of inverse permittivity
at 5 kHz frequency. The open blue dots represent the temperature dependence
of inverse static permittivity. The static permittivity was obtained from the
approximation of the frequency dependences of the complex dielectric
permittivity. The 5 kHz data points and the static permittivity are in agreement.
The deviation from the Curie-Weiss law is evident in this figure and persist at
least 100 K above Te.
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Figure S5. Time of flight secondary ion mass spectrometry. (a)-(c) Maps of A-site cation
distributions: Pb (a), Sr (b), and Bi (c). (d) A combined map of Pb and Sr distribution.
Green spots in (d) correspond to Pb-enriched grains, dark spots are pores. The size of

the shown area is 30x30 pm’.
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Figure S6 Temperature dependence of inverse dielectric permittivity. Solid line
represents the fit by the Curie-Weiss law. The experimental points are taken at 5 kHz
frequency. Data at this frequency corresponds to static permittivity, because no

dispersion was observed between 5 kHz and 10 MHz.
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