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Abstract

Na,,,Bi,, TiO; (NBT) based solid solutions are interesting mainly due to
possibility to develop lead-free compounds for practical applications. While
attention is paid to improvement of electromechanical properties, other possible
directions of applications and studies of physical nature of properties of these
compounds are less developed. The aim of the doctoral thesis is synthesis and
study of NBT-based compounds, which would widen the concept of possible
applications, as well as nature of phase transitions and relaxor state, which is
often observed in such compositions.

A new system of solid solutions NBT-SrTiO,-PbTiO,, in which relaxor
properties change in a wider spectrum than in any other known solid solution
systems of relaxor ferroelectrics, passing different stages of relaxor state stabi-
lity, is discovered. Detailed study of dielectric properties is performed, paying
attention to widely-used Vogel-Fulcher and power laws, as well as offering
a new approach for description of the dielectric dispersion in the whole tem-
perature range, where relaxor state exists, using one distribution function of
relaxation times. For description of relaxor state, study of polarization, thermal
expansion, electromechanical properties and electrocaloric effect is also used.
Efforts were made to determine the Burns temperature. Dielectric nonlinearity
was evaluated. Performing critical analysis of nowadays widely used thermody-
namic equations, it was shown that, in spite of describing electrocaloric effect
in ferroelectrics very well, they are not applicable in relaxor state. Influence of
different substitution in perovskite ABO; A- and B-site on NBT-SrTiO;-PbTiO,
solid solutions is studied, showing that, besides distribution of different size/
valence ions in equivalent sites of lattice, the weakening of ferroelectric state
has an important role in development of relaxor properties. Study of NBT-Ba-
TiO, and NBT-CdTiO; systems is done, clarifying phase diagrams and physical
properties of these solid solutions. The obtained results also give the possibility
to make important conclusions about phase transitions in pure NBT, which is an
object of wide discussions.

For some of the studied compositions, high values of electrocaloric effect
are observed, which make them interesting for new applications, based on this
effect. All of the compounds are lead-free or with low lead content. Therefore
there is obtained new information about possible substitution of lead-containing
ferroelectric materials for various applications with the new materials.
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Introduction

Motivation

Nowadays ferroelectric (FE) materials are of great practical importance.
They are widely used in actuators, sensors, transducers, as well as in nonlinear
and integral optics, in production of capacitors, memory elements, ultrasound
converters etc.

At the moment compositions with high lead content, such as lead zirconate
titanate (PZT) and its modifications with lanthanum (PLZT), solid solutions of
lead magnesium niobate and lead zinc niobate with lead titanate (PMN-PT and
PZN-PT), dominate in the world market of FE materials. However, in the result
of production, application and waste recovery of these materials, lead-contain-
ing compounds, characterized by high toxicity, are excreted into environment.
Therefore considerations, connected with protection of environment and health
of the world’s population, stimulate intensive research of new alternative FE
materials, which would not contain lead or would contain it only in small
concentration.

Na,,Bi,,TiO; (NBT), as well as NBT-based solid solutions, which show
various properties, interesting for practical applications, are among the most
perspective materials, from this point of view. As the largest part of the studies is
devoted mostly to improvement of the electromechanical properties, till recent
times other possible directions of applications and studies of physical nature of
properties of these compositions are disregarded. Therefore it is very important
to synthesize and perform physical studies of new NBT-based compounds,
which would allow one to extend concept of application possibilities in a wide
spectrum, starting with traditional applications, where piezoelectric effect is
used, and ending with rather exotic ones, connected with use of electrocaloric
effect, as well as of phase transitions and nature of relaxor state, which, for
example, was stated in NBT-SrTiO;-PbTiO; in the groundwork of this thesis.

Relaxor state is the second very important aspect in studies of NBT solid
solutions, as nowadays this is one of the most urgent topics in physics of
ferroelectrics. Despite the intensive research of relaxor ferroelectrics, know by
now, their physical nature and origin are still an object of wide discussions.
Therefore study of new families of relaxor ferroelectrics, like, for example, NBT-
SrTiO;-PbTiO;, where gradual transfer from relaxor to classical FE properties
depending on concentration of the solid solution components, passing sequent
characteristic sub-states, is observed, could give significant contribution to
physics of relaxor ferroelectrics.

Another relevant aspect of studies of NBT solid solutions is extending
concept of pure NBT, where nature of phase transitions, despite the wide
research, is not completely clear till this moment.



Aim and Objectives of the Work

The aim of the doctoral thesis is to obtain and study NBT-based solid so-
lutions with intention to widen concept of phase transitions and properties not
only in the studies groups of solid solutions, but also in pure NBT and get ad-
ditional information about relaxor ferroelectrics, as well as appreciate potential
applications of the studied materials.

There are established the following objectives:

o Perform measurements and analysis of structural, dielectric and
polarization properties of new NBT-based solid solutions group
NBT-SrTiO,-PbTiO; (NBT-ST-PT);

o Clarify phase diagram and character of physical state in NBT-BaTiO,
and NBT-CdTiO;, basing on study of structural, dielectric and polariza-
tion properties;

o  Study features and description, characteristic to relaxors in NBT-ST-PT
solid solutions (Vogel-Fulcher law, power law, distribution of relaxation
times, Burns temperature, dielectric nonlinearity);

 Study influence of different perovskite A- and B-site substitution (Li, K,
Ag, Ca, NaNbO,, PbMg, ;Nb,;0;) on NBT-ST-PT solid solutions;

o Perform study of electrocaloric effect and electromechanical properties
in NBT-ST-PT;

o Interpret phase transitions in NBT.

Author’s Contribution

Most of the studies were performed in the Institute of Solid State Physics,
the University of Latvia (UL). The studied materials were prepared in the
Laboratory of Synthesis and Processing of the Department of Ferroelectrics of
the Institute of Solid State Physics, UL. Measurements of their structure were
performed in the Laboratory of X-ray Diffraction Analysis of the Department of
Ferroelectrics of the Institute of Solid State Physics, UL. The author has perfor-
med measurements, data processing and analysis of dielectric permittivity, pola-
rization and electromechanical properties. She has processed and analyzed x-ray
diffraction data, a part of which were obtained in the framework of bachelor’s
thesis of R. Ignatans, student of the Faculty of Physics and Mathematics, UL,
as well as obtained microstructure images of the studies samples with scanning
electron microscope.

Thermal expansion measurements were done in the University of Vienna
in collaboration with Prof. A. Fuith. The author of the thesis took part in the
experimental measurements, working in the University of Vienna for approxi-
mately one month, performed processing and analysis of all measurement
data. Electrocaloric effect measurements were done in the University of Oulu
in collaboration with Dr. tech. J. Hagberg and M. Sc. (tech.) J. Perantie. The
author has performed processing and analysis of the obtained measurement



data. The author has also analyzed and used dielectric spectroscopy data in a
wide frequency range, obtained in the Vilnius University in collaboration with
Prof. J. Banys, M. Sc. M. Ivanov and M. Sc. S. Svirskas.

The author had performed analysis of the study and made the conclusions,
discussing the obtained results with her colleagues. The author had presented
the results of the present work at local and international conferences, together
with colleagues had prepared scientific manuscripts.

Scientific Novelty of the Work

New NBT-based materials were synthesized and studied, as well as concept
of such compositions, previously mentioned in literature, was widened. A new
family of solid solutions with relaxor properties (NBT-ST-PT) was obtained, in
which stability of the FE state changes in a wider spectrum in comparison with
other relaxor ferroelectrics known by now. A complex experimental approach
in study of relaxor state was used in this work. The obtained results provide
new information about relaxor ferroelectrics, as well as extend concept of appli-
cation possibilities of the studied materials (including new applications, based
on electrocaloric effect). For the first time, a common description of dielectric
dispersion, using Frolich model, is offered for the whole temperature range,
where relaxor properties exist. The studied materials are lead-free materials
or materials with low lead content. Therefore new information about possible
replacement of lead-containing FE materials with the new materials for traditio-
nal applications was obtained.



1. Literature Review

1.1. Facts and Hypotheses about NBT and Its Solid Solutions

Sodium bismuth titanate Na,,Bi,,Ti0O, (NBT), compound of perovskite
structure ABO,, which contains heterovalent ions in equivalent (A-site) posi-
tions, was discovered in 1961 [1]. At room temperature this material is in FE
state, as it exhibits high remnant polarization (P, = 38 pC/cm?) and coercive
field (E.= 73 kV/cm) [1, 2]. This composition has specific temperature-frequen-
cy dependence of dielectric permittivity (Fig. 1.1). At rather high temperature
T, (approximately 320 °C) it has diffused maximum of dielectric permittivity,
position of which does not depend on frequency. Whereas at lower temperatures
(approximately 200 °C) frequency-dependent shoulder of dielectric permittivity
appears [1, 3]. In the region of this shoulder, at depolarization temperature T,
polarization of previously poled samples disappears [4-7]. The main goal in
studying NBT is modification of it to obtain good piezoelectric material for
different applications and, first of all, to decrease E, and increase T; [5, 8].
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Figure 1.1. Temperature dependences of the real part of dielectric permittivity at
different frequencies [3]

According to x-ray diffraction and neutron diffraction studies, there are
two structural phase transitions in the phase diagram of NBT - between the
high-temperature cubic phase and tetragonal phase with phase coexistance
region from ~500 °C to ~540 °C and between the tetragonal phase and rhom-
bohedral phase with phase coexistance region from ~255 °C to ~400 °C [4-11].
Moreover birefringence studies [10] indicate possibility that the tetragonal and
the rhombohedral phases are incommensurate, in the result of which the phase
transition can occur through some kind of an intermediate phase with cubic
symmetry. As it is seen in Fig. 1.2, anomalies of physical properties correlate



with structural changes at the phase transition between the tetragonal and the
cubic phases. Whereas, at the phase transition between the rhombohedral and
the tetragonal phases, such a correlation cannot be found [12]. The absence
of correlation leads to contradictory concepts about nature of the phases and
inconclusive phase diagrams.

R+
R twins
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Figure 1.2. Anomalies of different properties in NBT as a function of temperature:
a) elastic properties; b) dielectric properties; ¢) octahedral rotations, obtained from
neutron diffraction; d) cation shifts, obtained from neutron diffraction; ) volume
fraction obtained from neutron scattering [12]

There are also many other uncertainties regarding NBT. To great extent they
are connected with the temperature region between T, and T,;, where anoma-
lies of different properties indicate a phase transition at certain temperatures
[4, 6, 9], which do not correlate with structural phase transition. Also it is not
completely clear, what is the structure at room temperature. There is evidence
of polar clusters’ existence in nonpolar matrix, presence of local monoclinic
structure or rhombohedral blocks and orthorhombic layers etc. [7, 13, 14].
The complicated domain morphology and uncertainties regarding phase of



the tetragonal structure above T, a.o. are also of great importance [4, 9, 11]. In
general, NBT is still an object of wide discussions, and studies that would help
to understand its structure and physical properties, are still urgent and attract
large interest.

For the purpose of improving properties of NBT for practical applications
and developing new lead-free FE materials or FE materials with low lead con-
tent, which could compete with nowadays widely used lead-based FE materials,
comprehensive studies of NBT solid solutions are done. Research of NBT solid
solutions can also provide a possibility to better understand the processes ongo-
ing in NBT, explain origin of different dielectric and other anomalies and give
information about nature of the phase transitions, thus solving different contra-
dictions, connected with interpretation of structural and physical properties of
NBT.

There are well studied NBT binary solid solutions with K, ,Bi,,TiO; (KBT),
BaTiO; (BT), SrTiO; (ST), Li,,Bi,,TiO; (LBT), Na,,La,,TiO, (NLT), NaNbO,
(NN) and PbTiO; (PT) as the second component, as well as influence of different
additives on structure and properties of these solid solutions. There are done
studies also of some ternary solid solutions, for example, NBT-KBT-BT, NBT-
LBT-KBT etc. [15-18]. For many of these compositions, interesting properties
were observed. Among them are relaxor properties, which nowadays attract a
lot of interest.

1.2. Conception of Relaxor Ferroelectrics

As NBT solid solutions are often associated with relaxor ferroelectrics, the
conception of this phenomenon is very important in their study.

Relaxor ferroelectrics can be defined as FE materials, which are characte-
rized by diffused maximum of dielectric permittivity temperature dependence
€'(T,f), shifting in direction of high temperatures, if measurement frequency
is increased, (Fig. 1.3) without macroscopic symmetry change in the region of
dielectric permittivity maximum temperature [19-22]. At high temperatures
a deviation from the Curie-Weiss law, characterizing classical ferroelectrics,
appears in these compositions [23]. While measurements of polarization as
a function of electric field show so-called slim loops with negligible remnant
polarization and coercive field [24].

It is considered that at high temperatures relaxor ferroelectrics are in pa-
raelectric state [25, 26]. As temperatures decreases, at temperature Ty, which is
usually called Burns temperature [27, 28], so-called polar nanoregions (PNRs),
which most often are considered to be the origin of characteristic relaxor
properties, start to appear. The dielectric permittivity maximum at temperature
T,, is explained by rapid increase of interaction between PNRs [20, 29, 30]. In
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the temperature range between Ty and T, different empirical relations are used
to describe €'(T,f). One of the best-known is the power law [23].
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Figure 1.3. Temperature and frequency dependences of the real part of dielectric
permittivity &'(T,f) [19]

For some relaxor ferroelectrics, a spontaneous phase transition between
relaxor and FE states occurs at temperature T, < T,,, where a jump of €'(T,f) is
observed [31]. Besides it is considered that relaxor ferroelectrics have one more
characteristic temperature T;, where freezing of PNRs occurs [32, 33]. Usually it
is assumed that this temperature coincides with the Vogel-Fulcher temperature,
existence of which is postulated by the Vogel-Fulcher law, very frequently used
for description of dielectric dispersion in the region of T,, and below T, [32, 33].

Nowadays relaxor ferroelectrics are an object of wide discussions. For exam-
ple, it is not clear, if the freezing really occurs at T;, as no changes of structure
or physical properties, which would testify to this, occur at this temperature.
The relations often used to describe €'(T,f) are empirical - they do not have
strong physical basis. There are different opinions about structure of PNRs - the
proposed models can be conditionally divided in two groups: 1) where they
are considered as polar “islands” of nanometer size in a nonpolar cubic matrix;
2) where they are considered as polar domains of nanometer size, separated
by wide nonpolar domain walls. Formation mechanism of PNRs is not clear.
If PNRs are located in a nonpolar matrix, it is not clear, what is the role of this
matrix, how PNRs interact with it etc. Therefore study of relaxor ferroelectrics is
one of the most urgent topics in physics of ferroelectrics at the moment.
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2. Experimental

2.1. Studied Samples

The studied ceramic samples of NBT solid solutions were prepared in the
Laboratory of Synthesis and Processing of the Department of Ferroelectrics of
the Institute of Solid State Physics, UL.

All samples were obtained by solid state reaction from chemical-grade
(99.0-99.9%) oxides and carbonates, such as Na,CO,, Bi,O;, SrCO,, PbO,
TiO,, Nb,O;, MgO, Ag,0, K,CO;, Li,CO,, BaCO,;, CaCO; and CdO. Two-stage
calcination was performed. The first calcination was done at 850-1000 °C 2 h,
the second one — at 950-1070 °C 2-3 h, and sintering — at 1120-1410 °C 2-6 h
(depending on composition).

The following solid solution systems were prepared:

e 0.4Na,,,Bi,,Ti0;-(0.6-x)SrTiO;-xPbTiO; (x = 0.00...0.25);

«  (0.4-x)Na,,Bi,,Ti0,-0.6SrTiO,-xPbTiO; (x = 0.00...0.30);

e (1-x)(0.4Na,,,Bi,,,Ti0;-0.4SrTi0,-0.4PbTi0,;)-xNaNbO,
(x = 0.00...0.10);

o (1-x)(0.4Na,,Bi,,Ti05-0.4SrTiO;-0.4PbTiO,;)-xPbMg, ;Nb,,,O,
(x =0.00...0.10);

o 0.4(Na, Me,,,),,Bi,,TiO0;-0.4SrTiO;-0.4PbTiO, (Me'*: Li. K un Ag)
(x = 0.00...0.375);

e 0.4Na,),Bi,,Ti0;-(0.4-x)SrTi0;-0.2PbTiO;-xCaTiO; (x = 0.00...0.40);

«  (1-x)Na,,Bi,,TiO;-xBaTiO; (x = 0.10...1.00);

«  (1-x)Na,,Bi,,Ti0;-xCdTiO; (x = 0.00...1.00);

e (1-x)Na,,,Bi,, TiO;-xCaTiO; (x = 0.03...0.40);

«  0.24Na,,Bi,,Ti0,-0.56Sr, ,Bi, ,Ti0;-0.2PbTiO,.

The samples, obtained at optimal preparation regimes, were chosen for the
measurements.

In addition, for comparison with the studied composition groups, there
was paid attention to the well-known materials (1-x)PbMg,;Nb,;0,-xPbTiO,
((1-x)PMN-xPT) with x = 0.1 and x = 0.08, also prepared by the conventional
two-stage processing, and Pb, La (Zr)eTiys5);.4405 (PLZT-x) with x = 0.09 and
x = 0.0925, prepared using two-stage hot-pressing.

12



2.2. Methods of Study

A large variety of experimental methods was used to study NBT solid so-
lution systems. Most of the measurements were done in the Institute of Solid
State Physics, UL, but some - in cooperation with the University of Oulu, the
University of Vienna and the Vilnius University.

Structure analysis was done, using x-ray diffractometer PANalytical X Pert
PRO. Rietveld method [34, 35] was used for more detailed structure studies.
Microstructure was examined with scanning electron microscope Zeiss EVO 50.

Special attention was paid to study of dielectric properties. Temperature and
frequency dependences of the real part of dielectric permittivity €' and dielectric
loss tangent were obtained in the range 100 Hz - 1 MHz, using LCR meter
HP4284A. The measurements were done on heating and cooling with the rate
of < 2 °C/min. In cooperation with the Vilnius University dielectric properties
were considered in a wider frequency range, using the coaxial line method
(1 MHz - 3 GHz) and the waveguide method (8-40 GHz).

Polarization as a function of electric field (hysteresis loops) were obtained
by Sawyer-Tower method (frequency 0.005 Hz).

In collaboration with the University of Oulu direct measurements of elec-
trocaloric effect (ECE) were performed. A function generator Agilent 33120A,
connected whit a high voltage amplifier Radiant RT6000HVA was used to
produce rectangular (3,25 s) or triangular (20 s) electrical pulse. Whereas the
thermocouple response was measured by a multimeter Agilent 34420A. Multi-
meter Agilent 34411A was used for simultaneous measurements of polarization.
All measurements were performed under computer control in ESPEC BTZ175E
or Memmert UFP400 ovens.

Thermal expansion measurements were done in collaboration with the
University of Vienna, using Perkin Elmer dynamic mechanical analyzer DMA7e.
Measurements were performed on cooling with rate 2 °C/min.

Electromechanical properties were also studied. It was done by modified
interferometry method, described in detail in [36], as well as resonance-antire-
sonance method, using impedance analyzer HP4194A.

13



3. Results and Discussion

3.1. NBT-ST-PT Solid Solutions

A new system of relaxor ferroelectrics NBT-ST-PT (Na,,Bi,,TiO;-
SrTiO;-PbTi0;), in which relaxor properties change in a wider spectrum than
in other known solid solution systems of relaxor ferroelectrics, is discovered in
the work [37, 38].

Two groups of solid solutions are considered: 0.4NBT-(0.6-x)ST-xPT and
(0.4-x)NBT-0.6ST-xPT. X-ray diffraction results have shown that all studied
compositions are 100% perovskites without a secondary phase. At room tem-
perature, cubic symmetry is observed in both groups of solid solutions at low
PT concentrations. With increasing of PT content, tetragonality appears and
increases monotonously. Studies of microstructure have shown that all compo-
sitions are dense ceramics with well-developed grain structure (average grain
size - 3-10 pum).

3.1.1. Dielectric and Polarization Properties of NBT-ST-PT

In 0.4NBT-(0.6-x)ST-xPT system, at low PT concentrations 0.00 < x < 0.05
(Fig. 3.1 a), temperature-frequency dependence of dielectric permittivity &'(T,f)
has pronounced relaxor behaviour in the whole experimental temperature range
below T, [21, 22]. Only slim polarization hysteresis loops were observed in
the whole studied temperature range, which indicates that it is not possible to
induce transition to FE state by applying electric field in these compositions (see
Subchapter 1.2).

6
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Figure 3.1. Temperature dependences of dielectric permittivity €' at several fixed
frequencies for 0.4NBT-(0.6-x)ST-xPT solid solutions at PT concentrations x = 0.05

(a), x = 0.15 (b), x = 0.25 (c) (cooling curves)

Compositions in the concentration range around x = 0.10 also have
well-expressed relaxor behaviour (Fig. 3.1 b). However, in these compositions,
it is possible to induce FE state by applying electric field, which is supported
by observation of double polarization hysteresis loops in certain temperature
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range, as well as polarization hysteresis loops characteristic to FE state at lower
temperatures (Fig. 3.2 a). Temperature dependences of critical electric fields
E,, and E,,, at which first order phase transitions from relaxor to FE and from
FE to relaxor state accordingly occur, were obtained from double polarization
hysteresis loops. It was shown that dependence E,,(T) is quasilinear and there
always exists temperature, at which E,, = 0 (Fig. 3.2 b). At this temperature (T,)
FE state is spontaneously destroyed at E = 0, which is observed also as €'(T,f)
jump on heating previously poled sample (Fig. 3.1 b).

30
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Figure 3.2. a) Polarization hysteresis loops (P(E)) for composition 0.4NBT-0.45ST-
0.15PT at several temperatures; b) temperature dependences of critical electric fields
E,, and E,, for composition 0.4NBT-0.45ST-0.10PT

Whereas dependence E,,(T) declines from E,,(T) on decreasing tempera-
ture (Fig. 3.2 b). The declining increases also on decreasing PT concentration,
and at x = 0.10 E, (T) obviously has a minimum E,,,;;, > 0. This means that
in certain concentration range FE state can be induced only by applying elec-
tric field E > E,((T). For x = 0.15 E}(T) dependence reaches E,, = 0 at certain
temperature (T,), which means spontaneous phase transition from relaxor to
FE state and is indicated also by jump in €'(T,f) dependence, observed at this
temperature on cooling (Fig. 3.1 b).

At high PT concentrations 0.20 < x < 0.25 (Fig. 3.1 ¢), behaviour close to
classical FE phase transition is observed. Dielectric permittivity curve has rather
sharp maximum at T, which is frequency-independent. Dispersion of dielec-
tric permittivity appears only in a narrow temperature range in vicinity of T,
Phase transition temperatures T, and T,, almost coincide with the maximum
temperature.

Phase diagram for 0.4NBT-(0.6-x)ST-xPT system of solid solutions is shown
in Fig. 3.3. Similar observations regarding dielectric and polarization properties
were done also for (0.4-x)NBT-0.6ST-xPT system.

Dielectric properties were described with nowadays widely used power law
[23], which describes €'(T) above T, and Vogel-Fulcher law [32, 33], which
together with flat distribution of relaxation times describes €'(T,f) dispersion
in the region of T,. Parameters of these relations as functions of concentration

15
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Figure 3.3. Phase diagram of 0.4NBT-(0.6-x)ST-xPT system of solid solutions:
concentration dependence of phase transition temperature T, on heating (T,;) and on
cooling (T,,) and dielectric permittivity maximum temperature T,, on cooling (T,,,)
(at 1 kHz). At x = 0.10 temperature T, is observed only for previously poled sample

were obtained. According to the obtained values of the power law parameters,
diffusion of €'(T) reaches maximums at x = 0.10 and only then decreases.
Approximation with the Vogel-Fulcher law indicated that activation energy E,
decreases from 0.15 eV to almost 0 eV, frequency f; changes in the range from
~10'> Hz to ~10° Hz, while Vogel-Fulcher temperature T; increases on increasing
PT content.

3.1.2.Description of Relaxor State

Although the Vogel-Fulcher law is mostly used for description of dielectric
dispersion in relaxor ferroelectrics, its use raises a question about interpretation
of the dielectric dispersion below the freezing temperature T;. Interpretation of
the freezing process itself is not clear as well, as the relaxation time increases
outside the real experimental time scale already at temperatures significantly
above T;. Attempts to relate T; to the phase transition temperature T,, which is
done in case of PMN [39], are also doubtful. Therefore in this doctoral thesis a
different approach in description of the dielectric dispersion is considered.

We have shown that the dielectric dispersion can be described in the fra-
mework of one relaxation mechanism in the whole temperature range, where it
is observed. The Frolich model for distribution of potential barriers G(H) was
used. Distribution of relaxation times T can be derived from this model:

g(lnt) = {

C=const, T, <T<T,.

(3.1)

0, T< T, VALT> T,

cmin

If measuring frequencies fit the range 7, << 1/w << T, (0 = 27f - cyclic
frequency), where 1, and T, are the lower and the upper limits of the relaxa-
tion time distribution, it follows from this distribution that:
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e'(o,T)=A(T)-B(T)-Inw

¢"(®,T) = const (3.2)

As T,,, increases, if temperature is decreased, but remains finite in the
whole temperature range, then, at low enough temperatures, for any experimen-
tally available frequency w, 1/w << T, Eq. (3.2) will be valid in all measured
frequency range, where 1/w >> T, is fulfilled. The coefficients A(T) and B(T)
can be expressed via G(H) parameters and difference between the dielectric
permittivity below and above the dispersion region (g-€..):

B(T)= (¢, —¢,)- kV'T (3.3)
A(M)=¢,-B(T)-Int,,, (3.4)
n_ T

P : B (3.5)

where v, — width of G(H) distribution.

We have shown that such a simple approach can be extended in the whole
temperature range of the dielectric dispersion, where distribution function of
relaxation times can be regarded as wide, respectively, on conditions that T,,,,
>> T, First of all this assumption is based on the often observed €"(T,w). As
we have stated for composition 0.4NBT-0.5ST-0.1PT (Fig. 3.4 a) and as it can be
seen also from the results published by other authors [33, 40], in the range of
low temperatures, relaxor ferroelectrics have a so-called €"(T,w) master curve,
that is characterized by frequency-independent ¢"(T) in the frequency range,
which increases in direction of low frequencies, if temperature is decreased. At
low temperatures this range is wide enough to contain all experimentally used
frequencies.

T(C)

Figure 3.4. £"(T,w) cooling curves for compositions a) 0.4NBT-0.5ST-0.1PT and
b) 0.9PMN-0.1PT
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The corresponding behaviour of €' is schematically shown in Fig. 3.5 a.
This dependence qualitatively corresponds to the experimentally observed
¢'(Inw) dependence, assuming that the boundary between &'(Inw)~In(w) and
¢'(Inw) = const is smooth (Fig. 3.5 b). It is important to take into account that
the proposed description cannot be combined with freezing (1), to avoid
unlimited increase of &, with increasing t. Of course, as it follows from the pre-
viously made assumptions, the description, which contains relations (3.1) and
(3.2), can be used in the temperature and frequency range, where the condition
Toin < 1/ < T, is satisfied.

oA . . (a) Brogs
£,(T)
e, (T)
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Figure 3.5. a) schematical representation of €'(w), which illustrates the main features
of dielectric dispersion; b) €'(w) for composition 0.4NBT-0.5ST-0.1PT

Besides 0.4NBT-(0.6-x)ST-xPT we have evaluated the above mentioned
approach also for 0.9PMN-0.1PT (Fig. 3.4 b) and PLZT-0.09, to extend our
conclusions outside one particular system of relaxor ferroelectrics, and obtained
similar results. Even if the above described behaviour of £"(T,w) does not fit
all known experimental results, obtained for relaxor ferroelectrics, it seems us
quite typical and shows a way how to apply the same description of relaxation
in both sides of the formally extrapolated T Moreover, it can be assumed that
other £"(In(w)) experimental results, which contain a diffused maximum, can be
related to the same description, and maximum of g(Int) has only marginal role.

3.1.3.Dielectric Nonlinearity

Like dielectric dispersion, dielectric nonlinearity as a function of static elec-
tric field is also studied for 0.4NBT-(0.6-x)ST-xPT solid solutions in comparison
with widely-known relaxor ferroelectrics 0.92PMN-0.08PT and PLZT-0.0925.

Nonlinearity of either real or imaginary part of dielectric permittivity was
measured. For 0.4NBT-0.5ST-0.1PT, pronounced dependence of dielectric per-
mittivity from electric field e(E), similar to the one observed in 0.92PMN-0.08PT,
is stated. It corresponds to the electric field dependence of polarization - P(E)
has a characteristic quasilinear part at low E values and well-expressed declining
(saturation) at higher E values, which indicates transition into a state, where all
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PNRs are oriented in direction of the field. The nonlinearity of P(E) at high E
values increases with decreasing temperature.
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Figure 3.6. Difference between ¢", measured at different values of bias field E_ = 0,
and £", measured at E_ = 0, as a function of frequency for compositions
0.92PMN-0.08PT, 0.4NBT-0.5ST-0.1PT and PLZT 9,25/65/35 at three different
temperatures: above T,,, in the region of T,, and below T, (values of electric field
in the labels are given in kV/cm)

Frequency dependence of the imaginary part of dielectric permittivity "(Inf)
(Fig. 3.6) is more suitable for study of electric field influence on distribution of
relaxation times, as it directly characterizes the form of the distribution function
in the framework of the description, proposed for dielectric dispersion in Sub-
chapter 3.1.2. At temperatures, which are significantly higher than T,,, the values
of ¢" and correspondingly the influence of electric field in 0.4NBT-0.5ST-0.1PT
and 0.92PMN-0.08PT is negligible. In the vicinity of T, absolute value of the
change Ae"(Inf) = €"(E,Inf)-¢"(E = 0,Inf) in these compositions significantly
increases and is more expressed in a high frequency region (the pronounced
anomaly in a narrow frequency range above 100 kHz could be related to elec-
tromechanical resonance, caused by electric field). In the temperature region
below T,,, Ae"(Inf) significantly decreases and is weakly frequency-dependant.
Such behaviour of dielectric nonlinearity does not correspond to the one,
which follows form the superparaelectric model [42], according to which the
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most significant changes should occur in the part of the spectrum with higher
relaxation times, which corresponds to the low frequency range.

For PLZT-0.0925 the character of nonlinearity is significantly different,
comparing to 0.4NBT-0.5ST-0.1PT and 0.92PMN-0.08PT, which can be explai-
ned by presence of large internal fields in this composition [42].

3.1.4. Thermal Expansion and Electromechanical Properties

Measurements of temperature dependences of thermal expansion
dl/1 = (1(T)-1y)/1,, where 1, is linear dimension of a sample in the beginning of the
measurement, were done for 0.4NBT-(0.6-x)ST-xPT (Fig. 3.7 a) in order to find
the Burns temperature [27, 28] in this system of solid solutions.

Usually temperature-independent thermal expansion coefficient o, which
corresponds to linear temperature dependence of thermal expansion, or weakly
temperature-dependent a is expected in paraelectric state [43, 44]. The Burns
temperature is identified as temperature, where remarkable deviation from such
behaviour starts in direction of low temperatures, and is interpreted as contribu-
tion of local electrostriction due to formation of PNRs [43, 45].

Careful study of temperature dependences of thermal expansion and
thermal expansion coefficient in 0.4NBT-(0.6-x)ST-xPT does not reveal a
temperature region which could be distinguished as pure paraelectric state,
although temperature dependence of thermal expansion coefficient becomes
less expressed with increasing temperature (Fig. 3.7). At the same time, if a(T) is
compared for samples with various concentrations of PT, the following features
can be extracted:

o ais weakly concentration-dependent at high temperatures,

 significant differences in concentration dependence of a start to appear

in temperature region of Ty = 400 °C,

o the higher is concentration of PT in the composition, the more

expressed is the decreasing of a(T) in direction of low temperatures.
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Figure 3.7. Temperature dependences of thermal expansion (a) and thermal
expansion coefficient (b) for NBT-ST-PT compositions with various PT
concentrations x
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In this case, paraelectric behaviour could be related to the temperature
region with weakly concentration-dependent thermal expansion coefficient a.
Assuming that thus determined Ty could be identified with the Burns tempe-
rature, lack of the expected paraelectric behaviour could be related to the fact
that Ty, is rather close to the upper limit of the measurement temperature range.
As thermal expansion is proportional to concentration of PNRs n and square
of dipole moment > of PNRs, and taking into account that n decreases with
increasing PT content, due to approaching normal ferroelectric phase transition,
the more expressed deviation from the high-temperature behaviour at higher
PT concentrations x indicates increasing of ..
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Figure 3.8. ECE temperature change AT as a function of temperature at E = 20 kV/cm
for 0.4NBT-(0.6-x)ST-xPT compositions with various PT concentrations x

The study of electromechanical properties showed that character of longitu-
dinal deformation u,,(E) at room temperature depends on location of particular
composition in the phase diagram. At x < 0.10, respectively, for compositions,
which are in relaxor state at room temperature, u,, is proportional to the square
of polarization. Whereas for compositions with higher PT content butterfly-type
u,,(E) dependence, characteristic to FE state, is observed. For compositions with
x 2 0.15 high u;,(E) maximal values, reaching 0.06%, are observed.

3.1.5.Electrocaloric Effect

Pronounced electrocaloric effect (ECE) is observed in 0.4NBT-(0.6-x)ST-
xPT compositions. Values and nature of ECE is very different depending on
concentration range of PT (Fig. 3.8, 3.9). In the range of low concentrations,
values of ECE are extremely low, AT(T) continuously increases with increasing
temperature in all studied temperature range. Approaching PT concentration
range, where electric field-induced phase transition from relaxor to FE state is
observed, a maximum appears in the AT(T) dependence in the region of T,
(Fig. 3.8).
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Differences appear also in AT(E) dependences (Fig. 3.9). At low concen-
trations of PT AT(E) is roughly proportional to E? (Fig. 3.9. a). While at higher
concentrations such dependence is observed in the whole electric field range
only at T >> T, but, when approaching T,, - only in the small electric field
range. At higher electric fields, AT(E) dependence becomes more expressed, and
a diffused jump appears, as electric field E reaches critical field E,, (Fig. 3.9 b).
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Figure 3.9. ECE temperature change AT as a function of electric field
AT(E) at different temperatures for compositions 0.4NBT-0.6ST (a) and
0.4NBT-0.45ST-0.15PT (b) (measurements are done for electric field change
from 0 to different values)

Below Tt;, where FE state remains stable after removing field, the jump
at AT(E) dependence becomes irreversible, appearing only when field is
applied to thermally depoled sample. For composition 0.4NBT-0.5ST-0.1PT,
where FE state, like in PbMg,;Nb,;0;, can be caused only by electric field, a
well-expressed jump of AT(E) is observed for depoled samples during the first
application of electric field and maintained in all temperature range from Ty
region in direction of low temperatures. While for compositions with higher
concentration of PT, this jump vanishes if temperature is lowered below T,
reflecting spontaneous transition to FE state even without applying electric field
(Fig. 3.10). The highest values of ECE are reached for 0.4NBT-0.4ST-0.2PT and
0.4NBT-0.35ST-0.25PT, reaching ~1.1 °C at 160 °C and 210 °C correspondingly.
In the electric field range, where the FE state is stable, AT(E) is close to linear.

Taking into account wide use of thermodynamic relations in evaluation
of ECE in ferroelectrics, it is examined to what extent they are valid for the
studied system of solid solutions and, perhaps, for relaxor ferroelectrics in
general. It is shown that entropy values calculated by the Clausius-Clapeyron
relation [46] for a phase transition from FE to relaxor state are twice as large as
the experimentally determined ones. Such a difference can be explained, taking
into account that the Clausius—Clapeyron relation describes a phase transition
from homogenous FE to homogenous nonpolar phase, but in reality a part of FE
phase — PNRs - do not transfer into nonpolar phase.
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Figure 3.10. Reversible AT and irreversible ATi ... temperature changes (measured
at the first applied electric field for thermally depoled sample, corrected for
the hysteresis heat), as well as maximal P,,, (at 20 kV/cm) and remnant P,

polarizations as functions of temperature for compositions 0.4NBT-0.5ST-0.1PT (a)
and 0.4NBT-0.45ST-0.15PT (b)

According to Ginzburg-Devonshire phenomenological description, electric
field-induced polarization, particularly its square (P?), is a measure of AT.
Concentration dependences of both experimentally obtained properties allow
us to examine this trend. It is shown that ECE maximal value AT, (x) changes
much more rapidly than P, 2(x). This indicates a large part of the total P(E)
(~8 uC/cm?, if evaluated from 0.4NBT-0.6ST) does not give contribution to en-
tropy. Obviously this is the part, which is connected with reorientation of PNRs
under electric field.

3.2. Modified NBT-ST-PT Solid Solutions

NBT-ST-PT form solid solutions with large variety of other components. In
the work, quadruple solid solutions of 0.4NBT-0.4ST-0.2PT with NaNbO; (NN),
Pb(Mg,sNb,,;)O; (PMN) and CaTiO;, as well as compositions, in which Na is
partly substituted by Li, K and Ag, were studied.

Studies of dielectric permittivity indicate that NN and PMN favour develop-
ment of relaxor properties in 0.4NBT-(0.6-x)ST-xPT, passing the same stages as
in case, if PT content is increased in 0.4NBT-(0.6-x)ST-xPT, but in the opposite
direction. It is well seen in Fig. 3.11, where temperature-frequency dependences
are shown for the compositions with NN. Similar tendency was observed for
the compositions with PMN. T, (x) decreases and difference T, -T, increases, if
either NN or PMN concentration increases. The development of relaxor state
with increasing of NN or PMN content is indicated also by study of polarization
hysteresis loops.

Previously it was shown that addition of NN to A**B**O, type of ferroelec-
trics shifts a phase transition in direction of lower temperatures and significantly
suppresses FE properties [47]. Considering influence of components of solid
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Figure 3.11. Temperature dependences of dielectric permittivity at several
fixed frequencies for (1-x)(0.4NBT-0.4ST-0.2PT)-xNN solid solutions with NN
concentrations x = 0.00 (a), x = 0.04 (b) and x = 0.10 (c) (cooling curves)

solutions on the relaxor properties, besides the ion disorder, which influences
mostly the local surrounding, obviously their influence on macroscopic proper-
ties, characterizing the FE state, like spontaneous polarization P, spontaneous
deformation u, and FE phase transition temperature T, should also be taken
into account. This is supported by T, P, and u, as functions of component
concentrations of such relaxor ferroelectrics as Pb, La(Zr, Ti)O, (PLZT),
Ba(Ti,,Zr,)O; (BTZ) and Ba(Ti,Sn,)O, (BTS).

The change of the nature of the phase transition in 0.4NBT-(0.6-x)ST-xPT
system depending on Sr/Pb concentration ratio also confirms such a point of
view regarding development of relaxor properties.

When studying quadruple system of solid solutions 0.4NBT-(0.4-x)
ST-0.2PT-xCaTiO,, x-ray diffraction results showed that volume of the unit
cell V(x) monotonously decreases on increasing Ca concentration at room
temperature. Taking into account the sizes of the ions, this indicates that Ca in
ABO; perovskite replaces ions in the A-site. At the same time, tetragonality is
independent of CaTiO, concentration till x = 0.15 (Fig. 3.12).
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Figure 3.12. Concentration dependences of unit cell volume and tetragonality for
0.4NBT-(0.4-x)ST-0.2PT-xCaTiO; solid solutions



Temperature dependences of dielectric permittivity €'(T) at fixed frequen-
cies, reveal strong decreasing of maximal value of dielectric permittivity &',
if concentration of Ca is increased (Fig. 3.13 a). Whereas temperature of €'(T)
maximum T, (x) (T, - on heating, T,,, - on cooling) and phase transition tem-
perature T (x) (T,; - on heating, T,, - on cooling) decrease very weakly until Ca
concentration x = 0.25 and x = 0.10 respectively (Fig. 3.13 b).

Figure 3.13. a) Temperature dependences of dielectric permittivity £'(T) for
0.4NBT-(0.4-x)ST-0.2PT-xCaTiO; compositions (obtained on cooling at 1 kHz),
b) Phase diagram of 0.4NBT-(0.4-x)ST-0.2PT-xCaTiO;: phase transition
temperatures T,;, T, and temperature of &'(T,f) maximum T, as functions of
concentration x (at 1 kHz). In compositions with CaTiO, concentrations x = 0.20
and x = 0.25, temperature T, is observed only for previously poled sample

Measurements of polarization hysteresis loops P(E) indicated that remnant
and maximal polarizations P,,,, and P, do not depend on Ca concentration at
room temperature till x = 0.30, at higher concentrations they decrease rapidly.

Study of temperature dependences of the critical electric fields E,, and
E,, in composition with CaTiO; concentration x = 0.25 has shown that E,(T)
depends on prehistory of the sample, and in case, if the sample is thermally
depoled, it has higher values and is even less temperature-dependent comparing
to the measurements without thermal depolarizing between the measurement
temperatures. The difference can be explained by different mesoscopic structure
in both cases, as the sample does not retrieve the initial state after removing
electric field.

The steep decreasing of dielectric permittivity values, on the one hand, and
the stability of temperatures T,, T, T, and polarization, if concentration of
Ca in 0.4NBT-(0.4-x)ST-0.2PT-xCaTiO; is increased (till certain concentration
limit), on the other hand, allows us to suggest that they are related to different
physical mechanisms. Usually it supposed that the mechanism, giving the lar-
gest contribution to the values of dielectric permittivity, is related to PNRs. The
obtained results can be explained, assuming that the regions, containing Ca**
ions, are energetically more favourable for development of PNRs. Therefore, in

25



the region of low CaTiO; concentrations, Ca** jons are located mostly inside
PNRs, not influencing the surrounding matrix.

For 0.4NBT-0.4ST-0.2PT solid solutions, where Na is gradually replaced by
one of the monovalent metals — Li, K or Ag - (0.4(Na, Me,,,),,B1,,TiO,-0.4ST-
0.4PT (Me': Li, K and Ag)), it is shown that such a substitution till 37.5 mol%
influences properties (structure, dielectric permittivity, polarization) of the ob-
tained compositions less in comparison with similar substitution in pure NBT.
Study of dielectric properties indicated opposite T,,(x) tendencies for Li and Ag,
which correlates with the atomic masses of these elements.

3.3. NBT Solid Solutions with BT and Other Compositions

(I-x)NBT-xBT solid solutions are widely studied nowadays, mostly focu-
sing on the concentration region around the morphotropic phase boundary
(x = 0.06). In this work, studies of (1-x)NBT-xBT are done in a wide concentra-
tion range above the morphotropic phase boundary (0.10 < x < 0.97).

X-ray diffraction measurements indicate that all studied (1-x)NBT-xBT
have a tetragonal structure at room temperature. The maximal tetragonality
c/a = 1,020 is observed at BT concentration approximately x = 0.2 and is much
larger than in pure BT ceramics, where c/a = 1,010 [25]. On further increasing
of BT content (x > 0.3) the tetragonality decreases, although exactly BT could be
regarded as responsible for stabilization of the tetragonal state. Temperature de-
pendence of the diffraction pattern points to a phase transition between phases
with tetragonal and cubic symmetry. Besides, a phase coexistence is observed in
certain concentration range. The Rietveld method was also applied for treatment
of the diffraction pattern, which indicated that the phase coexistence is present
even in wider temperature range.

For compositions with low BT content, dielectric spectroscopy indicates
dielectric properties similar to pure NBT, respectively, the frequency-indepen-
dent maximum of dielectric permittivity and the shoulder in the temperature
dependence (Fig. 3.14 a, b). The well-expressed jump of €'(T), located in the low
temperature part of the shoulder is frequency-independent and has expressed
thermal hysteresis. While the weakly temperature-dependent part in direction
of higher temperatures has various degree of frequency-dependence, which is
more expressed when &'(T,w) measurement is performed on cooling. The jump
of ¢(T) together with the thermal hysteresis indicate the first order phase transi-
tion between FE and some kind of non-FE phase.

For composition 0.9NBT-0.1BT the frequency-independent jump is obser-
ved only on heating, while on cooling the shoulder is smeared and has relaxor
behaviour in the whole temperature range in direction of low temperatures. The
x-ray diffraction measurements, showing high concentration of cubic phase
immediately after cooling till room temperature, as well as ageing of dielectric
permittivity indicate that continuous growing of PNRs occurs during cooling
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and smooth transition to FE state takes place depending on temperature or even
depending on time due to slow relaxation into FE state.
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Figure 3.14. Temperature-frequency dependences of dielectric permittivity, obtained
on cooling, for (1-x)NBT-xBT compositions with BT concentrations
a)x=0.1,b)x=0.2,¢) x=04,d) x=0.9

For compositions in the concentration range 0.3 < x < 0.8 (Fig. 3.14 ¢)
behaviour, typical for relaxor ferroelectrics, is observed. In compositions with
high BT content (x = 0.9) the FE-paraelectric phase transition nature, which is
characteristic to pure BT ceramics, is approached (Fig. 3.14 d).

Concentration dependences of the dielectric permittivity maximum
temperature T,, (T,, — on heating, T,, - on cooling) and the phase transition
temperature T, (T,; - on heating, T,, - on cooling) are shown in Fig. 3.15 b.
Most probably the dielectric permittivity maximum, observed at the low BT
concentration range (x < 0.25), cannot be identified with the relaxing maximum
of compositions with higher BT content. The height of this frequency-indepen-
dent maximum decreases, and it most probably disappears with increasing BT
concentration (Fig. 3.15 a).

Starting from concentration region, where maximum of dielectric per-
mittivity exhibits relaxor behaviour (x = 0.30), T,, decreases on increasing BT
content, whereas T,, and especially T, remains approximately the same in a
wide BT concentration range (Fig. 3.15 b). Moreover, T,; corresponds to the
phase coexistence region, determined from x-ray diffraction measurements (on
heating).
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Figure 3.15. a) Temperature dependences of dielectric permittivity for
(1-x)NBT-xBT with various BT concentrations (cooling curves at 1 kHz);
b) €'(T,f) maximum and phase transition temperatures T, (T,,;, T,,) and
T, (T,;, Ty,) as functions of concentration, obtained at 1 kHz, for (1-x)NBT-xBT
(the phase coexistance region, determined from x-ray diffraction heating
measurements, is highlighted)

Approximations of €'(T) with the power law [23] for compositions with
0.1 £ x £ 0.25 indicates significantly higher values of the parameter y than
for compositions with the €'(T,f) maximum of relaxing nature. It supports the
assumption that the maximum of &'(T), which appears in this concentration
range, cannot be identified with the relaxing maximum, observed at higher
concentrations.

For all solid solutions rather high remnant P, and maximal P, polariza-
tion (at 90 kV/cm) values were observed. The highest values of P,.,, (above 30
puC/cm?) and P, (above 40 uC/cm?) were observed for compositions in the
concentration range x = 0.15-0.25, what corresponds to the maximum in the
concentration dependence of tetragonality. Whereas the highest coercive field E.
values were found in the concentration range x = 0.3-0.6.

Interesting results were obtained also regarding the binary NBT solid
solutions with CdTiO;. It is shown that these compositions have three morp-
hotropic phase boundaries, which separate rhomohedral, cubic, tetragonal and
rhombohedral phases. The highest values of maximal polarization, remnant
polarization and electromechanical properties are observed in the tetragonal
phase in the vicinity cubic-tetragonal morphotropic phase boundary.

3.4. Interpretation of Phase Transitions in Pure NBT and
NBT with Small Concentration of Modifiers

The obtained results regarding NBT-based solid solutions give a possibility
to make considerations about phase transitions in pure NBT and NBT with
small concentration of modifiers. As it was already mentioned in the literature
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review (see Subchapter 1.1), NBT depolarization temperature T is traditionally
identified with a phase transition between the rhomohedral and unknown,
probably antiferroelectric phases. The relaxing shoulder in the region of T, (Fig.
1.1 in Subchapter 1.1) usually is also related to this phase transition. Whereas
the phase transition temperature T, is often supposed to be a phase transition
temperature between the unknown, probably, antiferroelectric and tetragonal
FE phases.

In this work it was shown that the frequency-dependent €'(T,f) shoulder,
which is observed below the dielectric permittivity maximum temperature T,
in pure NBT, can be transformed into a jump-like €'(T) change at temperature
T, where pronounced dielectric dispersion persists only in the temperature
range T, < T < T,.. Such a transformation is stated by ageing at T < T for solid
solution 0.9NBT-0.1BT. It is observed also for poled samples, as described by
other authors [48, 49]. The relaxor properties of the shoulder can be present not
only in rhombohedral phase, as it is for pure NBT, but also in tetragonal phase,
which is indicated by the results obtained for 0.9NBT-0.1BT.

By studying NBT solid solutions with CaTiO; we have shown that the
upper limit of the NBT rhombohedral phase region corresponds to the rapid
change of ¢'(T) and its thermal hysteresis — to &'(T) thermal hysteresis. Whereas
for NBT solid solutions with Sr,,Bi,,TiO; (SBT) and PT we have observed that
the shoulder, which has remarkable frequency dispersion in low temperature
side, has characteristic thermal hysteresis in the temperature range, where it is
frequency-independent (T < T,).

The frequency-independent maximum of €'(T), which is observed in the
concentration range of tetragonal phase in pure NBT, exists also in the tempera-
ture region, which is cubic according to x-ray diffraction measurements, as we
have observed it, for example, in composition 0.8NBT-0.2BT.

The mentioned observations testify that the relaxor properties in pure NBT
and NBT with small content of modifiers appear together with the polar state,
although they do not depend on symmetry of the particular polar state. The
relaxor state, corresponding to the €'(T) shoulder, tends to be unstable, gra-
dually transforming into FE state in time. The FE state destroys the dielectric
dispersion, characteristic to the €'(T) shoulder. Besides, decay of polarization at
T, in pure NBT and NBT with small concentration of modifiers (which looks
like a sharp jump in the low temperature part of the €'(T) shoulder) is similar
to the one in relaxor ferroelectrics at T, This explains the preservation of the
macroscopic symmetry, observed at T < T, for unpoled sample in the tempe-
rature range above the dispersion region, respectively, above the €'(T) shoulder.
In general, the difference from classical relaxor ferroelectrics is that the consi-
dered dispersion mechanism is observed on the frequency-independent €'(T)
background with the maximum at T,,, characteristic to NBT and coexists with
various crystallographic symmetry groups.

29



Conclusions

A new solid solution system of relaxor ferroelectrics NBT-ST-PT, in which
relaxor properties, passing different stability levels of relaxor state depending on
PT concentration, change in a wider spectrum than for other known systems of
relaxor ferroelectrics, is obtained and studied. Phase diagram is constructed for
this system of solid solutions.

The Burns temperature, as well as parameters of the Vogel-Fulcher law and
the power law, traditionally used for description of relaxor state, is determined
in NBT-ST-PT solid solutions. It is shown that dielectric dispersion in relaxor
ferroelectrics can be described with one relaxation mechanism in the whole
temperature range, where it is observed, without postulating freezing of PNRs.
Analysis of dielectric nonlinearity in NBT-ST-PT did not show trend of &"(Inw)
as a function of bias field that would correspond to the superparaelectric model.

Compositions with small region of relaxor state stability, characterized by
difference between temperature of dielectric permittivity maximum and phase
transition temperature T, -T,, have high ECE values, which are above 1 °C and
are connected with electric field-induced phase transition between relaxor and
FE states. Concentration dependences of field-induced polarization and ECE in
NBT-ST-PT indicate contributions from different polarization mechanisms. For
compositions with PT concentration till x = 0.05, electric field-induced reorien-
tation of PNRs dominates in polarization.

In NBT-ST-PT solid solutions, modified with Ca, dielectric permittivity
maximum and phase transition temperatures do not depend on Ca concen-
tration at low Ca content, while value of the dielectric permittivity maximum
significantly decreases in the whole concentration range. It can be interpreted,
assuming that Ca concentrates mainly inside PNRs, stabilizing them.

Modifying NBT-ST-PT solid solutions with NN and PMN favours stabiliza-
tion of relaxor state. Whereas substitution of Na with monovalent metals (Li, K
and Ag) in NBT-ST-PT weakly influences physical properties in comparison with
similar substitution in pure NBT. Besides distribution of ions with different va-
lences/sizes in equivalent sites of ABO, perovskite, weakening of FE state in the
result of ionic substitution has an important role in stabilization of relaxor state.

There is clarified phase diagram for NBT-BT system of solid solutions above
the morphotropic phase boundary. It is shown that a change of the polar state
occurs around T,, in BT concentration range 0.2 < x < 0.3, and ¢'(T,f) behaviour,
characteristic to relaxors, is observed on increasing BT content in a wide con-
centration range. Tetragonality reaches the maximal value on changing of the
polar state nature.

It follows from the performed studies that, in contrast to classical relaxor
ferroelectrics, in case of NBT, the relaxor dispersion mechanism acts on the
frequency-independent &'(T) background with maximum at T,
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Thesis

A new system of solid solutions 0.4NBT-(0.6-x)ST-xPT, in which relaxor
properties, passing different levels of relaxor state stability, changes in a
wider spectrum than in other known solid solution systems of relaxor
ferroelectrics, is discovered. Besides distribution of ions with different
valences/sizes in equivalent sites of lattice, weakening of FE state has an
important role in stabilization of relaxor state.

Dielectric dispersion in relaxor ferroelectrics can be described in the
framework of one relaxation mechanism in the whole temperature range,
without postulating freezing temperature, at which the edge of distribution
of relaxation times T,,>ee. Such an approach prevents problems, which
appear when the Vogel-Fulcher law is used for description of relaxor state.

Corrections are done to (1-x)NBT-xBT phase diagram. Nature of phase
transition and dielectric properties change in the concentration region
x = 0.20-0.30, as transformation from dependences, characteristic to NBT,
to properties, characteristic to relaxor ferroelectrics occurs. Tetragonality
and polarization reach high values in this concentration region.

In 0.4NBT-(0.6-x)ST-xPT system of solid solutions, nature of ECE depends
on location of particular composition in the phase diagram. Compositions
with 0.20 < x < 0.25 have high ECE values (reaching ~1 °C at 20 kV/cm) in
the relaxor-ferroelectric phase transition region. Traditional thermodynamic
concepts are not applicable for description of ECE in relaxor ferroelectrics.
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