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Abstract

Ferroelectric materials exhibit electrical, mechanical and electromechanical properties that are
being intensively studied and used in wide range of applications. These characteristics influ-
enced by internal heterogeneous domain structure. Tailoring of material properties by engineer-
ing of underlying structure would enable design of devices with special functionalities. It how-
ever requires deep understanding of domain behavior. In spite of long-lasting research, there
are still many questions opened concerning domains, domain walls morphology and motion.
This work deals with investigation of ferroelectric domains in perovskite materials, particulary
in BaTiOs3.

Generalized Ginzburg-Landau-Devonshire phenomenological approach together with sym-
metry analysis is used for description and analytical predictions of properties of domains and do-
main walls in ferroelectric crystals, e.g. domain wall thickness, shape and orientation. Landau,
gradient, elastic, electrostriction and long-range dipole-dipole electrostatic interaction taken
into account. Method for computations of domain wall characteristics is presented and applied
to computation of all types of domain walls, that appear in BaTiOj ferroelectric phases.

Development and dynamics of a polarization field and formation of complicated ferroelectric
domain patterns can be too complex to enable analytical treatment. These phenomena can
be simulated numerically based on time-dependent generalized Ginzburg-Landau-Devonshire.
Computational tool was developed for simulation of evolution of domain structure in bulk
ferroelectric material designed to cover up variety of external conditions in order to enable
investigation of material under different loading and constraints (external stress, mechanical
clamping, electric field or changes of temperature). These influences are important in real
applications and the model can provide simplified insight about what is happening inside the
sample. The results of our computer program were demonstrated on several examples.






Abstrakt

Feroelektrické materidly vykazuji elektrické, mechanické a elektromechanické vlastnosti, které
jsou intenzivné studovany a vyuzivany v mnozstvi dulezitych aplikaci. Tyto vlastnosti mohou
byt do zna¢né miry ovlivnény vnitini doménovou strukturou pritomnou v materialu. Ta také
poskytuje moznost dalstho vylepsovani materialovych vlastnosti. Zvladnuti ptipravy navrzené
doménové struktury by také umoznilo konstrukci novych materidlu a zafizeni se specidlnimi
vlastnostmi. Takovy cil vSak vyzaduje hlubokou znalost a porozuméni chovani domén. Navz-
dory dlouhodobému 1sili vénovanému této problematice zustava stdle mnoho otazek, tykajicich
se feroelektrickych domén, doménovych stén a jejich pohybu, otevienych. Tato préace se zabyva
studiem doménovych stén analytickymi a numerickymi ptistupy. Pfedevsim se soustiedi na per-
ovskitové materidly, konkrétné na BaTiO3. Tyto materialy jsou aplikaéné perspektivni mimo
jiné prave diky své jednoduché struktufte.

Fenomenologicky Ginzburg-Landau-Devonshire model, ktery zahrnuje Landauovu, gradi-
entni, elastickou, elektrostrikéni a elektrostatickou dipél-dipélovou interakei, je vyuzit pro popis
a analytické predpovédi vlastnosti domén a doménovych stén ve feroelektrickych krystalech,
napiiklad jejich tloustky, tvaru a orientace. Model je aplikovan na vypocet charakteristik viech
typu doménovych stén, které se vyskytuji ve feroelektrickych fazich barium titanatu.

Formovani a vyvoj komplikované doménové struktury casto neni mozné postihnout an-
alytickymi pristupy. Zde vyuzivdme numerickych simulaci zalozenych na casové zavislém
zobecnéném Ginzburg-Landau-Devonshire modelu. Byl vyvinut program pro simulace vyvoje
doménové struktury v objemovém feroelektriku perovskitové struktury, ktery umoznuje zahrnuti
nejruznéjsich okrajovych podminek (vnéjsi mechanické napéti, deformace, elektrické pole ¢i
zména teploty), které napodobuji vlivy pusobici v redlnych krystalech. Model muze poskyt-
nout urcity nahled do procesu probihajicich ve vzorku. Moznosti programu jsou demonstrovany
na nékolika prikladech.
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Notation and symbols

Notation

In order to simplify tensorial relations we use abbreviated Voigt notation for symmetric tensor
(Sec. E.2).

Greek indexes stands for contracted indexes o € {1,2,3,4,5,6}, while Latin symbols i,j €
{1,2, 3} are indexes of directions in three-dimensional space corresponding to {z,y, z}. They
are used interchangeably.

Elastically permissible non-charged domain walls in BaTiO3 are discussed in this work.
Twelve nonequivalent types of walls (three for tetragonal, five for orthorombic and four for
rhombohedral phase) are taken into account. They are addressed by names composed of a
letter denoting ferroelectric phase (T,0,R), a degree between polarization in adjacent domains
(180,120,109,90,71,60) and, if necessary, also by their Miller indices (e.g. {001}) which can
be omitted if discussed property does not depend on particular orientation of domain wall.
Sometimes, it is necessary to address charged wall; in that case subscript c is attached to the
name of the wall (e.g. T90.). Considered electrically neutral elastically permissible domain
walls are: T180{001}, T180{011}, T90, O180{110}, O180{001}, 090, 0120, O60, R180{110},
R180{211}, R109, R71.

13
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Symbols
Symbol  Unit [ST] Meaning of the symbol Definition
F kg m? s> Free energy (page 25)
fu kg m? s> Landau energy density (page 26)
fa kg m? s> Gradient energy density (page 31)
fo kgm?s~2 Elastic energy density (page 28)
F, kgm?s~2 Electrostriction energy density (page 28)
Fuep kgm?s~2 Dipole-dipole electrostatic energy density (page 36)
Feq kg m? s> Elastostriction energy density (page 25)
fIEe) kgm~!s2 Clamped Landau energy density (page 26)
P Cm™2 Polarization field
Uu; m Field of displacements
€ij 1 Component of a strain tensor (page 25)
i kgm~!s2 Component of a stress tensor
o kgm3s™2C~2  Coefficients of Landau expansion (page 26)
ij kgm’s 2 C™*
Qijk kgm!!ls2C~6
QGjk kgm!®s2C8
Gij kgm’®s2C~2  Gradient constants (page 31)
Qi kgm3s 2C~2  Electrostriction constants (page 28)
Qij m* C~2 Electrostriction constants (page 30)
Cij kgm™! 572 Elastic constants (page 28)
€B 1 Background permittivity (page 36)
€0 kgm3s™2C™2  Permittivity of vacuum
Ja kgm~!s2 Electrostriction stress components (page 28)
Ao kg™ ms? Tensor of elastostriction kernels (page 35,127)
E kgms—2C Electric field
T K Temperature of the sample
A C%kg 'm~3s Kinetic coefficient in Landau-Khalatnikov Equation (page 71)
U kgm™!s2 Energy barrier in Euler-Lagrange potential (page 45)
A kgm~!s™2 Depart from simple tanh profile (page 44)
) kg 52 Surface energy of a domain wall (page 45)
26 m Domain wall thickness (page 44)
A m Numerical grid spacing (page 75)
T 1 Numerical time step (page 75)
Y, C?m™ Component of the vector of squares of polarization  (page 35)
UE m? V-1t Mobility of a domain wall under electric field £ (page 109)



Chapter 1

Introduction

1.1 Motivation and basic definitions

1.1.1 Dielectrics and ferroelectrics

An increasing number of systems utilizes internal electrical, mechanical and electromechanical
properties of dielectric materials. Telecommunication systems, detection and measurement
devices are common examples, though applications are far from being limited to this area.
Coupling in smart materials make it possible to transform electric, magnetic, thermal or other
energy fields into mechanical deformation et vice versa. Piezoelectricity and electrostriction
enables construction of various experimental and medical probes, sensors, transducers and
positioning devices with nanometric accuracy, transformers of AC voltage or active elements
for suppression of vibrations, stabilizers, or actuators e.g. Refs.[1, 2, 3]. High value and
possible tunability of a dielectric constant is appreciated in a range of microelectronic devices
and systems for electronic communication.

Dielectric materials are electrical insulators, substances highly resistant to the flow of electric
current. They are well penetrable by electric field. The lack of charge carriers causes only
partial compensation of applied electric field originating from small displacement of bound
charges. The efficiency of compensation is determined by a dielectric constant - permittivity.
In the case of ionic insulators, the polarization® is directly bound with deformation of the
crystal grid. The strain is accessible by external electric field and a material exhibits (at least)
inverse piezoelectric effect?. Electric permittivity is frequency dependent since it is connected
with crystal lattice dynamics. Important subgroup of ionic insulators, polar dielectrics, posses
spontaneous dipole moment, which appears due to mutual shift of individual positively and
negatively charged ions with respect to one another. These materials lack center of symmetry?
and exhibit pyroelectric effect?.

Ferroelectric materials are dielectric substances that are pyroelectrics and have at least two
equivalent states that differ only in the direction of the spontaneous polarization [4], and polar-
ization can be switched® by electric field from one state to another. Hysteresis and saturation

IPolarization is dipole moment per unit volume.

2Strain appears at applied electric field.

3There is a symmetry restriction: 20 point groups out of 32 are piezoelectric and only 10 of them are
pyroelectric.

4Variation of polarization with temperature

SGenerally, substances that exhibit some property (e.g. polarization, magnetic moment, strain) which can

15



16 CHAPTER 1. INTRODUCTION

are essential properties of ferroelectrics. In ferroelectrics, additional contribution to electronic
and ionic (lattice) permittivity is possible due to motion of domain walls and reorientation of
polarization domains.

Ferroelectric materials exhibit large piezoelectric and dielectric properties® (Fig.1.7) and
are therefore being used in all previously mentioned devices. Ferroelectrics are closely related

to other technologically important materials like relaxor ferroelectrics” or multiferroics®.

1.1.2 Domain formation

Typical feature of ferroelectric materials is formation of ferroelectric domains. Most ferro-
electrics have a high-temperature, high-symmetry paraelectric phase with zero spontaneous
polarization [5]. As temperature falls, the dielectric constant increases and reaches its max-
imum at the transition temperature. Material changes its symmetry and undergoes phase
transition to a non-centrosymetric ferroelectric phase. On continual cooling, down it is some-
times possible to reach another ferroelectric phases. An order parameter? of ferroelectric phase
transition is a vector of spontaneous polarization. At least two possible equivalent directions
of spontaneous polarization give rise to ferroelectric domain structure!®. Inside ferroelectric
domain the polarization is homogeneous. Domains are separated by domain walls where the
polarization vector changes between spontaneous values of polarization in adjacent domains.

Domain architecture is generally complicated and it is strongly dependent on many factors
like method of growth of the crystal, its history, external mechanical constraints, electric field,
temperature, internal defects, crystal conductivity etc. Size of a ferroelectric domain can vary
from millimeters in the case of mono-domain crystals down to nanometric dimensions. It also
strongly depends on external conditions and history of a sample.

Ferroelectrics domains in a bulk single-crystal are shown in Fig. 1.1. They were observed on
125um-thick sample by contact scanning force microscopy technique [7]. Images show contrast
that results from crossing of internal domain structure with the surface of the crystal. Domain
size here ranges from 1 up to 10 um. Ferroelectric are, however, used not only as single-crystals
but also in the form of powders, polycrystalline and ceramic components. Fig. 1.2 shows BaTiO3
grains mechanically strained with other grains in the ceramics. The twin structure is very fine,
domain thickness can be estimated to just about 20 nm. Fig. 1.3 reveals domain size even below
20 nm for epitaxial PbTiO3. Unit cell in these materials is almost cubic with dimension about
4 nm. The domain is only about 50 unit cells thick.

Domains represent additional degree of freedom for material to relax mechanical energy of

be switched (by means of electric field, magnetic field, stress or combination of these) from one spontaneous
orientation state to another are called ferroics [6].

6Value of dielectric constant can be strikingly high (even in orders of 1000) namely in the vicinity of a phase
transition temperature.

"Relaxors exhibit smooth and frequency dependent maximum of dielectric constant at phase transition
temperature.

8E.g. magnetoelectrics where electric polarization could be directly driven by magnetic field or vice-versa.

90rder parameter — phase transition parameter changes its property quantitatively through phase transition.
It is used to expand free energy in Landau theory (see Sec.2). It has two basic aspects [8]. Symmetry aspect:
Phase transition parameter determines possible symmetry of low symmetry phase. Physical aspect: The crys-
tal is unstable at transition temperature with respect to phase transition parameter with all other extensive
thermodynamic parameters held constant.

10Consequently, ferroelastic domain structure may also appear in species with strong electromechanical cou-

pling.
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(a) (b)

Figure 1.1: Contact scanning force measurements of domain distribution at ferroelectric sur-
faces in BaTiOj3. (a) Out-of-plane polarization signal (bright and dark areas correspond to
polarization pointing out of and into the sample, resp. (b) In-plane polarization, bright and

dark areas correspond to polarization pointing to the up right and down left, resp. Images are
taken from Ref. [7].

external clamping. It is well known that underlying domain structure has enormous impact on
properties and response of the material. It can be stated: ”"The finer the domain structure, the
higher the dielectric constant”. In Ref. [9] the authors claim that the wall motion contribution
to the dielectric constant may be up to 80% in BaTiO3 ceramics with 1 um grain (value strongly
depends on grain size).

Effective properties of a material depend on a volume fraction of individual domains, their
ordering, dynamics, shape, density and mobility of domain walls.

1.1.3 Domain engineering

Both benefits and drawbacks resulting from domain formation lead to increasing interest in
domain structure. Formation of domain provides material engineers with another tool for
improving material properties. It is expected that with use of various techniques it could
be possible to produce engineered domain structure with desired morphology and properties
(Ref. [10, 3]). There has been attempts to control domain architecture experimentally, but
there is still lack of answers to many questions, e.g processing, design of structure with defined
behavior under external electrical or mechanical loading. Formation of domains is not always
desired!'. Question arises how to avoid unwanted domains.

The concept domain engineering is mostly used in the literature for poling of ferroelectric
crystals by sufficiently large electric field applied along one of the possible polar axes of the
crystal other than zero-field polar axis [13]. Resulting domains are then equivalent with respect
to the applied field and there is no motion of domain walls. In broader sense, the concept of
domain engineering is used to denote modification of domains in material in order to produce

' Monodomain single-crystals are required for certain applications and domain formation can result in inap-
propriate change of material properties.
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Figure 1.2: (a) Transmission electron microscopy and (b) reflected light microscopy of a domain
structure in mechanically clamped grain in BaTiO3 ceramics. Micrographs taken from Ref. [72,
73].
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Figure 1.3: Transmission electron microscopy of a domain structure in an epitaxial PbTiO3
(Ref. [1])



1.1. MOTIVATION AND BASIC DEFINITIONS 19

Figure 1.4: Estimate of domain structure from surface polarization. Upper figure was cut from
Fig. 1.1 and rotated by 45 degree. Black line indicates cross section of the image bellow with the
surface of the sample. Bottom figure suggests domain structure. Direction of polarization vector
is indicated by arrows, their length is irrelevant. Color scheme used corresponds roughly to the
upper figure. If the bevel domain walls were for example inclined to the opposite direction,
they would be charged (heads of arrows will head towards each other).

desired structure or properties (Ref. [15, 16]).

It is indicated by supporting Figs. 1.1,1.2,1.3 that domain properties are strongly dependent
on size and external constraints of a material. In powders, ceramics, thin films and single-
crystals the domain structure is under different electromechanical conditions. From clamping
of grains in ceramics to perfect mechanical clamping in epitaxial thin films where the lattice
constant is adjusted to the substrate. Also resulting response is different.

1.1.4 Predictions of domain structure

In principle, although domain structure can be quite complicated, basic types and geometrical
properties of domain walls in a ferroelectric material can be usually derived from symmetry,
elastic compatibility conditions and electrostatic considerations [4, 17]. For example, this kind
of considerations allows one to predict preferred crystallographic orientations of 180 degree and
90 degree domain boundaries in tetragonal BaTiOs that is classical model materials. Such
estimation of material domain structure is demonstrated in Fig. 1.4, where polarization inside
the sample is predicted in order to create mutually mechanically compatible domains and non-
charged domain walls.

Important tool of today physics, computer simulations are being used in ferroelectric at
different levels. Ab-initio quantum mechanic computations, computations at finite temperature
as molecular dynamics or Monte-Carlo simulations are usually limited to small number of
particles (at best thousands), and therefore are not suitable for predictions of domain structure.

In the past, phase field models using phenomenological potentials appeared in the literature
[18, 20, 21]. Phase field simulations enable not only prediction of complicated domain structure,
but also its dynamics that is critical for controlling of piezoelectric and dielectric properties of
a material.
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Internal structure of materials is usually probed by spectroscopic methods. Simulations
with carefully chosen parameters can produce valuable insight into processes that take place
inside the material and are not directly accessible by experimental observations. Continuous
simulations are still, however, limited to relatively small (submicron) areas.

1.1.5 Ginzburg-Landau-Devonshire theory and bulk simulation

In this thesis a continuous generalized Ginzburg-Landau-Devonshire (GGLD) phenomenolog-
ical model is used to deal with domains and domain walls in bulk ferroelectric perovskite
material. A free energy functional is constructed in term of powers of polarization components,
its derivatives and components of strain tensor. Polarization and strain are taken as primary
and secondary order parameter. Landau potential, exchange gradient, elastic, electrostriction
and electrostatic dipole-dipole energy are taken into account in the model.

Time-dependent Landau-Khalatnikov equation governs evolution of polarization field in
numerical simulations. Similar phase-field models are used e.g. in simulation of precipitation
in alloys, twinning in martensites or ferromagnetics with their own specifics. Assumption of
periodicity of polarization and strain fields enable computations Fourier space. Careful choice of
mechanical boundary conditions also enables simulation of behavior of a sample under various
conditions. Ferroelectric thin films and small grains will be different compared to bulk samples,
because there are additional problems concerning e.g. surfaces or substrate clamping (Ref. [1]),
but the model can also account for some features of these systems.

Full understanding of evolution of domain structure, response to temperature changes and
applied external electric field or stress would require to take into account all features of ma-
terials, e.g. influence of internal conductivity (that is small but not always negligible), defects
(vacancies, impurities, dopants etc.) or layers at grain boundaries with different chemical
composition which can drastically decrease dielectric properties. Although there were several
attempts to introduce effects of imperfections into the model (e.g. in Ref. [22, 23, 24]), it is still
heuristic approach.

In this work, this defects, imperfections and other random fields are not taken into account
unless explicitly stated.

In this work only simple models of defects are used in several simulations.

Important representant of perovskite family of ferroelectrics, BaTiO3, will be discussed.
Model can be, after few marginal modifications, also used for description of other perovskites.
Due to technological progress in manufacturing higher quality materials and continuing minia-
turization of devices this model can produce valuable information in spite of previously de-
scribed simplifications. Model is very sensitive to correct determination of involved constants.
Parameters for barium titanate used in simulations was determined and discussed in [13, 26, 20].
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Table 1.1: Sequence of ferroelectric phase transitions in BaTiO3. The symbol of phase transition
species is according to [29]. A name consists of three parts. First is a paraelectric point group.
Second part indicates orientation of spontaneous polarization with respect to symmetry element
(DX(m) and AX(m) means parallel and perpendicular to the X-fold axis (plane), resp). In the
end there appears symbol of ferroelectric point group preceded by F (for ferroelectric).

Phase transition Temperature (K) Transition species
cubic — tetragonal 398 m3mD4F4mm
tetragonal — orthorombic 281 m3mD2Fmm?2
orthorombic — rhombohedral 202 m3mD3F3m

1.2 BaT103

BaTiOj is a typical ferroelectric material and representant of family of perovskites'?. High
temperature paraelectric (with zero spontaneous polarization) phase is cubic. In the corners
of the cube there are barium ions, the titanium ions at the body center and oxygen ions
at face centers. On cooling down, individual ions slightly shift with respect to one another,
electrical dipole is created or changes its orientation and a material undergoes ferroelectric phase
transition. In BaTiOs, there is sequence of phase transitions from high-temperature paraelectric
cubic Rm3m (O}) (ITA 221) to ferroelectric tetragonal P4mm (C},) (ITA 99)'3, orthorombic
Amm2 (C31) (ITA 38) and rhombohedral R3m (C3,) (ITA 160) phase. Complete list of phase
transition species in BaTiOj3 is given in Tab.1.1. All these phase transitions exhibit peak of
dielectric constant. BaTiOj5 is therefore a proper ferroelectric material according to classification
[8]. First-order character (according to the Ehrenfest classification) of all ferroelectric phase
transitions is indicated by discontinuity in physical properties corresponding to the first and
higher derivatives of the thermodynamic potential.

BaTiOs3 is good insulator with resistivity about 10 Qm at 100 kV m™! [30] for as-grown
crystal or ceramics (strongly dependent on purity of material, dopants, electrodes etc.). Elec-
trical conductivity is therefore neglected. Lattice constant is a = 3.996 A [30]. It is almost the
same in all ferroelectric phases (mechanical strain is up to 1% in all phases).

Example of temperature dependence of dielectric constant for BaTiO3 ceramics with various
grain size is given in Fig. 1.7.

1.3 Related works

Analytical computation of shapes of domain walls follows the works of W. Cao and L.E. Cross
[33]. The authors derived analytical solution for 90 degree and 180 degree domain wall in

12Perovskites are relatively simple technologically important compounds with a structure of CaTiOz. Chem-
ical formula is ABOj3. Crystal structure is a primitive cubic with A-cation in the middle, B-cation in the corner
and oxygens in the center of edges. Perovskite materials are e.g. ferroelectric BaTiOs, PbTiO3, KNbOs, incip-
ient ferroelectric SrTiOs and other substances with variety of phase transitions (ferroelectric, anti-ferroelectric,
ferroelastic) like CaTiO3, NaNbOg3, PbZrOgz, BaZrOs.

13Space group number (Ref. [50]).
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Figure 1.5: Unit cell of BaTiO3 with the position of atoms of barium, titanium and oxygen.
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Figure 1.6: Values of spontaneous polarization for (a) tetragonal, (b) orthogonal and (c) rhom-
bohedral symmetry. 70" indicates chosen value of polarization in one side of domain wall, other
directions of spontaneous polarization are denoted by the angle between these polarization

states.
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Figure 1.7: Real part of dielectric constant in BaTiO3 ceramics. Size of grain is indicated in
nanometers after short-hand BT standing for barium titanate. Symbols and lines represent data
from reflectivity fit and dielectric measurements, resp. The discrepancy between data was as-
cribed to contribution from domain walls, which are included in static dielectric measurements,
but not in reflectivity measurements. Figure was taken from Ref. [9].

tetragonal phase. Similar work of X. R. Huang and coauthors [34] deals with 90, 180 and
120 degree domain walls in orthorombic phase. S-wall was discussed in papers published by
Janovec, Fousek and Erhart [17, 4, 35].

Simulation of domain structures in ferroelectric perovskites were performed by several
groups:

S. Nambu and D. A. Sagala in the article [18] described Ginzburg-Landau-Devonshire model
for simulation of evolution of domains. Model is defined in terms of polarization and defor-
mation, which is further eliminated with use of mechanical equilibrium conditions (which was
originaly suggested A.G. Khachaturyan [31]). They propose computation in direct space with
use of integration kernel for long-range interactions. Electrostatic interaction is, however, not
included.

H. L. Hu and L. Q. Chen [19, 20] made use of the method presented in [18]. Electrostatic
dipole-dipole interaction is taken into account. Computation on mechanically clamped crystal
is performed in Fourier space with use of semi-implicit method [32] that enables considerable
increase of time-step.

Similar procedure was used by R. Ahluwaalia [21] to obtain hysteretic behavior under varying
external electric field.

W. Zhang and K. Bhattacharya [24, 25] performed simulation in real space for polarization.
Elastic field was treated separately and mechanical equilibrium conditions were obtained in
each step by separate solving of elastic problem with use of FEM method. Local electric field
is obtained by explicit solving of Poisson equation. This approach avoid transformation to
Fourier space and therefore does not require periodicity of boundary conditions. Influence of
nucleation on the shape of hysteresis curves was tested. Hysteresis of polarization and strain
versus electric field is provided for material under different level of external stress.
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1.4 Scope and brief overview of the thesis

The main objective of this work is to contribute to knowledge about domain walls and domain
formation in ferroelectric material. Firstly, domain walls were inspected using analytical ap-
proach and symmetry considerations. Moreover, computational tool for numerical simulations
of domain evolution in perovskite ferroelectric material was developed. Individual parts of the
thesis were arranged into following chapters:

Introduction: Introduction and scope of the thesis, brief review of related works.

Generalized Ginzburg-Landau-Devonshire model: Definition and description of the model,
parameters used in numerical and analytical computations. Elimination of heterogeneous
part of the elastic field from the model.

Charge-free elastically compatible domain walls: Analytical description of domain wall
profile and other properties. It is assumed that domain wall is of Ising type, charge-free
and elastically compatible. Then it is possible to treat it within one-dimensional model
which is solvable analytically. Mutually comparison of the walls is possible. Legitimacy
of assumptions is discussed.

Dynamics of polarization field: Dynamics of polarization put together with lattice vibra-
tions of optic modes. Soft mode concept is introduced.

Landau-Khalatnikov equation: Time dependent Landau-Khalatnikov equation that gov-
erns evolution of polarization is introduced. Variations of the free energy functional that
appears at the right hand side of the equation are computed.

Implementation details of computer programs: Used numerical schemes are described.
Description of the program for computation of evolution of polarization field are given.
Possible configurations are described together with advantages and disadvantages of com-
putation in Fourier space.

Examples of simulations: Several applications of developed program for computation of evo-
lution of domain structure in ferroelectric material are described and discussed.

Conclusions: Conclusions and main results of the thesis.
Future work: Possible directions of future work.

Appendices: Additional information and algebraic calculations used in the thesis are pro-
vided. Fourier transform, variation of the free energy, elastostriction kernels, tensors and
transformation of coordinates, compatibility relations, point groups.



Chapter 2

Generalized
Ginzburg-Landau-Devonshire model

Continuous model is based on a definition of relevant thermodynamic potential. Important
features of ferroelectrics — hysteresis (polarization vs. electric field), electrostriction, coupling
of polarization and mechanical deformation in BaTiO3 — require introduction of nonlinear terms
to the thermodynamic potential [36, 5]. Following several preceding works [37, 18, 19, 20, 21],

the excess' free energy is expanded in terms of powers of polarization components Pj, its
1 (0u | Oy
2 81’j 6%1

were taken as primary and secondary order parameters, respectively. This approach was firstly
demonstrated on BaTiO3 by Devonshire in [37]. The free energy

derivatives P;; and components of strain tensor e;; = > Polarization and strain

F[{P;, P ei}] = FQ P, Py} + Foq[{Ps eij}] + Faep [{Pi}] (2.1)

consists of three parts: Ginzburg-Landau, Elastostriction and electrostatic part. Polarization
is considered to be position-dependent P; = P;(r). Ginzburg-Landau part

R P Pl = [ar [59HPY + Jo HP) (22

represents mechanically clamped potential (denoted by superscript e — see Sec.2.1) together
with Ginzburg gradient part for energy increase due to variation of polarization. Elastostriction
part

Feo[{Pre)] = / dr [fo [{Py e} + fal{Prres}] (2.3)

stands for linear elastic and electrostriction energy as introduced by Devonshire in [37, 5].
Heterogeneous part of the elastic strain field can be eliminated assuming that its relaxation
towards mechanical equilibrium is much faster then evolution of the polarization field [19] —
heterogeneous strain can be determined from local mechanical equilibrium conditions given by
Euler-Lagrange equation for deformation. Elimination of the heterogeneous strain is conve-
niently done in Fourier space by the procedure described for example in Sec. 2.3, where Ref. [18]

!The free energy is assumed to consist of two parts: energy of hypothetical cubic state, and energy arising
from nonzero order parameters [26].

25
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is followed. Finally, the contribution of electrostatic dipole-dipole interaction Fye, [{P;}] to the
free energy is taken into account in the form

Fion (P} = =5 [ [Ba(x) - P 2.0

where Ege, is local electric field that consists of contribution from dipoles in the system, external
electric field and free charges at the electrodes. (Eqep is referred to as depolarization field,
because electric field originating from surface dipoles can cause decrease of polarization in a
sample).

We considered the material as strained cubic in all phases, because depart of lattice param-
eters in tetragonal, orthorombic and rhombohedral phases are reasonably small and there is
a group-subgroup relation between high paraelectric cubic and each ferroelectric point group.
On the contrary, there is no such relation between individual ferroelectric point groups. Cubic
symmetry of parent parelectric phase considerably simplifies involved tensors and constructed
potential?.

2.1 Landau-Devonshire potential

The Landau free energy functional is systematic expansion of local energy in terms of polariza-
tion components. First-order character of phase transitions in BaTiO3z implies the expansion
at least up to sixth?® order in polarization

TUPY = o (PP + P+ F)
+a' (P + P+ P
+aiy (PEPS + PIP} + PIF;)
+an (PP + Py + PJ)
‘ang (PP + PY) + Py (P} + P§) + P{(P} + P))
+a93PEPIPY (2.6)

Coefficient o (T') is reciprocal susceptibility for zero polarization and is linearly temperature
dependent in accordance with Curie-Weiss law which states that temperature dependence of

2For particular materials it is necessary to choose appropriate terms of the free energy functional according
to the substance under consideration. For example the electristriction is important in ferroelectrics, while
magnetostriction in ferromagnetic materials can be negligible. Electrostatic interaction would be suppressed by
the presence of free charge carriers that screen local electric fields.

3Landau potential is also expanded up to higher orders in order to obtain realistic phase diagram, especially
for big strains. Eight order terms in polarization are added to Eqn. 2.6

+aii (PP + PY+ P5)
+annie (PP (P + P3) + PS (P + P§) + P§(P} + P3))
+ou122 (Py Py + Py P{ + P Py)
+a123 (P1P2P3 + Py PP} +P3P1P2) .
(2.5)
Recently, there have been published stress-free Landau expansion coefficients up to eighth order for BaTiO3 [12]

rendered out of phase diagram of the material under large compressive strain. The only temperature-dependent
coefficient is ay (7).
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Figure 2.1: (a) Hysteresis in one-dimensional Landau potential constructed for P, = 0, Py =
0 with electric field applied along a-direction. (b) Values of minima for tetragonal (black),
orthogonal (blue) and rhombohedral (green) phase. Temperature of phase transition is indicated
by vertical lines. (c) Value of spontaneous polarization in individual phases. (d) Relative
increase of volume in individual phases. Parameters are taken from parameter set ”A” in

Tab. 2.2.

the susceptibility above the transition point (in cubic state) is x = xo + % In the field
of ferroelectrics, where dielectric constant can reach extremely high values, relatively small
constant yo coming from electronic polarizability is omitted. Other coefficients can, but might
not be temperature dependent.

Sequence of phase transitions in the crystal is given by changes of a position of the abso-
lute minima of the corresponding Landau potential. The Landau energy expansion for cubic
symmetry of parent? paralelectric phase reads®:

Sixth-order expansion (given by the parameter set ”A” in Tab. 2.1) is used in analytical and
numerical computations in this thesis. Detailed discussion of the shape of sixth-order stress-
free Landau potential was given in [13] together with temperature versus electric field phase
diagrams. The authors found oy (7)), aq1(T") and aq11(7") dependence on temperature in the
form

a(T) = 3.34 x 10° (T — 381)

4Tetragonal (Cy,), orthorombic (Cy,) and rhombohedral (C3,) point groups are subgroups of cubic (Oy,)
group. However, group subgroup relation does not appear between any two of Cy,, Co, and Cj, point groups.
5In literature, there also appears Landau potential with isotropic coefficient o .
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an(T) = 4.69 x 10° (T — 393) —2.02 x 10°
a(T) = —5.52x 107 (T —393) 4 2.76 x 10° . (2.7)

There are six equivalent states of spontaneous polarization in tetragonal phase, twelve in or-
thorombic and eight in rhombohedral. They are indicated schematically in Fig.1.6(a,b,c).
Phase transitions are of first-order, therefore minima for a given phase survive even below
and above phase transition. Range of existence of minima of all phases in stress-free Landau
potential (inspected by negative definitivity of the hessian matrix) are plotted in Fig.2.1(c).
Minima corresponding to tetragonal phase exist for given Landau potential approximately be-
tween 237 K and 393 K, orthorombic phase between 104 K and 303 K and rhombohedral phase
between 0 K and 256 K. Transition temperatures for this potential are approximately 392 K
(C—T), 283 K (T—0) and 202 K (O—R).

The contribution of the elastic field to the free energy is introduced through linear elastic
energy

1
fC [{61]}] = 56,00;7060
1
= 5011(6%1 + 632 + 6?33)

+Ch2(eg2e33 + €11e33 + €11622)
+2Cu(e35 + €13+ €1,) - (2.8)

Electrostriction energy reads

fallPieiil] = —aijmei PPy
= —qu(en P! + enP; + es3Py)
—qua(en (P} + P3) + ena( P} + P5) + ess(PE + F))
—2qu(e12P1 Py + e13PL Py + ep3 Py )

6
= — Zepgp . (29>
p=1

Here C,p3 and g,p are components of elastic and electrostriction tensor in Voigt notation, C; =
Chi11, Cr2 = Chiz2 ,Cyy = Ci212, Q11 = 1111, @12 = Gu122, but quq = 2¢1122. Electrostriction stress
components g, are defined

a1 = Q11P12 + Q12P22 + Q12P32
g2 = Q12P12 + Q11P22 + (]121332
g3 = QPP+ quPi+ C_Illpg2

g1 = qub»Ps
g5 = qubPiP;
g6 = qubib. (2.10)

The equilibrium elastic homogeneous state in applied homogeneous stress & and local elec-
tric field E(r) is obtained by minimization of the free energy functional with respect to the
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Table 2.1: Complete sets of parameters used in the phenomenological GGLD model for BaTiOs.
Set " A” was derived in Ref. [26], and is used for computations throughout this thesis. Set "B” is
the same except for Landau coefficients, which are taken from Ref. [12]. Set ”C” corresponds to
parameters use in H.-L. Hu and L.-Q. Chen [20] for three-dimensional numerical simulations (}
the coefficient a7 was repaired in order to reach spontaneous value of polarization given in cited
article). Set "D” are coefficients from W. Zhang and K. Bhattacharya [24]. Electrostriction

coefficients ();; are not independent and can be evaluated using Eqn. 2.14.

Parameter A B C D Unit [SI]

ay —2.772  —=3.712 —3.712 —5.178 10" JmC™?
a1 —6.476  —2.097 —2.790t  4.924 108 Jm® C4
al? 1701 6.079  —2.745 - 108 Jm? ¢4
Q12 3.230 7.974 49.45 19.695 108 Jm° C*
al? —3.441 1303 49.41 - 108 Jm® ¢4
Q111 8.004 1.294 6.497 14.081 102 Jm®C~¢
Q119 4.470 —1.950  32.48 — 10° Jm® C~6
Q193 4.910 —2.500 8.121 — 10° Jm® C—6
Q1111 — 3.863 — — 1010 JmB C—8
1112 — 2.529 — — 1010 Jm™B C—8
1192 — 1.637 — 5985.810 100 Jm!3 C-8
1193 — 1.367 — — 100 Jm'3 C-8
G 51 51 51 51 1071 Jm? C2
e 0 0 0 0 1071 Jm? 2
G 2 2 51 51 107 Jm? C—2
a1 14.20 14.20 0.00527 10.56 109 JmC2
012 —0.74  —0.74  —0.000275 —1.37 102 JmC2
o 1.57 1.57 0.000582  5.97 102 JmC2
Cha 27.50 27.50 0.000690 185 100 Jm=3

Chs 17.90 17.90 0.000449 111 101 Jm—?

Cu 5.43 5.43 0.000135 37 1010 Jm—3

B 7.35 7.35 1 1

Qu 0.1104  0.1104  0.1104 0.0114 m?* 2

Q12 —0.0452 —0.0452 —0.0452  —0.0047 m*C?

Qus 0.0280  0.0289  0.0289 0.0016 m? (2
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Table 2.2: List of parameters of sixth-order Landau potential for characteristic temperatures of
individual ferroelectric phases in BaTiO3. Set ”"B” is derived by Bell in [13]. Temperature de-
pendent coefficients are given in Eqn. 2.7. aﬁ) and ag‘;) are renormalized according to Eqn. 2.16

and Eqn. 2.17, resp.

Landau coefficient 298 K 208 K 118 K Unit [SI]

a —2772 —5778 —8784 107 JmC 2
an —6.476  —10.697 —14.918 10® Jm®C*
al? 1701  —2520 —6.741 10® Jm®C~*
Qi 3230 3230 3230 108 Jm®C*
al?) —3.441 —3.441 —3.441 10® Jm°C*
111 8.004 12.972 17.940 109 J m9 076
a11a 4470 4470 4470 10° Jm®C~S
123 4910 4910 4910  10° Jm®C~S

polarization and strain components [26]

9 (e _
= (H+ fo+ fo=7E=E-P) = 0 (2.11)
O [ e _
ae_‘<f£)+fc+fq_0'€_E'P> = 0. (2.12)
j

The convention is that negative values means pressure, and positive values stand for traction.
Similarly for strain tensor e, negative and positive values represent compression and expansion,
respectively. Equation for stress-free (o = 0) deformation at zero electric field for homogeneous
sample follows immediately from Eqn.2.12

e = Q11P12 + Q12P22 + Q12P32
ey = Q12P12 + Q11P22 + Q12P32
€3 = 62121312 + Q12P22 + Q11P3,2

es = QubPaPs
es = QubPiPs
€g — Q44P1P2 . (213)

Mechanical deformation is proportional to square of polarization. Components of electrostric-
tion tensor (s are defined as

Qll —_ % |:d11 +9 (222:| . qun + OlQQll — 2012(]12

B (C11 — C12)(Chy + 2C10)

CAV11 C2
Q2 = 1 [@ _ @] _ Ciigiz — Craqn
- 3LCh  Cy (C11 — C12)(C11 + 2C49)

qa4
= — 2.14
Qu = & (2.14)
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with constants

Chi = Ci+201

Ci = Cn—Chy

i1 = qu+2q2

Gin = qu— Q2 - (2~15)

Substitution Eqn. 2.13 into Fy, [{P;}] + Foq [{ P €i; }] leads to the expression for the free energy
of homogeneous sample dependent only on polarization. It has the same form as Fj, with

coeflicients a&?, 04562) instead of a1, ajg, resp. The renormalization has the form [18; 37]

. 1 A2 A2
a1 = Oégl) - = [@ -+ 2@1
6 LCh U
. —4 2+ 2¢7
_ 0451) B c12q11(q11 q12) + c11(q7; + 241,) (2.16)
2(C11 — C12)(Chy + 2Co)
Cﬁl @%2 qz4
= —2=== 4 3=
Ci Ca om
_ (e {011(]12(26111 + qi2) + cia(qdy +2¢85) | 1aiy
12 2(Chi — Ch2)(C11 +2C9) 2Cu

o 1
19 = O./§2)—8|:2

(2.17)

Coefficients iy and oy are Landau coefficients for stress-free crystal presented in Ref. [13, 12].
We use them to get constants for mechanically clamped crystal aﬁ? and 04562). Shapes of clamped
and stress-free crystal can differ significantly. In Fig. 2.2 there are printed clamped and stress-
free potentials for P, = 0. Stress-free potential minimum is tetragonal as expected, but clamped
potential has its minimum at orthorombic positions.

2.2 Ginzburg gradient contribution to the free energy

Generally, the polarization varies with position in space, P = P(r). We assume that polarization
components P;(r), Py(r), Ps(r) are differentiable functions of position up to second derivatives.
Ginzburg contribution to the energy functional from weakly nonlocal interaction is given by
quadratic form in polarization gradients for cubic symmetry

1
fal{Pii}] = iGijklPi,ij,l

1
= §G11(P12,1 + P22,2 + P32,3>
+G14(PiaPog + PyoPs s+ Py 1Py 3)
1
+§G44 (Pl,+ P} + Pjs+ P}y + P;1 + Pl3) . (2.18)

The tensorial expression was introduced and explained in Ref. [26]. For cubic symmetry Gy; =
G111, G12 = G122 and G4y = G1912. Tensorial form proves useful for transformation of tensor
components into new coordinate systems: Gjji; has the same transformation properties as
tensor of elastic constants Cj;x; in Eqn. E.5).
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Figure 2.2: Negative values of Landau potential with coefficients according to parameter set
7A” from Tab. 2.2 for 298 K. (a) Stress-free Landau potential in tetragonal phase. (b) Clamped
Landau potential in tetragonal phase phase has orthorombic minima. Contours are distributed
linearly.

It it worth noting that expression for gradient energy appears in several equivalent forms in
literature. Most common forms are

fallPul] = 5Gu(P+ Pyt Fy)
+G1o(Pr1Pog+ PopPss+ Pi1Ps3)
+%G44 (P2 + Po1)? + (Pag + Ps)” + (Pa1 + P1,3)2) ; (2.19)
where G14 = G2 + G4, and

1
fal{Pi} = §G11(P12,1 + P}, + P3y)
+Ho(Pr1Pyo+ PyoPss+ PriPs3)

1
+§H44 ((Pl,z + P2,1)2 + (Py3 + P3,2)2 + (Ps1 + P1,3)2)

1
+§ 4/14 ((Pl,z — P2,1)2 + (Po3 — P3,2)2 + (P31 — P1,3)2) . (2.20)

Here G4y = Hyy + H), and G4 = His + Hyy — H),. Previous relations hold thanks to the
equality of volume integrals P; 2P and P; ;P in infinite or periodic sample. The former is
case of analytic considerations, the latter holds in simulations in periodic space.

It is usually taken for granted [20, 24] that the gradient energy is isotropic®. However, in
Ref. [26] there was shown that the anisotropy of gradient energy play crucial role in domain
formation and evolution process in perovskites.

SGradient energy is isotropic if the coefficients fulfil following condition: G4 = 0 and Gy = G1;.
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Even if the gradient energy is isotropic, there can be certain direction of domain walls
selected by elastic compatibility conditions. Elastically permissible orientations of walls are
discussed in Sec. 3.1).

The gradient energy acts only on inhomogeneous part of polarization and is zero for uniform
polarization field.

2.3 Elastic long-range interaction

Ginzburg-Landau-Devonshire potential introduced by the Eqn. 2.1 is defined in terms polariza-
tion and strain field. Strain can be split into two parts: homogeneous macroscopic strain e;;
and heterogeneous strain with zero spatial average de;;(r) which satisfies

/dr de;j(r) =0. (2.21)
Homogeneous strain €;; is defined by the condition
€ij (I‘) = Eij + 56,‘j(1‘) (222)

and is controlled by macroscopic boundary conditions discussed in Sec. 2.4.

The heterogeneous part of the elastic strain field can be usually eliminated assuming that its
relaxation towards mechanical equilibrium is much faster then evolution of the inhomogeneities
of the polarization field [19, 18]. In this case, heterogeneous strain is determined from local
mechanical equilibrium conditions given by Euler-Lagrange equation

3
j=1

Elimination can be conveniently done using the Fourier transform (defined by relations in (B.1))
of the displacement field components w;(r) and electrostriction stress components g;;(r).

Boi; = 0 (Ofca
o _Zla—xj (auij =0. (2.23)

J j=

MH:/MW®€m
gi;(k) = /dr gij(r)e_ikr (2.24)

Fourier components of the instantaneous equilibrium strain field are expressed in terms of g;;(k)
and the directional cosines k = k/|k| as follows:

1

. (2.25)

G;(k) D(k)H(k)k;
d; d; ’

J J

where

Gi(k) = ZAjgij(k) (2.26)
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Hk) = Y kGik)/d; (2.27)
DR) = (Crot Can) /(L + (Cua + Cus) x(R)) (2.28)
(k) = Z/%?/di (2.29)
dk) = Cu (1+51%3) (2.30)

§ = (Ci—Cia—2Cy)/Cu . (2.31)

After the substitution of the backward-Fourier-transformed elastic displacement field into the
expression for electrostriction and elastic energies we finally get an elastostriction energy (with-
out explicit dependence on elastic field)

oo (P = FE RPN + FL R = ~5 8 [ i [Bro(@0n(-W] - (232
The matrix B(k) reads
Buo (k) = B0 (k) — D)6, (k)05 (k) , (2:33)
and its components 3,, and 6, (k) depend on directional cosines only (see also Ref. [38]).
k2/d, 0 0 0 kegk, /d, koky/dy ]
0 kd, 0 kyk./d, 0 ke, /d,
5 0 0 i2/d, k. ). kok, /d, 0
- 0 hyka/dy kykojd. B2+ 02/, kky/d ok, /d,
kobo/dy 0 ki keky/d K2R, kyk./d,
| koky/dy kiky/dy, 0 kyk./d, kyk./d,; kz/d +k2/d
0, = k/d,
0, = k2/d,
0, = k2/d,
0, = kyk.(1/d, +1/d.)
05 = kok,(1/d, +1/d.)
O = koky (1/dy+1/d,) . (2.34)

Once the Fc [{e;;}] + Fy [{ P, €;;}] terms in the Ginzburg-Landau-Devonshire free energy func-
tional are replaced by the above expression for quasi-equilibrium elastostriction energy F¢,, [{ P},
the total Free energy depends on polarization field only:

F' = F'[{Py Py} . (2.35)

Long-range nature of elastostriction interaction appears after transformation from Fourier to
the direct space [18§]

6

FL P} = ——//drdszzkﬂpar—s (s)Y,(r) , (2.36)

p=1 o=1
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where

v, (R) = (Qi)3 / dk A, (K)exp (—ik - R) (2.37)

is backward Fourier transform of kernels A,,(k), which are linear combinations of B, (k) (def-

A~

initions of A,,(k) are given in Sec. D), and the vector Y is defined as
Y = [P}, Py, P}, P,Ps, P.Ps, P Py| . (2.38)

in reciprocal as well as in direct space.

2.4 Homogeneous strain and stress

The model enables to control mechanical boundary conditions of the sample in two ways: either
by mechanical clamping (where the homogeneous part of elastic deformation is fixed), or by
external mechanical stress. Although perfect mechanical clamping is never available in real
experiments, it can still be pertinent approximation of external conditions in some cases.

Homogeneous stress @ consists of two contributions: external stress and internal homoge-
neous stress rising from electromechanical coupling in the sample

gy =0y 05 (2.39)
Internal stress is attained according to Hook’s law
o' = Cymen' (2.40)

where homogeneous strain comes from average squared polarization

ent — QHPT-Q_—FQ_HPTZ + QquQ for i #j#k
e~ LQuiRIIP for i 4.

ij

(2.41)

Crystal, loaded by stress &, changes macroscopically its shape according to the inverse Hook’s
law. Note that strain in principal axes as well as shear strain is possible.

Equilibrium is given by Eqn.2.12, where & is not necessarily zero. Strain is expressed
in terms of polarization and homogeneous stress and substituted back into the free energy
functional. During derivation of these dependencies there appear additional contributions to
the free energy.

Firstly, coefficient oy is renormalized and turns anisotropic

Xy = 01 — (Qllazx + Ql? (Eyy + Ezz))
Oy = 01 — (Qllayy + Q12(Emz + Ezz))
a1, = Q1 — (Qllazz + QlZ(sz + Eyy)) . (242)

Secondly, there appear new expressions connected with shear stress, that were originally for-
bidden in cubic Landau expansion.

RYUPY = K9 UPY + BePaPs + 5, PPy + G- PiPy (2.43)
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where anisotropic 3;, 8, and (3, are

(44023
6r - -
Cu
44013
g, = -2
Y Cuy
G440 12
pB. = — 2.44
i (2.44)

In addition, there also appears renormalization of coefficients aq; and aqo given by Eqn.2.16
and Eqn. 2.17, which was already discussed in Sec. 2.1.

Finally, there appears term that originates from increase of stored energy due to external
stress. It only shifts the zero energy. It is not taken into account, since it does not influence the
variations of the free energy functional which are responsible for the evolution of polarization
in the model.

If homogeneous mechanical deformation free € is prescribed instead of homogeneous stress
7, the procedure is similar. Total stress is computed with use of Hook’s law. Internal stress
is then obtained from Eqn.2.40. Finally the external stress Efj’»‘“ is computed from Eqn. 2.39
which must be applied in order to fix the deformation of the sample. This stress is then virtually

applied to the sample, thus reproducing the clamping of the sample.

2.5 Electrostatic long-range interaction

To describe electrostatic effects, it is necessary to include additional, strongly nonlocal term
describing long-range interaction of individual dipoles with electric field of all other dipoles.
Electrostatic local electric field from dipoles is possible to write in the form

1 . P(s) 3(P(s)-R)R
Baop(r) = dmepeg /d {|R|3 R| ] (2:45)

with R = r — s, and energy increase due to this field is

Fu [{P}] = 87TeloeB // deds {P(r’)ﬁ;’(S) _ 3(P(r) - TQFE(S) : R)} ' (2.46)

Here eg stands for relative permittivity of background, coming from electron polarizability and
from contributions of higher frequency polar phonon modes’.
Polarization can be split into two parts, homogeneous and inhomogeneous:

P(r) =P +0P(r) . (2.47)

For inhomogeneous part it holds

/ dr 6P(r) = 0 (2.48)

"The dynamics of polarization field is bound to the "soft mode”: a polar mode with lower frequency (see
Sec. 4).
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Depolarization energy as compound of three terms then reads

Faep {P}] = Fa{OP} + Fiep™[{ P, 6PY] + Fig [{Pi}] - (2.49)
First contribution, Fi[{6P;}], comes from the spatially dependent, inhomogeneous part of
polarization. In Fourier space, it has the form (see Sec. C.4)
1 1 0P (k) - k|?
Fu (6P} = it s I 2.50
0P} = 5o [ (2.50)

with P (k) is zero for k = 0.

The fact, that P (k) is zero, together with P (k) nonzero (and not well defined) only in point
k = 0 implies that the cross term F§:o[{F;, 6 P;}] vanish.

Finally, the last part, the contribution of homogeneous part of polarization, reads (see

Eqn. 2.4):

Fgggl[{?i}]:-%/@E?:-%/@(- P )?:@, (2.51)

26360 26360

where V is the volume of integration area. It is zero in the case of infinite sample, periodic
sample or for sample with ideal compensation of surface charges®.
Generally, the depolarization field can be evaluated from the equation

div Baep(r) = ———div P(x). (2.52)

€EB€o

8For example by short-cut metallic electrodes.
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Chapter 3

Charge-free elastically compatible
domain walls

Systematic study of elastically compatible domain walls in all ferroelectric phases of BaTiOj3
within charge-free assumption div P = 0 is given in the framework of phenomenological GGLD
model. Profiles of domain walls are computed analytically for Ising-type' domain walls. We
give quantitative estimation of thickness and planar energy density of different walls present in
BaTiOg3 in the whole temperature range of ferroelectric phases.

Study of domain wall provides information about domain wall energy density, mobility,
intrinsic pinning or may show limits for modeling particular wall within continuous theory.

GGLD model was previously used for analytical study of domain walls in BaTiO3 and other
perovskites materials in tetragonal and orthorombic phase [33, 39, 26, 34]. Ferroelastic S-wall
was recently studied for ferroelastic transition m3m — mmm [35].

In this section we consider single infinite domain wall in a perfect infinite mechanically free
crystal, which separates two elastically compatible domain states. Components of polarization
and elastic tensor can vary across the domain wall, but introducing several simplifications
enables analytical computations.

Firstly, we restrict investigation to head-to-tail arrangement that is strongly preferred by
electrostatic dipole-dipole interaction in non-conductive crystal. But even in head-to-tail ar-
rangement there can be charges in domain wall arising from variation of polarization component
perpendicular to the wall. In [26] it was shown, that the presence of a dipole-dipole interac-
tion in ideally insulating crystal result in almost perfectly constant component of polarization
perpendicular to the domain wall (here shown for T90 wall in Sec. 3.5). Therefore only ideally
non-charged (div P = 0) domain walls will be taken into account here.

Second assumption is that there is only one component of polarization that changes through
the domain wall. One dimensional problem has analytical solution and allows for comparison
of complete set of walls in BaTiOs.

Ising domain wall has just one component of polarization changing through domain wall. This component
is in the plane of the wall

39
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3.1 Domain walls

Complete list of permissible ferroelastic domain walls can be obtained from symmetry. Relevant
considerations are to be found in Fousek [17], Fousek and Janovec [4] and Janovec [40]. Possible
types of domain wall in each of ferroelectric species are discussed. Crystal is considered to be
perfect, infinite, composed of two adjacent domains with deformation characterized by two
different strain tensors. Domains are separated by a wall of zero thickness. Appearance of
spontaneous polarization is always accompanied by occurrence of spontaneous deformation
thanks to the electromechanical coupling.

An elastically permissible (or elastically compatible) domain wall with normal [hkl] separat-
ing two adjacent domains characterized by strain tensor 'e;;, ?e;; obeys for any in-plane vector

ds (hdsy + kdsy + ldss = 0) relation (Ref. [4])

3
Z Akldskdsl =0 s (31)
k=1

where Ay = ey — 2ey is the difference between components of strain tensor in adjacent

domains. Elastically permissible domain walls can be infinitely large. They separates domains
which mechanically fits each other. There are no dislocations and in-plane tensions between
adjacent domains.

From symmetry considerations it follows [17], that there are only three possibilities for the
number N of domain wall separating two domains:

1. N=0: No mechanically compatible wall exists.

2. N=2: Two mutually perpendicular domain walls exist. Each of them is either W-type
wall or S-type wall. W wall have its orientation fixed with respect to symmetry elements
of parent phase while orientation of S-wall is determined only by the value of strain
tensor components of incident domains and it can therefore vary with temperature. In
the case of polar dielectric one wall of the pair is head-to-tail, the second is head-to-head,
as indicated in Fig. 3.1.

3. N=oo: Arbitrary oriented wall is possible (W,, wall). Particular orientation of W
domain wall, which were determined from point compatibility considerations might be
preffered by anisotropy in domain wall energies.

In a real crystal a wall can be disoriented with respect to obtained directions, if the increase of
elastic energy is small.

BaTiO3 with its four ferroelectric phases offers wide variety of elastically permissible domain
walls [17]:

In the tetragonal phase there exist 180 degree W, domain wall (T180) and 90 degree (T90)
W; domain walls. Each of them can be either charged or not charged. 90 degree charged and
charge-free walls create pairs as discussed for the case N = 2.

In the orthogonal phase the situation is more complicated. There is again W, 180 degree
domain wall (0180) and 90 degree W; domain wall (O90) with the same properties as in
tetragonal phase. In the case of 60 degree angle between adjacent polarization direction, there
exist pairs of mutually perpendicular walls created by one head-to-tail Wy wall and one head-
to-head S-type wall. In the case of 120 degree angle the situation is the same but S walls are
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Table 3.1: List of conjugate Wy-type and S-type domain walls in orthorombic phase. Chosen
direction of spontaneous polarization is [110] (0" in Fig.1.6). Subscript ¢ denotes charged
domain wall. The constant B stands for ef% Domain walls that are plotted in Fig. 3.1 are

indicated by boldfaced angle.

Conjugate vector Wy-wall S-wall Angle

[011] 101, [1B1] 60
[101] 011  [B11] 60
[017] [101, [1BI] 60
[101] 011  [B11] 60
[011] [101] [1BI, 120
[101] [011]  [B1I, 120
011] [101] [1Bl, 120
[101] [011]  [B1l, 120

charged. As only non-charged walls are discussed here, S-type domain wall will be referred to
as O60 and its conjugate W; wall as O120. Complete list of 60 and 120 degree domain walls
for all combination of spontaneous states is given in Tab. 3.1.

In the rhombohedral phase, there exist W, 180 degree domain wall (R180) and pairs of
charged and non-charged W -type domain walls with mutual angle of polarization being either
109 or 71 degree (R109 and R71 walls).

These domain walls are also schematically depicted in Fig. 3.1.

If necessary, nonequivalent domain walls are further distinguished by their normal (e.g.
T180{001}, T180{011}). Possible elastically permissible electrically neutral W-type and S-
type domain walls and important orientations of 180 degree domain walls are plotted in Fig. 3.1.
For completeness, charged Wy-type and S-type domain walls are plotted in Fig. 3.2.

3.2 Omne-dimensional approximation

Two elastically compatible spontaneous states are chosen and the orientation of the wall is
determined. Spontaneous polarization corresponds to boundary values of polarization in infinite
distance from the wall. Spontaneous strain in the infinity is computed from Eqn. 2.13. External
stress is zero.

New coordinate system is chosen with base vectors r, s, t so that P, component of polariza-
tion vector P changes its sign through the wall, s is the normal to the wall and t component
complements orthonormal coordinate system. New coordinate system will be denoted by primes
and transformed energy functionals, tensors and vectors will be referred to as primed quanti-
ties or denoted by corresponding (r,s,t) indices. Complete set of transformation matrices for
elastically permissible domain walls in BaTiOj3 is given in Sec. E.3.

All quantities in this approximation vary only along normal to the wall s. Polarization
vector and strain tensor are assumed in to have the form P’ = [P,(s), Ps(+00), P;(£o0)] and
e = e (£00), ess(8), et (00), 2e4(5), 2e,¢(£0), 2¢,5(s)]T, respectively. The form of the po-
larization corresponds to the previously mentioned simplifications (div P = 0 implies constant



42 CHAPTER 3. CHARGE-FREE ELASTICALLY COMPATIBLE DOMAIN WALLS
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R180{110}
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Figure 3.1: Possible non-charged domain walls in BaTiOg3 ferroelectric phases. Arrows corre-
sponds to spontaneous polarization values. If it is possible (if domain wall is not 180 degree),
the head of the first arrow touch the tail of the second arrow, thus indicating the head-to-tail

character of the wall.
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Figure 3.2: Charged Wy-type and S-type domain walls in BaTiOg ferroelectric phases.

normal component of polarization to the domain wall and only Ising walls with single chang-
ing component are taken into account). The form of the strain tensor follows directly from
mechanical compatibility and boundary conditions.

Remaining s-dependent components of strain tensor are then computed from Euler-Lagrange
mechanical equilibrium condition

3 3
dol. o [Oft
Yooyl (éﬁlq) _o. (3.2)
j=1 J =1 J j
where f' = f' [Py, Prs, €ss, €st, €rs) = f O [P + f& [Prg] + JGq [Prs €ss, €st, €rs) 1s transformed free
energy. From boundary conditions for stress and the fact, that only variation is along s direction
we get

a/
foa o (3.3)

7 ij
Oe, ’

for ij € {ss,rs, st} with the integration constant C;; to be determined from boundary condi-
tions. Boundary conditions for all elastically permissible domain walls in BaTiO3 are given in
Tab. 3.2. We finally get dependence of transformed strain tensor component on polarization

€ss — ess(Pr(S))
€rs = ers(Pr(S))
est = es(Pr(s)) . (3.4)
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Euler-Lagrange equation for polarization

o of af’ B
> 8x;~ 8Pi/,j )z =0 (3.5)
reduces to
/ /
0 of of =0 (3.6)

dsdP,, OP.

Obtained strain components Eqn. 3.4 are substituted into Eqn. 3.6. It is possible now to rewrite
the Euler-Lagrange equation for polarization in the form

d*p(s
0T ap(s) + arip(s) + b (s) (3.7)
where p(s) stands for P,(s). Euler-Lagrange potential fgr, is obtained by integration?:
2
g (Op\~ _
5 (83) = feL(p) (3.8)
with
feL(p) = a1p2(s) + CL11P4($) + a111p6(5) . (3.9)

Coefficients aq, a1 and a;1; include elastic and electrostriction interaction. Euler-Lagrange
potential is a double-well potential with two minima given by

9 —ay1 + /a3 — 3aima (3.10)

p g
o 3aii

such that p = |P.(00)| = |P:(—0o0)|. Following procedure is based on [27]. The differential
equation (3.7) has analytical solution

sinh(s/&
p(s) = pr— i /E)__ (311)
VA + sinh?(s/¢')
where
£
is determined using the depart from simple tanh profile
P2
A— San s + an (3.13)

2a111 P2 + a1y

Domain wall thickness is defined (Fig. 3.3) as
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P/Pq
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\\\
............. —1 IR By

Figure 3.3: Analytical profile of domain wall (Eqn.3.11). Two domain walls are indicated,
continuous line for shape factor A = 1, broken line for A = 3. Both profiles have the same
derivative for s/2¢ = 0 and therefore also the same thickness (Eqn.3.14) that is indicated by
vertical lines.

with U being the corresponding energy barrier in Euler-Lagrange potential fgr,(0) — frr(pso)
U = 2a111p%, + a11pl, (3.15)

The surface energy density of such domain wall is

Y= %poo 29U [A*1(A)] , (3.16)
where
3 [ cosh?(t)dt
1A =7 /_ AT cosm2(t) =17 (3:17)

It has a property I(1) = 1. Contribution from the shape correction factor A%/2I(A) is plotted
in Fig. 3.4.

2Tt is also possible to obtain coefficients a1, a1, and a11; by simple substitution of strain tensor components
from Eqn. 3.3 into transformed free energy f’.
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Figure 3.4: Almost linear dependence of correction factor in the expression for domain wall
energy density as a function of the shape coefficient A (Eqn. 3.13).
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3.3 Results

We applied previously described model to all non-charged elastically compatible domain wall in
BaTiOs3. Numerical values were taken from Tab. 2.1 set ”A”. Boundary conditions are provided
in Tab.3.2. Used parameters {a1, a11, ai11, g} and resulting wall characteristics are given in
Tab. 3.3. Finally, plots of domain wall thicknesses and energies (for all considered walls, in the
whole temperature) range are given in Fig. 3.9.

Profiles of polarization are plotted in original coordinate system. Profiles of strain tensor
components through a domain wall was obtained by substitution of P.(s) = p(s) into Eqn. 3.4
and back transformation into original coordinate system.

3.3.1 T180{001} domain wall

Parameters computed from Tab. 2.1 for tetragonal phase (298 K) have numerical values Py =
0.265, ¢y = Qu Py =7.77 x 107® and e, = Q12P; = —3.18 x 1072,

Procedure described above lead to the equation (3.7) with coefficients

P = PO
g = Gy
2 p2
qio P
a; = o —equ —2e1q12 + lé, g
11
2
. (e) . 1 412
T T e,
ain = o - (3.18)

From discussion in Sec.3.4 it follows that these expressions holds for both T180{001} and
T180{011} domain wall.

3.3.2 T180{011} domain wall

Coefficients of the equation (3.7) are

Poo = PO
g = Gu
20126“ — 40446J_
ay = oq—e|qu+ c
11
o 14
an = 0451) - 501/2
11
ain = Qi (3.19)

where C1; is defined in (3.22). Values of coefficients a;, a1, for T180{001} and T180{011} are
numerically very close, a1, and g are equal. Both domain walls have similar profile in primed
coordinates.
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3.3.3 T90 domain wall
Coefficients of the equation (3.7) are
Py
Poo \/§
(G11 — Gho)
9 2
P? P
ax ay + TQTO + 04/112Z0
r / ‘F)(]2
a1y ayp + g 5
111 04,111 (320)
with
1 ~2 1 ~2 !
A = a— S N (qu1 +q/12)q12 P2
3C) 60y 20T,
S
1 2 4 20y,
(e) /! ~9
as = 3a§el) 04;2 _ (111?12 _ 922
11 205
1
ay = 1 (111 + 112)
1
&I112 = Z_l (150(111 — 04112) (321)

derived in [26]. Primes denotes transformed components of elastic and electrostriction tensor.

!
11

!
Ciy

!
66

!
d11

!
i)

!
dse

Cii+ Cia + 20y
2
Ci1+ Cia —2Cu
2
Ci —Cho
2
11+ 12 + qaa
2
q11 + q12 — Gaa
2
qi1 — q12 -

(3.22)

T90 wall is approximately 5 times thicker than T180 wall mainly due to anisotropy of gradient
terms and low energy barrier. Their energies are comparable.
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Figure 3.5: Analytical profiles of polarization and strain components inside the T180{001},
T180{011} and T90 wall.
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3.3.4 0180{110} domain wall

Numerical values of spontaneous polarization and strain for orthorombic phase (208 K) is Py =
0.331, ¢, = Q3L P2 = 3581073, e, = Q1P = —4.96x 1073 and ¢, = L1 P2 = 0.79 x 1075,

Resulting coefficients are

P = PO
_ G — Gz
g 2
_ / / / / qg P2
ar = ar—ep(qy — qha) — ecqiz — ealqyy + ¢ha) + —~ 1o
11
B '
! 2 4 20,
1
G = 7 (111 + a112) (3.23)

with the same primed components of tensors as in Eqn. 3.22.

3.3.5 0180{001} domain wall

Coeflicients are

P = PO
g = Gu
- Cha
a; = a; —eu(q1 + q12) — epqua + 26&120—
11
R
1 2 4 20y
1
ajyn = 1 (o111 + ai12) - (3.24)

Primed components of tensors are again the same as in Eqn. 3.22.

This domain wall is potentially not stable with respect to deviation of t-component of
polarization. Ising assumption may not be correct. Domain wall of Bloch type may appear,
instead (see Sec. 3.6 and appropriate graph of numerical solution in Fig. 3.14).

3.3.6 090 domain wall

It leads to coefficients

pOO - \/§
g = Gu
2 4 2 2
— (e)& & Q2 quq p2
aq OZ1+O&12 9 +OZ112 4 +(2011 4044> 0

—eq(qi1 + q12) — ecqu2
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(e) , 1 2 i
app = Ay +§ o2 by — L

a1 = o111 (325)

3.3.7 060 domain wall

S-type domain walls were reported in Ref.[4, 17]. Its orientation does not generally coincide
with any crystallographic direction. Orientation of S-type wall is only dependent on strain
tensor components and therefore will depend on temperature through temperature dependence
of spontaneous polarization and eventually elastic and electrostriction coefficients.

Caq — ec 2ey €c — €q
So60 = > 5
V2(eq 244e2" \/2(eq — )2+ A€} \/2(eq — €0)? + €]

—€y €q — €c €y
t = , ) : 3.26
000 <\/(ea — )2+ 2e2 \/(eq —e)?+2e2 \/(ea —e.)? + 262) (3.26)
Numerical values of the vectors for temperature 208 K are
rogo = (0.707,0,0.707)
sos0 = (0.701,0.130,—0.701)
toso = (—0.092,0.991,0.092) . (3.27)

Due to complicated transformation the whole computation was performed numerically and
therefore analytical expression for coefficients of FEuler-Lagrange potential are not provided.
Profiles of components polarization and strain for this wall are plotted in Fig. 3.6.

3.3.8 0120 domain wall

Parameters of the one-dimensional Euler-Lagrange equation are p,, = \/7§P0, g= M.

Expressions for individual parameters of one-dimensional model are too complex to be given
explicitly, numerical values of parameters of Eqn.3.7 are given in Tab. 3.3.

This domain wall is potentially not stable with respect to deviation of t-component of
polarization. Ising assumption may not be correct. Domain wall of Bloch type may appear,
instead (see Sec. 3.6 and appropriate graph of numerical solution in Fig. 3.14).
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Figure 3.6: Analytical profiles of polarization
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components inside the O180{110}
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3.3.9 R180{110} domain wall

Numerical values of spontaneous polarization and spontaneous strain components for rhom-
bohedral phase (118 K) are: Py = 0.381, ¢, = %Pg = 0.97 x 107® and ¢, = %PO? =
0.70 x 1073.

Coefficients of the one-dimensional model are

P = PO
~ Gu -G+ Gy
7= 3
1
ay = o1+ —[Cralea(qu1 + 2q12 — 4qus) — 6epqus)

—Ch1(6epqus + 3eaqyy)
—2C 4 (3eq(qu1 + 2q12) + 6€qiy)]

e g
H 3 20,
3 6
A a1 + 2047112 + Q23 (3.28)
where
, - 011 + 012 —+ 2044
33 = 5
;o qun Tt 2qa2 + 2qua
QII - 3
q11 + 2q12 — qua
gy = W (3.29)

This domain wall is potentially not stable with respect to deviation of t-component of
polarization. Ising assumption may not be correct. Domain wall of Bloch type may appear,
instead (see Sec. 3.6 and appropriate graph of numerical solution in Fig. 3.14).

3.3.10 R180{211} domain wall

The analytical expressions for a;, a1, a;11 and g are not given for this wall. They are too
complicated due to complex transformation of coordinates.

This domain wall is potentially not stable with respect to deviation of t-component of
polarization. Ising assumption may not be correct. Domain wall of Bloch type may appear,
instead (see Sec.3.6 and appropriate graph of numerical solution in Fig. 3.14).

The additional minimum (on the contrary to other Ising walls that are unstable) is not
rhombohedral. It is orthorombic minimum of Euler-Lagrange potential. For lower temperature
this minimum does not exist and the domain wall isstable with respect to a change of t-
component (The Ising assumption is correct).

3.3.11 R109 domain wall

P =

Sl
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Q111
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3 9 3011 6044
—eq(q11 + 2¢12) — epqua
(e) 2
&3P 1 L)
bt S Ut AN 1O p2 112
+ 1 + D (20112 + v123) 0 Ch

(3.30)

This domain wall is potentially not stable with respect to deviation of t-component of
polarization. Ising assumption may not be correct. Domain wall of Bloch type may appear,
instead (see Sec. 3.6 and appropriate graph of numerical solution in Fig. 3.14).

3.3.12 R71 domain wall

Poo

a1

an
a111

with C%; same as in Eqn. 3.29.

Fy

V3
Gu

206562)P02 i 204112P61

4
a123P0

(651

3 9

9

ieYi _ i

—eq(q11 + 2q12) +

3C%,
S0 2ol dh
1 3 204,

a111

3C 4

(3.31)
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Figure 3.8: Analytical profiles of polarization and strain
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Table 3.3: Parameters and computed values for inspected domain walls.

T normal given in Tab.3.2. Domain walls which are

appropriate (boundary values corresponds to the global minima of Euler-Lagrange potential) for given ferroelectric phase are
boldfaced. Domain walls, which are potentially unstable (see Sec. 3.6) with respect to deviation in t-component of polarization, have

its names in parentheses.

Domain wall 2¢ by U A Poo g ay a1 a111

(109m) (1072 5) (10°%) (1) (%) (07" Em) (07 Mm) (100 BE)  (10° )

Tetragonal phase (298 K)
T180{001} 0.63 5.9 6.41 1.43 0.265 2.0 -14.26 1.69 8.00
T180{011} 0.63 5.9 6.41 1.43 0.265 2.0 -14.26 1.69 8.00
T90 3.59 7.0 1.45 1.09 0.188 26.5 -7.86 9.53 3.12
0180{110} 3.60 17.9 3.53 1.57 0.294 26.5 -5.87 -0.64 3.12
(0180{001}) 0.93 5.2 3.99 150 0.294 2.0 6.93 -0.02 3.12
090 0.47 2.5 1.96 1.33 0.208 2.0 -7.59 3.62 8.00
060 2.68 2.8 0.39 1.08 0.147 26.1 -3.47 7.04 3.12
(0120) 2.29 7.9 252 137 0.254 10.2 -6.35 1.60 3.41
Orthorombic phase (208 K)
0180{110} 2.66 31.0 8.20 1.70 0.331 26.5 -9.71 -2.75 4.36
(0180{001}) 0.70 8.9 8.95 1.64 0.331 2.0 -11.67 -2.13 4.36
090 0.72 4.3 4.26 1.50 0.234 2.0 -11.62 -0.08 12.97
060 3.62 5.5 1.09 1.08 0.166 26.1 -7.64 12.14 4.36
(0120) 1.70 13.7 5.82 1.47 0.287 10.2 -10.82 0.50 4.92
(R180{110}) 2.66 24.3 6.39 176 0.351 18.3 6.41 2.23 2.62
(R180{211}) 2.66 24.3 6.39 176 0.351 18.3 6.41 2.23 2.62
(R109) 0.87 5.3 453 1.55 0.287 2.0 -7.66 -0.71 4.36
R71 0.91 2.5 1.99 1.45 0.203 2.0 -7.50 1.14 12.97
Rhombohedral phase (118 K)

0180{110} 2.22 41.6 13.11  1.78  0.349 26.5 -13.16 -4.86 5.60
(0180{001}) 0.59 11.8 1403 172 0.349 2.0 “14.66 4.24 5.60
090 0.61 5.7 6.64 1.61 0.247 2.0 -15.11 -4.02 17.94
060 2.87 7.5 1.93 1.08 0.175 26.1 -12.17 17.38 5.60
(0120) 1.41 18.4 9.27 153 0.302 10.2 -14.93 -0.68 6.44
(R180{110}) 2.13 36.0 11.81 1.83 0.381 18.3 -9.53 -3.64 3.17
(R1804{211}) 2.13 36.0 11.81 1.83 0.381 18.3 -9.53 -3.64 3.17
(R109) 0.70 7.8 7.81 1.65 0.311 2.0 -10.84 -2.56 5.60
R71 0.74 3.7 3.52 1.58 0.220 2.0 -10.31 -2.42 17.94
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Figure 3.9: (a) Temperature dependence of domain wall energy per unit area. (b) Temper-
ature dependence of domain wall thickness. Both pairs, (O180{001}, 090) and (T180{001},
T180{011}), have similar thickness in wide temperature range and almost merge. Thick lines
indicates temperature wall thickness in the range of temperatures that are appropriate for given
phase. Thin lines stands for temperature range where boundary states are in local, not global
minima it the Euler-Lagrange potential.
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Table 3.4: Range of variation of coefficients of W, walls. The wall was rotated along the
direction of spontaneous polarization in the whole range of angles. Coefficient a11; does not
change. Minimum value, maximum value and their difference is given in the table.

Coefficient Minimum Maximum Difference Unit [ST]

T180 (298 K)

ap —14.2619 —14.2615 0.0004 10" Jm C~2

an 1.69068 1.69090 0.00022 108 Jm® C™*

g 2.0 2.0 0.0 107" Jm3C~2
0180 (208 K)

a —11.07 —8.32 2.75 107 Jm C~2

ai —3.38 —2.13 12.54 108 Jm° C™

g 2.0 26.5 24.5 1071 Jm3C2
R180 (118 K)

a —9.53 —9.53 0 107 Jm C~2

an —3.63985 —3.63970 0.00015 108 Jm® C*

g 18.3 18.3 0.0 107" Jm3C~2

3.4 Angle dependence of W, wall thickness

Thickness of domain walls is predominantly determined by the value of gradient coefficient g.
Fig. 3.9 shows that the most narrower walls are R71, R109, 090, O180{001}, T180{001} and
T180{011}. All of them have g = 2 x 107!, Thickness of walls increase with increasing g.
Equation (3.14) also implies thicker domain walls for materials with larger value of p., (e.g.
PbTiO3).

In tetragonal phase, 90 degree domain wall is much thicket than 180 degree wall (3.59 nm
compared to 0.63 nm). On the contrary, in orthorombic phase the domain wall O180[1-10] is
almost four times thicker than 90 degree domain wall.

Summary of results is given in Tab. 3.3. Temperature dependence of thickness and energy for
all domain walls are plotted in Fig. 3.9(a) and Fig. 3.9(b), resp. Energy of increases and thickness
decrease with decreasing temperature. This is consequence of relations (3.16),(3.15),(3.14) and
increasing value of p,, with decreasing temperature as shown in Fig. 2.1(c).

Non-ferroelastic 180 degree domain wall is not limited to any crystallographic direction.
Generally, angular dependent coefficients g and also coefficients a1, ay; and aq1; can (if suffi-
ciently anisotropic) cause change of domain wall thickness and energy. Gradient coefficient is
not dependent on angle in tetragonal and rhombohedral phase and variation of Landau expan-
sion coefficients is also insignificantly small (Tab.3.4). On the contrary, in orthorombic phase
there is a strong angular dependence of g and Euler-Lagrange coefficients leading to angular
dependence of wall thickness as shown in Fig. 3.10. 0180{110} domain wall is almost four times
thicker compared to thickness of 0180{001} wall.
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Figure 3.10: Angular dependence of 180 degree domain wall thickness in orthorombic phase
phase. @ =0 and a =  corresponds to O180{110} and O180{001} wall, resp.

3.5 Discussion of the charge-free assumption

Assumption that P, is constant may seem rather strong. In this paragraph we show for
T90 domain wall that it is reasonable premise. The polarization is assumed in the form
P = [P.(s), Ps(s), Pi(£00)]. Fixation of P, will be explained in Sec.3.6, it is no additional
assumption. Two coupled Euler-Lagrange equations are obtained from mechanical equilibrium
conditions (3.2) and Euler-Lagrange equation for polarization (3.5)

GgsPrss = 2a)P, + 4a},Pr® + 6a},, P?
+ 243 PP} + 4ay1, PP P? + 244, P, P}
G| Psss = 20a5P,+4a,Ps® + 6a),, P’
+ 2a'5P?P, + 4a),,P? P? + 2d),,, P} P, (3.32)

with the same coefficients as derived in Eqn. 3.21 and additional two

1 52 1 A2 /
@ = a1— |- il n 2% _ (q11 +q/12)Q11 P2
3CH 60y 201,
I A
1 2 4 204
(3.33)
Integration of both equations leads to an Euler-Lagrange potential
folPr Pl = dP?+ai P+ ayy P+ afy P + ai3 PP
+ ain (PP + PY) + an P PP+ P)) (3.34)

which is plotted in the Fig. 3.11(a). Electrostatic interaction is taken into account by including
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Figure 3.11: Euler-Lagrange potential for T90 wall in BaTiOs; (a) Without depolarization
field; (b) With depolarization field. From (a), it is clear that head-to-tail (HT) domain wall
is not equivalent with head-to-head (HH) domain wall even without depolarization field (see
Ref. [26]). With depolarization field included in (b), there remains only head-to-tail domain
wall connecting potential wells II. and III. Contours are distributed linearly.

effect of depolarization electric field. It is computed from Eqn. 2.52 as

1
Edep = |0, (_Ps + Cd@p)) of . (335)
€B€o
Integration constant is computed (from condition Eyep(00) = 0) as Cgep = Po/v/2. Electric
field is added to Landau potential and the integration is performed. Resulting Euler-Lagrange
potential differs only in additional parabolic term in P
1 1 P

d PrPs: ; PT‘7PS P_ _Ps
fELdep[ ’ ] fEL[ ]+26360 ® EBEO\/§

that, however, totally changes the shape of potential (cross sections of original and changed
potential for P, = 0 is shown in Fig.3.12. Without electrostatic dipole-dipole interaction
there are all tetragonal minima present in the Euler-Lagrange potential, but with electrostatic
interaction taken into account there persist only minima corresponding to head-to-tail wall.
Positions of tetragonal minima remains the same. Least energy path from one minima to the
second exhibits almost no variation in F;. It justifies our restriction to ideally charge-free wall
with P, constant.

(3.36)

3.6 Discussion of the Ising assumption

Assumption div P = 0 and just one varying component of polarization through domain wall
implies P. = P.(s), Ps = Ps(+o0) and P, = P;(+00).
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Figure 3.12: (a) Cross section of Euler-Lagrange potential (from Fig.3.11) for P. = 0. Dashed
and full line stands for potential with and without depolarization field, resp. (b) Detail taken
from the left plot. Minimum is still slightly shifted from P, = P,/v/2 (value for charge-free
domain wall) that is indicated by vertical line.

In fact, there is no reason for P, to stay constant. Legitimacy of this assumption was there-
fore examined. The premise of constant P, remains. Cross-section of Euler-Lagrange® potential
is plotted in the Fig. 3.13 for temperature corresponding to given ferroelectric phase. Minima of
the potential for [P, = P,.(+o0), P, = 0] and [P, = P.(—0), P, = 0] correspond to polarization
boundary conditions. The only exception is the O60 domain wall, where the boundary val-
ues for P, are non-zero and positive (for boundary conditions consult Tab. 3.2 and appropriate
transformation matrices in Sec. E.3). Minima of the Euler-Lagrange potential corresponding to
boundary values of polarization are global minima. All minima in the potential corresponds to
appropriate phase (e.g. for orthorombic wall there are only orthorombic minima, etc.) with the
only exception: side minima in the case of R180{211} wall are orthorombic minima. Poten-
tial takes into account Landau, elastic and electrostriction contributions, dipole-dipole is taken
into account by constant P,. Components P, and P, of polarization find appropriate trajec-
tory in order to minimize simultaneously energy from Euler-Lagrange potential and gradient
interaction.

From Fig. 3.13, it is clear that T180, T90, O180{110}, 090, O60 and R71 domain walls have
unique trajectory from one boundary minimum to the second. One-dimensional assumption is
appropriate in these cases and P, = P;(+00).

In the case of O60 domain wall the variation of P, will be very small and therefore it is
reasonable to assume it constant.

For 0180{001}, 0120, R180{110}, R180{211} and R109 wall, the situation is different.
Straight connection of boundary minima (through the paraelectric state) is energetically de-
manding and the polarization in the wall can tend to go around the energy maximum in the
middle of the potential. It would decrease Euler-Lagrange energy (at the expense of increase of
gradient energy). Therefore P, = P;(s) and the wall may be Bloch-like*. Another point is that
all these walls have relatively high energy (see Fig.3.9(a)) and therefore lower-energy Bloch
variant of the particular wall may be suspected to appear.

3Landau potential renormalized by elastic and electrostriction interaction assuming mechanical equilibrium.
4Bloch wall exhibits two-dimensional variation of polarization through a domain wall: Polarization rotates
in the plane of the wall while normal component to the wall remains zero.
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Figure 3.13: Cross sections of Euler-Lagrange potential perpendicular to the direction of domain
walls in BaTiOj3. In all cases the boundary value of P,(400) is zero, the only exception is O60
degree domain wall where P;(+00) is positive. Exact values can be obtained from Tab. A.1Walls
0180{001}, 0120, R180{110}, R180{211} and R109 with side minima corresponding to another
spontaneous states appropriate for give phase enables for Bloch domain wall. Side minima are
slightly more shallow than minima of boundary states. Contours are distributed linearly.
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Analytical solution for two varying components of polarization P,(s), P;(s) does not exist,
numerical simulation of domain wall profile was performed. Initial conditions were chosen so
that [P,(s), Pi(s)] trajectory goes around the middle peak in energy: P,(s) component linearly
connects values P,(—o0) and P,(+00), Py(s) is a gaussian curve (P;(+o00) = 0) and finally P
is fixed to the boundary value (charge-free assumption). The system was then relaxed to the
equilibrium. Results are plotted in Fig.3.14. Polarization component P, changes through a
domain wall.

In the case of O180{001}, R180{110}, R180{211} and R109 domain wall, the Bloch-like
solution was as expected. P;(s) starts from one boundary state, almost reach side minimum,
and continues to the second boundary state. In all these cases it seems that there exists another
solution of Euler-Lagrange equations, which goes over the potential maximum for P = 0.

0120 domain wall, on the contrary, exhibits only one solution (which reach potential max-
imum for P = 0. P,(s) changes its sign in the middle of the domain wall for P, = 0.

It will be necessary to check for energy of individual trajectories of in order to decide which
is absolutely stable solution of Euler-Lagrange equations.
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Figure 3.14: Bloch solution of Euler-Lagrange equation for O180{001}, 0120, R180{110},
R180{211} and R109 domain walls. Profiles were obtained numerically. Black and green curves
represent r and t-component of polarization vector. Component s is kept constant, domain wall
is charge-free.



Chapter 4

Dynamics of polarization field

4.1 Lattice contribution to the dielectric constant in BaTiO;

There are three basic mechanisms which contributes to the dielectric constant in ferroelec-
tric material: High-frequency electronic polarizability, contribution from lattice vibrations —
phonons at approximately THz frequencies and reorientation of polarization at lowest fre-
quencies. Dynamics of polarization in BaTiOjz is determined by lattice vibrations dynamics
(especially by modes with lower frequency as is derived in following text).

Polarizability of a material can be inspected by probing of a dielectric response. Frequency-
dependent dielectric function can be evaluated from reflection spectra (Fig.4.1 from Ref. [41]
shows reflection spectra for BaTiO3) using Fresnel equation for reflected light in the air

Vew)—1
Vew)+1

Relation between permittivity and optic index of the material for non-magnetic materials is
n(w) = /€(w). Imaginary part of R(w) can be obtained from Kramers-Kronig relations.
Complex permittivity was fitted by factorized form of the dielectric function that takes into
account contributions from individual optic modes!

0%, 5 — w4 iwy;
€(w) = e [[ opbo—= k0 (4.2)
QjTO — w? 4 wyjro

R(w) = (4.1)

involving transverse optic (TO) mode frequency Q2,70 and damping ;o constants, longitudinal
optic (LO) mode frequency ;.0 and damping ;0. Dielectric strength of the j-th oscillator
is computed from fitted parameters using relation

02 02, — 02 S
Ae; = e | 222 -1 O G (4.3)

with oscillator strength [42]

2 2
[Tx Q%o — QjTo
2 2 -
Hk;éj Qiro — QjTo

L Acoustic phonons do not contribute to the dielectric response.

(4.4)

SjZEOO

67
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Table 4.1: Frequency, damping and dielectric strength of optic modes in tetragonal phase.
Dielectric strengths of oscillators are computed from Eqn.4.3 with use of fitted €2; and ~;.
Data taken from Ref. [41].

Vibrational mode € v Qg

TO,(E) 34 100 2000
LO{(E) 80 9
TOy(E) 181.8 2.8 14
LOo(E) 305.6 9
TOs(E) 306 9 005
LOs(E) 465 5
TOL(E) 482 21 04
LO4(E) 706 22
T T
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Figure 4.1: Reflection spectra (circles) of BaTiO3 at room temperature (tetragonal phase). Fit
with parameters from Tab. 4.1 is indicated by solid line. Figure was taken from Ref. [41], where
the reflection data were collected from mono-domain single-crystal.

Static permittivity is expressed in terms of optic permittivity and individual contributions of
all polar modes

€0 =¢€lw=0)=¢€x+ Z 5 (4.5)

2
Yiro

Five atoms in a primitive unit cell of BaTiO3 (Fig. 1.5) imply existence of fifteen lattice vibra-
tional modes: twelve optic and three acoustic ones. Longitudinal and transversal optic mode
frequencies, dampings and dielectric strengths as measured in tetragonal phase are plotted in
Tab.4.1. Dynamics of polarization is governed by the dynamics of TO;(FE)? mode (so called
Slatter mode). Its dielectric strength is by far the biggest in tetragonal phase. Eigenvector of
Slatter mode for room temperature is shown in Fig.4.2. This mode comes from splitting of
cubic Slatter mode with symmetry F},, which is parent mode for modes with biggest dielectric
strength in the whole temperature range. Existence of the mode with low vibrational frequency

2E stands for the name of irreducible representation which determine mode transformational properties.



4.2. SOFT MODE CONCEPT 69
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Figure 4.2: Slatter mode which is the soft mode for cubic-to-tetragonal phase transition in
BaTiC)g.

is explained by so-called soft mode concept.

4.2 Soft mode concept

In the case of displacive phase transitions there exists a lattice vibrational mode whose frequency
decrease (softens) when approaching the phase transition temperature. The mode softens in
the middle of the Brillouin zone if the phase transition is ferrodistorsive (the case of BaTiOj)
or e.g. at the zone boundary for anti-ferrodistortive transition.

When approaching the cubic-to-tetragonal phase transition temperature from above, soft
mode frequency follows Cochran law

OV, =A(T-T,) , (4.6)

where T, is the Curie temperature®. Susceptibility divergence (Curie-Weiss behavior) on cooling
at T, is a consequence of Eqn. 4.5.

On further cooling, w would become negative. It indicates that the system is at the potential
energy maximum with respect to the distortion of the structure with the eigenvector of the soft
mode. Mode displacement freezes(the structure relaxes), and then mode? hardens again on
cooling down.

Existence of soft mode follows also from Lyddane-Sachs-Teller relation[45]

QQ
=Tl (4.7)
o k kTO

Divergence of e(w = 0) implies existence of a transversal mode with property Q?;, — 0. In
BaTiOs, the Slatter® mode is the soft mode for cubic to tetragonal phase transition. The cubic
vibrational mode with symmetry Fi, is also responsible for displacive character of tetragonal
to orthorombic and orthorombic to rhombohedral phase transitions. Other modes are almost
temperature independent.

3In the case of first-order phase transition it differs from phase transition temperature.
4The soft mode splits into two parts — longitudinal and transversal.
5Slatter mode in BaTiO3 denotes motion of titan with respect to oxygen
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Chapter 5

Landau-Khalatnikov equation

Dynamics of polarization is driven by the lattice mode with the biggest dielectric strength.
Extraordinary value of Aeysro in BaTiO3 compared to remaining vibrations indicates that the
dynamics of polarization is determined by the dynamics the soft mode. Frequency vsro and
damping Q1o fulfill relation

Ysro > 280510 (5.1)

and the mode is therefore over-damped.
Consequently, the evolution of the system is assumed to be driven by the dissipative time-
dependent Landau-Khalatnikov equation [43]

0 OF'
Hint) = _A(S_B-

where F' [{ Pi(r,t)}] is the free energy functional with eliminated elastic part (2.35) and &(r, t)
stands for random force (which is neglected in our computations). Kinetic coefficient A was
estimated in the Ref. [44] to about A = 4 x 10* C?kg ' m™3s.

Landau-Khalatnikov equation is an ordinary differential equation in time and can be solved
(for given initial and boundary conditions) for polarization field. Since the free energy is ob-
tained by integration over sample domain, variation of energy functional must be computed to
get generalized force at the right-hand side of Landau-Khalatnikov equation. Explicit expres-
sions for generalized force used in simulations are derived in this chapter and Sec. C.

(r,t) +&(r,t), (5.2)

5.1 Landau-Khalatnikov Equation in Fourier space

In principle, evolution of P;(r) field can be calculated straightforwardly from Eqn.5.2, but in
the case of periodic boundary conditions in a bulk system, it is convenient to solve an equivalent
equation for Fourier components of P;(r)

Ly [P(r)] (k,t) = —AF {gg(r)} (k, 1), (5-3)

ot

since applying discrete Fourier transform greatly simplifies numerical calculations of the long-
range forces. It is also favourable from numerical point of view since spectral methods exhibits
excellent spatial convergence (perfect agreement with analytical profile even for rough grid
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spacing [46, 32]). This approach requires evaluation of Fourier transform of the functional
derivative on the right hand side of the Eqn. 5.2

§F, - 5FIEe) 5FG 5Féq 5Fdep
F[m} = F15p +F{5B}+f{5ﬂ}+f{5ﬂ}' (5:4)

Equations (5.3),(5.4) are equally valid for discrete Fourier transform. Definition of forward
and backward discrete three-dimensional Fourier transform Fq is given explicitly in Sec. B by
Eqn. B.8.

On the right hand side of the Eqn. 5.4, there are contributions to a generalized force acting
on polarization field. In a numerical approach we search for force acting on each individual
discrete point.

5.1.1 Landau energy

Variation in real space is given in Eqn.C.1. Mutual multiplications of P;(r) in real space
corresponds to convolution of Fourier images P;(k). Computation in reciprocal space would
lead to multiple time-demanding convolutions. Therefore, this part is evaluated in direct space
with polarization field P;(r) = F~![P,(k)]. At the end, forward Fourier transform is used to
transform Landau force into the reciprocal space.

6Fy [{P)]

d 0P,

FlF 1P 00+t (7 )

+ 201 [(FUR) + (£ (R)] + ]] . (5.5)

Similar expressions hold for variation with respect to P, and P components of polarization

field.

5.1.2 Gradient energy

Functional derivative of gradient energy functional in direct space is derived (Sec. C.2)

0Fa [{Pij}] e Zh o <a Py 0P ) _au (a b 0 P1> 7 (5.6)

0P, T 0x? 0xdy  0x0z? 0y? 022

and remaining derivatives follows simply from cyclic permutation of indexes. Since differen-

tiation in direct space correspond to multiplication by ik in Fourier space, resulting Fourier-
transformed gradient force is

F {—M : HPM}]] (k) = GP(k) (5.7)
oP
with
Gllk% + G44 (k?% -+ k%) G14k'1k’2 G14]{31k3
G = G4k ko G11l€§ + Gy (k% + k‘?,) Giakoks
Ghakiks G1akoks Guik; + Gaa (K + k3)
(5.8)

Gradient part of generalized force is computed as a product of P(k) with a quadratic polynomial
in k;. This is used in variants of semi-implicit numerical scheme described in Sec.6.1.
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5.1.3 Elastostriction energy

Calculation in reciprocal space enables computation of long-range elastostriction forces by mul-
tiplication of P;(k) with elastostriction kernels A, (k) defined by Eqn. 2.37 and given explicitly
in Sec. D. Symmetry of matrix of kernels A, (k) (A,,(k) = A,,(k) - see the definition in [18])
is important for derivation (Sec. C.3) of formulas for generalized elastostriction force in Fourier
space:

P [%}L‘EBH] _ ——]-"[4P1 Z A, F + 2P F ! ; Ago F [Yy]

P ZA5U } (5.9
F {%}iﬂ}]] - ___7-“[4P2 Z Ao F + 2Py F 1 ; A F [Y5]

+2PF Z Ago F } (5.10)

= ——F[4P3 + 2P F!

Z A3O’
Z A4cr

In two dimensions there are APU(R) kernels nonzero where p,o € {1,2,6}, which corresponds
to nonzero positions in vector Y = [PZ, P£,0,0,0, P, P,].

Z A5O’ YO’]

o=1

] , (5.11)

it
0P

+2PF

[0FC, { P} 1
F Cgl[p{ ) :_57: 4P F! ZAM}"[YU] +2P,F ! ZA&,]-"[YU] . (5.12)
1
[0FC, { P} 1| [ ] I 17
7 —Cfgj[g{ ! =-5F APRF 'Y Agy F Y| +2PF ) A FIY,]|| - (5.13)
2

Kernels Apg(R) are defined as 0 for k = 0 point of reciprocal space: elastostriction interaction
acts only on the heterogeneous part of polarization here. Forces due to heterogeneous strain
or stress are taken into account through anisotropy of coefficient oy — (@i, a1y, 1.) and
additional coefficients (8, 3y, 3.) in Landau potential as described in Sec. 2.4.

5.1.4 Dipole-dipole electrostatic energy

Functional derivative of dipole-dipole electrostatic part of energy can be written (Eqn. C.12) as

SFagllrll 2 [, [P RPW.R

= — 5.14
dP; 8mepen IRJ3 IR|? ’ (5.14)
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using R = s — r. Searched expression for variation in Fourier space is obtained as

P [MamllBN] 2 (P9 Mk )

8TepeER k2

The right-hand side is defined as zero for £ = 0, because for periodic boundary condition there
is no force coming from homogeneous part of polarization.



Chapter 6

Implementation details of computer
programs

6.1 Numerical methods for solving Landau-Khalatnikov
equation

Landau-Khalatnikov governing equation (irrespective whether in direct or Fourier space) is
first-order ordinary differential equation of the form

OP(x, 1)

Sl pPx 1) (6.1

with initial conditions P(x,tg) = g(x). Here P(x,t) is field of order parameters and f(P(x,t))
is generalized force (in our case originating from Landau, gradient, elastic, electrostriction
and dipole-dipole interaction). To solve the Eqn.6.1 numerically, the space is equidistantly
discretized with step A. Time discretization is also equidistant with step 7. Computed P (x, n7)
will be referred to as P™ and the dependence on space coordinate will not be emphasized.
Simplest explicit first-order Euler method

Pt = P" 4 7f(P")
P’ = ¢° (6.2)

or second-order

PPl = [P - P o7 [2f(PY) — f(P ]
P’ = ¢
P g (6.3)

are usually employed for solving equations of this type. ¢¥ and g} are initial conditions. In
these methods, time step is limited by space step as

TS A (6.4)

This holds for computation in direct as well as in reciprocal space. Space constraint and the
fact, that space grid must be chosen relatively dense to obtain profiles consistent with analytical
solution, make Fuler methods unusable for simulations of long time periods.

1)
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Implementation of an implicit method would eliminate this time-step constraint. Construc-
tion of such scheme would be, however, prohibitively difficult due to non-linear Landau part at
the right-hand side of Landau-Khalatnikov equation.

Implementation of a semi-implicit scheme offers certain improvement. It was proposed for
computations in Fourier space (Refs. [20, 32]) and allows for a considerable increase of the time
step. It utilizes the fact that second derivative (present in gradient part of the free energy) is
simple multiplication of Fourier image of order parameter by parabolic kernal. Right-hand side
of Landau-Khalatnikov equation is therefore split into two parts - gradient force and the rest.
First-order Euler scheme with substitution n — n+1 to the gradient part can be schematically
written

P (k) = P (k) + 7 [ /(P (k) — kP (k)| (6.5)

where f does not include gradient force any more. This expression can be rewritten in the form

1

Pn+1 (k) m

[P”(k) +r [f(P"(k))H . (6.6)

Similarly, second and third order semi-implicit methods can be constructed

PUIK) = o [P0 = P+ 2 [2f(P00) — FPM0)]] (6)
PO — g0
P'=g',

18P"(K) — 9P (k) + 2P 2(K) + 67 |3/ (P"(k)) = 3/ (P""}(K)) + [(P" (k)

P*l(k) = (6.8
(k) (11 + 67k2) (6.8)
PO _ gO
Pl — gl
P2 — 2

Semi-implicit time-step is still limited by grid spacing, but it can be now chosen considerably
greater than in the case of the Euler algorithm. In the simulations, it is most beneficial to use
semi-implicit method of the second or third order(Ref. [32]).

In three dimensions with anisotropic gradient part, the derivation of semi-implicit scheme
is slightly more difficult. Suppose that X, Y, Z are number of grid points in individual direc-
tions and A is grid spacing. Equations of three-dimensional semi-implicit method with use of
Kramer’s rule reads

Pl = Z Sij [18P” 9P (k) + 2P7 (k)

+67 [3£;(P"(K)) = 3f;(P" ' (K)) + f;(P"*(K))] ] (6.9)
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where matrix S with components

Sy = % _ —(67)?2 ﬁgf&jk%umg&g]

Soy = % —(67)?2 ;ffoAlik%MRan]

Sy = % —(67)? ;f;fiy%ufznz%m}

Si3 = % :6Tk;1k;3 (67 ;GJSZGXLL k3 — A;,TZCX;*RQQ)_

S = % 67k, <67 ;;j;fizkg - ?;CZIQ‘R%)_ (6.10)

is the inversion of the matrix R with determinant D and components

An2Ghy , | 4n2G '
Ru = 11467 |kl + =t (B + k) (6.11)

4Gy, | ATG '
Ry = 11467 | <50tk + — ot (kK +43) (6.12)

-47T2G11 2 47T2G44

Ry3 = 11467 ZIAD k3 + ZInD (kT + k3) (6.13)

4 2

Rgg = 6T}Z'TZ—GAIQ4k2k3 (614)
4 2

ng = 6T}Z,TZ—GAIQ4]€1]€3 (615)
4 2

R12 = GTJZ—CAYI;kle, (616)

Derivatives from the matrix (5.8) were replaced by discrete derivatives in reciprocal space (see
Eqn.B.9).

Dipole-dipole interaction can be treated analogically to the gradient interaction in the
Fourier space. The variation with respect to polarization can be expressed as product of
Fourier image of polarization and a function dependent only on a direction from the origin
of the Fourier space. Method can be thus improved.

6.2 Description of programs and their parameters

The evolution of polarization field was solved numerically with use of previously described
methods. Simulations were performed for a bulk crystal of BaTiO3 from given initial state with
prescribed external electric field, external mechanical conditions (stress or strain) and tem-
perature. Resulting sequence of polarization fields was represented graphically and additional
information were extracted from polarization arrays.
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In order to keep it simple, four independent programs were designed: program ferrodo for
computation of polarization evolution, program drawarray for preparation of initial conditions,
program view for displaying images and program elast _draw for displaying of elastic field.
Special format *.arr is used for storage of polarization field (Sec.6.2.6).

The code is written in C++ programming language with use of external libraries for special
objectives. Fourier transform is computed with use of FFTW (Fastest Fourier Transform in the
West) subroutine library for computation of the discrete Fourier transform [70]. The cpgplot
variant of Fortran pgplot library [71] is used for plotting images. Finally, getopt library is
used for processing of command-line parameters.

6.2.1 Program ferrodo

Program ferrodo is designed for computation of evolution of polarization field.

The program is compiled from several source and header files: ferrodo.cpp contains main
loop of the program and computational routines, parameters _ferrodo.cpp is responsible for
loading and preprocessing of parameters of the program. Finally, output_ferrodo.cpp contains
mechanisms for output and saving of computed data. There is additional file utility.cpp that
contains necessary input/output and complementary routines. All routines are declared in ap-
propriate header files ferrodo.h, parameters_ferrodo.h, output_ferrodo.h and utility.h.
Compiled program is launched by the command

ferrodo --iterations ITERATIONS --x X --y Y --z Z --pdim PDIM --dt DT

--dx DX --steady_temperature STEADY TEMPERATURE --multlandau MULTLANDAU
--multgrad MULTGRAD --multelast MULTELAST --multel MULTEL --multdipdip
MULTDIPDIP --clamped CLAMPED --palette PALETTE --save_period SAVE_PERIOD
--printinfo_period PRINTINFO_PERIOD --record_period RECORD_PERIOD
--model_parameters_landau MODEL_PARAMETERS_LANDAU --model_parameters_grad
MODEL_PARAMETERS_GRAD --model_parameters_elast MODEL_PARAMETERS_ELAST

--model _parameters_dipdip MODEL_PARAMETERS DIPDIP --numerical _method
NUMERICAL_METHOD --initial condition_file INITIAL _CONDITION_FILE --info_filename
info FILENAME --output_dirname OUTPUT_DIRNAME

with following meaning of individual parameters (in parentheses, there is appropriate range of
values of a particular parameter):

. x-dimension of simulation area
x (integere{1,2,4,....2" ...})
o y-dimension of simulation area
Y (integere{1,2/4,....2"...})
z-dimension of simulation area
-z

(integere{1,2/4,....2" ...})
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—--iterations

-—-pdim

--dx

--steady_temperature

--multlandau

--multgrad

--multelast

—-—-multel

--multdipdip

—--clamped

--palette

Number of iterations in the main loop of the program
(integere{1,...})

Dimension of polarization vector (integere{1..3}]). For
PDIM=1 is the polarization aligned alon z-direction, for
PDIM=2 it is restricted to zy plane

Value of time step 7 (floating point number greater than
zero. It must be chosen according to the value of param-
eter ——dx in order to give stable scheme)

Grid spacing A (floating point number greater than
Z€ero)

Temperature of simulation (floating point number
greater than zero)

Multiplicative coefficient to Landau generalized force
(floating point number, no restriction on value)

Multiplicative coefficient to gradient generalized force
(floating point number, no restriction on value)

Multiplicative coefficient to elastostriction generalized
force (floating point number, no restriction on value)

Multiplicative coefficient to generalized force from exter-
nal electric field (floating point number, no restriction
on value)

Multiplicative coefficient to electrostatic dipole-dipole
generalized force (floating point number, no restriction
on value)

Mechanical boundary conditions (integer:
0: Mechanically free sample in all directions
1: Mechanically clamped sample)

Number of palettes for output as in program view
(integere{0,1,2,3})
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Number of iterations between saving images of polariza-

~-save-period tion field (integere{l,...})

Number of iterations between printing information

--printinfo_ iod .
prantinto-perio about status of the program (integere{1,...})

: Number of iterations between saving values of tracked

--record_period . . .
physical quantities (integere{1,...})

Specification of Landau parameters: (integer:

--model_parameters_landau 0: Parameters according to [12]

1: parameters according to [13])

Specification of gradient constants: (integer:
0: According Tab.2.1A

1: According Tab.2.1C

2: G11 = 1, G14 =0 and G44 = 1)

--model _parameters_grad

Specification of elastic and electrostriction constants

—--model _ t _elast ] . . .
mode -paransters-elas (just integer=0 available corresponding to Tab.2.1A)

Specification of background permittivity (just integer=0

--model_ ters_dipdi
mode’-parameters-dipdip available corresponding to Tab.2.1A)

Selection from available numerical schemes (integer:
0: First-order Euler
--numerical method 1: Second-order Euler scheme
2: Third-order Euler scheme
3: Semi-implicit third-order scheme)

Name of file with initial conditions (string with full path

—-initial_condition_file to the *.arr ﬁle)

Name of html file for recording of input parameters of

~~info filename the program (string with full name of the *.html file)

Name of temporary directory for output (string with full

—--output_dirname
P path)

Parameters are selected in order to answer basic expected usage of the program. It is, however,
obvious that given command-line parameters do not cover the whole area of functionality of
ferrodo. For example it is possible to consider more complicated dependence of temperature,
external electric field or mechanical boundary conditions on time, as shown in simulations in
following chapter. The program was also used to produce sequences of simulations e.g. when
frequency dependence of dielectric constant was simulated. These properties of the program
are accessible directly by changes in the source code, which is carefully commented in order to
enable alterations according to actual needs.
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(a) (b)
/ GetParameters() / I Pi(r) |
. ]
InitConstants() IAverageSquarePolarization()l

AllocateMemorySPace()

AllocateMemoryTime() ExternalStress()
InitArraysSpace() ExternalStrain()
InitArraysTime()

PlanFFT() |
l TotalStress() |
1
InitialConditions() - I
TransformInitialConditions( I Prmt{nfo() > | UpdatePaIrameters() |
— — I PnntPol?rPomt() > ForceLandau()
- I ExperimentObserver() I ForceElectric()
I ForceElastostriction()
I PrintExperimentObserver&
1
) e
. Scheme
| PolarizationUpdate() | Euler Semiimplicit
1
| SwapPointers() | | ForceGradDipdip() | | ForceDipdip() |
|
DestroyPlanFFT() I
estroyPla —
DeallocateSpace() force(k)=fL(k)+EL(k)+fES(k)+fGR(k)+fDD(k)

DeallocateTime()

Figure 6.1: (a) Block diagram of the core cycle of the program ferrodo. Parentheses indicate
names of subroutines, but parameters are not specified explicitly. (b) Routine Step() for
computation of generalized forces.

Program implicitly runs in three-dimensional space. It may be, however, advantageous to
decrease dimensionality of the space. It can be accomplished by setting appropriate value of Y,
Y or Z to 1. It effectively results in decreasing of dimension of the problem in that direction so
that the space is two-dimensional. One dimensional space is obtained by setting two of X, Y, Z
to 1.

The program is initiated from linux shell script with one command line parameter: the name
of output directory. The directory is created and the program is launched with all command-line
parameters specified in the script. When the program ferrodo is finished, the script continues
by copying important files from temporary to the output directory.

Basic scheme of the program is indicated in two flow graphs: Fig.6.1(a) depicts the main
cycle of the program. Key component of the loop, the subroutine step(), is schematically
described in Fig.6.1(b).

Command line parameters are processed by GetParameters() with use of getopt library rou-
tines immediately after start of the program and the parameters of the GGLD model are
obtained.

Allocation and initialization of appropriate structures follows. There are basically two types
of data arrays: Those which depends on a number of iterations and those which depends on
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a dimension of simulation area. Important representant of the first group is array for storing
data tracked during simulation. Arrays in the second group are intended for storing of (two
or more) polarization arrays and (one or more) arrays of generalized forces'. There are also
arrays for elastostriction kernels. Both types of fields are allocated (AllocateMemorySpace(),
AllocateMemoryTime()) and initialized (InitArraySpace(), InitArrayTime()) based on pre-
viously loaded parameters and constants from InitArrayConstants().

Fourier transform is initialized in the subroutine P1anFFT (), which tests the fastest scheme
for computation of the fast Fourier transform. This can take several minutes for large domains.

Initial polarization array is then loaded, and polarization field is transformed into reciprocal
space (InitialConditions(), TransformInitialConditions()).

The program then repeats routines in the main loop. Firstly, information about simulation
stage are written to standard output (screen) by routine PrintInfo(). They contains infor-
mation about program progress in percents, estimated time, elapsed time, actual temperature,
actual nonzero components of electric field, external stress and external strain. Polarization
array is saved and displayed by PrintPolarPoint (). Tracked quantities are then computed by
ExperimentObserver () routine and displayed by PrintExperimentObserver (). Generalized
forces in Fourier space are computed in Step(), and actual polarization field is updated with
use of selected numerical scheme in PolarizationUpdate(). Pointers that points to various
data arrays are then rotated in order to prepare for the next cycle.

At the end of the program, all fields are de-allocated with use of routines DestroyPlanFFT(),
DeallocateSpace() and DeallocateTime().

Routine Step() that computes generalized force from individual contributions to the free
energy is the core of the whole program and is described separately in Fig.6.1(b). It starts by
transformation of polarization field into direct space. It is necessary for computation of Lan-
dau force which is preformed in direct space (Sec.5. External stress or strain is then obtained
from boundary conditions by ExternalStress(), ExternalStrain(). Routine TotalStress()
computes value of individual components of homogeneous stress in order to keep mechani-
cal boundary conditions as discussed in Sec.2.4. Parameters of GGLD model (e.g. coeffi-
cients of Landau potential) are then updated by UpdateParameters(). Generalized forces
originating from Landau, Electric and Elastostriction force are computed by ForceLandau(),
ForceElectric() and ForceElastostriction(), resp. Gradient and dipole-dipole electro-
static force is evaluated either in ForceGradDipdip() (if Euler numerical scheme is used) or in
ForceDipDip() (in case of semi-implicit numerical scheme). At the end of the Step() routine,
individual contributions to the generalized force are put together.

All simulations were performed on personal computer with 3GHz Pentium4 CPU and 1GB
RAM memory. It was possible to perform simulations of polarization fields about 256 x 256 x 16
with three-dimensional order parameter.

'Number of necessary field is dependent on chosen numerical scheme (see Sec. 6.1).
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6.2.2 List of outputs of the program ferrodo

graph_angles.png

graph_applied_stress.png

graph_elfield.png

graph_external _strain.png

graph maximal _force.png

graph_mean.png

graph_temperature.png

info.html

p--0000000.arr
p--0000000v.gif
p--0000100.arr
p--0000100v.gif
p--0000200.arr

p__0000200v . gif

Only for PDIM=2: polarization vector is in plane and it
is possible to make histogram of angles of polarization
vectors in discrete points. Sequence of these histograms
provide two-dimensional graph of dependence of polar-
ization angles on time.

Time-dependence of external stress applied to the sam-
ple. Nonzero for CLAMPED=1, zero otherwise.

Dependence of external electric field on time.

Time-dependence of homogeneous deformation of the
sample.

Time-dependence maximal value of all components of
Landau, gradient, elastostriction, dipole-dipole and to-
tal generalized force.

Time-dependence of mean value of polarization and
square of polarization in the sample.

Time-dependence of temperature of the sample.

Detail description of initial conditions. Exact explana-
tion is provided for every parameter.

Polarization — iteration O: initial conditions.

Plot of polarization — iteration 0: initial conditions.
Polarization — iteration 100.

Plot of polarization — iteration 100.

Polarization — iteration 200.

Plot of polarization — iteration 200.

33
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record_angles.arr Data for plot graph_angles.png

Record of tracked quantities. Data tracked by the pro-
gram are: Maximal values of Landau, gradient, elas-
tostriction, dipole-dipole and electric force across the

record_all.arr whole simulation area, mean value of polarization, mean
value of square of polarization, temperature, external
stress, boundary stress, external strain and external
electric field.

6.2.3 Program drawarray

Program drawarray is designed for preparation of initial polarization fields. It contains wide va-
riety of routines designed to produce particular polarization field. It is necessary to combine rou-
tines manually, recompile and run the program in order to obtain desired polarization array. Re-
sult is saved in a file with a name constructed as (DIM)d(PDIM)d__(X) [_(Y)] [-(Z)] __array.arr.
Bracketed values are changed for appropriate numerical values of parameters with the same
meaning as that defined in Sec.6.2.1. Polarization array is also displayed with use of the
view program. Quantities in parenthesis stand for integer numbers, dimensions brackets are
optionally used according to valueDIM. The program is launched by the command

drawarray [-output_file FILE1]

with one optional parameter for name of output *.gif file.

6.2.4 Program view

Program view displays polarization array and save it to the x.gif graphical file. Several
command-line parameters can alter the functionality of the program. It is launched by the
command:

view -input_file FILE1l [-output_file FILE2] [-blackwhite] [-arrow] [--palette
NPALETTE]

Individual parameters have meaning:
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-—input_file Name of *.arr file with polarization field

Optional name of output *. gif file (if omitted, the name

--output_fil . .
[--output file] is constructed from input name as FILElv.gif)

Gray-scale output, feasible e.g. for publication in jour-

[--blackwhite]
nals

Draw arrows (only for two-dimensional polarization ar-

[--arrow]
rays)

Specification of color palette (see Fig.6.2):
0 Combined palette
[--palette] 1 Tetragonal palette
2 Orthorombic palette
3 Rhombohedral palette

Graphical schemes used for decoration of ferroelectric domain structure is apparent from
Fig.6.2.

(a) (b)

90

45

=90 —45

90

45

—45

90

Figure 6.2: Color palettes used for display of different directions of order parameter. (a) tetrag-
onal phase, (b) orthorombic phase, (¢) rhombohedral phase, (d) all schemes mixed together.
Horizontal axis represents angle in the canvas zy plane, while vertical represents angle of a
polarization vector from the canvas.

A color is assigned to every particular direction of spontaneous polarization. Similar direc-
tion of polarization have the same color. The color does not depend on the magnitude of the
vector. If a direction of polarization is approximately in between two spontaneous values, its
color is shaded indicating smooth change from one state to another. For all ferroelectric phases
of BaTiO3 a specific color scheme is designed and used. Red, orange and yellow for tetragonal
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phase, blue and green for orthorombic phase and brown and grey for rhombohedral phase.

Appropriate color scheme corresponding to the temperature of simulation is used. It is
also possible to combine individual schemes when the temperature changes during a simulation
and pass through a transition temperature, or if one is interested in phase coexistence at
certain temperature. All schemes for individual phases are displayed in Fig. 6.2(a-c), mixed in
Fig.6.2(d).

In the presented scheme any spontaneous direction is unambiguously determined by its
color. Color corresponding do the direction of polarization is drawn for every single point
individually. Projection of polarization to the plane of an image is also optionally indicated by
arrows. These are usually drawn only for selected points, in this work for 32 x 32 grid. Arrow
does not reflect polarization in neighboring points, it simply stands for value of polarization in
which it is plotted. In the case of rhombohedral phase, where vector of spontaneous polarization
is declined either up or down with respect to canvas plane, white and black color of arrow is
used for up and down deviation, resp.

Axis orientation for two-dimensional and three-dimensional plots of polarization fields is
given in Fig.6.3 (a) and (b), resp.

(a) (b)

Y

Figure 6.3: Axis orientation in two- and three-dimensional plots.

6.2.5 Program elast draw

The program is designed to compute and display field of elastic displacements and field of
components of the strain tensor.
It is launched by the command:

elast_draw -input_file FILE1l -x DX

File FILE1 must be a file of the type *.arr with two-dimensional polarization array. DX is grid

strain xx.gif e11(x) con
strain yy.gif e92(X) con
spacing. The program then produces following outputs:
strain xy.gif e12(x) con
Array of e

displacement.gif
P & angular gr
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6.2.6 Storing of polarization field

Polarization field is stored in files with suffix *.arr with purposely designed structure. First
line defines dimension of stored field

#(DIM) X [y 1(z 1 (PDIM)

where DIM (standing for dimension of the simulation domain) ranges from 1 to 3. Values in
brackets are used according to the value of DIM: if DIM=1, DIM=2 or DIM=3 then X, X and Y, or
X, Y and Z must be specified.

After the first header line, there follow sequences of blocks separated by blank lines. Each
block represents data for xy plane with increasing z-coordinate. Inside each block, lines corre-
sponds to increasing x-coordinate and each line consists of a sequence of vectors (with dimension
PDIM) with increasing y-coordinate:

#(DIM) X [y 1[z 1(PDIM)

P,(1,1,1) Py(1,1,1) P5(1,1,1) P, (1,Y,1) Po(1,Y,1) P3(1,Y,1)
P, (X,1,1) Pg(X,l,.l.). P;(X,1,1) P, (X,Y,1) PQ(X;§,1) P5(X,Y,1)
P,(1,1,2) Py(1,1,2) P5(1,1,2) P, (1,Y,2) Py(1,Y,2) P3(1,Y,2)
P, (X,1,2) PQ(X,].,'2.). P;(X,1,2) P, (X,Y,2) PQ()'(,'{{,Q) Py (X,Y,2)
P, (1,1,Z) Py(1,1,Z) P5(1,1,2) P, (1,Y,Z) P5(1,Y,Z) P3(1,Y,Z)
P, (X,1,2) P2(X,1,.Z'). P;(X,1,2) P, (X,Y,Z) PQ()'(,'\},Z) P5(X,Y,Z)

6.3 Simulations in one and two dimensions

All simulations are performed in three-dimensional space. Some domain arrangements can,
however, exhibit translational symmetry along one or two coordinate axes. In that case it is
possible to lower the effective dimension of simulated area (as mentioned before) and conse-
quently reduce computational demands. Consequence of such decrease of the dimension are
discussed bellow.

Two-dimensional simulations simply represent three-dimensional material with no variation
of the order parameter along third direction, say z-axis.

oP;
0z

0 Vi e {1,2,3} (6.17)
Material must not have shear strain in z-component (usz = 0, w3 = 0) in order o to fulfill
periodic boundary conditions for elastic displacement. But ug3 # 0 in general. Boundary
conditions in z-direction (external stress or clamping) are prescribed separately even for two
dimensional simulations. Fourier transform in the z-direction is trivial.
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Simulations in one-dimensional space equivalent to three-dimensional simulation with

P, :
= 1,2
o 0 Vi e {1,2,3}
ob; :
= 1,2 1
P 0 Vi € {1,2,3} (6.18)

and shear strains usg = 0, u13 = 0 and u;2 = 0. External strain or stress is again prescribed in
all direction z, y and z separately. Fourier transform in y and z direction is trivial.

Dimension of order parameter is chosen independently on space dimensionality. Polarization
can be thus restricted to the xy plane or just to x-component. It enables study of special cases
like two dimensional ordering of polarization as in Fig. 1.1 or uniaxial ferroelectrics.

6.4 Possible domain walls in individual configurations

Various combinations of values of DIM and PDIM enables to simulate various sets of domain
walls. For example for PDIM=2 it is not possible to simulate polarization in rhombohedral
state.

Furthemore, possible domain walls are also limited by domain dimensions, which is power
of two in order to simplify computation of the Fourier transform. Domain walls O60 or 0120,
have general direction and therefore their appearance will be either reduced or accompanied by
bending and artificial rotation of the wall.

Possible domain walls for individual choice of DIM and PDIM are comprehensively listed in
Tab.6.1.

Table 6.1: Possible domain walls for various combinations of DIM and PDIM parameters.

DIM PDIM Possible walls
Tetragonal: T180{001},T90
2D 2D Orthorombic: ~ O180{110},0180{001},090
Rhombohedral: —
Tetragonal: T180{001},T180{011},T90

2D 3D Orthorombic: 0180{110},0180{001},090,0120
Rhombohedral: R180{110},R109,R71

Tetragonal: T180{001},T180{011},T90
3D 2D Orthorombic:  0180{110},0180{001},090
Rhombohedral: —

3D 3D All considered domain walls with the exception of O60 (0120.) wall
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6.5 Advantages and disadvantages of simulation in Fourier
space

Computation in Fourier space simplifies evaluation of long-range interactions. It is fast and
enables to solve numerically Landau-Khalatnikov for large number of steps. It also exhibits
excellent spatial convergence (Ref. [46]).

On the contrary, dimension of simulation domain must equal power of two. This can be
restrictive for simulation of domain walls with special direction like S-wall in orthorombic
BaTiO3. Simulation in Fourier space also requires periodicity of boundary conditions. Model
can not be easily accommodated for study of boundary effects. Another limitation comes from
the fact that long-range kernels are defined for the whole sample. Therefore, it is impossible to
simulate material that composes of several parts with different elastic and electrostriction (or
electrical) properties.
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Chapter 7

Examples of simulations

In this chapter, possible use of the program ferrodo is reviewed on several examples.

Presented simulations of domain structure formation are given together with complete in-
formation about parameter values. Individual plots of polarization field are also denoted by
number of iterations from the start of the program. Real time in seconds is product of step and
numerical value of 7/A (time-step divided by the kinetic coefficient from Landau-Khalatnikov
equation). Parameters of the GGLD model were taken from parameter set "A” in Tab. 2.1,
otherwise it is explicitly specified.

Initial conditions are chosen purposely in order to produce desired domain structure. Exam-
ples of initial polarization fields is given in Fig.7.1. Random field of small polarization vectors
with magnitude 0.01F, is shown in Fig. 7.1(a). Remaining two pictures produce stripe structure
with T90 and T180{001} domain walls (Fig.7.1(b) and Fig. 7.1(c), resp.).

(a) (b) (c)

Figure 7.1: Initial polarization arrays used in simulations: (a) Random field representing
quenched paraelectric cubic phase. (b) 90 degree charge-free tetragonal domain wall. (c¢) 180
degree charge-free tetragonal domain wall.

Time step used in simulations were tested with use of the double-step method. Testing
simulation was performed twice: at first with chosen time-step (10000 steps) and then with
time-step divided by two (20000 steps). Time step was accepted if the Euclidean norm of the
difference of resulting polarization arrays fulfilled the condition

VIS S S 0P, g, k) —2Pali, 5, )
PovX XY x Z
91

< 0.001 , (7.1)
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where 'P and ?P is result of the first and second simulation, resp. This difference was considered
for sufficiently small.

7.1 Space accuracy of numerically obtained profiles

Numerical approximation of an analytical profile was tested for 180 degree non-charged domain
wall in dependence on the size of the spatial discretization step A.

At first, just Landau and gradient interaction were taken into account. We set a; = —2.77 x
107, a;p = —6.48 x 10%, aj1; = 8.00 x 10° and g = 51 x 10*!. Analytically computed profile
have thickness 2§ = 5.5 nm. Numerical simulations were performed on one-dimensional space
array with X=256 points and A € {1.0 nm, 2.0 nm, 3.0 nm, 4.0 nm}. Vector of polarization
is in x-direction. Mechanically free sample relaxes from appropriate initial condition to the
equilibrium state. Results are shown in the Fig.7.2(a). There is almost no deviation from
analytical profile for A = 1.0 nm, A = 2.0 nm and A = 3.0 nm lattice spacing. In the case of
A = 4.0 nm, there is a significant discrepancy, but the derivative in the middle of the domain
wall is still well reproduced.

Secondly, elastic and electrostriction interaction were added. Landau constants for this case
were taken from Tab. 3.3 for T180{001} domain wall: a; = —14.26 x 107, a;; = 1.69 x 10%,
ai;n = 8.00 x 10°. Gradient constant was again g = 51 x 10''. Domain wall thickness was
computed to be 3.34 nm. It is slightly narrower than in the previous case. Therefore A = 0.5 nm
was added. Results of numerical simulations are displayed in Fig. 7.2(b). Again there is perfect
agreement with theory up to A = 2.0 nm. The results seems also reliable for lattice spacing
3.0 nm and 4.0 nm.

Previous results indicate that upper bound of the lattice spacing, which gives reliable results,
is slightly lower than the half of the thickness of a domain wall. In order to give good predictions
for finest structure that appears in the simulations (T180, O180{001}, 090, R109 and RT71,
which are all about 0.7 nm — see Tab. 3.3), we set grid spacing A = 0.4 nm in cases when these
walls are important.

7.2 Simulation of domain wall profiles

In Sec. 3, analytical computations of domain wall profiles and thickness were performed. Suffi-
cient distance between domain walls can mimic infinite boundary conditions. Resulting profiles
are expected to be the same as for analytical computations (Sec.7.1). For narrower domains,
the profile, thickness and the value of spontaneous polarization can different in comparison with
analytical predictions.

Numerical simulations of T180{001} and T90 wall in tetragonal phase (at 298 K) with and
without dipole-dipole interaction were performed. Coefficients of the model were taken from
parameter set "A” in Tab. 2.1. Sample was mechanically free. Initial conditions (Fig.7.1(c) and
Fig.7.1(b), resp.) produce stripe domain structure. The system relaxed towards equilibrium
state. Resulting profiles are plotted in Fig.7.3 and Fig.7.4(a,b). Data were taken along the
normal to the domain wall. In the insets, there is a schematic plot of a position of the discrete
grid with respect to the domain wall and its normal. Numerical profiles were then fitted and
a domain wall thickness was estimated from derivatives of fitting functions in the center of the
domain wall. Estimates are summarized in Tab. 7.1.
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Figure 7.2: Analytically (solid line) and numerically obtained profiles of polarization through
domain wall with various grid spacing. (a) Only Landau and gradient interactions are taken
into account. (b) Landau, gradient, elastic and electrostriction interaction included. Domain
wall thickness is indicated by vertical line. Profiles are shifted in vertical direction for better

resolution.
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Figure 7.3: T180{001} domain wall in tetragonal BaTiO3 for different distances between domain
walls indicated by numbers next to arrows. Distance of walls is indicated by a number next to
the profile. Discrete points together with the center of the domain wall (red line) are indicated

in the inset.



94 CHAPTER 7. EXAMPLES OF SIMULATIONS

Figure 7.4: Simulation of profiles of T90 wall in tetragonal BaTiO3: (a) Dipole-dipole interac-
tion taken into account. Distances of individual walls are indicated by numbers next to arrows.
(b) Without dipole-dipole interaction . Distances of walls the same as in (a), all profiles merge.
Discrete points together with the center of the domain wall (red line) are indicated in the inset.
P,, P,, P, and P, components of polarization field are plotted.
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Table 7.1: Thicknesses of domain walls extracted from simulations of domain profiles in depen-
dence on the distance of domain walls.

Domain wall T180{001} T90 (with Fiep) T90 (without Fyep)
Walls distance (nm) 6.4 12.8 25.6 23.0 45.0 90.0 181.0 23.0, 45.0, 90.0, 181.0
Thickness (nm) 0.75 0.71 0.68 6.09 4.52 412 3.96 9.23

With increasing distance of walls the thickness approaches the value obtained analytically
(0.63 nm for T180{001}, 3.59 nm for T90 with electrostatic interaction and 9.18 nm for T90
without electrostatic contribution). Small discrepancy (about 0.3 nm) for T90 with dipole-
dipole interaction clearly originates from small hump in P; component of polarization which
is suppressed in analytical computations by setting P, constant. Profiles of T90 walls without
dipole-dipole interaction are identical irrespective on wall distance.

In the case of T90 wall with the distance of domain walls 22.6 nm, polarization in the middle
of domains differs considerably from spontaneous value. It is inclined towards the direction of
the wall normal.

Additional simulations confirmed that 90 degree domain structure in stress-free sample ex-
tinct for approximately 18 nm distance of walls. It, however, persist for clamped sample in
simulations. Such domain structure is also clearly visible in grain in Fig. 1.2(a), thus empha-
sizing the crucial importance of external clamping and stresses.

7.3 Evolution from noise

7.3.1 Tetragonal phase

Several simulations were performed in order to observe features of a structure of BaTiO3 pro-
duced by the model at room temperature. Mechanically free and mechanically clamped sample
were taken into account. Both simulations started from noise that represents quenched paraelec-
tric phase (Fig.7.1(a)). Simulation setup: mesh 2D, 256 x 256 discrete points, A = 0.4 nm, po-
larization 2D in-plane, 7 = 2x 107!, 25000 steps, temperature 298 K. Sequences in Figs. 7.5(a,b)
give a picture of temporal evolution of both systems.

In the early stages, the development of the polarization field is governed by gradient and
Landau interaction (compare with Fig. 7.6(c)). Polarization fields apparently do not differ much
for 500 steps. For 2500 steps, there already exist T180{001} and T90 domain walls in both
cases. The difference is still negligible. In following stages, however, the evolution splits.

In stress-free sample (Fig.7.5(a)), either vertical or horizontal orientation of polarization
gradually start prevailing at the expense of the second orientation, which is suppressed. Re-
sulting structure have just 180 degree domain walls. The sample is macroscopically expanded in
the z-direction and contracted in y and z direction. Value of spontaneous polarization reaches
the spontaneous value in the middle of every domain.

For clamped sample, the boundary conditions cause that the evolution tends to reach do-
main structure with the same volume of domains with vertical and horizontal orientation of
polarization. Resulting structure reveals system of T90 and T180{001} walls. Polarization is
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arranged along tetragonal axes, polarization domains are almost relaxed to tetragonal state.
The sample have macroscopically dimensions of original cubic sample. This arrangement was
observed experimentally [1], and was also indicated by analytical calculations where both T90
and T180{001} walls have approximately the same energy (see Fig.3.9(a)). Elastically permis-
sible T90 and T180{001} walls are oriented in {110} and {100}, as expected in Sec. 3. All 180
degree domain walls are charge-free and also an overwhelming majority of 90 degree walls is not
charged. This is due to strong dipole-dipole electrostatic interaction. Resulting system which
is given in Fig. 7.5(b) is not in the equilibrium and will further develop.

A size of ferroelastic domains can be influenced by dimensions of simulation area. Another
computation with large sample was performed (Fig. 7.5(c)). Simulation setup: mesh 2D, 1024 x
1024 points, A = 1.0 nm, polarization 2D in-plane, 7 = 5 x 1071, 100000 steps, mechanically
clamped sample, temperature 298 K. Four stripes of ferroelastic domains have properties similar
to those described above. The system is apparently not in the equilibrium state but it still slowly
develops.

In order to verify the influence of individual interactions to the resulting structure, the
dipole-dipole interaction was excluded. Simulation setup: mesh 2D, 256 x 256 points, A =
0.4 nm, polarization 2D in-plane, 7 = 2 x 107! mechanically clamped sample, temperature
298 K. Results are displayed in Fig. 7.6(b). Similar domain structure appears as if electrostatic
interaction were taken into account. The difference is that approximately half of T90 domain
walls are head-to-head or tail-to-tail, i.e. charged. Charged domain walls are indicated by
black (head-to-head) and red (tail-to-tail) in Fig. 7.6(b) for 3000 steps. The evolution without
electrostatic interaction seems to be slightly faster compared to simulation with complete model.

An additional simulation was performed with only Landau and gradient interaction taken
into account. Simulation setup: mesh 2D, 256 x 256 points, A = 0.4 nm, polarization 2D in-
plane, 7 = 2 x 10719 temperature 298 K. Mechanical boundary conditions are irrelevant since
there is no link between polarization and unit cell shape without elastostriction interaction.
Coefficients ay; and a;o are substituted instead of agj and 04562) in order to obtain correct
values of spontaneous polarization. The energy of domain walls is now entirely dependent
on gradient short-range interaction. It seems that {100} directions of walls prevail during the
whole simulation. It is due to the smaller gradient constant in the direction of cubic axis than in
diagonal directions (~ 13.6 times smaller). Polarization domain with (P, > 0, P, =0, P, = 0)
is the larger. It will finally prevail and span the whole sample.

Arrays of generalized forces from the right-hand side of Eqn. 5.4 are plotted in Fig. 7.9 for
resulting image of simulation in Fig.7.5(b). Maximal values of plotted arrays are given in
Tab.7.2. The total force, which is the sum of acting forces, is nonzero and the system will
continue its evolution towards equilibrium.

Three-dimensional simulations were also preformed in tetragonal phase.

7.3.2 Orthorombic phase

Similar simulation of domain structure evolution as for tetragonal phase was performed in
orthorombic phase in order to track basic features of resulting structure. Simulation setup:
mesh 2D, 256 x 256 points, A = 4 x 10719, polarization 2D in-plane, 7 = 2 x 10~!°, mechanically
free sample, temperature 218 K.

Sequence of images of polarization field is displayed in Fig.7.11. From initial stages there
is noticeable fast alignment in fine orthorombic domain structure which subsequently coarsens.
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Table 7.2: Maximal values of plotted arrays of generalized forces in Fig. ??.

Field

Component Maximal value

Unit [SI]

bi9
L
Ja
fa
fES
fES
fop
fop
fro
fTO

36.87
33.38

3.92

3.92
33.02
33.02
13.02
13.02
20.51
18.11

e T IS T S S S S

10° kgms2C1
108 kgms=2C!
106 kgms=2C!
106 kgms—2C™!
106 kgms=2C!
105 kgms2C1
108 kgms 2 C!
108 kgms=2C!
106 kgms=2C!
106 kgms2C!
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There appears almost exclusively O90 domain walls which have, according to analytical com-
putations, which is energetically far less expensive than O180{110}.
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Figure 7.5: Simulation of tetragonal structure evolution from paraelectric state at 298 K. (a)
Mechanically free sample with zero external stresses, 256x256 discrete points, (b) Mechanically
clamped sample 256x256 discrete points, (¢) Mechanically clamped sample, 1024x1024 points.
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Figure 7.6: Simulation of tetragonal structure evolution from paraelectric state at 298 K. (a)

All interactions taken into account, the figure is the same as in Fig. 7.5(b). (b
static interaction taken into account. Charged head-to-head and tail-to-

(indicated by black and red curves in the picture for 3000 steps).
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Figure 7.7: Simulations in three-dimensional domain with three-dimensional order parameter:
(a) Mechanically free sample. (b) Mechanically clamped sample. (c¢) Mechanically clamped
sample. Arrows indicate the direction of polarization.
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Figure 7.8: Simulations in three-dimensional domain with three-dimensional order parameter:

(a) Mechanically free sample.
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Figure 7.9: The same two-dimensional simulation as in Fig. 7.5(b). Final state of polarization
forces acting in the sample are plotted.
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Polarization field exx exy

Displacement field eyx

Figure 7.10: Output of the program elast_draw. Polarization field was loaded as input file.
Bellow is schematic plot of elastic deformation of crystal grid. Finally, on the right-hand side
of the image, there are spatially dependent components of elastic strain tensor. Color scheme
used is the same as in Fig.7.9. Maximal values follows. e;1: 5.41 x 1073, ejo: 1.19 x 1072 and
€g99: D.7H X 1073
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Figure 7.11: Simulation of evolution of polarization field from paraelectric state. (a) Orthorom-
bic phase at temperature 208 K. (b) Rhombohedral phase at 118 K.
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7.4 Switching from tetragonal to orthorombic state
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Figure 7.13: Simulations of phase transition between tetragonal and orthorombic state for
mechanically stress-free sample. (a) Temperature changes linearly 298 K — 208 K. (b) Tem-
perature changes linearly 208 K — 316 K.
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7.5 Comparison with other authors

We compare our results with those published by S. Nambu and D.A. Sagala [18] and H.-L. Hu
and L.-Q. Chen [19, 20].

7.5.1 Grid spacing and time step

The time step was chosen 7 = 5. x 107! for discrete grid spacing A = 1.0 nm in our simulations.
Taking into account renormalizations!, S. Nambu and D.A. Sagala made computations with
space step A = 0.8 nm and time step 7 = 6.73 x 107, While grid spacing is comparable, time
step is considerably lower as a consequence of used simple Euler algorithm. On the contrary,
H.-L. Hu and L.-Q. Chen, who make use of the semi-implicit numerical scheme, have time their
step twice larger as we have (7 = 13.50 x 10719). Tt corresponds to their larger grid spacing
(A = 3.7 nm).

Our time step is even lower 7 = 2. x 107! smaller grid spacing A = 0.4 nm. This spacing
is used for simulation of finest structures as discussed in Sec.7.1.

7.5.2 Domain structure

Polarization fields with coexisting T90 and T180 domain walls were also compared. In our
simulations in tetragonal phase, there appear T90 and T180{001} wall structure as in the
Fig. 7.5(b,c). Simulations published by S. Nambu and D.A. Sagala reveal fine T90 wall stripe
structure. T180{001} walls are, however, neither visible in the provided figures nor discussed.
Therefore, it seems that there are no such walls. Slightly different situation is in Ref. [20],
where domain walls are not visible in the images, but they are mentioned in the discussion.
In the previous work (Ref.[19]) of the same authors, the 180 degree domain walls are again
not visible, but their presence may be anticipated from T90 wall structure and the fact that
the dipole-dipole interaction was taken into account in their computations. T180 walls are not
mentioned in the discussion.

The reason for this sporadic appearance or non-existence of T180{001} walls may be in
different gradient constants or, more precisely, in resulting energies of domain walls. For given
constants of Landau potential (a1, ag, ag), the energy of domain wall in one-dimensional model
is determined only by the value of gradient constant g, which is g = Gy4 for T180{001} wall
and g = (G1; — G12)/2 for T90 wall. According to Eqn.3.16, the energy of a wall depends
on gradient constant as \/g. We use values G1; = 51, G12 = —2 and Gy = 2, that result in
grigo = 2 and gpgp = 26.5. In all previously mentioned works, the gradient interaction was
taken isotropic?: G, = 51, G152 = —51 and Gy = 51. Consequently, grigzo = 51 and grg9 = 51.

From Tab. 3.3 and Fig. 3.9(b) it is apparent, that the wall energy per area ¥ is approximately
the same for T90 and T180{001} (about 20% difference for room temperature). With coeffi-
cients compared articles, we get energy of T90 wall /2 higher, but energy of T180{001} wall
is approximately 5-times higher. It is clear that T180 walls are suppressed in those simulation.

1/2
1S. Nambu and D.A. Sagala using rescaling of variables t' = (2a;A)t, x' = (@) x and P’ = P%.

1/2
Similarly, H.-L. Hu and L.-Q. Chen using ¢’ = (ayA) ¢, x' = (%111) x and P/ = £

2Value of G4 is chosen the same as ours
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7.6 Mobility of domain walls in tetragonal phase

Assuming that there is an appreciable contribution to the dielectric constant from motion of
domain walls (i.e. polarization reversal at moving interface) at lower frequencies, it is important
to know how fast can domain wall move under applied electric field. It is well known that T90
wall in BaTiOg3 is able to move relatively easily in comparison with T180 domain wall that
almost does not move at room temperature.

Mobility pp of domain wall is defined as fraction pg = v/ E,, where v is a velocity of domain
wall and E, is component of electric field in the direction of motion. In Ref. [44] it was reasoned
that dissipated energy of wall motion equals

ldF_v2 2y

et A 2
Sdt A Gy — G (7.2)

Energy dissipation can be also expressed as energy decrease by polarization reversal due to
applied electric field E,
1dF

It was finally concluded that the mobility of T90 wall can be expressed as

1 _ APO(GH - G12)
E, V2% '

For numerical values (G1; — G12) =53 x 1071, A =4 x 10%, Py = 0.265 and ¥ = 7 x 1073 (see
Tabs. 2.1,3.3), the mobility is g = 5.7 x 107* m? V-1s7L,

T90 domain wall is sufficiently large (with thickness about 10 crystal unit cells) smooth (see
Sec. 3.3.3), and can be correctly described by continuous model. On the contrary, T180 degree
domain wall with thickness less then 2 unit cells (see Sec.3.3.1) is pinned to a discrete crystal
lattice.

Time dependent GGLD model enables simulation of a domain wall motion. Simulations
were performed for both T90 and T180{001} domain wall.

Velocity of a domain wall is determined by kinetic coefficient A in Landau-Khalatnikov
equation®, by Euler-Lagrange potential* and by discretization in numerical simulation. Rough
grid enables to study bigger samples, but may create artificially energy barrier for motion of
a domain wall. Dependence of wall motion on a spacing of the discrete grid is therefore also
inspected for the case of T90 wall.

Model parameters were taken from set ”A” in Tab.2.1. Sample was mechanically free in
all directions. For T90 wall, initial conditions were chosen as in Fig. 7.1(b), sufficiently aged in
order provide equilibrium state at zero electric field. Three simulations was performed: 64x64
points for A = 2 nm, 128x128 points for A = 1 nm and 256x256 for A = 0.4 nm. The distance
of domain walls was 45 nm with the exception of 0.4 nm spacing where it was slightly lower,
approximately 36 nm. We perform 10000 steps with 7 accustomed to observe motion of the wall
properly. Constant electric bias was applied in z-direction and ranges from E, = 2 x 10* Vm™!
up to 1.024 - 10" Vm~1.

(7.4)

pe =

3Tt was estimated as A =4 x 10* kg~ 'm—3sC2.
4Buler-lagrange potential for particular structure as discussed in Sec.3 that is changed e.g. by distance
between domain walls, spontaneous values in adjacent domains with electric field, etc.
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Domain wall position is (for purpose of this simulation) defined as zero point in linear inter-

polation of P, (polarization component perpendicular to the wall) the between two following

(in direction of the wall normal) discrete points PY and P with opposite signs.

(a) (b)

10000

8000

1.0x10%7V/m
3.2x10%5V/m

5.1x10%6V/m
6000 f .

E 100+ 1.6x10°5V/m E
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75t
50+ 8x10%4V/m
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t[1071%5] t[107105]

Figure 7.14: Time dependence of a velocity of T90 domain wall in tetragonal phase of BaTiOs3.
Black: A =2 nm, blue: A =1 nm, green: A = 0.4 nm. Values of electric field F, are provided.
(a) Lower values of applied bias, (b) higher values of applied bias.

Results are shown in Fig.7.14. The simulation was started from initial conditions aged
without external field. Therefore, after abrupt application of electric bias, there appear some
residual effects in speed as the wall shifts in order to gain equilibrium position under new
conditions. Then the velocity varies periodically® as grid points reach maximum in potential.
For small electric fields (up to 1.28 x 105 V m™!), the velocity remain constant in average, for
higher the polarization switches in the whole volume and walls cease exist. It is indicated by
extreme increase of wall speed.

For larger A, the time-dependence of the velocity is more irregular than for lower A. The
average is, however, almost the same. It seems that domain the wall speed for A = 0.4 nm
spacing is systematically slightly higher than the speed for two remaining grid spacing. It is

5Speed of domain wall plotted versus time exhibits sharp peaks. Position of T90 domain wall in a system
without electric field is not arbitrary, but it is pinned to a certain position with respect to the discrete lattice
of a crystal which corresponds to the lowest potential energy. The analogy in numerical simulation is pinning
with respect to discretization grid. Energy increase if the wall is displaced from this equilibrium position. The
energy of the system vary periodically with the period of the grid. For the moment lets expect simple sin(z)
variation of energy with domain wall position. If sufficient electric field is applied, the energy increase is no
longer periodic, but it is monotonically decreasing function of position, e.g. F(z) = sin(x) — 1.2z (Fig. 7.15(a)).
Velocity of a wall dependent on position may be obtained as derivative of energy with respect to position
v(z) = dF(z)/dzx = —cos(xz) + 1.2 (Fig. 7.15(b)). Position dependence of the domain wall on time s(¢) can be
evaluated from ds(t)/dt = v(s(t)) (Fig.7.15(c)). Finally, required dependence of the wall speed on time reads
v(t) = v(s(t)) (Fig.7.15(d)). The shape of v(t) exhibit similar peaks as in Fig.7.14, exact shape would result
from proper choice of F(z).
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Figure 7.15: Explanation of sharp peaks in a domain wall speed versus time plot.

Table 7.3: Approximate mobility of T90 domain wall in tetragonal BaTiOj3 for grid spacing
A = 0.4 nm.

E, [10* Vin ] 2 4 8 16 32 64 128 256
E, [10* V] 14 28 57 11.3 22.6 452 90.5 181.0
pp[1074m2vV-lsl] 71 74 76 77 77 78 88 97

likely due to smoother shape that decreases energy barrier for domain wall to overcome. Effect
of closer domain walls can be also partially responsible.

Values of estimated mobility of T90 domain wall are listed in Tab. 7.3 together with com-
ponent of electric field normal to domain wall E,.. Resulting mobility is higher than that
estimated in Eqn. 7.4. This discrepancy (about 25% ) exhibits evident tendency to decrease for
lower fields.

Similar simulation was performed for T180{001} domain wall with grid spacing A = 0.4 nm.
For larger values of A, the speed was either zero or to high to be tracked properly. The same
setup as in previous case was used. Electric field £, now ranges from E, = 32 x 10* Vm™! to
E, =4.1x10" Vm~!. Domain wall velocity as well as the distance of the wall from its original
position is displayed in Fig.7.16. From comparison with Fig.7.14 it is clear that mobility of
T90 wall is lower than that of T90 wall. The mobility of T180{001} domain wall for increasing
electric field E, is estimated in Tab. 7.4.

Table 7.4: Approximate mobility of T180{001} wall in tetragonal BaTiOj3 for grid spacing 4 nm.

E.[10* V™| 32.0 64.0 128.0 256.0 512.0 1024.0 2048.0 4096.0
pe (107 m?V=1ts7 0.00 08 0.8 0.8 0.8 0.8 0.9
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Figure 7.16: (a) Velocity of T180{001} domain wall in tetragonal phase of BaTiO3 for A =
0.4 nm. (b) Distance of T180{001} wall from its original position. Values of electric field E,
given next to appropriate curves.



Chapter 8

Conclusions

In this thesis, analytical and numerical modeling of domain wall properties using GGLD phe-
nomenological model is presented.

Profiles of domain walls were computed analytically within GGLD model within charge-free
approximation. This approach enables to compare all domain walls in BaTiO3 from different
points of view (e.g. thickness and energy density). Estimates of wall thicknesses provides
valuable information about validity and limits of continuous phenomenological approach.

Computer program for simulation of evolution, formation and coarsening of domain struc-
ture in ferroelectric perovskite materials was developed and tested. Results obtained with use
of this computational tool were discussed and compared with other published simulations and
with exact analytical solutions.

Recently estimated gradient constants and background permittivity [26] were used in cal-
culations. This choice has crucial impact on domain wall thicknesses and other properties.

8.1 Analytical computation of wall profiles

Shape of complete set of elastically compatible domain walls were predicted analytically within
div P = 0 approximation that implies constant projection of polarization to the direction of
domain wall normal. In order to obtain one-dimensional model, which is solvable analytically,
only one of polarization components varies across domain wall. Both assumptions and their
influence on result were discussed.

Thickness and energy per area was computed for all domain walls. Three temperatures were
chosen that correspond to tetragonal (298 K), orthorombic (208 K) and rhombohedral (118 K)
phase. Resulting values and all parameters for one dimensional model are given in Tab. 3.3. In
addition, temperature dependence of thickness and energy of domain wall per area is provided
in Fig. 3.9.

Charge-free assumption was found reasonable in all cases. On the contrary, it was found
that Ising assumption can lead to an unstable profile in several cases. These are: O180{001},
0120, R180{110}, R180{211} and R109 walls. Cross section of the Euler-Lagrange potential
(perpendicular to the normal of domain wall) shows additional minimum for non-zero com-
ponent P; (as indicated by the diagrams in Fig.3.14). Simple numerical simulations (with
two-dimensional degree of polarization) revealed appearance Bloch-type domain wall.

All results can be easily recomputed and verified since analytical expressions are provided.
It also enables to use this results for another material with similar structure.
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8.2 Numerical simulation of domain evolution

Numerical approach enables to study complicated structures for which analytical solution does
not exist. It also enables observation of the dynamics of polarization field evolution, appear-
ance of domains, their coarsening and behavior of polarization under changing electrical and
mechanical conditions or changing temperature.

The computational tool ferrodo for modeling of the evolution of a polarization field was
developed. It enables independent choice of dimensionality of space domain and also dimen-
sionality of the order parameter — polarization. Mechanical and electrical boundary conditions
together with temperature of the sample can be prescribed and can vary during simulation.
Polarization fields and other obtained results and data are saved to files and displayed in the
form of images. Several tests of the program and also examples of use are provided.

Tests indicate that maximal spacing of a discrete grid is about half the thickness of the
simulated domain wall. With this or lower spacing, the analytical results are well reproduced
by numerically obtained profiles.

Evolution of polarization from quenched paraelectric cubic phase was performed for all
phases. In tetragonal phase, both 90 degree and 180 degree domains coexist in stripe domain
structure. It match experimental observations. Electrostatic dipole-dipole interaction influences
crucially resulting architecture of polarization field.

Results comparable to other published simulations were obtained [28] using the same pa-
rameter set.

Interference of domain walls was discussed in dependence on their mutual distance in stress-
free sample. With dipole-dipole interaction taken into account, the value of spontaneous po-
larization in the middle of the T90 domain decreases with decreasing distance of walls. On
the contrary, without dipole-dipole interaction the wall profile is almost independent on wall
distance.

Mobility of domain wall in dependence on grid size and magnitude of external electric field
was estimated numerically. Relatively good agreement with theoretical results was acquired for
90 degree domain wall in tetragonal phase of BaTiOs3.



Chapter 9

Future work

9.1 Implementation of absolutely stable algorithm

Although simple Euler method is sometimes used in simulations, it is inappropriate for solving
such demanding problems. Time step of stable method is restricted by square of the spatial
step. Recently published semi-implicit method, which is also used for simulations presented in
this thesis, enables great improvement of time step, but still suffers from limitation of time step
by the spatial step.

In recent years there appeared absolutely stable methods for similar problems. Significant
advance in numerics was achieved namely in the branch of modeling of metals and alloys, where
Cahn-Hillard equation is used for simulation of precipitation and chemical ordering during
solidification [47, 48]. Absolutely stable algorithms was also proposed for Allen-Cahn dynamics
in Ref. [48].

This innovative method might be applicable to GGLD model driven by Landau-Khalatnikov
governing equation. It would offer faster simulations with bigger time-step. Euler and semi-
implicit method will nevertheless remain as a reference.

9.2 Generalization of boundary conditions

Original concern in bulk material and consequent periodicity of polarization and displacement
field seems rather restrictive for certain applications of the numerical model. Generalization of
boundary conditions as in Ref. [24] would be beneficial.

To do this, it will be necessary to perform computation in real space, which will require
profound changes in the kernel of the program. It is expected, that local electric field and
equilibrium strain field will be computed separately with use of Poisson equation and Euler-
Lagrange equation for mechanical equilibrium, resp. (with appropriate boundary conditions).
Evolution of polarization field will be then computed with use of Landau-Khalatnikov governing
equation in real space.

In the case of both previously mentioned changes (implementation of absolutely stable
algorithm and generalization of boundary conditions), the existence of the working and verified
reference simulation kernel will be highly valuable.
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9.3 Simulation of chemical ordering and appearance of
nanoclusters

Giant dielectric and piezoelectric coefficients in relaxor ferroelectrics are often ascribed to chem-
ical ordering - appearance of polar nanoclusters is associated to a certain degree of occupational
order in the B-site perovskite sublattice. It would be interesting to simulate the behavior of po-
larization field in a lattice with realistic chemical correlations. It can be simulated for example
using an appropriate Cahn-Hillard equation for diffusion of ions in the crystal lattice.



Appendix A

Additional materials for analytical
approach

P [Cm?]

-03 -02 -01 0 01 02 03 -03 -02 -01 0 01 02
P, [Cm2) P, [Cm2)

angle=45 deg. angle=60 deg.

()

P [Cm?]
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Figure A.1: Cross sections of Euler-Lagrange potential in orthorombic phase for T=208 K.
Cross sections are made in rt plane, which is perpendicular to a particular O180 domain wall.
Component Py of the polarization is fixed to the boundary value (see e.g. Tab.A.1). The
direction of the wall changes between [110] and [001], which are directions of O180{110} and
0180{001} domain walls. Appearance of side minima is clearly visible. Angles denotes deviation
from [110] direction. Contours are distributed linearly.
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Table A.1: Values of polarization vector in the infinity and in the middle of the domain wall.

APPENDIX A. ADDITIONAL MATERIALS FOR ANALYTICAL APPROACH

Original coordinate system

Wall P(—o0) P(00) P(0)

T180{001} (0.265,0.000,0.000)  (-0.265,0.000,0.000)  (0.000,0.000,0.000)
T180{011} (0.265,0.000,0.000)  (-0.265,0.000,0.000)  (0.000,0.000,0.000)
T90 (0.265,0.000,0.000)  (0.000,-0.265,0.000)  (0.133,-0.133,0.000)
0180{110} (0.234,0.234,0.000)  (-0.234,-0.234,0.000)  (0.000,0.000,0.000)
0180{001} (0.234,0.234,0.000)  (-0.234,-0.234,0.000)  (0.000,0.000,0.000)
090 (0.234,0.234,0.000)  (0.234,-0.234,0.000)  (0.234,0.000,0.000)
060 (0.234,0.234,0.000)  (0.000,0.234,-0.234)  (0.117,0.234,-0.117)
0120 (0.234,0.234,0.000)  (0.000,-0.234,0.234)  (0.117,0.000,0.117)
R180{110} (0.220,0.220,0.220) (-0.220,-0.220,-0.220)  (0.000,0.000,0.000)
R180{211} (0.220,0.220,0.220) (-0.220,-0.220,-0.220)  (0.000,0.000,0.000)
R109 (0.220,0.220,0.220)  (-0.220,-0.220,0.220)  (0.000,0.000,0.220)
R71 (0.220,0.220,0.220)  (0.220,-0.220,0.220)  (0.220,0.000,0.220)

Transformed coordinate system

Wall P'(—o0) P’(c0) P’(0)

T180{001} (0.265,0.000,0.000)  (-0.265,0.000,0.000)  (0.000,0.000,0.000)
T180{011} (0.265,0.000,0.000)  (-0.265,0.000,0.000)  (0.000,0.000,0.000)
T90 (0.188,0.188,0.000)  (-0.188,0.188,0.000)  (0.000,0.188,0.000)
0180{110} (0.331,0.000,0.000)  (-0.331,0.000,0.000)  (0.000,0.000,0.000)
0180{001} (0.331,0.000,0.000)  (-0.331,0.000,0.000)  (0.000,0.000,0.000)
090 (0.234,0.234,0.000)  (-0.234,0.234,0.000)  (0.000,0.234,0.000)
060 (0.166,0.195,0.210)  (-0.166,0.195,0.210)  (0.000,0.195,0.210)
0120 (0.287,0.166,0.000)  (-0.287,0.166,0.000)  (0.000,0.166,0.000)
R180{110} (0.381,0.000,0.000)  (-0.381,0.000,0.000)  (0.000,0.000,0.000)
R180{211} (0.381,0.000,0.000)  (-0.381,0.000,0.000)  (0.000,0.000,0.000)
R109 (0.311,0.220,0.000)  (-0.311,0.220,0.000)  (0.000,0.220,0.000)
R71 (0.220,0.311,0.000)  (-0.220,0.311,0.000)  (0.000,0.000,0.000)
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Appendix B

Fourier Transform

B.1 Continuous Fourier transform
Definition of the Fourier transform used in this work is

FU®IK) = f) = / dr f(r)e

FRAM0L@) = f0) = oy [ defee (B.1)

The convolution of functions in direct space corresponds to multiplication of their Fourier
images

dri®(r; —r) = L dk dk [ driP(k;)®(Kk)eikitri—r) — -1
/ 12(r ) (2#)6// ' / 1P (k1)@ (k) [P(k)2(k)] .
(B.2)

Key relations for derivation Fourier transform of electrostatic dipole-dipole interaction are
(Ref. [49])

where |R| = /2% 4+ y2. Using sequence of derivatives in direct space

2 2 2
2 () - B
2
s (1) = B 9
we get immediately
f[JRﬁf;jRi] _ _47T|1]j2 (B.6)
]—"{%] = —47rl|€l:';—]|{:§’. (B.7)
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B.2 Discrete Fourier transform

The discrete Fourier transform is defined according to Ref. [70] as

Fa [ (ra)] (ka) = Z Z RZ f (e, y, 2)exp {—27”' (“i o+ wi)}

z=0 y=0 2=0

R1—1Ro—1 R3—1
Pkl = e 2o 2o O Hlluvuerp [zm ($R_1+yE+ZR_3)] |
(B.8)

where rq, kq € ({1,2,.., R1},{1,2,.., R}, {1,2, .., R3}) stands for "discrete” point in direct and
Fourier space, resp. rq = [z,vy, 2], kq = [u,v,w]. Here, Ry is the number of discrete points
in a particular direction. Normalization of transformed variables is performed for backward
transform only. Discrete derivatives in Fourier space are

£l G| ) = 2R ) ) (B.9)

where A is regular lattice spacing which we consider equal in all directions. Similarly, second
derivatives are computed as

Fa G| () = T 7] (k)

Fa { 000y (m)] (ka) = %}} [f(ra)] (kq) - (B.10)



Appendix C

Variation of the free energy functional

On the right-hand side of the Landau-Khalatnikov equation (5.2), there is a variation of the free
energy functional (with eliminated elastic field) with respect to a component of polarization.
Functional consists of four parts: Landau, gradient, elastostriction and electrostatic. Changes
of individual parts of the free energy functional are computed with respect to small variation

of P;(x) by 0P;(x).

C.1 Landau energy variation

Variation of Landau energy with respect to component P; (other components can be obtained
by cyclic permutation (1 — 2,2 — 3,3 — 1) reads
SR KPY]
0P,

~ lim. [l [[(PyGo) + £8P (x))" + ) + PEGO)] = [PEGx) + PEGo) + PO

t—0 t

+aur [[(Pi(x) + 0P (x))" + Py (x) + Py (x)] — [Pl(x) + Py (x) + Py (x)]] + ..
= lim [ dx[oq [2P(x)6Pi(x) + t(0Py(x))?]

t—0 Q

+auy [4P}(x)0 P (x) 4 6tPE(x) (5P (x))*] + ..]
_ / dx [20, Py (x)8 Py (x) + dag PP (x)8 Py (x) + ...] - (1)

Variation with respect to value P; in a particular point r can be evaluated by setting d P(x) =

9 (%)

e) ]
(SF;ET[({I?}] Pi(r)[201 + dan PP (r) + 2005 (P35 (r) + P5(r))

Govi11 Py (r)+2a112( ) (1) + Py (r) + 2P7 (r)(P5 (r) + P3(r)))

201193 P; (r) P; (r)

8ain PP(r) + 201115 (P3 + (r) Py (r) + 3P (r) (P (r) + P}(r)))

dag129 PE(r) ( 5 (x )+P34(r))

2001123 (2P12( )PQQ(I")P??(I“) + Pf(r)P??(r)(Pg(r) + P32(r))) ] (C.2)

+ 4+ 4+ + +
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C.2 Gradient energy variation

Ginzburg gradient energy functional is expressed in terms of derivatives of polarization. Here,
for simplicity, energy functional is expected in the form

Fo [Poi] = /Q dx% (8];1—;”))2 , (C.3)

with P, dependent just on x. The variation is derived

SFelP) ﬁlmll/dx [a<p1<x>+t5pl<x>>r_/dx {aa(x)ﬂ

5P1 2 t—0t ox ox
. Gu 8P1(ZL’) 8(5P1(I) 85P1(x)
2 1—>0 /Q x [2 Oz oz i Oz
_ Gu dx 28P1 (x) 00 Py (x)
i Gll 0P1([E) _ 82P1<ZL‘)
= 7 |:2 81‘ 5P1<J]) . G11 /dX 8I2 5P1(I) . (04)

Considering periodic boundary condition for P(x) and § P(x), the result is obtained in the form

OFG [P
dP(r)

0?P(x)
—G11 axz (I‘) . (CE))

C.3 Elastostriction energy variation

Formula for long-range elastostatic energy was derived in Sec.2 in Eqn.2.36. Derivation will
be provided for the first part of this expression

1
Fo,[1P)) = 5 [[ asdewnte - s)P2oPio). (C6)
Other components are similar.

5Féq R3] _

- _515% //det‘I’n (t —8)[(Pe(s) = t0P,(s))” (Pu(t) — t6P.(t))" — P2 (s) P2 (t)]
= -3 //dsdt W11 (t — ) [2P(5)0 P, (s) P (t) 4 2P, (t)6 P, (t) P2(s)]

_ / dsP2(s) / At W, (t— 5)P, (6)3Py(t)

_/dtpg(t)/dsxpn(t—s) 2 (8)0 Py (s)

_2/ (

dsP? s)/dt Uy (t — )P (t)0P,(t) . (C.7)



C.4. ELECTROSTATIC DIPOLE-DIPOLE ENERGY VARIATION 125

Relation W, (r) = ¥,,(—r), used in last step, holds due to the fact that ¥, (k) is purely real
in reciprocal space. We finally obtain the result in the form

S IPY -
G 2Px(r)/ds\1f11(r s)P:(s) . (C.8)

C.4 Electrostatic dipole-dipole energy variation

Derivation is given for two-dimensional case. Three-dimensional extension simply follows.
Firstly, dipole—dipole energy is split into two parts:

Faw {P}] = // dryd [ m_(f?’grz)_<P<r>-<r1—r2>><P<r2>-<r1—r2>>]

87reoeB Ity —1raf®

B . 1) Py (r2) + Py(r1) Py(r2)

- 87’(’6063 //d dr; [ Ir; — o3

_ 3 [[Px(rl)(rl —I)y + By(r1)(r1 — 1r2)y ] [Po(r2)(r1 — r2)s + Py(r2) (11 — r2)y]} ]

1 —1of?
= Faept {P}] — Faep2 {P3}] - (C.9)
Functional derivative of the first part
5Fdep1 {r)]

_ hm// ey [ w(T1) + 0P, (r1)) (Pre(r2) + 6 Py(r2)) — Px(rl)Px(rQ):|

87T€oGB t—0 Iry — o3
_ // drwdr 2 (r1)0 Py (re) + Pp(r2)0 Py(ry)
87'('6063 e |I‘1 — I'2|3
0 Faept {P}
dP,(r)
2 P,(r)
’TepeR /dr1 Lrl —r|3} (C.10)

Similarly, after slightly longer algebra

Faepe {1 3 // drdrs [5Px(r1)(1‘1 — ) [P(r2) - (11 — 1‘2)]}

OP, 8meen lry —r°
s
R A

Together, functional derivative of electrostatic dipole-dipole contribution with respect to P,
component of polarization field reads

Sy (P} 2 P.(r) 3R, (P(r)-R)
T() - m/d{ RF ~  RP ]

B 2 P.(r1)(|R|* = 3R2) — 3P,(r1) R, R,
= 877-6063 /dr1 { |R|5 . (C].Q)
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Appendix D

Elastostriction kernels

Long-range elastostatic interaction in the free energy functional with eliminated elastic field
is determined by the form of angular kernels <Ppa(R) in Eqn. 2.36. Their contribution to the
generalized force, given by convolution (C.8), is equivalent to multiplication of Fourier image
of polarization square (2.38) with elastostriction kernels A,,(k). Explicit form of these kernels,

which were derived according to Ref. [18], reads:
3

3 3
Aﬂp(k) - Q§2Bpp(k) + 2%26?22 Z Bpa(k) + qu Z Z Bpa(k)

for p=1,2,3
o=1 p=1 o=1
3 3
A23(k) = QQszs — q12G22 Z Bpl + q11912 Z Z Bp0'<k)
p=1 o=1
Asp(k) = Ag(k)
3 3
A13(R) = Q§2313(k) — 12922 Z BpQ(R + q11q12 Z Z Bpa(f{)
p=1 p=1 o=1
A31 (k) = Alg(k)
3 3
Apk) = quBm(k) — q12G22 Z Bps )+ a2 Z Z B, (k)
p=1 p=1 o=1
As(k) = Ap(k)
Ar(k) = G22q14Bio(k) + q2qu Z B (k) for 0 =4,5,6
p 1
Aso(k) = (22014 B2 (k) + qr2qus Z B ( (k) for 0 =4,5,6
p=1
Aso(k) = G2201Bs0(k) + q12qu Z B,y (k) for 0 =4,5,6
p=1
Ap (k) = C]i;Bpa(k) for p,oc=4,5,6
Polarization square vector (2.38) reduces to Y = [PZ, P%,0,0,0, P, ] and only components

An(k), Ag(k), Ap(k), Aglk), Ags(k), Ags(k) contributes to the free energy. Shapes of these

functions are plotted in Figs. D.1,D.2.
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Figure D.1: Angular dependence of elastostriction kernels Ay (k), A (k), Aip(k), A(k),

~ ~

Ags(k), Ags(k) in two dimensions.
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Figure D.2: Schematic plots of elastostriction kernels An(l;), AQQ(R), A12(§), Aw(f{), AQG(R),

~

Ags(k) in two-dimensional reciprocal space. The darker the color, the lower the value.



Appendix E

Tensors and transformation of
coordinates

Physical properties of the matter are represented by tensors. Neumann’s principle (A crystal’s
point group is a subgroup of the symmetry of that crystal’s properties.) allows determination of
number of independent components of a tensor. Symmetry properties of tensors are described
in detail e.g. in [51].

E.1 Transformation of tensors

Transformation from the original to a new coordinate system, which denoted by primes, is given
by transformation matrix R. It can be written as product of rotation matrices along individual
axes

R = R<-R,-R,, (E.1)
where
(10 0 ]
R, = 0 cos(a) —sin(a) |
| 0 sin(a)  sin(a)
[ cos(B) 0 sin(B)
R, = 0 1 0 ,
| —sin(B) 0 cos(B) |
[ cos(y) —sin(y) 0
R, = sin(y) cos(y) 0 | . (E.2)
0 0 1

Angles «,  and «y are rotations along axes x, y and z, respectively (see Fig. E.1). A vector x
transforms according to the relation

i
A tensor of second-order e transforms as

Chn = Rumieyj B, (E.4)
(]
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Figure E.1: Rotation along individual axes.

Transformation relations for fourth-rank elastic, gradient and electrostriction tensors C, G and

q
Cl

mnop
G/

mnop

/
qnmnop

_ —1 -1

= E Ciju Ry Ryj Ry Ry
ijkl

_ —1 —1

= E Gijri Ry Ry Ryy Ry
ijkl

-1 —1p-1

= E :QijklRimR”ijo Rlp .

ijkl

(E.5)

Gradient coefficients G, have the same transformation properties as Cjjp (see relation for

gradient part of the free energy, Eqn. 2.18).

E.2 Voigt notation

For a second rank tensor e it defines e; = €11, €3 = €99, €3 = €33, €4 = 2e93, €5 = 2e13 and
eg = 2e15. Symmetric fourth-rank tensor like tensor of elastic constants in Voigt notation reads

[ (71111 (71122 (71133 (71123
(72222 (72233 C’2223
(73333 (73323
C:
(72323
SY M.

(71113
(72213
(73313
672313
(71313

C11112
C12212
(73312
(72312
C(1312
C11212

[ Chy

(712
(722

SY M.

Cis
&
CY33

C(14
C(24
CY34
(744

Cis
Cas
(735
Cus
C’55

Cie
Ca
(736
Cie
(756
(766

(E.6)

The tensor of electrostriction constants q that express linear-quadratic coupling of deformation
and polarization is not generally symmetric. For cubic symmetry we define gquy = 2¢1212. Vector
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of polarization square is defined P = { Py, Pao, Ps3, Pa3, P13, P12}

E.3 Transformation matrices for domain walls in BaTiO;

In Sec. 3, the transformation of coordinates (x,y, z) — (r, s,t) is performed in order to simplify
computation of domain wall profiles. Rotation matrices of these transformations are provided
bellow.

T180{001}
1 0 0
0 0 1 (E.7)
0 —1 0
T180{011}
) V2 0 0
— 1 0 1 1 (E.8)
V2 g 1
T180{011}
L [ v2 o000
— 1 0 1 1 (E.9)
V2 g 1
T90
L [1 1o
— 11 =1 o0 (E.10)
V21 0 3
0180{110}
L[t 1o
— 1 -1 o0 (E.11)
\/§ 0 _\/§
0180{001}
L [r1oo
— 10 0 V2 (E.12)
V21 21
090
01 0
10 0 (E.13)
00 —1
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060

0120

R180{110}

R180{211}

R109

R71

APPENDIX E. TENSORS AND TRANSFORMATION OF COORDINATES

1

V2

€a—€c

0

2ey

1

V2

€c—€q

\/Q(ea—ec)2+4e§

—ey

\/Q(ea—ec)2+4e§

€q—Ec

\/Q(ea—ec)2+4e§

€b

\/(6a760)2+2612)

5l
(@)
1

\/(6a763)2+2€g

S

| —
—_ = O

2
0
NG

[\

-1
3

—V?2

|

\/(ea —ec)?+2€}

(E.14)

(E.15)

(E.16)

(E.17)

(E.18)

(E.19)



Appendix F

Compatibility relations

In the linear theory of elasticity, components of strain tensor are derivatives of displacement.

1 auz an

If the computation is provided in terms of components of strain tensor, additional conditions
must be included to provide existence of a displacement field for given components of strain
tensor. These compatibility conditions have the form

€ikl€imnCin km = 0 (F2)
for 4,7, k,1,m,n € {1,2,4}. In three dimensions, there are six independent equations

€2233 — 2€2323 + €3322
€11,33 — 2€13,13 +€3311 =
€11,22 — 2€12,12 + €211 =
—€11,23 + €12,13 + €13,12 — €23,11 =

—€2213 T €1223 + €2312 — €1322 =

|
o o o o o o

: (F.3)

—e33,12 + €1323 + €2313 — €1233 =
which reduce to one relation in two dimensional space.
e11,22 — 2€12,12 + €2211 = 0 . (F.4)

In Sec. 3, where only variation along second coordinate (s) is taken into account in quasi one
dimensional calculations, compatibility conditions simplifies to

ett,ss

€rr,ss

0. (F.5)

6rt,ss

Mechanical compatibility conditions are not included in numerical computation in this work,
because the elastic field is eliminated in every step with explicit use of displacement field,
Eqn. 2.25. Consequently, the existence of an underlying field of displacements is provided.
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