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ABSTRACT
Domains and domain walls are a fundamental property of interest in ferroelectrics,
magnetism, ferroelastics and superconductors. Unlike magnetic Bloch walls, ideal ferroelectric
domain walls are well accepted to be only one to two lattice units wide, over which polarization
and strain change across the wall. However, walls in real ferroelectrics appear to show
unexpected property variations over micrometer length scales across the wall.
Diverse functionalities in materials can be created simply by the patterning of
ferroelectric domains. The “up” and “down” polarization states created in a ferroelectric material
can act as data storage bits. Domain shaping into diverse shapes and length scales is also critical
to THz surface acoustic wave devices. Domain wall width also directly influences domain wall
motion at various length scales.
The central focus of this thesis work is to develop a fundamental understanding of local
structure and dynamics of 180o domain walls in ferroelectrics. For this study we utilize two
techniques: nonlinear optics and scanning probe microscopy. Nonlinear optics is demonstrated to
be an excellent tool to probe the onset of ferroelectric and ferroelastic order parameter, as well as
their orientation in ferroelectrics. Scanning probe microscopy is demonstrated to be a quantitative
technique to study domain walls in ferroelectric materials with a resolution of about 10 nm. This
technique is then used to demonstrate that real 180o domain walls in ferroelectric materials can be
as broad as 10-100 nm. Finally, a recently developed technique called Switching Spectroscopy
Piezoresponse Force Microscopy (SS-PFM) is utilized to demonstrate for the first time that 180o
domain walls can act as local nucleation centers in ferroelectric materials reducing coercive fields
in their vicinity.
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Chapter 1

Introduction and Background

Ferroelectric materials
Ferroelectric materials are substances in which a spontaneous polarization exists in a
certain range of temperature and isotropic pressure in the absence of an external electric field.

1

This spontaneous polarization has two or more orientational states that can be switched from one
state to another by an external electric field (coercive field, Ec ) smaller than the breakdown field

Eb or in some cases by a mechanical stress.2 Each region in which the spontaneous polarization
orients in the same direction in a ferroelectric material is called a domain. The plane that
separates two domain regions is called the domain wall. Ferroelectrics are in thermal equilibrium
in each polarization state,1 + P or − P . Ferroelectricity can only exist in certain materials, which
possess non-centrosymmetric crystal structures.

3

Crystals can be classified into 32 point groups depending on their crystal structure, and
11 of them possess a center of symmetry. These 11 point groups, cannot possess polar properties
and hence cannot exhibit ferroelectricity. Of the remaining 21 non-centrosymmetric crystal
classes, all except one exhibit electrical polarity when subject to stress. This effect is linear, with
the reversal of the stimulus resulting in reversal of the response, and is called the piezoelectric
effect. Of the 20 piezoelectric crystal classes, 10 are characterized by the fact that they have a
unique polar axis. Crystals belonging to these classes are called polar because they possess a
spontaneous polarization per unit volume. This spontaneous polarization is in general temperature

2
dependent and its existence can be detected by observing the flow of charge to and from the
surfaces on change of temperature. This is called the pyroelectric effect and the 10 polar classes
are often referred to as the pyroelectric crystal class. Ferroelectrics are that subgroup of the
pyroelectric class which includes only those crystals capable of being switched by an external
applied electric field.
Pyroelectric materials that are ferroelectric are distinguished by the fact that polarization
direction in a ferroelectric can be changed atleast partially by an external applied electric field.
Domains with polarization direction closer to the applied field are favored, as they grow by
nucleation and growth or by the movement of existing domain walls.
A ferroelectric hysteresis loop in a macroscopic crystal (as shown in Figure 1.1) is a
measurement of the extent of average polarization reversal in a material as a function of applied
electric fields. Consider a ferroelectric material in a nearly single domain state achieved by
orienting all the domains in the direction of a large externally applied electric field. This single
domain state orientation can be nearly perfect in a single crystal material, while it is more in an
average sense in a polycrystalline material comprised of multiple grains oriented randomly within
the material. At very small fields of opposite polarity to the domains, the polarization increases
linearly with the field just like a linear dielectric. This is the region of reversible domain wall
displacements. At higher fields, nucleation of new domains parallel to the field and irreversible
motion of domain walls results in faster than linear response of the polarization with applied field.
The field at which the ferroelectric has precisely half the switchable ferroelectric dipoles pointing
in the direction of the applied field, and the other half opposite to the field, corresponds to the
point where the net polarization, P of the material is zero. This field corresponds to the coercive
field, EC . Finally the saturation of polarization corresponds to complete reversal of the
switchable part of the spontaneous polarization. Upon reducing the field after saturation, the
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ferroelectric polarization does not return to its original value but to a value of Pr at zero field,
which is the remnant polarization of the ferroelectric.

Phase Transitions
As the temperature is increased, a ferroelectric undergoes a phase transition, which is
accompanied by the disappearance of spontaneous polarization and by a change in the symmetry
of the crystal lattice. This temperature is called the Curie Temperature, denoted by TC . Above

TC the material becomes paraelectric. This phase with the highest symmetry is called the
prototype phase. In most, but not all cases, this phase is non-polar and occurs in the highest
temperature phase.
Phase transitions can be classified as first or second order transitions. In a second order
transition, the second derivative of the thermodynamic potential shows a continuous change, such
as dielectric constants, specific heat, thermal expansion coefficient, elastic modulus, etc. In a first
order phase transition, both the first and second derivatives of the thermodynamic potential show
discontinuous change. The first derivatives are spontaneous polarization, volume, entropy, etc.

Crystal structure of ferroelectric materials
Important ferroelectric materials can be classified into oxygen-octahedra ferroelectrics
and phosphate type ferroelectrics. We will limit our discussion to oxygen octahedral
ferroelectrics since they are the focus of this thesis. These materials are either used as single
crystals or thin films.
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Oxygen ocatahedra ferroelectrics can be classified broadly as perovskite type, Auruvillus
type, LiNbO3 type and tungsten-bronze type structures. In this thesis we will restrict our
discussion to perovskite type and LiNbO3 type structures (shown in Figure 1.2 ), since they are
the focus of this study. Both these ferroelectrics have a common motif structure of BO6 composed
of six oxygens (O) surrounding a central tetravalent or pentavalent transition metal ion, here
labeled generally as B. The oxygen cage has 8 faces and it is called an octahedron. The highest
symmetry phase (typically the highest temperature phase) is called the paraelectric phase, where
the time-averaged mean position of the cation B occupies the geometric center of the oxygen
octahedron. At lower temperature, a Jahn-Teller distortion of the octahedron results in the
creation of ferroelectricity. This is accompanied by a displacement of the B ion from the
geometric center of the cage, which occurs during a ferroelectric phase transition and contributes
in large part to the ferroelectricity in these structures.
Perovskite type ferroelectrics of the general formulae ABO3 are the most common type of
ferroelectrics (see Figure 1.2) where A are monovalent or divalent metal ions that occupy the
corners of the pervoskite cube and oxygens that form the octahedral occupy the six face centers,
and the transition element B occupies the center of the cube. Examples of these kinds of
ferroelectrics are BaTiO3, KNbO3, PbTiO3, etc.
Lithium niobate type ferroelectrics, particularly LiNbO3 and LiTaO3 (Figure 1.2)10 are
widely used ferroelectrics today, with applications in high speed electro-optic and accousto-optic
modulators, domain engineered devices for optical frequency conversion, beam steering, dynamic
focusing and beam shaping, pyroelectric detectors, etc. In these materials, unlike perovskites,
oxygen octahedral units O6 are not connected by votices, but by connecting the octahedral faces.
This results in a stack of distorted oxygen octahedral on top of each other joined by their faces
along the polar c-axis. Unlike perovskites, not all of these stacked octahedral are filled by B
cations. Along the c-axis of the trigonal structure, the octahedral are filled in the sequency “Li,

5
Nb (or Ta), vacancy, Li, Nb (or Ta), vacancy”. Two formulae units of LiNbO3 form one unit cell
because of the staggered oxygens that repeat after two consecutive operations of the c-glide
symmetry. The high temperature paraelectric phase is trigonal 3 m , which transforms to the
ferroelectric, trigonal 3m phase below the TC of ~1200oC for LiNbO3 and ~620oC for LiTaO3.
This transition is accompanied by a small displacement of the Nb(Ta) from the center of its
octahedron to an asymmetric position along the c-axis within the same octahedron and a
corresponding motion of the Li from one octahedron to the adjacent vacant octahedron through
the intermediate close-packed oxygen plane. The direction of motion of these cations defines the
positive end of the spontaneous polarization, PS . Given only two degrees of freedom for this
motion, ± c , only two possible domain orientations exist, ± PS .
Another class of ferroelectrics gaining importance in the recent past, deserves a special
mention here. These are strain-tuned ferroelectric thin films and their studies form a major part of
this work.
Strains can be imparted to thin films through differences in lattice parameters and thermal
expansion behavior between the film and the underlying substrate.4,5 Strain induced
ferroelectricity and strain induced enhancement of TC have been predicted and observed in
materials.6,7,8 To study and understand the intrinsic effect of strain on ferroelectric properties,
fully coherent, epitaxial films are needed, since have the advantage that high densities of
threading dislocations are avoided. To achieve coherent strained films, high-quality substrates are
required. For oxide ferroelectrics with perovskite structures, chemically and structurally
compatible substrate materials are needed. Recently, a number of rare earth scandate substrates
have been discovered to have lattice spacing very close to those of perovskite ferroelectrics.9,10,11
Artificially engineered ferroelectric materials grown on these substrates provide an excellent path
to understanding ferroelectricity at the atomistic scales.

6
Ferroelectric domain walls
A uniform volume of material with the same spontaneous polarization direction is called
a domain and a domain wall separates two different domain states. In a ferroelectric material like
lithium niobate, there are two polarization states, parallel and antiparallel to the c-axis, so a
domain wall in these materials separate two oppositely oriented domains. This is perhaps the
simplest type of domain wall, and can be thought of as a prototypical system to study.
In magnetic materials, a domain wall separating regions of oppositely oriented
magnetization can be several hundred lattice constants wide due to large magnetic exchange
energy.12 However in ferroelectric crystals since there is no such exchange energy, atomic
displacements across a domain wall vary over very narrow distances, only several lattice
constants wide.1,
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Several authors13,14,15,16 have modeled domain walls in ferroelectric and

ferroelastic materials based on continuum Landau-Ginzbug-Devonshire theory. From these
models, the domain wall represents a transition region across which the elastic distortion of the
material varies smoothly, in a manner quantified by the finite wall width.
To date, the primary means of investigating wall widths on unit cell level has been
transmission electron microscopy (TEM).17,18,19,20,21 TEM studies of ferroelectric 180o domain
wall in a related material, lithium tantalate concludes that wall width cannot be resolved down to
0.28 nm.18 Whereas measurement of physical properties such as strain22,23 and refractive index
contrast24 show a variation along length scales of 10 − 30 µ m across the domain wall.
It therefore becomes very important to define precisely what one means by a domain wall
width. Kim et al. and Choudhury et al .25,26 have shown that broader domain wall dramatically
lowers the coercive fields in ferroelectrics. Bandhopadhyay and Ray27 developed this idea further
via perturbation analysis and derived the range of stability of domain wall widths. Their lower
limit of wall width agrees well with first-principles calculations, and the upper limit is in the
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range of 100 nm, similar to that measured by scanning probe microscopy28,25,29 Theory that
predicts narrow walls also predicts that defects can locate and pin at domain walls by creating
additional dipolar and strain fields. Indeed, experiments show that domain walls can bend and
bow under an applied field order of magnitude smaller than the coercive field of the
ferroelectric,30 indicting that coercive field may be a threshold for pinning-depinning transition.
The key to answering these fundamental questions is of very broad consequences to the field.
In the recent years, proposals have been made to use ferroelectric devices in high-density
memory, phase-change-based logic devices and as the basis of new approaches to lithography.
Future applications necessarily rely on domain control at small length scales. To realize the full
potential of ferroelectric materials in this context, one needs to consider several factors:
patterning ferroelectric domains at small scales, stability limits of small domains, etc. Therefore
in order to better control and shape ferroelectric domain walls, one needs to understand the local
structure and dynamics of domain walls at atomistic length scales.31,32

Overview of experimental methods
In this thesis two important experimental techniques, optical second harmonic generation
and scanning probe microscopy, are used. An overview of these experimental techniques are
given here as a background.

Nonlinear Optics
In conventional (linear) optics, the induced polarization (dipole moment per unit volume)
of a medium is proportional to the electric field. But for higher field strengths, like those available
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with lasers, instantaneous polarization can be generalized as a nonlinear response expressed as a
Taylor series expansion as:

P(t ) = χ (1) E (t ) + χ (2) E 2 (t ) + χ (3) E 3 (t ) + ...

1.1

with the first term representing linear effects, the second term representing second-order
nonlinear effects, the third term representing third-order nonlinear effects, and so on. Switching to
frequency ( ω ) space, the instantaneous polarization for second-order effects can be expressed in
terms of the Fourier components of the electric field E (ω ) by the basic equation:

Pi (ω3 ) = 2∑ ε 0 dijk (ω3 = 2 ω ) E j (ω ) Ek (ω )

1.2

jk

where the third rank tensor dijk is the second-order nonlinear dielectric susceptibility, also called
the nonlinear optical coefficient. The tensor dijk can be contracted to a 3 × 6 matrix d ij using
voigt notation. 33 The contracted d ij tensors for some point groups observed in ferroelectric
materials are shown in Figure 1.3.
As shown in Eq.(1-2), oscillating electric fields at frequency ω can generate
instantaneous polarization at a frequency 2 ω . This instantaneous polarization in turn is a driving
function for the wave equation of the traveling electromagnetic wave:

∇2 E −

n 2 ∂ 2 E 4π ∂ 2 P
= 2
c 2 ∂t 2
c ∂t 2

where n is the refractive index, c is the speed of light in vacuum, and

1.3

c ω
is the phase
=
n k

velocity. Thus, we can use nonlinear materials to generate electromagnetic waves with new
frequencies. This frequency conversion property is an important application of nonlinear optical
materials.
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Scanning probe microscopy
In this section we will discuss two of the relevant forms of scanning probe, namely
contact mode Atomic Force Microscopy (AFM) and piezoresponse force microscopy (PFM).
Typical AFM system consists of a laser beam, tip attached to a cantilever, quadrant photodetector
and the sample to be studied. In contact mode AFM, the tip is kept in contact with the sample
surface under a constant force. If the sample surface has topographic variations, the feedback loop
in AFM will try to accommodate this variation to maintain the constant force (constant deflection
in quadrant photodetector), thus the AFM tip follows the variation of the sample surface and
scans. In the AFM system, the detection system consists of a collimated laser beam and a
sensitive quadrant photodetector (Figure 1.4). The laser beam is focused on the cantilever of the
AFM probe and then is reflected back to the quadrant photo detector whose photocurrents are fed
into a differential amplifier. A minute deflection of the cantilever of the AFM probe would cause
one section of the photodetector to collect more light than the others, and the output of the
differential amplifier, which is proportional to the deflection of the lever is used to image the
forces across a sample.
It was almost immediately realized that AFM can be extended to map forces of different
types, for instance, magnetic force, electrostatic force or chemical interactions. Piezoresponse
force Microscopy (PFM) is one type of scanning probe technique in which modulated oscillating
voltage is applied to the sample through the tip in a contact AFM configuration, and the first
harmonic oscillation of the cantilever is detected by a lock-in technique. This technique has been
widely performed to study domain dynamics in ferroelectrics. When an external electric field is
applied onto a piezoelectric material, it induces a strain in the material. Thus the surface of the
material distorts. In a contact AFM system, the tip is expected to follow this deformation of the
surface. The vertical PFM detects the displacement of the sample surface perpendicular to the
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sample surface. Displacement sensitivity of ~picometers arises because of the applied AC
oscillating voltage on the tip to which one can lock-in this displacement using a lock-in
amplifier.34

Research Objectives
The central focus of this thesis work is to develop a fundamental understanding of local
structure and dynamics of 180o domain walls in ferroelectrics. For this study we utilize two
techniques: nonlinear optics and scanning probe microscopy. Nonlinear optics is demonstrated to
be an excellent tool to probe the onset of ferroelectric and ferroelastic order parameter, as well as
their orientation in ferroelectrics. Scanning probe microscopy is demonstrated to be a quantitative
technique to study domain walls in ferroelectric materials with a resolution of about 10 nm. This
technique is then used to demonstrate that real 180o domain walls in ferroelectric materials can be
as broad as 10-100 nm. Finally, a recently developed technique called Switching Spectroscopy
Piezoresponse Force Microscopy (SS-PFM) is utilized to demonstrate for the first time that 180o
domain walls can act as local nucleation centers in ferroelectric materials reducing coercive fields
in their vicinity.

Thesis organization
This thesis consists of 7 chapters. Chapter 2 and Chapter 3 focus on nonlinear optical
study of domain evolution and domain dynamics in ferroelectric materials. We demonstrate how
nonlinear optics can be used to probe ferroelectric and ferroelastic order parameters and also to
study micro-scale domain dynamics under external electric fields in ferroelectric materials. In
Chapter 4 we present scanning probe microscopy as a quantitative tool to study domain walls in
ferroelectric materials and discuss the investigation of these domain walls using this technique.
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Chapter 5 presents the description of a recently developed technique SS-PFM and in Chapter 6
we present the results of nanoscale domain wall dynamics experiments across 180o domain walls
in ferroelectrics using SS-PFM. Finally Chapter 7 gives the summary, conclusions as well as
future work related to this research.
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Figure 1.1
Schematic of ferroelectric hysteresis loops indicating remnant polarization Pr , coercieve field
and EC .
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Figure 1.2
Schematic diagrams of unit cells of (a) Perovskite ABO3 (b) LiNbO3 type structure
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Nonlinear optical tensor for some ferroelectric point groups

−d 22 
0 
0 

15

Figure 1.4
Detection system in an Atomic force microscope (AFM)
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Chapter 2
Multiferroic dynamics in uniform biaxially strained strontium titanate

Introduction
Multiferroic

materials

with

multiple

order

parameters

such as

polarization,

magnetization, and spontaneous strain are attracting significant interest due to the possibility of a
rich array of coupled phenomena such as ferroelastic-electric-magnetic, piezo-electric-magnetic,
and electro-magneto-optic effects.1,2,3,4,5 At first glance, strontium titanate would appear an
unlikely candidate for a multiferroic. Bulk SrTiO3 is a cubic ( m3 m ) centrosymmetric perovskite
at room temperature; it undergoes a nonpolar antiferrodistortive (AFD) phase transformation to a
tetragonal point group 4/mmm at ~105K, and exhibits indications of a frustrated ferroelectric (FE)
transition at ~20K, which it never completes.6,7 First principles calculations8 and phase-field
9 10

modeling ,

have suggested however, that external strain can induce ferroelectricity. Figure 2.1

shows the relationship between Phase transition temperature in SrTiO3 with the epitaxial strain.
The shaded region represents the range of ferroelectric transition temperature. The dash-dot lines
represents the range of ferroelectric transition temperature. It can be seen from the figure Figure
2.1 that depending on the extent of epitaxial strain, the ferroelectric phase transformation can
either precede or succeed the antiferrodistortive phase transformation. In this chapter we discuss
the specific case of a 0.94% tensile strained thin film of SrTiO3 on DyScO3 substrate. For a
0.94% epitaxial strain, the Ferroelectric transition temperature ranges from 277+100K. As it is
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cooled further, it is predicted that SrTiO3 undergoes an antiferrodistortive phase transformation
anywhere between 110-150K.10,11 Beyond this phase transition, SrTiO3 is a multiferroic with the
existence of two coupled order parameters, the ferroelectric polarization and an antiferrodistortive
rotation.
The prediction of ferroelectric-paraelectric transition has been experimentally confirmed
recently in a SrTiO3 thin film strained in biaxial tension. 12 A number of fundamental issues,
however, remain to be addressed. No direct imaging of ferroelectric domains or its switching
dynamics has been reported in this material.

The multiferroic nature of strained strontium

titanate, i.e., the coexistence of ferroelectric and ferroelastic domains has not received much
attention, though it is unique in many respects. It is induced by external strain. Further, unlike
other ferroelectric-ferroelastics such as BaTiO3 and PbTiO3 with a single order parameter, two
independent order parameters exist:

a polar ferroelectric order parameter p, and an axial

antiferrodistortive rotation order parameter q.10,13,14,15 Hence, depending on the magnitude and
sign (compressive or tensile) of the applied biaxial strain, the ferroelectric transition temperature
can precede or succeed the ferroelastic transition temperature.10 No first principles theory or
experimental determination of the structure and polarization direction has been reported for the
multiferroic phase. From a symmetry perspective, the SrTiO3 multiferroic domain structure has
striking similarities with, and hence of broader relevance to other multiferroics with coexisting
polar and axial phenomena, such as materials that exhibit coexisting ferroelectricity (polar
property) and antiferromagnetism (axial property).2,4,16
This chapter focuses on the domain structure and phase transitions in a 500Ǻ thick
SrTiO3 thin film12 grown on a (110) DyScO3 substrate with a 0.94% uniform in-plane biaxial
tensile strain in the growth plane.10 Phase-field modeling predicts a ferroelectric (FE) transition
temperature range of 277+100K, and an antiferrodistortive (AFD) transition at ~111-150K.9,10
First principles calculations were performed for this strain value with an Amm2 space group
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symmetry in the FE phase, and an Ima2 (#46) symmetry in the multiferroic (FE+AFD) phase. In
the multiferroic phase, the optimized ground state structure has a ferroelectric polarization of p~
0.18C/m2 in the <110>p direction in the growth plane, and a corresponding antiferrodistortive
rotation of the oxygen octahedra by 5.9° about the vector q<110>p , where the subscript p refers
to the pseudocubic Miller index, showing that the combination of the two distortions is lower in
energy than either distortion alone. In this phase, there are 8 types of coexisting FE+AFD
domains (see Figure 2.2), which we classify into 4 types of domain classes: x+, x-, y+, and y-,
each comprised of two types of domains. Denoting the directions x≡[110]p, y≡[1 1 0]p, and
z≡[001]p, the order parameters in the 4 types of domain classes are x+: (px, 0, 0, qx, 0, 0) and (px,
0, 0, -qx, 0, 0), x-: (-px,0, 0, -qx, 0, 0) and (-px,0, 0, qx, 0, 0) , y+: (py, 0, 0, qy, 0, 0) and (py, 0, 0, qy, 0, 0), and y-: (-py, 0, 0, qy, 0, 0) and (-py, 0, 0, -qy, 0, 0). These domains are separated by 180°
AFD (FE) domain walls across which p(q) remains the same, but q(p) rotates by 180°; and 90°
(180°) FE+AFD domain walls across which both p and q rotate by 90° (180°). In the pure FE
phase, the order parameter q disappears, resulting in 4 types of domains, and 2 types (90° and
180°) of ferroelectric domain walls.

Optical second harmonic generation (SHG) measurement
To determine the point group symmetry and the direction of the ferroelectric polarization
in a strained (100)p SrTiO3 film on a (110) DyScO3 substrate, optical SHG measurements was
employed. SHG involves the conversion of light at frequency ω into an optical signal at a
frequency of 2ω by a nonlinear material. The conversion process occurs by the creation of a

2ω

nonlinear polarization Pi

ω ω

∝ dijk E j Ek , by light at frequency ω through the third order
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nonlinear tensor dijk . Each of the subscripts i,j,k refers to any one of the crystal physics axes of
the material, 1,2,3. Anticipating a little, the strained SrTiO3 has a point group symmetry mm2,
where the twofold rotation axis lies within the plane of the SrTiO3 thin film. By symmetry
considerations, the ferroelectric polarization p in this point group can lie only along this twofold
axis, which is conventionally labeled as crystal physics axis

x3 .

Experiment
The schematic of the SHG experimental setup is shown in Figure 2.3. Light from
Ti:sapphire laser (“Spitfire” from Spectra physics) of wavelength 800 nm was incident on the
sample at normal incidence and its polarization direction, at an angle θ from the y axis, was
rotated continuously within the plane of the film. Lens1 was used to focus the laser on the sample
to increase the intensity of probing light, and thereby improve signal to noise ratio in SHG signal;
Lens2 was used to collimate the light to maximize collection efficiency of SHG light. The
direction of polarization of second harmonic light we would like to observe was fixed by the
polarization analyzer to be along x ≡ [110] p , y ≡ [110] p , x′ ≡ [010] p or y ′ ≡ [100] p
directions. The sample was mounted on heating/cooling stage (Linkham, model no. TP-91) so that
the temperature at which we would like to study the sample can be varied. Gold electrodes of
thickness 1000Å were sputtered in the plane of the sample so that in-plane electric fields can be
applied to the sample and in-situ SHG in the presence of electric fields could be monitored.
Sensitive photomultiplier tube was used to detect low intensities of second harmonic light. The
signal from the photomultiplier tube PMT was monitored by a lock-in amplifier (Stanford
Research Instruments model no.SRS-830) interfaced to computer.
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Model of SHG from multidomain epitaxial film
For a strained (100)p SrTiO3 film on a (110) DyScO3 substrate, two possible models for
the possible directions of polarization in the growth plane were considered:
Orthorhombic model: the polarization appears along the x[110] p or y[110] p
directions, the orthorhombic state;
Tetragonal model: the polarization lies along the x′[010] p or y′[100] p directions, the
tetragonal state.
For simplicity, only the orthorhombic model is discussed. Referring to Figure 2.3, let the
ω

fundamental beam (800 nm) travel down the –z direction, with its incident polarization ( E )
rotating in the x-y plane making an angle θ with the –y axis. The output analyzer is fixed along x

P 2ω

or y axis. We wish to calculate the polarization
function of the incident field

along the coordinate axes x and y as a

E ω , θ , and d ij for all four variants. The d ij coefficients for (x ,y,

z) coordinates for an orthorhombic SrTiO3 unit cell are as follows:

 Px2ω   0
0
 2ω  
0
 Py  =  0
 2ω   d
 Py   31 d32

0
0

0
d 24

d15
0

d33

0

0

 Ex2 


2
 Ey 
0

Ez2 


0
 2E E 
0   y z 
 2 E x Ez 
 2E E 
 x y

2.1

Where (x, y, z) are the coordinates shown in Figure 2.3 and correspond to subscripts
(1,2,3) respectively, in the above tensor. The fields

E x , E y , E z are the fundamental electric fields

inside the nonlinear material. In general they are given by product of external electric field in air
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and linear fresnel factors.17 For normal incidence as in our case, these factors become unity. Thus
the electric fields in equation 2.1 can be taken to be the same as in air for normal incidence.
Considering different domain variants corresponding to this mm2 model, calculations similar to
those outlined in Ref. 18,19 yields the following expression for SHG Intensity:

2ω
2
2
2 2
I j = K1, j sin 2θ + K 2, j (sin θ + K3, j cos θ )
2
2
+ K 4, j (sin θ + K3, j cos θ ) sin 2θ ,

Where

2.2

K i , j are constants given by: Eq. 2.3 and 2.4

K 3,x =

 1 


K
 3, y 

2

1
d ′
= 31 ,
K 3, y d33

2.3
4

 K1, x K1, y   d15′ 
 ,

 = 

K
K
d
 2, x 2, y   33 

2.4

where d 31′ = ( d 31 + d 32 ) / 2 and d15′ = ( d15 + d 24 ) / 2 . Two of these are ratios of nonlinear

coefficients (

d33
d31′

(including its sign) and

d15′
(absolute
d 33

value only))that are independent of

domain microstructure. The third quantity, δAx/δAy, is a microstructural quantity, where

δAx = Ax + − Ax- and δAy = Ay + − Ay - are the net area fractional biases in the x and y directions,
respectively. The term δAx (δAy) in the observed SHG intensity reflect a cross-cancellation effect
of signals from the x+(y+) domains and x-(y-) domains resulting from a phase difference of π in
their relative SHG fields.
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Let us look at the two possible models for ferroelectric polarization in this material,
namely the orthorhombic model and the tetragonal model. The intensity I 2j ω , of the output
SHG signal at 400 nm wavelength from the film was detected either j = x, y, x′, y′ polarization
directions by a photomultiplier tube. The resulting polar plots of SHG intensity at 223 K are
shown in Figure 2.4.
Orthorhombic model: Assuming that the domain polarizations are along the pseudo-

cubic x[110] p or y[110] p directions, it can be seen from Eq. 2.2and Eq. 2.3 that

2ω
2ω
I x (90°) I y (0°)
=
2ω
2ω
I x (0°) I y (90°)

2.5

as seen from Figure 2.4 this condition is clearly experimentally satisfied. At 223K, the

2ω

experimental values are I x

2
2
2ω
(90°) / I x (0°) ~ (1.58 ) and I 2yω (0°) / I x2ω (90°) ~ (1.48 ) .

From Eq. 2.3 and Eq. 2.5 we therefore get a resultant value of d33 / d31′ = 1.53 ± 0.05 at
223K.
Tetragonal model: Assuming that the ferroelectric polarization may be along x ′[100] p

and y ′[010] p directions, and performing similar analysis as above, we arrive at the required
stipulation that

2ω
2ω
I x′ (135°) I y (45°)
=
2ω
2ω
I x′ (45°) I y (135°)

2.6
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Figure 2.4 (c) and Figure 2.4 (d) show the condition Eq. 2.6 is not satisfied; The left hand
argument of Eq. 2.6 is ~0.42 whereas the right hand side is ~3.36. From the above discussion, we
conclude that orthorhombic model is correct, namely, that the point group symmetry of SrTiO3
strained with 0.94+0.05% in plane is mm2, and that the polarization lies along the pseudocubic
<110>p in-plane directions of the SrTiO3 film.
The Inverse relation stipulated by Eq. 2.5 can be seen to hold for orthorhombic model at
all temperatures studied between 77 to 300K (Figure 2.5) showing that the symmetry is mm2 and
the polarization is oriented along <110>p directions in the 80-298K range studies.
These properties also show an anomaly in the range of Tmax ~ 250-273K, consistent with
the peak in the dielectric response

ε

reported in Ref.[12]. Noncentrosymmetry and polarization

PS exist well upto at least Tb ~ 323 − 328K , where finally the SHG signal is below our
detection limit. The SHG signal in Figure 2.5 also shows a reproducible anomaly at

TAFD ~ 148K (cooling) to TAFD ~ 173K (heating). This corresponds to the antiferrodistortive
phase transition in SrTiO3, consistent with thermodynamic predictions.10,11 The slight drop in the
SHG intensity at the AFD transition could arise from doubling of the domain variants from 4 to 8
in the multiferroic phase of a change in the magnitude of d33 across the phase transition. The
symmetry is observed to remain mm2 across the AFD transition, as predicted.
The difference in the temperatures at which the peak in the dielectric constant and the
peak in the d33/d31 ratio occurs (Tmax~250K) versus where noncentrosymmetry was lost (Tb~323K)
can arise from ferroelectric relaxor behavior as recently reported20, as well as inhomogeneously
strained regions. The Tb~323-328K transition may then be more appropriately termed as the
Burns temperature21. Between Tmax and Tb, polarization in a relaxor ferroelectric is normally
expected to exist as glassy nanopolar regions without well-defined domains or domain walls.
This is consistent with piezoelectric force microscopy (PFM) at room temperature (298K), which
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reveals that the majority of the film is featureless with low piezoelectric signals. In the lateral
PFM mode, x ± and y ± domains can be imaged as shown in Figure 2.6. A shear strain ε 5
arising from the d15 coefficient will give lateral displacements in the x- z(y-z) planes in the x ± (

y ± ) domains, giving different lateral contrasts between these domains.22 Some localized regions
(estimated to be in ~5-10% of the film area) however reveal ferroelectric domains at room
temperature as seen in Figure 2.6, indicating inhomogeneous strains.

Upon heating, the

piezoelectric response starts to disappear partially at 40°C (Figure 2.6 (c)) and completely at 60°C
(Figure 2.6 (d)), and the domain features reappear on cooling (Figure 2.6 (e)) back to room
temperature. The domains are partly bounded by ~5 nm high surface ridge-like features seen in
topography (see Figure 2.6 (h)), within which they reappear after cooling (Figure 2.6 (e)).
Although these films have the narrowest dielectric constant versus temperature peaks reported for
SrTiO3 or (Ba,Sr)TiO3 films20, the widths are still about three times broader than (Ba,Sr)TiO3
single crystals23, hence local inhomogeneous strains and domains can arise. As further evidence,
similar films that are 350Ǻ or less in thickness do not show the topographic ridges, SHG signals
or domain like features at room temperature.
The bright and dark regions of PFM signal in Figure 2.6 (b) can be attributed to the y±
and x± domains, respectively. The domain walls (not related to topography; see Figure 2.6 (h))
separating these bright and dark domains are parallel to the <100>p direction, which correspond
to 90° domain walls. These walls can be influenced by external electric fields. Figure 2.6 (e)
shows that cooling has produced predominantly y± domains. When an electric field of +1kV/mm
is applied along the +x direction, they transform to predominantly x± domains (Figure 2.6 (f)),
and then partially reverse back to y± domains after applying -1kV/mm along the –x direction
(Figure 2.6 (g)). These results indicate 90-degree ferroelectric domain wall motion. This is
further confirmed by in situ SHG under in-plane electric fields of + 1kV across a 1.3 mm
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electrode gap in the ±x[110]p direction, which indicates ( Figure 2.7) that both δ Ax2 and δ Ay2
change. This indicates that the electric field along the ±x direction switches domains along the ±y
direction as well, indicating motion of 90° domain walls that couple x± domains to the y±
domains. This mechanism is operative at all temperatures including the multiferroic phase, where
SHG indicates the motion of coupled 90° ferroelectric-ferroelastic domain walls.
Phase-field simulations

10,24

were performed to understand the detailed mechanism of

domain wall motion under an applied electric field along +x([110]p). In this method, for a
ferroelectric material, the spontaneous polarization P = ( P1 , P2 , P3 ) is chosen as the order
parameter, and its spatial distribution in the ferroelectric state is used to describe the domain
structure. The temporal and spatial evolution of the polarization vector field is obtained by
solving the time-dependent Ginzburg-Landau equations:

∂Pi (x, t )
δF
= −L
∂t
δ Pi (x, t )

(i = 1, 2,3)

2.7

L is a kinetic coefficient which is related to the domain mobility and F is the total free energy of
the system. x = ( x1 , x2 , x3 ) denotes the spatial position and t is time Figure 2.7((c)-(h)) shows the
evolution of order parameters p and q in the multiferroic phase. One can clearly see that the area
fraction of x+ domains increases, while that of x- domains decreases through a motion of coupled
90° ferroelectric-ferroelastic domain walls. The pure 180°AFD walls (see Figure 2.7(d)) within a
single polarization domain state are degenerate in energy even under an electric field and remain
with statistically equal populations [Figure 2.7 (f-h)]. The pure AFD domain walls within the
polarization domain states not favored by the external field disappear, however, primarily as the
90° degree walls sweep through that domain state.
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Summary

In conclusion, a unique form of multiferroicity, namely an induced ferroelectricantiferrodistortive phase in strained SrTiO3 is reported. A ferroelectric transition temperature Tmax
~250K, Burns temperature Tb ~323K, and an antiferrodistortive transition at TAFD~160K have
been determined using optical second harmonic generation (SHG). For the first time, ferroelectric
domains were directly imaged at room temperature and above in this material using PFM. In situ
SHG under external fields show evidence for the movement of coupled ferroelectric-ferroelastic
90° domain walls in the multiferroic phase under external fields, in agreement with phase-field
modeling. From a symmetry perspective, the domain structure and dynamics in this ferroelectricantiferrodistortive system will have direct relevance to expected domain structures in a
ferroelectric-antiferromagnetic system with two phase transitions.
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FE+AFD
Phase

Figure 2.1
Expected shift in curie temperature of (001) SrTiO3 with biaxial in-plane strain, based on
thermodynamic analysis. The green shaded region represents range of ferroelectric transition
temperature while dash-dot lines represent range of AFD transition temperatures. For a 0.94%
tensile strained SrTiO3 below the AFD transition temperature, SrTiO3 is expected to be
multiferroic with the existence of ferroelectric and antiferrodistortive order parameters.(from
Ref.[10])
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Figure 2.2
Schematic showing Sr, O, and Ti atomic positions and order parameters p and q in various phases
of strained SrTiO3. (a) Paraelectric 4/mmm phase, (b) ferroelectric mm2 phase, (c) FE and AFD
mm2 phase. Circles with crosses (dashes) are oxygen ions moving into the plane of the paper (in
the dash direction). (d) Domains in the FE+AFD phase showing an AFD and coupled FE+AFD
domain wall.
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Figure 2.3
Schematic of SHG setup in normal incidence for (001) oriented epitaxially strained SrTiO3 on
DyScO3.
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Figure 2.4
Polar plots of SHG intensity ( I 2j ω ) at T =223K as a function of the polarization angle, θ of the
fundamental light at frequency ω incident normal to the film surface of a 500Å thick SrTiO3 film
on (110) DyScO3. (a) I y2ω ,(b) I x2ω ,(c) I y2′ω , and (d) I x2′ω where the directions x, y, x′ and y′ are
defined in the inset. The circles are measured data and the solid curves are theoretical fits based
on Eq. 2.2
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Figure 2.5

I y2ω (0°) vs T where the dark (hollow) squares are cooling (heating) cycle. The anomaly around
148 and 173K are highlighted with spline curves. The variation of ratios of nonlinear optical
coefficients with temperature is shown on the right axis. The circles (diamonds) represent

K 3, y ( K 3,−1x )
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Figure 2.6
Lateral PFM images of the same strained SrTiO3 thin film (a) Topography of the film surface.
PFM image of the film (b) at Room temperature, 298K, (c) heated to 313K, (d) heated to 333K,
and (e) cooled from 333K back to room temperature. PFM response as the film was poled along
[110]p with (f)+1kV/mm and (g) -1kV/mm. (h) Correlation between topography and
piezoresponse. Same figure in (b) panel is marked with white lines to show topographic features.

35

Figure 2.7
Domain area fractions [ I x2ω (0°) ∝ δ Ax2 ; I y2ω (0°) ∝ δ Ay2 ] as a function of applied voltage along
the + x([110] p ) direction at (a) T=123K and (b) T=223K. Phase-field modeling of the evolution
of FE [(c)-(e)] and AFD [(f)-(h)] domain morphologies with electric field along x ([110] p )
(Acknowledgement: Yulan Li and Long-Qing Chen).
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Chapter 3
Polarization rotation transitions in
anisotropically strained SrTiO3 thin films

Introduction

Strontium titanate (SrTiO3), in its bulk form, is centrosymmetric and never becomes
ferroelectric at any temperature1. However, thermodynamic2 as well as first principles
calculations3 predict that application of biaxial compressive or tensile strain can make SrTiO3
ferroelectric4. These predictions have been confirmed by experiments in epitaxial,
commensurately strained SrTiO3 grown on various substrates, where the films become
ferroelectric near room temperature5. They also undergo and octahedral tilt transition at low
temperatures6,7. The phase-field simulations, and experimental studies conducted on strained
SrTiO3 films have primarily focused on uniform biaxial strain, where the strain values along the
[100]p and the [010]p (where the subscript p indicates the pseudocubic miller index) directions
are equal. However, the GdScO3 substrates are orthorhombic with a GdFeO3 crystal structure and
Pbnm space group. The substrates used in this work have a (110)o (“o” for orthorhombic notation)
orientation that leads to asymmetrical in-plane growth net with lattice parameters of
3.964+0.001Ǻ and 3.967+0.001Ǻ.

8,9,10

This anisotropic strain state is only present in fully

commensurate thin films and relaxes to a uniform in-plane strain state with increasing film
thickness, as has been presented in chapter 2.
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This chapter focuses on the domain structure and phase transitions in an anisotropically
strained 250Å thick SrTiO3 film grown on a GdScO3 substrate. Reactive molecular beam epitaxy
(MBE) was used to grow epitaxial SrTiO3 film on (110)o oriented GdScO3 substrate. X-ray
diffraction scans show that on this substrate, SrTiO3 grows with an in-plane lattice constant of
3.962+0.001Å (tensile strain of 1.46%) along [100] p direction and 3.967+ 0.001Å (tensile strain
of 1.59%) along the [010] p direction (referred to as the short and long axes, respectively) and an
out-of plane lattice constant of 3.872+0.001Ǻ (compressive strain of 0.85%). The film is fully
commensurate with the substrate, within the accuracy of the measurements. The film under study
was of excellent crystalline quality, with FWHM in the rocking curve being 0.0025° as shown
in Figure 3.1.
Thermodynamic calculations similar to the procedure outlined in Ref.[2] were performed
for SrTiO3 film on a GdScO3 substrate subject to biaxial strains of 1.46% along [100] p and
1.59% along [010] p . Calculations predict that the transition from paraelectric to ferroelectric
state occurs at 393±81 K where the error range is due to the variations in reported electrostrictive
coefficients.

Below the transition temperature, the ferroelectric polarization is along [010]p

direction. Upon cooling to below 355±77K, the polarization switches to <l10>p (0<l<1)
directions, as shown in Figure 3.1. As it is cooled further, at around 147 + 29K, SrTiO3 is
predicted to enter a multiferroic phase with the existence of ferroelectric and antiferrodistortive
order parameters.

Second Harmonic Generation (SHG) measurements

In order to verify these predictions, we employ optical second harmonic generation
(SHG) and ferroelectric polarization measurements11,12. SHG involves the conversion of light
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(electric field Eω ) at a frequency ω through the creation of a nonlinear polarization

Pi2ω ∝ dijk Eωj Ekω 13. The experimental setup is shown in Figure 3.
The fundamental wave of 800 nm was incident from the substrate side in normal
geometry. The sample was placed inside a cryostat allowing the temperature to be varied from 4K
to 400K. A reference study of bare (110) GdScO3 without any film yielded no SHG within
detection limits. The polarization direction of incident light, at an angle θ from the x axis was
2ω
rotated continuously within the plane of the film (see Figure 3.3(a)). The intensity I j of the

output

SHG

signal

at

400

nm

wavelength

was

detected

along

either

j = x ≡ [100] p or y ≡ [010] p directions (where the subscript “p” indicates pseudocubic miller
index) by a photomultiplier tube. The resulting polar plots of the SHG intensity I x 2ω (θ ) and

I y 2ω (θ ) at 363K are shown in Figure 3.4 (a) and (b) respectively.

Theoretical modeling of SHG in SrTiO3 film

We present here a theoretical model to correlate the area fractions of different domain
variants in a multidomain SrTiO3 (001) film to the second harmonic output from the film.
Following similar procedure outlined in Ref.[14]. We derive the equation for SHG intensity as a
function of angle of polarization of incident light ( θ ), domain area fractions and ratios of
nonlinear optical coefficients of the film. In verification of the thermodynamic calculations, we
considered mm2 point group for the ferroelectric phase, where the twofold rotation axis lies
within the plane of the SrTiO3 thin film. By symmetry considerations, the ferroelectric
polarization in this point group can lie only along the 2-fold rotation axis.
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Polarization along long axis ( y direction) only

Going with the theoretical predictions, let us assume that the ferroelectric polarization in
this material lies purely along the long axis, namely ± y (≡ ±[010] p ) . Figure 3.5 schematically
shows the two possible domain variants, both of which lie in the film growth plane. Also shown
in the figure are two sets of coordinate axes corresponding to the two variants of ferroelectric
polarization. The x and y axes are fixed to the substrate and correspond to GdScO3 directions (

x ≡ [101]o and y ≡ [010]o ) where the subscript ‘o’ signifies orthorhombic unit cell. In order to
find out the net output due to both the variants, they have to be first referred to the same global
coordinates (x, y, z).
Referring to Figure 3.3 let the fundamental beam (800nm) travel down the –z direction
with its incident polarization rotating in the x-y plane making an angle θ with the x axis. The
output analyzer is fixed along x or y axes.
Our aim is to obtain the second harmonic field E 2ω from the film due to all variants.
Our approach will be to calculate the polarization P 2ω along the global coordinate axes (x, y, z)
as a function of incident field Eω , θ , and the nonlinear optical coefficients dijk for both the
variants. The dijk coefficients abbreviated in Voigt notation dijk → dij for a SrTiO3 assuming
that the ferroelectric polarization lies along ± y′ direction are given by Eq. 3.1:
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0
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0   2 E y′ Ez′ 
2 E E 
z′ x′ 

 2 E x′ E y′ 



3.1

Where ( x′, y ′, z ′) are the coordinates shown in The fields Ex , E y and Ez are the
fundamental electric fields inside the non-linear material. In general they are given by product of
external electric field in the air and linear fresnel factors15.
In order to find the overall second harmonic polarization along x or y axes, we determine
the individual contributions of second harmonic polarization along the respective axis due to
both the variants and then perform a vector addition of the net contribution. Figure 3.6 shows the
second harmonic polarization along x and y directions for the two variants.

Phase correlation assumption

When we add the contributions due to both the domain variants in the film to the total
electric field, we have to take the magnitude and phase of each individual field into consideration.
This could be done in two ways: (1) assuming that all domain variants are completely phase
correlated with each other. (2) all domain variants are completely phase uncorrelated with each
other. The difference between the two can be explained by an example.
Referring to Figure 3.6, let us consider the output fields for the analyzer parallel to y axis.
If we add the contribution of variants 1 and 2 and weighted them by their area fraction A1 and A2
respectively, then it is clear that the two effects cancel each other and only a net effect
corresponding to ( A1 − A2 ) will be observed. This corresponds to complete phase correlation
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case since we have assumed that the outputs from domain variants 1 and 2 completely cancel out
each other.
The other situation is despite their phase difference of π the domain variants behave as
separate sources of nonlinear polarization. Here, only the magnitude of their polarization matters
and their phase is completely ignored. In this case the net second harmonic polarization
corresponding to ( A1 + A2 ) will be observed.

SHG Intensity

From Figure 3.6 we can write the total nonlinear polarization along x axis as:

Px2ω = δ A Px

3.2

Where δ A = A1 − A2 is the complete phase correlation assumption while δ A = A1 + A2
in the complete phase non-correlation assumption. The second harmonic intensity along x




*

( )  . We note that from the geometry of our

direction is given by I x2ω ∝ Re  Px2ω . Px2ω

experiment, substituting for Px2ω from Figure 3.6 and noting that from the geometry of the
experiment (Figure 3.3) Ex′ = E0 cos θ , E y′ = 0 and E z′ = E0 sin θ for variant 1 and

Ex′ = − E0 cos θ , E y′ = 0 and Ez′ = − E0 sin θ for variant 2, we get:
2

I x2ω ∝ (δ A) d02 sin 2 2θ

3.3

Similar calculations for SHG intensity along y axis yield:

(

I y ∝ (δ A)2 d1 cos 2 θ + d33 sin 2 θ

)

2

3.4
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d + d 24
d + d32
(where d0 = 15
and d1 = 31
)
2

2

Polarization along long and short axes ( x and y directions):

Here we present the theoretical modeling for SHG intensity from this anisotropically
strained SrTiO3 assuming that the ferroelectric polarization in this material lies along both the
long axis ( y ≡ [010] p ) and the short axis ( x ≡ [100] p ). Let us assume that the ferroelectric
polarization in this material lies purely along the long axis, namely ± y (≡ ±[010] p ) .
Figure 3.7 schematically shows the four possible domain variants, all of which lie in the
film growth plane. In order to find out the net output due to both the variants, they have to be first
referred to the same global coordinates (x, y, z).
Similar to the previous section, in order to find the overall second harmonic polarization
along x or y axes, we determine the individual contributions of second harmonic polarization
along the respective axis due to all the variants and then perform a vector addition of the net
contribution. Figure 3.9 shows the second harmonic polarization along x and y directions for the
four variants.
With the two-dimensional microstructure assumption we can now write the total
nonlinear polarization along x axis as:

Px2ω = δ A12 Px (1) + δ A34 Px (2) .eiΓ

3.5

Where Γ is the difference in phase suffered by second harmonic light passing through
domains along +x direction and +y directions. The second harmonic intensity is given by
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*

I x2ω ∝ Re  Px2ω . Px2ω  or :



( )

I 2j ω (θ ) = K1, j sin 2 2θ

(
(sin

2

)
cos θ ) sin 2θ

+ K 2, j sin 2 θ + K3, j cos2 θ
+ K 4, j

2

3.6

2

θ + K3, j

Where SHG intensity is measured along j = x or y directions and K1, j , K2, j , K3, j and
K 4, j are constants given by:
K3,x =

 1

 K3,y







2

 K1,x K1,y


 K 2 ,x K 2 ,y

 K1,x K 2 ,y

 K 2 ,x K1,y


The constant K 3, x =

d
1
= 1
K3,y d33

3.7

  d0 4
= 
  d33 


3.8

4
 2
 δA34 
.
K =
 3,y  δA12 


I x2ω (0°)

I x2ω (90°)

(

= K 3, y

)

−1

=

3.9

I y2ω (90°)
I y2ω (0°)

represented by Eq. 3.7 is

independent of domain area fractions. The condition stipulated by Eq. 3.7 gives a check for
verifying the model with polarization along x and y directions.
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Polarization along [110] p directions

Now we present the theoretical modeling for SHG intensity from this anisotropically
strained SrTiO3 assuming that the ferroelectric polarization in this material lies along the 110 p
directions, namely along ± X (≡ [110] p ) and ±Y ( ≡ [110] p ) directions.
Figure 3.8 schematically shows the four possible domain variants, all of which lie in the
film growth plane. In order to find out the net output due to both the variants, they have to be first
referred to the same global coordinates (X, Y, Z).
With the 2-Dimensional microstructure assumption similar to that shown in Figure 3.9, it
can be shown that the SHG intensity along X ≡ [110] p and Y ≡ [110] p are given by:

I 2j ω (θ ) = K1, j sin 2 2θ

(
j ( sin

+ K 4,

2

θ + K3,

2

)
j cos θ ) sin 2θ

+ K 2, j sin 2 θ + K3, j cos2 θ
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represented by 3.11 is

independent of domain area fractions. The condition stipulated by 3.11 gives a check for

(

)

(

verifying the model with polarization along X ≡ [110] p and Y ≡ [110] p

) directions.

Polarization at an angle from x and y directions

Here we present the theoretical modeling for SHG intensity from this anisotropically
strained SrTiO3 assuming that the ferroelectric polarization in this material lies at an angle ϕ
from both the long axis ( y ≡ [010] p ) and the short axis ( x ≡ [100] p ). Let us assume that the
ferroelectric polarization in this material lies purely along the long axis, namely ± y (≡ ±[010] p ) .
Figure 3.10 schematically shows the four possible domain variants, all of which lie in the
film growth plane. In order to find out the net output due to both the variants, they have to be first
referred to the same global coordinates (x, y, z).
With this two-dimensional microstructure assumption we can now write the second
harmonic intensity as:

I 2j ω (θ ) = K1, j sin 2 2 (θ − ϕ )

(
(sin

+ K 4, j

2

(θ − ϕ ) + K3, j cos2

2

)
(θ − ϕ ) ) sin 2 (θ − ϕ )

+ K 2, j sin 2 (θ − ϕ ) + K3, j cos2 (θ − ϕ )

3.14
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For small values of ϕ such that sin ϕ ≈ 0 and cos ϕ ≈ 1 , where SHG intensity is
measured along j = x or y directions and K1, j , K 2, j , K3, j and K 4, j are constants given by:

K3,x =
 1

 K3,y


The constant K 3, x =






2

d
1
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K3,y d33
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 K 2 ,x K 2 ,y
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= K 3, y

)
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I y2ω (90°)
I y2ω (0°)

3.16

3.17

represented by Eq.3.15 is

independent of domain area fractions. The condition stipulated by Eq. 3.17gives a check for
verifying the model with polarization along x and y directions.

Analysis of SHG polar plots

We start with analyzing the SHG polar plots in the light of the theoretical predictions for
this material. In analyzing the SHG polar plots and fitting them to various above mentioned
model equations.
Assuming ferroelectric polarization along y ≡ [010] p only, it was not possible to fit the
SHG data to the model Eq. 3.3 and Eq. 3.4 at any temperature. It was then assumed that the
ferroelectric polarization appears along both of the 100 p directions. In this case we should be
able to fit the experimental data to Eq. 3.6 . Also Eq. 3.7 requires that K 3,x =

d
1
= 1 both in
K3,y d33
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magnitude and sign, which we call the reciprocity condition. In determining the value of K i , j
from the nonlinear least square fitting of the experimental data to the model equations, care was
taken to avoid local minima by starting from several different magnitudes and signs of the
coefficients until convergence to a consistent set of K i , j was achieved. Furthermore, the material
and microstructural properties obtained from the fit parameters K i , j were checked to make
physical sense. It was found that with these constraints, it was not possible to fit the experimental
data to the model with polarization along 100 p at all temperatures. Thus the constraint for the
polarization direction was relaxed in order to allow the polarization to develop along an angle ϕ
from both the x ≡ [100] p and y ≡ [010] p directions. By extracting the fitting coefficient ϕ
obtained from fitting the obtained SHG data to the model equation 3.14, it was possible to detect
the magnitude of the rotation of the directions of polarization about < 100 > p directions. Figure
2ω
3.4 shows the experimental data I x2ω (θ ) and I y (θ ) obtained at T =338K. Figure 3.4 (a) shows

the fit of Eq. 3.14 to experimental data with ϕ as a free parameter, while Figure 3.4 (b) shows
2ω
similar fits, with ϕ = 0° . The least square fit errors (reduced χ 2 ) in the case of I y (θ ) in

Figure 3.4 (b) is 1.24 while in Figure 3.4 (a) it is significantly better (0.0052). This shows that ϕ
is an important parameter in fitting the data to the model Eq. 3.14. A different set of K i , j could

give better fits even with ϕ = 0° ; however, the reciprocity condition is then not satisfied, and
hence the fits are invalid. It should be noted that a combination of both < 100 > p model plus

< 110 > p models, as well as more complex domain structure models such as various continuous
distributions of polarization vector versus angle ϕ were considered. These latter models have
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more fit parameters, and can always fit any of the obtained data. The goal was therefore to fit the
polar plots with the simplest model with the least number of fitting parameters.
Figure 3.11 shows the variation of SHG intensity with temperature in the following
configuration: The fundamental light polarized along the short axis ( x, [100 ] p ) and the intensity
of SHG signal was observed along the long axis ( y , [ 010 ] p ). Upon cooling from higher
temperatures, SHG signal starts to increase at about 400K. This is the ferroelectric transition
temperature from a high temperature 4/mmm phase to ferroelectric mm2 phase, predicted to occur
from thermodynamic calculation at Tc~ 393+81K. Measurement of remnant polarization in the
material (Figure 3.11 (c)) also shows the onset of ferroelectric polarization along both

x ([100] p ) and y ([010] p ) directions at 400K. This is also consistent with negligible values of
angular offset ϕ in the temperature range 358-363K as shown in Figure 3.11 (b). Upon further
cooling below 358K the directions of ferroelectric polarization rotate from < 100 > p , as signified
by an increase in the value of ϕ . As the material is cooled further, the directions of polarization
switch back and forth between < 100 > p and < l10 > p down to 4K. We note that in contrast,
phase-field theory performed here predicts only one switch from <100>p to <l10>p (0<l<1) at
355+77K and no reversal back. Furthermore, the polarization in the <100>p polarization phase is
predicted only along the “long” substrate axis, while experimentally, both SHG and electrical
measurements indicate that polarization exists along both <100>p directions. These discrepancies
are presently not understood, but are likely due to uncertain temperature dependence of substrate
lattice parameters and anisotropy. Upon further cooling, SHG intensity shows a steep slope in
the temperature range 150-175K. This coincides with the onset of antiferrodistortive transition
(TAFD) predicted by theory to be TAFD=147+29 K. Polarization measurements (Figure 3.11(c))
also show an anomaly in this temperature range (160-180K). Below this transition, SrTiO3
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becomes multiferroic with the existence of coupled ferroelectric and ferroelastic order
parameters.

Summary

In conclusion, growth of commensurate anisotropically strained [001] p oriented SrTiO3
thin film on (110) GdScO3 substrate is reported.

The ferroelectric and antiferrodistortive

transitions are observed as predicted by theory. Interestingly, repeated rotation of directions of
ferroelectric polarization from < 100 > p to < l10 > p SrTiO3 directions is observed with
temperature. A bird’s view of these polarization transitions in Figure 3.11 suggests that the
<100>p polarization phase dominates in most of the temperature range, while polarization
temporarily rotates about < 100 > p near “perturbations” to the film lattice, such as near Tc, near
TAFD, and at other (yet not understood) perturbations in the temperature range 95-115K and 4K25K. A complete thermodynamic prediction of this complex behavior will require the precise
temperature dependence of substrate lattice parameters, particularly near these perturbations.
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Figure 3.1
Rocking curve of strained SrTiO3 on GdScO3. The FWHM of the rocking curve is 0.0025º
showing excellent crystalline quality of the film. (Acknowledgement: Michael Biegalski, Darrell
Schlom and Suzanne Trolier-McKinstry)
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Figure 3.2
Thermodynamic predictions of variation of polarization with temperature for anisotropically
strained SrTiO3 on GdScO3 substrate. The solid (dashed) line represents Py ( Px ), the component
of ferroelectric polarization along y ≡ [010] p ( x ≡ [100] p ) directions. The dash-dot line
represents the angle between ferroelectric polarization in the material and the long axis
y ≡ [010] p . The inset to the top right shows the variation of antiferrodistortive order parameters
(q1,q2,0) with temperature.The inset to the bottom left shows a schematic of directions of
polarization with respect to SrTiO3 directions. (Acknowledgement: Yulan Li and Long-Qing
Chen)
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Figure 3.3
Experimental setup for optical second harmonic generation showing orientation of substrate with
respect to incident light.
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Figure 3.4
2ω
Polar plots of SHG Intensity I x2ω (θ ) and I y (θ ) at T=338K where the directions x ≡ [100] p

and y ≡ [010] p are defined in the inset. Circles (triangles) represent experimental data obtained
2ω
for I x2ω (θ ) ( I y (θ ) ). Solid lines represent fits of experimental data to model equation (1). (a) fits

with ϕ = 0° , (b) fits with ϕ as a free parameter.
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Figure 3.5
Schematic of the two possible domain variants in SrTiO3 (001)p film. Wide arrows show all the
possible polarization directions in a given variant. The local unit cell axes ( x′, y′, z ′ ) for the two
SrTiO3 domain variants are shown. The axes z and z′ represented by a cross within a circle
represents the direction pointing into the plane of the paper.
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Figure 3.6

d + d 24
d +d
Nonlinear polarization for the two variants along +y and –y ( d 0 = 15
; d1 = 31 32 )
2

2
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Figure 3.7
Schematic of the four possible domain variants in SrTiO3 (001)p film. Wide arrows show all the
possible polarization directions in a given variant. The local unit cell axes ( x′, y′, z ′ ) for the
SrTiO3 domain variants are shown. The axes z and z′ represented by a cross within a circle
represents the direction pointing into the plane of the paper.
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Figure 3.8
Schematic of the two possible domain variants in SrTiO3 (001)p film assuming polarization along
110 p directions. Wide arrows show all the possible polarization directions in a given variant.
The local unit cell axes ( x′, y′, z ′ ) for the SrTiO3 domain variants are shown. The axes z and z′
represented by a cross within a circle represents the direction pointing into the plane of the paper.
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Figure 3.9
Table showing nonlinear polarization corresponding to polarization along both long and short
axes ( x ≡ [100] p and y ≡ [010] p respectively).
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Figure 3.10
Domain variants corresponding to polarization oriented at an angle ϕ from long and short axes
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Figure 3.11
2ω
(a) Variation of SHG intensity I y (0°) with temperature during heating (thin (red) solid line)

and cooling (thick (blue) solid line) cycle. Note that the SHG intensities below and above 300K
are on different scales. The onset of ferroelectric phase transition (T = 400K) and
antiferrodistortive phase transition during heating (T=175K) and cooling (T=150K) cycle are
highlighted by vertical arrows. (b) Variation of angular offset ϕ with temperature (c) Variation
of Remnant polarization in the film along x ≡ [100] p ((black) open circles), y ≡ [100] p ((red)
filled diamonds) directions with temperature, obtained from dielectric measurements. The onset
of ferroelectric transition (T=400K) and antiferrodistortive transition (T=160-180K) are
highlighted with vertical arrows.
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Chapter 4

Local Structure of ferroelectric domain walls

Introduction

The extremely small width of ferroelectric domain walls, typically of the order of one to
two lattice units1,2 has attracted significant interest in these materials as potential data storage
media. The “up” and “down” polarization states in a ferroelectric created by localized electric
field serve as data storage bits, with ~10 Tbits/in2 storage density demonstrated recently3. Domain
shaping on diverse shapes and length scales is also critical to terahertz surface acoustic wave
devices, nonlinear optical frequency conversion, as well as electro-optic steering, dynamic
focusing, and beam shaping devices. In these applications, domain wall width determines the
minimum feature size and maximum operation frequency of the device4. Domain wall width also
directly influences the dynamics of wall motion5,6. Further, even minute broadening of a domain
wall is predicted to dramatically lower the coercive fields in ferroelectrics through lowering of the
threshold field for wall motion against intrinsic lattice friction7,8. Thus determining the nanoscale
structure of a wall is of fundamental interest to the field of ferroelectrics. To date, the primary
means of investigating wall widths on unit cell level has been transmission electron microscopy
(TEM).9,10,11,12,13 The original TEM studies of a ferroelectric 180° domain wall in a related
material, lithium tantalate, concludes that wall width cannot be resolved down to their resolution
limit of 0.28 nm. Recently, an improved TEM technique has demonstrated that charged 180°
walls in lead zirconate titanate (PZT) thin films can be up to 4–5 nm14. In parallel, direct imaging
of strain at these walls using synchrotron x ray15,16, index contrast using near-field scanning
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optical microscopy17, and excitation emission spectroscopy18,19 reveal property changes on length
scales of 1–30 µ m. Thus the scale of 1 nm to 1 µ m linking atomic structure of the wall and
macroscopic properties of the ferroelectric has been less explored. Atomic force microscopy
measurements of surface topography at twinned 90° walls have been used to derive wall widths
of ~1.5 nm and determine defect effect on wall broadening20,21. However, there is no intrinsic
topography associated with 180° domain walls, necessitating detection of primary order
parameter, PS . Recent work using a new technique, namely, scanning nonlinear dielectric
microscopy (SNDM) has shown domain wall widths of up to 150 nm22. While SNDM has
excellent resolution of better than 1 nm based on published evidence23,24, a direct interpretation of
the SNDM signal in terms of intrinsic material properties, specially polarization, is presently not
possible. A quantitative theory for this technique is also not developed.
In this work, we analyze the structure of a 180° domain wall on the 1–100 nm length
scales by piezoelectric force microscopy (PFM) with calibrated probe geometry. The technique is
quantitative, and allows direct extraction of the polarization profile across a ferroelectric wall.
PFM detects the surface displacements, U i , related to piezoelectric strain ε ij = d kij Ek induced by
applying an oscillating electric field Ek to the tip in contact with the sample surface25,26 Since
piezoelectric coefficients are related to the order parameter components as dijk = γ ijkl Pl , where

Pl = PS is the spontaneous polarization, and γ ijkl is the electrostrictive coefficient of the material,
measurement of the piezoresponse across a wall is expected to provide direct information on the
primary order parameter, PS across a wall. The fourth-order electrostrictive tensor γ ijkl is not
expected to change across the wall, since it is a property of the prototype paraelectric phase and is
invariant with respect to inversion symmetry across the wall. PFM technique has been reviewed
in many places, and has been extensively used to study ferroelectric domains27,28,29,30,31.
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However, to date there has been very little experimental and theoretical investigation of the
resolution limits of PFM32,33,34,35 in order to understand widely varying wall width studies, thus
the exact limits of domain wall width are still highly debated. In this work, we present, to date,
the most rigorous and complete quantitative theory (both analytical and numerical) of PFM
imaging. This enables extraction of the polarization profile across a single ferroelectric domain
wall, which is not possible with any of the previous techniques employed. Since the goal is to
extract information regarding the intrinsic wall width of an antiparallel wall, the first step is to
quantitatively understand the PFM imaging technique, and its resolution limits. The
measurements are performed using 49 probes with calibrated probe geometry in the 10–300 nm
range. By varying the effective radius of the probe, carefully characterizing the details of the tip
shape and tip-sample contact region, and combining it with three-dimensional finite element
modeling, and analytical theory, we demonstrate that the PFM profiles can be quantitatively
understood. We demonstrate that the intrinsic or extrinsic wall broadening can be extracted by a
careful comparison of experiments and theory.

PFM Experiments

Tip shape and Contact

Antiparallel domain walls in congruent lithium niobate are the focus of this study. The
point group symmetry of LiNbO3 is 3m and the polarization is along the +z direction ( + Pz ) or −z
direction (− Pz ). The walls are typically parallel to the crystallographic y-z mirror planes. Hence
the wall coordinates are defined as x perpendicular to the wall, y along the wall, and z along the
polarization direction.
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The origin of the contrast in vertical PFM arises from piezoelectric deformation due to
the converse piezoelectric effect. The application of a localized external electric field to a
piezoelectric material results in a local strain, and consequently displacement of the surface. In a
contact atomic force microscopy (AFM) mode, the tip is expected to follow this deformation of
the surface. The vertical PFM (bending mode) detects the displacement of sample surface
perpendicular to the sample surface. The displacement detection sensitivity of ~ pm is enabled
through the use homodyne detection using lock-in amplifier. For lithium niobate (point group
3m), the piezoelectric tensor has four independent nonzero coefficients d31 , d33 , d 22 and d15 .
Since PFM is a contact mode technique, abrasion of the tip occurs during imaging36,37
which changes the tip shape and the field distribution under the tip. The tip apex is typically
approximated by an ideal sphere or disk with a radius r. The contact of the tip to the sample is
either considered to be an ideal point contact, or more commonly, a dielectric gap of the order of
0.1–1 nm is assumed between the tip and the sample. Exact analytical expressions for the field
distribution around such tip shapes are well known38,39. However, below, we show that these
assumptions of tip shape and tip-sample contact region are limited. In order to rigorously describe
the tip shape, we imaged the end of each tip using field emission scanning electron microscope
(FESEM), after scanning a few PFM line scans across a domain wall. These tips can be divided
into two sets, 1 and 2, as they are referred to in Figure 4.1 tip set 2 looks more disk-like, in that its
end is flat with a circular contact area of radius r. A majority of the tips were of this type. It is
modeled as a disk of charge of radius r on the surface of the sample. Tip set 1, seen in Figure 4.1
(b) appears spherelike, and was usually seen for very small tip radius. The radius of the contact
area for tip set 2 can be determined by intersecting a straight line (surface of the sample) with the
end of the tip in the image; however, a more systematic method that yielded the same results was
followed: drawing an imaginary circle at the end of the tip, and taking the cross-sectional area of
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radius r at a depth of h ~ 1–2 nm(1–2 c lattice units) depth from the tangent to the surface of the
circle. The h should, however, not be construed as a real indentation, but is rather chosen
phenomenologically as an engineering parameter that accounts for the SEM image diffuseness at
the end of the imaged tip. This is used to estimate the contact area formed during the wear
process. We find that this uncertainty in h (1–2 nm) and hence in r does not affect our
conclusions, which are dominated by experiments with tip set 2, that are unambiguous in their
actual tip size. In particular, for r ~ 10 nm, the observed PFM domain wall resolution is ~ 100
nm, well beyond broadening anticipated from conventional indentation models (e.g., Hertzian).

PFM across a wall

Figure 4.2 shows the width 2 ωPFM of the PFM response across a single 180° domain
wall as a function of the experimentally determined tip radius r . The ωPFM refers to the half
width where the PFM response reaches ± 0.76 of the saturation PFM value away from the center
of the wall. Note the tanh(1) ~ 0.76 , which is motivated from the fact that phenomenological
Ginzburg–Landau–Devonshire theory of polarization variation across the wall follows the
expression P / PS ~ tanh( x / ω0 ) . This saturation value was taken as the PFM value at ~

±1.8 µ m from the center of the wall. The PFM width decreases linearly with the tip radius,
except at the smallest tip radii, where deviations from linearity are observed. The relationship
between these deviations and the intrinsic wall width is discussed in later in the chapter. Two
modeling approaches were employed, namely, analytical theory and finite element modeling
(FEM) as described in the next section.
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In comparing Figure 4.2 with a similar measurement reported in Ref. 35, we note the
following primary differences: Ref. 35 uses full width at half maximum ( ± 50%) as the PFM
width, takes the saturation value of PFM signal as the value at ~ 100nm from the wall center
where PFM signal still appears to vary with distance, and plots the tip radius based on tip
manufacturer’s specification assuming a spherical tip. This work uses ± 76% as the width, takes
the saturation value of PFM signal as the value at ~ 1.8 µ m from the wall center where PFM
signal no longer varies with distance, and characterizes each tip after it is used by FESEM, which
reveals a disk-like tip whose radius is plotted. When the differences in the definition of wall
width and saturation PFM value are accounted for, the PFM widths in Ref. 35 are similar to this
work. There is no obvious way to account for the differences in the way the tip radius is
characterized and plotted in these two works.

Finite element simulation of the PFM response

In order to understand the PFM response quantitatively, we also perform FEM modeling
of the imaging process using the commercial ANSYS program as well as analytical theory using
the decoupled approximation.30 The FEM approach described in Ref. 30 in detail includes a
complete description of the geometry of the tip, the sample, and the contact region, numerical
calculation of the electric field distribution with a constant potential applied to the tip, and using
the computed potential distribution on the sample surface as boundary condition to calculate the
piezoelectric deformation of the surface ( Figure 4.3 (a)). Input to the FEM includes the complete
dielectric tensor, elastic tensor, and piezoelectric tensor of the sample, thus providing a rigorous
3D approach. (The d 22 coefficient ignored in analytical theory was included in FEM, and its
effect on the PFM was shown to be minimal as well and it is confirmed later that this is a valid
assumption.) A single domain wall parallel to one of the three degenerate y-z physical crystal
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planes was defined in the simulation by flipping the crystal physics axes, y and z across the wall.
Figure 4.3(b) depicts the surface deformations simulated by FEM for three different locations of
the tip across a single steplike 180° domain wall. (Three separate simulations for the three tip
positions have been merged in this plot). Using a series of positions of tip across the wall,
continuous FEM line profiles of U z were generated (see video clip; online supplementary
information50). All simulations with FEM were performed only with steplike wall, and did not
include any intrinsic broadening or diffuseness, since it was not numerically feasible in the
software used. Diffuseness is included in the analytical theory, described later. We explore two
different models for the tip-sample surface interaction: (a) the sphere-plane model and (b) the
diskplane model, where the sphere or the disk refers the tip shape and the plane refers to the
sample surface. In both models, there are three electrostatic boundary conditions to satisfy:
(1) An equipotential AFM tip surface equal the electrical potential, V, applied to the tip.
(2) The tangential component of electric field E is continuous across the interface between the
dielectric medium (air) and the dielectric specimen.
(3) The normal component of electric displacement D is continuous across the interface between
the dielectric medium and dielectric specimen. The conical part the AFM tip contribution in a
spherical tip can be modeled using the line charge model developed by Huang Wen et al.40 The
conical part of AFM tip contribution in a disk tip was modeled using ANSYS. The conical part
was simplified as a 20 µ m long metallic coated silicon with a full cone angle of 30°. By applying
the calculated potential as the boundary condition for the piezoelectric coupling simulation using
ANSYS, the deformation of the ferroelectric resulting from the AFM tip can be simulated.
Piezoelectric response of a single domain lithium niobate in true contact with the tip was
simulated with finer meshing of the sample surface below the tip and coarser meshing away from
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the tip. The meshing was adjusted until the results converged and became independent of the
fineness of the meshing system.

Analytical theory of the PFM response across a diffused domain wall

Resolution function approach

Since the goal of this work is the extraction of an 180o domain wall diffuseness, we
consider a single domain wall with the strain piezoelectric coefficient tensor terms d klj dependent
only on lateral coordinates x and y perpendicular to the polarization direction. The system is
considered uniform in the polarization direction, z . In LiNbO3, in particular, the domain walls
tend to be parallel to the crystallographic y − z planes, hence the spatial dependence needs to be
considered only as a function of the wall normal coordinate, x . The surface displacement vector

U i ( z ) (measured PFM piezoresponse) is given by the convolution piezoelectric tensor
coefficients d klj ( x) with the resolution function components Wijkl ( x, y ) as proposed in Ref. 33.
Since in many cases, the inhomogeneous distribution of piezoelectric coefficients are similar,
e.g., for ferroelectrics they are determined by the polarization distribution, hereafter we denote
the inhomogeneous part of the piezoelectric coefficients as function β ( x ) . In this approximation,
the components of the surface displacement below the tip can be written as follows:
∞

∞

−∞

−∞

U i ( x) = ∫ dx′∫ dyWijkl (− x′, − y )dlkjbulk β ( x − x′)

4.1

bulk
Here dlkj
are constant piezoelectric coefficients of bulk material. The resolution function is

introduced as:
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∞

Wijkl ( x, y ) = ckjmn ∫ dz
0

∂Gim ( − x, − y, z )
El ( x, y, z )
∂xn

4.2

Here El is the component of the external electric field produced by the probe, ckjmn are stiffness
tensor components, and ∂Gim / ∂xn is a semispace elastic Green tensor derivatives on Cartesian
coordinate xn = {x, y , z} . For most inorganic ferroelectrics, the elastic properties are weakly
dependent on orientation and hereinafter the material can be approximated as elastically isotropic.
Corresponding Green’s tensor Gij ( x, y, z ) for elastically isotropic half-plane is given by Lur’e41
and Landau and Lifshitz. 42 Using decoupling approximation43,30 and resolution function
approach32 for transversally isotropic media33, vertical piezoelectric response of isolated 180°domain wall in the inhomogeneous electric field of the probe tip has the form44

d33eff ( x) =

U 3 ( x)
1
=
V
2V

∫

∞

−∞

U 3step ( x − x′)

∂β ( x′)
dx′
∂x′

4.3

Here V is electric bias applied to the probe tip; U 3 ( x) is the surface displacement below the tip
located at distance x from the plain domain wall located at x = a0 . The surface displacement

U 3step ( x) of a steplike infinitely thin domain wall is derived in Ref. 33. Below we list the final
close-form expression:

  x(1 +ν ) f313

xf333 
xf 333d33
−
+
 d31 
 +
x + C313 z0
x + C333 z0  x + C333 z0 

U 3step ( x) = V  

 xf351d15 + xf351d15

 x +C z

x
+
C
z
333 0
351 0



4.4

bulk
Here dlm ≡ dlkj
= dljkbulk in the Vogt notation, ν is the Poisson ratio. Characteristic distance z0 is

determined by the parameters of the tip. In the effective point charge model it is the charge-
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surface separation. If we approximate the tip by the metallic disk of radius r in contact with
surface, then z0 = 2 r / π . The expressions for material anisotropy constants fijk and Cijk are
given in reference45. Using Eq. 4.4 , we can derive a simple approximation for the effective
width, ωPFM of infinitely thin domain wall (measured as distance between the points where the
response is equal to ± (1 − η ) fraction of saturation polarization)

ωPFM = 2 z0

1 − η [(1 + ν ) f 313C313 − f333C333 ]d31 + f 333C333d 33 + f351C351d15
η
[(1 + ν ) f 313 − f 333 ]d31 + f333d 33 + f 351d15

4.5

It should be noted that we have neglected the contribution of d 22 and related terms, since their
contribution far from the wall is exactly zero in the framework of the decoupling approximation
model46.

Contribution of the conical part to the disk model for the tip

It is known that the conical part of the probe, as well as the tip-surface contact area
contributions to the electrostatic potential broaden and diffuse the piezoresponse profile of the
wall. To estimate the cone effects in PFM imaging, the conical part was modeled by a line
charge40, and the contact area by a disk touching the sample surface, as proposed elsewhere40.
Using electric field superposition principle, below we consider the probe electrostatic potential

ϕ ( ρ , z ) as the sum of effective line charge potential, ϕ L , point charge potential ϕ q , and disk
potential ϕ D :

ϕ ( ρ , z) = ϕ L (ρ , z) + ϕq ( ρ , z) + ϕ D ( ρ , z)

4.6
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Here

the

radius

ρ = x2 + y2 .

Normalization

in

Eq.

(7)

is

such

that

ϕ L (0, 0) + ϕ D (0, 0) + ϕ q (0, 0) ≈ V , the applied potential to the tip. The conical part potential ϕ L
is modeled by the linear charge of length

L

with a constant charge density

λL = 4πε 0V / ln[(1 + cos θ ) / (1 − cos θ )] , where θ is the cone apex angle. Additional point
charge potential ϕ q is chosen to reproduce the conductive tip surface as closely as possible by the
isopotential surface ϕ ( ρ , z ) = V . The contact area potential is modeled by a disk of radius, r .
Numerical calculations proved that the charge q is located at the end of the line at a distance of
approximately the disk radius r from the surface, and that q ~ 4πε 0Vr for a wide range of cone
angles θ . It is clear from the Figure 4.5 that for a chosen geometry, the isopotential surface

ϕ ( ρ , z ) = V reproduces the conductive tip shape in the vicinity of the surface for a wide range of
cone angles θ . Next we calculate domain wall profiles including different parts of the probe.

Diffused domain wall profile

Analytical theory predictions of the vertical PFM response near the single domain wall in
LiNbO3 are shown in Figure 4.4. The influence of the tip radius itself on the wall profile is shown
in Figure 4.3 for a step like wall (diffuseness ω0 = 0 ), clearly indicating that PFM wall width
increases with radius r . The influence of domain wall diffuseness is shown in wherein the
piezoelectric coefficient profile is

 x 
dlkj ( x ) = dlkj bulk tanh   [i.e., the intrinsic profile
 ω0 

 x 
o
 ]. This is chosen to mimic the polarization variation, P3 across a 180 domain
 ω0 

β ( x) = tanh 
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 x 
 , since the piezoelectric coefficients and the polarization
ω
0
 

wall, given by P3 ( x) = P3bulk tanh 

are linearly related by the electrostriction tensor. As expected, domain wall diffuseness broadens
the PFM wall profile for a given tip radius r . Similar results can be obtained for an exponential
wall diffuseness profile by using equations 4.4 and 4.5. The combination of both a change in tip
radius, r and a change in the wall diffuseness ω0 was previously shown in a series of theory
plots in Figure 4.6, along with experimental data points. The PFM wall width increases linearly
with the tip radius r for a step like wall. Domain wall diffuseness, ω0 adds significant
nonlinearity to these curves for approximately tip radii r < ω0 . The general quantitative
agreement between the theory and experiments are excellent. It also suggests that there may be
significant domain wall diffuseness in LiNbO3 crystals. This is discussed in greater detail below.

Comparison between experiments, simulation and theory

PFM amplitude and width

The experiments, analytical theory, and FEM simulations show excellent quantitative
agreement with each other. Within error bars, both experimental and simulated values of the
eff
maximum displacement U z and the corresponding d33
are relatively insensitive to the tip radius,

and the presence of the cone. These agreements provide us confidence in our experimental and
simulation methods.
Figure 4.6 shows a comparison of the PFM as a function of tip radius r for various tip
models. It is clear from the comparisons that spherical tips with a point contact do not agree
quantitatively with experimental results. The predicted PFM widths in this case are much smaller
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than those experimentally observed. Introducing an imaginary dielectric layer gap (air) of 2 nm
(which is large) between the spherical tip and the surface increases the predicted ωPFM , but still is
considerably less than the experimentally measured widths. Only the disk-type tip model,
including the conical section shows the best agreement with the experiments. In the context of the
presented work, these results rule out the spherical tip models and the possibility of dielectric
gaps. True contact with a disk-type tip and no dielectric gap therefore reflects the true nature of
the PFM imaging presented here.

PFM wall widths versus intrinsic wall width

Finally, we pose the primary question we began with: what information can we extract
about the intrinsic wall width of a ferroelectric using PFM? This question is naturally related with
the question of what the resolution of the PFM technique is. FEM and analytical theory show that
for a point contact of the tip, and in the absence of the conical part of the tip, the PFM wall width
tends to zero. In other words, infinite resolution is, in principle, possible. However, this is not
practical due to the presence of the cone. With the cone part of the tip, (20 µ m long metallic
coated silicon with a full cone angle of 30°), the linear extrapolation of the FEM predicted PFM
width to zero tip contact radius is ~ 11 ± 10 nm , which is statistically zero width. However,
practical consideration of a finite tip contact radius, and abrasion of the tip while in contact with
the sample results in experimentally measured PFM widths on the order of ~ 100 nm .
Nonetheless, if enough statistical data points are collected as in Figure 4.6, one can begin to make
some conclusions about intrinsic ferroelectric wall widths. Experimental results in Figure 4.6
show a significant scatter in PFM widths up to 100 nm and more particularly in the small tip
contact radius range. Does this reflect information regarding the intrinsic ferroelectric wall width
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at the surface? To answer this, we first explore extrinsic factors such as tilted domain walls with
respect to the surface normal. Cross-sectional polishing, etching, and imaging of domain walls
reveal that within error of measurement, the domain walls in our samples were typically <0.1° –
0.5°, and in some extreme cases, as much as 2.6° away from the surface normal. FEM simulations
with tilted walls were performed, with no cone, and zero intrinsic domain wall width. The PFM
wall width is apparently broadened by this tilt. For a 5° tilt, the extrapolated PFM wall width at
zero tip contact radius was ~10 nm. For typical values of 0.1° tilt, the corresponding PFM width
at zero tip contact radius was simulated to be <0.5 nm. Thus, one can reasonably say that domain
wall tilts cannot account for full range of scatter of PFM widths (at zero tip contact radius) over
10 nm.
Finally, one can incorporate an intrinsic wall diffuseness, 2ω0 , in the analytical theory in
bulk
terms of piezoelectric tensor distribution bulk dlkj ( x ) = dlkj
tanh( x / ω0 ) . (This was not possible

with the ANSYS software; hence FEM simulation was not performed). Figure 4.6 shows the
theoretical PFM width predictions for different values of intrinsic domain wall diffuseness. The
PFM wall width versus tip contact radius becomes nonlinear for small tip radius, and reaches a
saturation value equal to the intrinsic wall diffuseness in the limit the tip radius equals zero. The
scatter of experimental data points fall below the 2ω0 ~ 100 nm theory curve, suggesting a range
of intrinsic wall diffuseness at the surface of congruent LiNbO3. Figure 4.7(a) shows that for
large tip radius (r =200 nm), the match between experiments, FEM, and analytical theory is
excellent, and ω0 has little influence on the wall profile. However, as the tip radius r approaches

ω0 , the simulation of a sharp (steplike) domain wall does not faithfully match the experimental
line profile Figure 4.7 (b) shows that an excellent fit is obtained only when 2ω0 = 60 nm for that
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particular line profile. This analysis was repeated for all the data points in Figure 4.6, and 2ω0 is
found to vary from 20 to 100 nm.
One should also consider the possibility of the influence of moisture forming a water
meniscus in the region of the PFM tip contacting the sample, and thus increasing the lateral extent
of the tip itself. While such influences can be eliminated only by performing PFM experiments in
controlled atmospheres, we believe that the observed wall broadening in this study has a
dominant intrinsic component, for the following reason. Independent measurements of domain
wall width in congruent LiNbO3 using SNDM technique also show such widths47. Cho et al.23,24
recently demonstrated imaging of the Si(111) 7 × 7 surface atomic structure using similar second
and third order capacitance terms in SNDM showing <0.5 nm resolution of SNDM. Surface
domain wall widths of 20–150 nm have been measured in LiNbO3 and LiTaO3 crystals by this
technique. Images in Ref. 22 reveal that the larger wall widths arise when large polar and
dielectric defects exist adjacent to the wall. While SNDM has the resolution to reveal these
defects, its signal is harder to interpret directly in terms of material properties. The PFM
technique, in contrast, detects it as an effective broadening of the polarization profile across the
domain wall. Similar SNDM studies in isostructural lithium tantalate, performed in crosssectional, y-cut geometry of the crystal reveal that the wall width decreases from ~ 15 nm just
below the surface to ~ 2.5–1 nm at a depth of ~50–100 nm from the z-surface of the crystal. This
shows that surfaces also broaden domain walls. Thus, we conclude that dielectric/polar defects
and surfaces can broaden antiparallel ferroelectric domain walls, and this broadening, on the scale
of tens of nanometers is being detected in these PFM studies as broadening of the polarization
profile.
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Conclusions

In conclusion, we have shown that PFM can be a quantitative tool for probing
piezoelectric materials, and particularly ferroelectric domains and domain walls. A PFM tip with
finite contact area and in true contact with the sample surface gives the best agreement between
PFM experiments, analytical theory, and finite element modeling of the PFM response across a
domain wall. The PFM amplitude is independent of the tip radius. The PFM width across a sharp
domain wall is linear with tip contact radius, and is predicted in theory to provide infinite
resolution for a point contact. However, practically, the presence of conical part of the tip, slight
tilts of the wall with respect to surface normal, and importantly, the abrasion of the tip on contact
with the sample leads to finite resolution on the order of ~10–20 nm. Theory predicts that walls
with finite intrinsic diffuseness will lead to a nonlinear relationship between PFM width and tip
contact radius, particularly for small tip radii on the scale of wall diffuseness. Using a
combination of PFM experimental line profiles across 180° domain walls, analytical theory, and
FEM simulations, we conclude that real domain walls on the z -surface of lithium niobate show
broadened walls on the scale of 2ω0 ~ 20–100 nm, with considerable scatter from location to
location. The scatter arises from the surface influence, as well as the presence of dielectric and
polar defects adjacent to walls, which have been imaged by SNDM technique and reported in
literature in these materials22,48. The PFM results show that these defect-domain wall interactions
lead to an effective broadening of the walls in terms of polarization.
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Figure 4.1
(a) FESEM image of a used PFM tip from tip set 2, with a circular disk like end with a radius r.
(b) FESEM image of a used sphere like PFM tip from tip set 1. The radius r of the contact circle
for a weak indentation ( h ~ 1-2 nm or 1 unit cell depth) is used to characterize the radius r of the
tip as shown ( h not to scale in the figure).
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Figure 4.2
PFM wall width as a function of tip radius for spherelike (tip set 1) and disklike (tip set 2) PFM
tips. Also shown are analytical theory predictions, for different intrinsic wall half width ( ω0 ).
(Acknowledgement: Anna Morozovska and Eugene Eliseev)
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Figure 4.3
(a) FEM simulated surface potential on LiNbO3 surface under a 50nm radius disk tip in contact
with sample with 5V applied. (b) FEM simulated piezoelectric displacements, U z of a LiNbO3 z
-surface. Displacements for three different tip locations are shown; tip located on wall (location
2) and away from the wall on either side (locations 1,3) (Acknowledgement: Lili Tian)
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Figure 4.4
Isopotential lines ϕ in the vicinity of tip contact with sample surface (boundary air-LiNbO3) for

∆L = r , q = 4πε 0V ∆L and different cone angles (a) θ = 60o , (b) θ = 60o , (c) θ = 15o , and (d)

θ = 7.5o . Labels near the curves designate potential ϕ values in applied voltage V units.
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Figure 4.5
Normalized theoretical PFM response profile near a steplike 180o domain wall ( ω0 = 0 ) in
LiNbO3 for disk radius r = 17, 25, 36,50, 70,88,110,150 and 200 nm (curves 1-9 respectively);

 x 
r = 30 nm, L = 20 µ m, and θ =15o . The intrinsic wall diffuseness, dlkj ( x ) = dlkj bulk tanh  
 ω0 
is schematically shown in the inset.

84

Figure 4.6
A comparion of different tip models with the experimental data for the ωPFM across a wall a s a
function of tip radius, r . The experimental data are shown for sphere-type (tip set 1), and disktype (tip set 2) tips. The different theory curves are as follows: (1) Analytical theory of a diffuse
domain wall with ω0 = 0 nm using a disk-tip, including cone section. (2) Analytical theory of a
step domain wall with ω0 = 0 nm using a disk-tip, including the cone section. (3) Analytical
theory of a step domain wall with ω0 = 0 nm using a disk-tip including the cone section. (4) FEM
with ω0 = 0 using a disk-tip, excluding the cone section. (6) FEM with spherical tip (excluding
cone) removed at a distance of d = 2 nm from the surface of the sample. (7) FEM with spherical
tip including the cone, with d = 0 nm. (8) FEM with spherical tip excluding the cone, with
d = 0 nm. (Acknowledgement: Anna Morozovska and Eugene Eliseev)
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Figure 4.7
Experimental PFM profile, U z (open circles) as a function of wall normal coordinate, x across a

180o domain wall in lithium niobate. Measurements were made with a Ti/Pt coated Si tip with a
disk shaped tip actual tip of (a) r ~ 36 nm, and (b) r = 200 nm, determined after PFM scan by
SEM imaging. An oscillating voltage of 5Vrms at 42.35 kHz was applied to the tip. The
theoretical PFM profiles using FEM (solid squares, ω0 = 0 nm), and analytical theory (solid
lines) are also shown.
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Chapter 5
Nanoscale polarization switching studies in ferroelectric materials

Introduction

In the last decade, piezoresponse force microscopy (PFM) has emerged as a powerful
technique for high resolution imaging and manipulation of ferroelectric materials. However, PFM
in the imaging mode only allows qualitative information on domain morphology and evolution to
be obtained. In the recent past, switching spectroscopy piezoresponse force microscopy (SSPFM) has been developed by Kalinin1 et al. to quantitatively address local switching
characteristics in ferroelectric materials, yielding spatially resolved maps of polarization
switching properties, such as imprint voltage, coercive bias, saturation polarization, switchable
polarization and nucleation bias. These maps can be readily correlated with surface topography or
piezoresponse to provide relationships between micro and nanostructures and local switching
behavior of ferroelectric materials and nanostructures. In this chapter we discuss the experimental
setup for the SS-PFM experiment and overview the data analysis procedure to elaborate the
polarization switching parameters that can be obtained from the experiment. We then develop a
theoretical model for the polarization switching dynamics in a ferroelectric material.
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Experimental setup

SS-PFM was implemented on a commercial scanning probe microscope system (Asylum
MFP-3D) equipped with additional function generators (DS 345) and lock-in amplifiers (SRS 830
and SRS 844, Stanford Research Instruments) and external signal generation and data acquisition
electronics. The overall experimental setup is shown in Figure 5.1.
Measurements are made using Pt and Au coated tips. In an SSPFM experiment, the tip
approaches the surface vertically with the deflection signal used as feedback, until the deflection
setpoint is achieved, thus indicating contact between the tip and the sample. When the set point is
reached, a hysteresis loop is acquired. The tip is then moved to the next location so that an

M × N point mesh with spacing l between points is scanned. The hysteresis curves are collected
at each point and stored in a three-dimensional (3D) data array for subsequent analysis.
Parameters describing the switching process such as positive and negative coercive biases,
imprint voltage, and saturation response can be extracted from the data sets and plotted as 2D
maps; alternatively, hysteresis loops from selected points can be extracted and analyzed.
During the acquisition of a hysteresis loop in SS-PFM, the tip is fixed at a given point on
the surface of the sample and a waveform of the form Vtip = Vprobe + Vac cos(ω t ) is applied to the
tip. Vac is the amplitude of the PFM driving signal. The probing signal Vprobe (t ) is shown in
Figure 5.2 and is comprised of a sequence of pulses with amplitude Vi and length τ 1 (high state)
separated by intervals of zero bias lasting for τ 2 (low state). The envelope for the voltage pulses
is specified by a triangular wave form having amplitude Vmax and period T . The wave form is
repeated twice at a single location. After a specified settling time δτ the piezoresponse phase and
amplitude signals are collected for time span τ 3 in the low state. Typical operating conditions for
SS-PFM are ω = 10 kHz -2 MHz, τ 1 = τ 2 = 5 − 100 ms, δτ = 2 −10 ms (chosen to be two to
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three times of the time constant setting of the lock in amplifier). The overall residence time at
each location is 2-5 ms. The probing wave form is generated using a combined
LABVIEW/MATLAB program and is subsequently downloaded to the function generator. The
wave form function generation output is sent to a fixed-gain amplifier to achieve desired voltage
amplitude and then to a bias-T circuit (Mini circuits SFBT-4R2GW) in which the PFM driving
voltage is superimposed on the hysteresis waveform. The resulting signal is applied to the tip, as
shown in Figure 5.1.

Data Analysis

The SS-PFM data at each point can be analyzed as standard PFM hysteresis loops, thus
providing information on local polarization switching characteristics. In a single SS-PFM image,
of special interest are the distributions of characteristic material parameters, such as forward and
reverse coercive biases, imprint, and domain nucleation voltage. An ideal hysteresis loop for
electromechanical measurements is shown in Figure 5.3.
Acquired at each point is a hysteresis loop containing the forward R + (V ) and reverse

R − (V ) branches. In the ideal case of purely electromechanical detection, the zero of R + (V ) is
V + and the zero of R − (V ) is V − . These define the positive and negative coercive biases. The
imprint is defined as Im = (V + + V − ) / 2 . The values of and R0 − = R − (0) is the remnant
switchable response. Finally, R + ( +∞ ) = R − ( +∞ ) = RS + and R + ( −∞ ) = R − ( −∞ ) = RS − are the
saturation responses and RS = RS + − RS − is the maximal switchable response. We also introduce
the forward and reverse domain nucleation voltages. The forward and reverse domain nucleation
voltages, VC + and VC − correspond to the crossover between constant and rapidly changing

91
regions of the loop, attributable to domain nucleation below the tip. Additionally, effective work
of switching is defined as the area within a hysteresis loop, AS =

∫

+∞

−∞

[ R + (V ) − R − (V )] dV . This

quantity along with interdependent quantities including coercive bias V + and V − , imprint bias,
remnant responses R0 + and R0 − , and remnant and maximum switchable responses R0 and RS ,
provide a measure of the switching properties of the material.

Curve fitting

The approach to SS-PFM data analysis discussed in this thesis is based on directly fitting both the
forward and reverse branches of the hysteresis loop to an appropriate function. Here the curve
fitting algorithm is based on Boltzmann sigma functions,
−1


 V − a3  
R (V ) = a1 − a2 1 + exp 
  + Va6
 a5  

+

5.1

−1


 V − a4  
R (V ) = a1 − a2 1 + exp 
  + Va6
 a5  

−

5.2

The fitting of the forward and reverse branches of the hysteresis loop is performed simultaneously
to endure that the five parameters common to both equations 5.1 and 5.2 are determined
properly. For symmetric loops, the fitting parameters ai , i = 1...6 in equations 5.1 and 5.2 are
related to the switching characteristics as follows (the index f corresponds to the parameters
determined

from

fitting

process): V f + = a4 , V f − = a3 , R fs + = a1 − a2 , R fs − = a2 ,

Im f = ( a3 + a4 ) / 2, and A fs = a2 ( a4 − a3 ) . The nucleation voltages are given by V fc + = a3 − a5
and V fc − = a4 + a5 . The constant a6 yields the slope of the linear part of saturated loop and is

92
directly related to the capacitative tip-surface interaction and electrostrictive contribution to the
signal.

SS-PFM of ferroelectric materials

Hysteresis in PFM is fundamentally different than hysteresis in a macroscopic sample2.
Macroscopic hysteresis occurs due to the nucleation growth and interaction of multiple separated
domains, while in SS-PFM, nucleation of a single domain occurs under a sharp tip and PFM
signal follows the development of domains at a single location. The shape of the hysteresis loop
in PFM was analyzed by Kalinin3, Gruverman, and Bonnell.
In the absence of pinning of the domain by defects/dislocations in the material, the
thermodynamic model suggests that the hysteresis will proceed along the solid line in Figure 5.4,
i.e., the process is reversible and and the domain should grow and shrink instantaneously in
response to tip bias [Figure 5.4 (b)]. However, if weak pinning is included in the model, the
domain boundary will lag behind and nucleation of a new domain will dominate the hysteresis
loop, as illustrated in Figure 5.4 (c).

Conclusions

In this chapter we have introduced the concept of the SS-PFM setup allowing the
mapping of nanoscale polarization switching properties in materials. The experimental
implementation, data analysis in an SS-PFM experiment were also introduced in detail. The
shape of hysteresis loops observed in ferroelectric materials has been analyzed from a theoretical
view point. This experimental technique, combined with theoretical modeling to understand
domain nucleation and growth in ferroelectric materials allows real-time characterization of
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ferroelectric materials. In the forthcoming chapter, we shall go on to see how this experiment was
used to study polarization switching properties across a domain wall in a typical ferroelectric
material.
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Figure 5.1
Schematic of experimental setup for SSPFM (from Ref. [1]).
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Figure 5.2
(a) Probing wave form in SS-PFM and (b) data acquisition sequence (from Ref. [1])
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Figure 5.3
Schematics of a well-saturated electromechanical hysteresis loop in the PFM experiment.
Forward and reverse coercive voltages V + and V − , nucleation voltages VC + and VC − , and
forward and reverse saturation and remnant responses, R0 + , R0 − , RS + , and RS − , are shown. Also
shown is the initial response Rinit . The work of switching AS is defined as the area within the
loop. (b) The schematics of the auxillary functions ∆ + (V ) and ∆ − (V ) (from Ref. [1])..
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Figure 5.4
Simulated electromechanical hysteresis loops in the no pinning (solid line) and weak pinning
(dotted line) limits. (b) A schematic representation of domain growth for the thermodynamic
model without pinning and (c) with pinning. The numbers correspond to points on the hysteresis
curves in (a) (from Ref. [2]).
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Chapter 6

Correlated polarization switching in the proximity of a
180o ferroelectric domain wall

Introduction

Domain walls separating regions with opposite ferroelectric polarization are the
prototypical example of interfaces in ferroic materials and have been extensively studied over the
last 60 years. The synergy between electron and scanning probe microscopy’s has allowed
comprehensive understanding of the static domain wall structures on atomic and mesoscopic
scales.1,2,3 A number of observations,4,5,6 including the correlated nucleation at the moving domain
wall front,7,8 suggest that the walls can strongly affect the properties of adjacent material due to
long-range electrostatic and elastic fields. However, nanoscale dynamics of moving interfaces
remain an enigma. Even the most fundamental questions, such as whether the nucleation energy
of a 2D nucleus9 on the wall can be measured directly, how the nucleation proceeds in the vicinity
of the wall,10 what is the attraction basin around a wall and between interacting walls,11 have
never been answered experimentally.

Background

Symmetry breaking by an external field on a 180 domain wall leads to domain wall

 − Ea 
 (Merz’s law),
 E 

motion. The domain wall speed has benn found to be proportional to exp 
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where Ea is the ‘activation field’ and E is the applied electric field.12 A classic theory
supporting Merz’s law was developed by Miller and Weinreich.9 They suggested that the critical
nucleus is an atomically thin triangular plate with a large aspect ratio, which then expands
laterally on the same atomic plane, as shown in Figure 6.1. However, the experimental and
theoretical observations have shown that the Miller-Weinreich theory overestimates the activation
field by an order of magnitude. 13,14
Suzuki and Ishibashi15 and later Sidorkin16 have shown that the threshold field for a
ferroelectric domain wall arising from the Peierls barrier of a 1-D lattice decreases exponentially
as a function of increasing domain wall width. Starting from the free energy of a ferroelectric
material as a function of polarization, they derive an expression for the threshold energy required
to move the wall as:

∆f = A(T ) ×

sech 4 Kx
B(T ) − C (T ) tanh 2 Kx

6.1

where ∆f is the energy required to move the wall, A, B and C are functions of temperature, K
is inversely proportional to the domain wall thickness and x is the spatial coordinate across the
wall.
Recently, domain wall motion in ferroelectric materials has been studied by molecular
dynamics simulations by Shin et al.17 Using molecular dynamics approach, they have obtained
domain wall speed in ferroelectric PbTiO3 without the effect of defects and grain boundaries,
giving an upperbound of wall speed in real thin films.
Shin et al. suggest that the critical nuclei assumes an almost square shape, as opposed to
triangular shape suggested by Miller and Weinreich. Also the polarization reversal proceeds
through diffuse polarization around the square nuclei. A schematic illustrating this process is
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shown in Figure 6.2. Using this model, they are able to obtain domain wall velocities in
agreement with experimental measurements.17
However, to date, there are no experimental measurements to study the mechanism of
domain wall motion in ferroelectric materials. In this chapter, we discuss experimental studies of
the local dynamic behavior of ferroelectric domain walls using the spatially localized electric
field of a biased scanning probe microscopy tip. The dynamic regimes for wall motion and the
intrinsic critical voltage for the formation of 2D nucleus at the wall are measured and compared
with theoretical predictions.18,15 We discuss the experimental studies in the next section.

Experiment

Near stoichiometric crystals of Z-cut lithium niobate (900 nm thick) were used in this
study. An indium tin oxide (ITO) electrode was deposited on a +z surface by magnetron
sputtering and was grounded during the measurements. To create the ferroelectric domain wall,
the polarization in LiNbO3 single crystal was reversed by the application of a high (44-66 V) bias
pulse to the SPM tip, resulting in a macroscopic (~2 µm) domain of a characteristic hexagonal
shape as shown in Figure 6.3 (a). The tip radius was calibrated from the observed wall width and
the bulk nucleation potential.
To address nanoscale polarization switching dynamics in the presence of domain wall,
Switching Spectroscopy Piezoresponse Force Microscopy (SS-PFM)19 was utilized. The SS-PFM
experiment is detailed in Chapter 5. In brief, local electromechanical hysteresis loops are acquired
over densely spaced (5 nm) grid of points (60x60 pixels) and analyzed to produce 2D maps of
switching parameters. Here, SS-PFM was implemented on a commercial Asylum MFP-3D
system with a lock-in amplifier (Stanford Research Systems, SR 844 A) and function generators
(SRS DS 345). Ti-Pt coated tips (Mikromasch CSC37) were used to measure the piezoresponse
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of the crystal in contact mode as well as for the SS-PFM experiments. To ensure the reversibility
of tip-induced wall displacement, the PFM images were acquired before and after the SS-PFM
mapping. While the domain wall shifts on average, the length travelled (~1 pixel per line scan in
the image and ~30 pixels total per image) is small compared to the total number of measurement
points (1600). Thus, the wall dynamics is almost reversible.
The 3D data sets and 2D SSPFM maps contain the information on the domain nucleation
dynamics in the presence of the wall. The results of SSPFM experiments across a domain wall in
SSPFM is shown in Figure 6.3. Figure 6.3 (a) shows the piezoresponse profile obtained in
LiNbO3. It can be seen that there are dark and bright regions, representing domains into the paper
and out of the paper respectively. The square at the center of the image highlights the exact area
where SSPFM experiment was performed. The lateral length scale for this image is shown in the
inset. Figure 6.3 (b), (c) and (d) show the variation of switching parameters during the SSPFM
experiment. Figure 6.3 (b) shows imprint, Figure 6.3 (c) shows piezoresponse and (d) shows work
of switching. First of all we see that Figure 6.3 (c) shows piezoresponse during the SS-PFM
experiment, describing the dynamic evolution of domain wall. Although this suggests that the
domain wall moves during the experiment, on the average, the length travelled by the wall (~1
pixel per line scan, ~30 pixels for the entire image) is small compared to the total number of
measurement points (3600). Thus the wall dynamics is considered to be nearly reversible.
From Figure 6.3 (b) and Figure 6.3 (c) we note that the switching parameters show a
distinct behavior in the vicinity of the domain wall. In Figure 6.3 (d) we see that the ‘work of
switching’ lights up in the vicinity of the domain wall indicating that the area under hysteresis
curve in this region shows a ‘jump’. To understand this even further, it is necessary for us to look
at the individual hysteresis loops in the domain wall area. The individual hysteresis loops are
shown in Figure 6.3 (e)-(h). We note that the hysteresis loops in region 1 and region 2 (indicated
in Figure 6.3 (c)) open up, in stark contrast to the hysteresis loops farther from the domain wall

103
(for example, compare with loops from regions 3 and 4). This tells us that area in the vicinity of
domain wall shows a “switching” behavior, which goes to show that domain walls can act as
local nucleation centers in ferroelectric materials.
The results shown in Figure 6.3 pose further interesting questions and possibilities for
quantitative studies, such as how far from the domain wall are the hysteresis parameters
influenced? Does the affected area depend on the magnitude of bias voltage? And so on. In order
to answer these questions, systematic studies were performed in this material, varying the bias
voltages incrementally and performing SS-PFM studies across the domain wall. The results of
these experiments are presented in Figure 6.4.
The observed evolution of local hysteresis loop with tip bias and tip-wall separation
represents the interplay of several mechanisms, including formation of 2D nuclei at the wall, wall
bending, and bulk domain nucleation and growth. To decouple these contributions, SSPFM data
were acquired as a function of bias window, i.e. maximum amplitude of dc bias applied to the
probe. The dynamic evolution of the initial response, imprint (i.e. lateral shift of hysteresis loop
along the voltage axis), and WoS is shown in Figure 6.4.
For small bias windows (< 3V), the hysteresis loops are closed, WoS is zero, and the
initial response map is similar to the PFM image. On increasing the bias window, the
intermediate contrast region in the initial response image and the white feature in the work of
switching image emerge, indicative of the onset of domain wall mobility under increased bias.
The imprint image shows complex structure, with imprint almost zero at the wall and forming
strong maximum and minimum at the boundaries of the affected region. This behavior is
indicative of the strong asymmetry of the hysteresis loop for tip positions to the left and to the
right of the domain wall, as can be directly verified by the examination of the loop shape from
individual locations [Figure 6.5]. For large biases (>30 V) the SS-PFM contrast disappears and
bulk nucleation is observed.
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From the data represented in Figure 6.4, we are now in a position to separate regimes
observed as a function of probe-wall separation and bias window. This data is summarized in
Figure 6.5, delineating the regions of the no switching, bulk switching, and wall-mediated
switching. Typical hysteresis loops obtained as the tip scans across domain wall are shown in the
panels below. We observe that the loops can be classified as:
(1) Non-switching regions: In these regions, the hysteresis loops do not open up (red and blue
filled circles). These regions are far from the domain wall and the tip has little or no influence on
the domain wall.
(2) Switching regions with non-zero imprint: In these regions, the loops do show a switching
behavior, and the loops open up. These regions are characterized by lateral shift of the hysteresis
loops along the voltage axis (non-zero imprint). These regions are closer to the domain wall and
the tip moves the domain wall towards itself, and
(3) Switiching regions with zero imprint: In these regions, the loops show a switching behavior.
These regions are characterized by little or no shift of loops along the voltage axis. These regions
lie in the close vicinity of the domain wall.
From the above observation, we see that the transition lines in Figure 6.5 are well defined
and we are in a position to classify the transition between ‘switching’ and ‘non-switching’ regions
using order parameters. Specifically, this transition can be classified as a first-order (jump)
transitions for parameter defined as ξ =

∫ {PR (V )+ PR (V )}dV ,
+

−

i.e. the average signal

observed in a hysteresis loop. The transition between the non-switching and switching regime
corresponds

to

a

second

order

phase

transition

for

dynamic

order

parameter,

ζ = ∫ {PR + (V ) − PR − (V )}dV , i.e. area under the loop. The transition for bulk nucleation is first
order for ζ .
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In order to understand the reason for the variety of shapes exhibited by the hysteresis
loops and the parameters governing interaction between the scanning probe tip and the domain
wall, it is necessary for us to theoretically model and study the dynamic interaction between the
two. We do this in the next section.

Theory of interaction between biased probe and domain wall

The problem of interaction between ferroelectric 180 domain wall and a biased scanning probe
microscope tip was analyzed recently by Morozovska et al10 using Landau-Ginzburg-Devonshire
thermodynamic approach. The problem statement and general conclusions are stated here for
clarity.
In this approach, a biased scanning probe placed in the vicinity of a flat 180 domain
wall. For a fixed bias voltage, the equilibrium surface profile of polarization in the vicinity of a
domain wall under the influence of scanning probe microscope tip is shown in Figure 6.6. Figure
6.6

illustrates that the domain wall bends or gets attracted (or repelled) from the probe tip

depending on the probe-domain wall distance and the applied voltage. For tip positioned directly
at the domain wall, the application of the bias results in wall bending with an associated change in
the electromechanical response. In the absence of lattice and defect pinning, the bending starts at
an arbitrary small bias and the corresponding hysteresis loops are closed.
The behavior changes drastically in the presence of lattice pinning or for slow
polarization dynamics. In particular, the formation of a 2D Miller-Weinreich nucleus as the
elementary step of wall motion requires a finite probe bias to be applied to the tip, and results in
the opening of the hysteresis loop. This behavior is directly observed in Figure 6.5, where the
potential Vi corresponds to wall unpinning from the lattice, or, equivalently, to formation of a 2D
nucleus at the wall.
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To compare with existing theoretical models, we extend the classical 2D nucleation
model for rigid (Miller-Weinreich)9 and smooth (Burtsev-Chervonobrodov)18 lattice potentials to
the nucleation in the field of a biased PFM tip. The activation energy for 2D rigid nucleus
formation is given by:

Fa (σ W ,V , x 0 ) =

 σ Wθ
ln 
2
3 3
 2cPS d V
8

where σw is the domain wall energy, θ = γ

(d

2

 (cσ W )3 θ

2
 πε 0ε 11 d V

6.2

)
3

+ x 02 , c is the lattice constant, γ = ε 33 ε11

is the dielectric anisotropy factor. The LiNbO3 materials parameters are c =0.5 nm, PS=0.75 C/m2,

ε11 = 84 ε 33 = 30 . The effective tip size d = 86 nm was determined from the bulk nucleation
2
bias Vc = 28 V as d = Vc 27βε11ε 0 2α . The domain wall energy, σ min = 0.265 J m 2 , and

periodic lattice potential, δσ = 0.120 J m 2 , are calculated using density functional theory. 20
The estimated nucleation voltage for thermally activated wall motion is 19±3V for an activation
barrier of 25 kT. In the BC model, σW is replaced by

σ min δσ , yielding nucleation potential of

10.4±1.8V, well above the experimental value of 3V. This suggests that the activation barrier for
2D nucleation at the wall is controlled by the intrinsic nucleation process, directly confirming the
analysis by Rappe.17
To get insight into observed mesoscopic dynamic behavior and the origins of long-range wall-tip
interactions, we analyze the mesoscopic mechanism of polarization switching in the presence of
an initially flat 180° domain wall and in the absence of the lattice pinning. The dynamics of the
polarization field, P3, is described by the Landau-Ginzburg-Devonshire-Khalatnikov relaxation
equation:
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 ∂ 2 P3 ∂ 2 P3 ∂ 2 P3
d
3
− τ P3 = αP3 + β P3 − η
+
+
2
dt
∂ x2
∂ y2
 ∂z

 ∂ϕ
+
 ∂z


6.3

where the expansion coefficients α < 0 and β > 0 for the second order phase transitions
considered hereinafter, gradient term η > 0 , τ is the Khalatnikov coefficient. The potential
distribution

induced

ϕ( x, y , z = 0) = V (t ) d

by

the

probe

yields

potential

boundary

conditions

x 2 + y 2 + d 2 , where V is the applied bias and d is the effective probe

size. The polarization boundary conditions are P3 − λ ∂P3 ∂z = 0 at the surface.
Polarization

dynamics

is

analyzed

using

the

direct

variational

method,

P3 (x, y , z , t ) ≈ P0 (x )+ PV (t ) f ( x, y, z ) , where the coordinate-dependent part f ( x, y, z ) satisfies
the linearized Eq.6.2. The parameter PV (t ) serves as an effective parameter describing domain
geometry.10 The P0 (x ) represents the initial polarization distribution in the absence of the probe.
The electromechanical hysteresis loop evolution for different tip-wall separations and relaxation
times is shown in Figure 6.8. The loop width monotonically increases and the loop becomes more
symmetric with the distance, x0 . The inclusion of viscous friction leads to a loop broadening and
smearing far from the wall, while near the wall, the minor loop opening is observed. Note that the
qualitative evolution of hysteresis loops in Figure 6.8 is highly reminiscent of the experimental
data in Figure 6.5.

Phase-field modeling

To complement analytical theory, domain dynamics was investigated using phase field
modeling. 21 In this approach, the ferroelectric domain structure is described by the spatial
distribution of the spontaneous polarization P = ( P1 , P2 , P3 ) in the coordinate of x = ( x1 , x2 , x3 ) .
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The temporal evolution of the polarization P and thus the domain structures are described by the
time dependent Ginzburg-Landau equations:

∂Pi (x, t )
δF
= −L
, (i = 1, 2,3)
∂t
δ Pi (x, t )

under bottom and top surfaces condition of

6.4

∂Pi
∂Pi
= λ Pi at x3 = 0 and
= −λ Pi at x3 = h
∂x3
∂x3

where L is the kinetic coefficient related with domain mobility and t is time. F is the total free
energy. λ is associated with polarization extrapolation length at surface. is the thickness of the
considered sample, as shown in Figure 6.9.
The total free energy F includes the bulk free energy, elastic energy, electrostatic
energy, as well as the gradient energy, i.e.,

F = ∫ ( f bulk + f grad + f elas + f elec ) dV

6.5

where V is the volume of the considered sample. In the equation, f bulk is the bulk free energy
density. For LiNbO3 it is expressed by a Landau polynomial expansion in terms of the
polarization components

fbulk = α1 P3 2 + α11 P3 4 + α 2 ( P12 + P2 2 )

6.6

At room temperature, α1 = −1.0 × 109 C −2 m 2 N , α11 = 0.9025 ×109 C −4 m 6 N ,

α 2 = 0.6725 × 109 C −2 m 2 N . f grad is the gradient energy density. It is only nonzero around
domain walls and calculated to be:

f grad =

1
1
G11 ( P1,12 + P1,2 2 + P2,12 + P2,2 2 + P3,12 + P3,2 2 ) + G22 ( P1,3 2 + P2,32 + P3,3 2 )
2
2

6.7
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where Pi , j =

∂Pi
, and G11 = G22 = 0.4G0 , G0 = α 0 ( ∆x ) 2 with ∆x correlated with the
∂x j

simulation grid size and α 0 = −α1 . The elastic energy felas , is generated from the polarization
switching and is expressed generally by

f elas =

1
1
cijkl eij ekl = cijkl (ε ij − ε 0 ij ) (ε kl − ε 0 kl )
2
2

6.8

where cijkl is the elastic stiffness tensor. ε ij is the total strain, and ε 0ij = Qijkl Pk Pl with Qijkl
representing the electrostrictive coefficient. The total strain can be obtained by solving the
mechanical equilibrium equations under the boundary conditions of stree-free at top surface and
fixed displacements at bottom surface. The non-zero electric stiffness and electrostrictive
coefficient in the Voigt’s notation are : c11 = 1.99 × 1011 , c12 = 0.55 × 1011 , c44 = 0.6 × 1011 Nm −2
and Q11 = 0.016 , Q12 = −0.003 , Q44 = 0.019 C −2 m 4 .
The electrostatic energy density of a given polarization distribution is calculated by:

f elas =

1
Ei (ω0κ Ei + Pi )
2

6.9

where Ei is the electric field component and is related with the electric potential φ with

Ei = −

∂φ
. ω0 = 8.85 × 10 −12 Fm −1 is known as the dielectric permittivity of a vacuum. κ is the
∂xi

relative dielectric permittivity of the ferroelectric bulk background. Here κ = 2.0 for the
calculations. The electric field component Ei is obtained by solving the electrostatic equilibrium
equation under the boundary condition of:

φ |x =0 = 0 and φ |x =h = φappl where φappl = φa
3

3

mr0
( x1 − mx 0 )2 + ( x2 − my 0 )2 + mr0 2

Which is an approximate description of the electric potential applied by the PFM tip and
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(mx 0 ,my 0 ) is the tip location and mr0 is the effective tip radius.
Domain cross-sections for two successive moments of time t2 > t1 at the wall,
intermediate tip-wall separations and far from the wall are illustrated in Figure 6.10 (a-c). Based
on the modeling and analytical results, the mechanism for the long-range effect of the wall on
domain nucleation and polarization switching emerges as following. Close to or at the wall, the
switching is dominated by the domain wall bending that occurs when the tip-induced field
exceeds the field required to generate 2D MW nucleus. At larger tip-wall separations, the
nucleation proceeds through the bulk 3D nucleus. However, the depolarization energy is lowered
by the formation of the kink at the wall (carrying a charge opposite to that of the tip apex) [Figure
6.6], reminiscent of mechanism in Ref. [11]. On increasing the tip bias, the rapidly elongating
domain merges with the wall (correlated switching). The characteristic length scale in this case is
that of the domain length, which is significantly larger than diameter or the probe radius, thus
explaining the long range of observed effect.

Summary and conclusions

To summarize, ferroelectric domain walls, long believed to be the simplest example of
static topological defect in ferroic materials, are found to exhibit an unexpectedly rich panoply of
nanoscale dynamic behaviors due to interplay between wall bowing and bulk-like nucleation. The
effective nucleation bias is found to increase by an order of magnitude from a 2D nucleus at the
wall to 3D nucleus in the bulk. The lowering of nucleation bias in the presence of the wall is
ascribed to the compensation of depolarization field of nascent domain by wall bowing. Notably,
the nucleation bias at the wall (3 V) allows a direct measurement of the nucleation energy for the
2D nucleus, which is found to be well below that for rigid ferroelectric models in ultrasharp
(~20V) and smooth18 (~10V) lattice potential, confirming recent analysis by Rappe17.
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Recently atomistic simulations were performed, complementing the SS-PFM mentioned
above, to calculate the threshold field required to move the domain wall overcoming the Peierl’s
barrier by one unit cell.22 Given the minimum bias voltage applied to the tip to cause the
nucleation of opposite domain in LiNbO3, and the estimated tip radius (~34nm) and the lattice
parameters of LiNbO3, preliminary results indicate that the amount of energy required to move
the wall by one unit cell amounts to approximately 0.1eV, corroborating the results from
experiment, analytical theory and phase field modeling. These studies open a pathway to detailed
atomistic understanding of domain wall dynamic in ferroic materials, including wall-defect
interactions (pinning), structure and behavior of the walls with coupled order parameters, and
dynamic effects such as nucleation in front of the moving wall. In these, the biased probe
representing local charged defect of controlled strength. These studies become increasingly
important, given the rapidly growing role of ferroelectrics and multiferroics in information and
energy storage technologies.
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Figure 6.1
Schematic drawing of a triangular step on a 180 domain wall. The applied electric field is
parallel to the spontaneous polarization on the left side of the figure (from Ref. [9]).
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Figure 6.2
Molecular dynamics simulations of nucleation on 180 domain walls. (a) Snapshot of the
polarization form a molecular dynamics simulation of PbTiO3 at 220K and 0.5 MV/cm. The local
polarization vectors are shown by the red and blue arrows. The two domain walls are outlined
with red lines. (b) A critical nucleus on the domain wall on the y-z plane. The green solid line
shows the boundary of the critical nucleus (from Ref.[17])
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Figure 6.3
(a) Mixed piezoresponse force microscopy images of the domain structure before and the SSPFM
scan with +5.0V voltage window. Note that while domain wall moved during the experiment
(solid line within the square), the high veracity of SS-PFM PFM map indicates that no significant
wall rearrangement was happening during single pixel or scan line acquisition. The piezoresponse
(b), imprint (c) and work of switching (d) SS-PFM map in the domain wall region. (e-h)
Hysteresis loops from selected locations. (Acknowledgements: Katyayani Seal, Stephen Jesse,
Art Baddorf, Sergei Kalinin)
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Figure 6.4
Evolution of the wall dynamics as a function of bias window. Shown are (a) piezoresponse, (b)
work of switching, and (c) imprint SS-PFM maps. The images are corrected to compensate for
wall creep during measurements. The black solid lines within an image indicate the boundary of
experimental data. Outside this boundary, the images are padded with space averaged numbers to
show different images in the same lateral scale (Acknowledgements: Katyayani Seal, Stephen
Jesse, Art Baddorf, Sergei Kalinin).
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Figure 6.5
Switching phase diagram showing polarization dynamics as a function of bias window and tipwall separation (nanometers). Shown are the regions of no switching (light blue regions), wallmediated switching with asymmetric loops (yellow regions) and symmetric loops (orange region
near x=0), and bulk nucleation (orange region). Red lines correspond to first-order phase
transitions across which the switching loops change discontinuously from open to closed. Blue
lines correspond to second order phase transitions from symmetric to asymmetric switching
loops. Blue dotted line marks a continuous transition between wall-mediated and bulk responses.
The threshold bias for polarization reversal at the wall is V*i, and in the bulk is Vb. Shown below
are experimental PFM hysteresis loops or a bias window of ±14 volts and at x= -220nm, -140nm,
0nm, +80nm, and +120nm. (Acknowledgements: Katyayani Seal, Stephen Jesse, Art Baddorf,
Sergei Kalinin)
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Figure 6.6
(a) Schematics of a ferroelectric 180 domain wall boundary curved by the strong localized
electric field of the biased probe tip in contact with the sample surface. (b) Wall curvature at the
sample surface in quasi-continuous media approximation. Dashed rectangle corresponds to
schematics of activation field calculations used by Miller and Weinreich for rigid polarization
model, where the distance a is equal to the lattice constant.
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Figure 6.7
Equilibrium surface profile of domain wall boundary affected by biased probe tip and probe
induced domain formation. Effective distance d =5 nm, applied bias V =5V and LiNbO3 material
parameters. (From Ref.[10]).
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10

Distance from the wall x0/d
Figure 6.8
Map of the switching regimes (upper row) and corresponding ferroelectric polarization hysteresis
loop shape (insets a-e) depending on the wall-tip separation, x0, calculated from the analytical
theory. Dotted curve (and loops a-e) is plotted for the static case τ=0, solid curves (and loops a-e)
correspond to the kinetic case with τ≠0. The reversible wall bending occurs at 0<x0<d, correlated
nucleation occurs at d < x0 < 10d, and symmetric bulk nucleation starts at x0 >> 10d. Curves
correspond to the different relaxation coefficients τ=0, 10-8, 10-7, 10-6 SI units. Material
parameters
−9

3

for

LiNbO3 are

L⊥ = − η 2α ~0.5 nm, extrapolation length
9

9

5

2

λ >> L⊥ ,
2

η=10 m /F, ε11=84, ε33=30, α= − 2⋅10 SI units, β = 3.61⋅10 m /(C F), PS=0.75 C/m , frequency
ω=2π⋅104 rad sec-1.(Acknowledgements: Anna Morozovska, Eugene Eliseev)
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Figure 6.9

A twin domain structure with 180o flat domain wall. (Acknowledgement: Yulan Li and
Long-Qing Chen)
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Figure 6.10
Phase field modeling of domain dynamics for two successive moments of time t1 > t2. (a)
polarization distribution at the wall, (b) at intermediate tip-wall separations and (c) far from
the wall. Surface normal is z, wall normal is x. Images are normalized for maximum and
minimum polarization values (blue to red). (d) Schematic mechanism of depolarization field
mediated wall-domain interaction. (Acknowledgements: Yulan Li, Samrat Choudhury and
Long-Qing Chen).
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Chapter 7
Conclusions and future work
The focus of this thesis falls under three major categories, namely, (1) Studying phase
transitions, polarization switching and order parameter coupling in ferroelectric and multiferroic
materials, (2) Understanding the mechanism of domain wall dynamics, and (3) Understanding
local structure of ferroelectric domain walls and the role of domain walls in ferroelectric materials
as nucleation centers in ferroelectric materials. These goals were achieved using a combination of
nonlinear optics and scanning probe microscopy experiments.

Conclusions

Topological defects in materials play a critical role in understanding their real world
physical behavior. For example, dislocations explain the low deformation stresses required to
overcome the otherwise large intrinsic Peierls potential barrier predicted for a perfect lattice1,2.
Similarly, the coercive field to move a magnetic domain wall decreases exponentially as the wall
width increases3. Thus, one might expect similar trends in ferroelectrics, which contain two or
more switchable states of built-in electrical polarization under the application of an electric field.
The classical Miller and Weinreich theory4 proposes the lateral motion of an atomically sharp
domain wall through preferential nucleation of a domain nucleus at the wall. Suzuki and
Ishibashi5 and later Sidorkin6 have theoretically shown that the threshold field for a ferroelectric
domain wall arising from the Peierls barrier of a 1-D lattice decreases exponentially as a function
of increasing domain wall width. Recent works by Catalan et. al.7 and Shin et. al.8 have explored
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the role of internal structure of the domain wall itself on the domain reversal process. Gopalan
and collaborators have shown that defect-domain wall interactions can significantly broaden
ferroelectric domain walls in trigonal ferroelectrics on nanometer scale. 9 Using phenomenological
theory and phase-field modeling, Morozovska and Chen10 have predicted significant broadening
of domain wall structure at surfaces of ferroelectrics, and a dramatic decrease in the threshold
coercive field by 2-3 orders of magnitude with even 2-3 nm broadening of a 180 degree wall.
The electrical properties of ferroelectric materials are intrinsically determined by the
domain wall local structure and the mobility of domain walls. The macroscopic mobile domain
structures are of practical interest as the active components in optical switching and memory
devices. The number of domains and their mobility determine crucial properties such as switching
time, effective polarization, hysteresis and power dissipation.11,12,13 In this work we have
attempted to understand the local structure and dynamics of domain wall at atomistic scales. The
major conclusions from this work are presented below:

1. Domain wall configurations and domain dynamics, orientation and crystal structure were
studied in the mesoscopic scale in strained ferroelectric SrTiO3. For the first time,
ferroelectric domains were directly imaged at room temperature and above in this material
using PFM. In situ SHG under external fields show evidence for the movement of coupled
ferroelectric-ferroelastic 90° domain walls in the multiferroic phase under external fields, in
agreement with phase-field modeling. From a symmetry perspective, the domain structure
and dynamics in this ferroelectric-antiferrodistortive system will have direct relevance to
expected domain structures in a ferroelectric-antiferromagnetic system with two phase
transitions.

125
2. SHG is capable of probing magnetic, elastic and electric order parameters in materials at a very
fundamental level. The technique makes use of the fact in any magnetic, elastic or electrically
ordered material, there are different sources for nonlinear polarization: (1) A contribution
which is sensitive to the magnetic symmetry. This couples to the ordering of spins (2) A
contribution sensitive to rotations of oxygen octahedra and is therefore allowed only below
the elastic ordering temperature and (3) A contribution that is sensitive to the crystalline
symmetry. This couples to the electrical ordering in the material. Thus SHG can be used as a
non-invasive probe to separately study magnetic, elastic or electrical properties of
multifunctional or multiferroic materials.14,15,16 In this work SHG was demonstrated as an
effective tool to probe ferroelectric and ferroelastic phase transitions in uniform biaxially
strained SrTiO3. A ferroelectric transition temperature Tmax ~250K, Burns temperature Tb
~323K, and an antiferrodistortive transition at TAFD~160K have been determined using optical
second harmonic generation (SHG).
Using the same technique, anisotropically strained SrTiO3 thin film was also
studied. Ferroelectric phase transition temperature of 400K, antiferrodistortive phase
transition temperature of 150 −175K , and repeated in-plane rotations of polarization in the
temperature range 4K to 400K were observed in this material.
3. Nanoscale local structure of 180o domain walls was studied using piezoresponse force
microscopy (PFM) with calibrated probe geometry. PFM was demonstrated as a quantitative
technique to study the local structure of ferroelectric domain walls. Using this technique we
have shown that real 180o domain wall widths in the surface of ferroelectric materials can be
wide, typically 20-200 nm full width.
4. Recent theoretical predictions by Morozovska and ChenError! Bookmark not defined.
suggest that broadened ferroelectric domain walls can act as nucleation sites reducing
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coercive field in their vicinity. In this work this has been experimentally verified using
switching spectroscopy piezoresponse force microscopy (SS-PFM) experiments. The
effective nucleation bias in the vicinity of the wall has been demonstrated to be an order of
magnitude lesser than in the bulk. Comparing experimental results with theoretical modeling,
we have shown that the activation barrier for 2D nucleation at the wall in controlled by
intrinsic nucleation process, directly confirming recent analysis by Rappe.8

Outstanding issues and future work

Domain walls are crucial entities defining the behavior of ferroelectric materials in the
macroscopic scales. In this thesis we have seen that the domain wall widths can vary greatly on
the surface of the crystal. It was recently shown by Daimon et al.17 that domain wall widths about
100 nm under the surface of the crystal can be narrower. One of the future directions of research
could be systematically studying the domain wall widths in the bulk of the material, and
correlating them with theoretical calculations18. This would help us understand the intrinsic
nature of domain wall in greater detail.
Experiments probing domain wall widths in this thesis have exclusively made use of
vertical PFM which measures the converse piezoelectric displacement of the AFM tip in the same
direction as that of applied electric field. Measurements of lateral piezoresponse across 180
domain walls in LiNbO3 have suggested ~10 times higher domain wall widths than predicted in
FEM simulations, which suggests a different broadening mechanism on the surface of the crystal
than in the depth direction. 19 More detailed studies as to how to calibrate this lateral PFM signal
quantitatively, as well as its mechanism would lead to better understanding of the PFM technique.
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SS-PFM experiments performed on 180 domain walls in ferroelectric materials could be
repeated on 180 domain walls in other materials. This can help us to compare the domain wall
dynamics in other materials. For example, preliminary results on SSPFM across 180 domain
walls in BaTiO3 with ~10V DC bias indicate that the loops shows little hysteresis behavior
indicating reversible movement of domain walls under applied electric fields.20 This could be due
to the absence of polar defects in BaTiO3, which implies there are no pinning centers. Further
experiments with higher bias voltages might be required to understand this mechanism in greater
detail.
Temperature dependence of domain wall mobility and domain wall dynamics is an
interesting area of study, especially near ferroelectric phase transitions. Variable temperature SSPFM experiments on domain wall movement similar to that outlined in Chapter 6 could provide
insight into the dynamics of domain wall movement with temperature. It was seen in Chapter 6
that a bias voltage of 3V was required to initiate domain wall movement in LiNbO3. Does the
energy required to cause this movement change with temperature? Can we obtain a 3D phase
diagram incorporating the effect of both temperature and electric field

in influencing the

switching region in the vicinity of the domain wall? These questions can be answered using
variable temperature SSPFM experiments.
SS-PFM has been shown to be great tool to observe out-of-plane polarization switching
in ferroelectric samples, but it cannot probe in-plane polarization switching, because the electric
field induced by the charged probe has a circular symmetry in the plane of the sample. A
modified SSPFM technique is mentioned here which can probably be used to study in-plane
polarization switching in ferroelectric materials. A schematic of the experimental setup is shown
in Figure 7.1.
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In this proposed modified SS-PFM setup, interdigitated electrodes are embedded on the
surface of the ferroelectric sample. A voltage of the form VDC + VAC sin(ωt ) is applied between
the electrodes. VAC is the piezoresponse probing voltage and VDC is a sequence of square pulses
whose envelope has a triangular shape as shown in Figure 7.2, similar to the SS-PFM
experiment. 21
The DC voltage VDC is used to switch polarization in the plane of the sample whereas

VAC is used to probe the piezoresponse. For electrode spacings of ~ 5µ , even an applied voltage
of 5 V VDC gives a huge field in the plane of the sample. Using a non-conducting AFM tip, we
observe the vertical displacement of the tip which is caused due to d31 . If the applied voltage

VDC does cause polarization switching, then d33 and d31 change sign and so the displacement of
the tip is phase shifted by 180 with respect to the applied AC voltage.
By sweeping the applied voltage VDC to the electrodes, we can obtain in-plane hysteresis
loops. The resolution of this technique (how locally we can measure the polarization switching) is
essentially limited by how closely we can implant the interdigitated electrodes. Positioning the tip
at a single location and observing the piezoresponse change as the voltage VDC is ramped has
been done before, although for different reasons.22 Moreover we might be able to obtain
resonance enhancement of the piezoresponse signal23 (note that in lateral PFM resonance
enhancement of the signal is not possible). If we apply VAC between the electrodes at a frequency
in the vicinity of cantilever-sample surface resonance frequency, the converse piezoelectric
displacement in the sample is enhanced. This can possibly increase our signal-to-noise ratio.
In order to check the viability of this technique, finite element modeling of these studies
using softwares COMSOL or ANSYS may be required. Preliminary experiments may also be
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required to check the viability of this experiment. If it turns out to be a successful experiment,
effects of domain walls, grain boundaries, interfaces and defects on the in-plane polarization
switching of ferroelectric materials can also be studied.
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Figure 7.1
Schematic of a proposed modified SS-PFM experimental setup to study in-plane polarization
switching in ferroelectric materials. Interdigitated electrodes are embedded on the sample. Nonconducting AFM tip is used to measure the vertical converse piezoelectric displacement of the
sample.
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Figure 7.2
Schematic of applied voltage VDC between the electrodes for the proposed modified SS)PFM
experiment (from Ref. [21]).
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