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Abstract

Barium titanate (BaTiOs3) is a prototypical ferroelectric material, exhibiting
the spontaneous electric polarization reversal under electric fields. This re-
versible polarization is caused by atomic displacements with asymmetrical
distributions of positive and negative charges. The charge distributions are
affected by not only atomic positions but also covalent bonds, producing a
charge transfer from one atom to the other. Therefore, atomic-scale structure
and electronic properties are crucial for understanding the dielectric prop-
erties of ferroelectric materials and controlling the functionality utilized in
their practical applications.

In this thesis, the atomic structure and electronic states in BaTiO3 under
applied electric fields were investigated by X-ray absorption spectroscopies
(XAS). The experimental spectra were supported by the reverse Monte Carlo
(RMC) calculations combined with ab initio multiple-scattering calculations.
The XAS is a useful technique to obtain information on electronic states
and local structure around a specific element. The Ti K-edge spectra were
analyzed to probe the Ti electronic state, whereas the Ba K-edge spectra
were used to determine the local structure.

The detection of atomic displacements enhanced by applied electric fields
remains a challenge because atomic displacements are small and of order
0.1 pm. The RMC refinements fully utilize structural information acquired
from XAS, which are sufficient to detect atomic perturbations. Further, the
obtained structure model also reflects the electronic states under electric
fields, providing a unified interpretation of both structural and electronic
information.

The obtained results indicate the Ba—O hybridization is enhanced as well
as the well-known Ti-O covalency when picometer-scale Ti displacements
are induced by applied electronic fields. The Ti displacements relative to
oxygen and Ba atoms were separately estimated by analyzing Ba K-edge
and Ti K-edge spectra. The observed difference between the two types of Ti
displacements implies the coexistence of displacive and order-disorder charac-
ters. These results and analytical schemes will aid the understanding of local
structures related to macroscopic phenomena such as the electromechanical
properties of ferroelectric materials.
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Chapter 1

Introduction

1.1 General introduction and motivation

Atomic-scale structures and electronic properties are crucial in materials sci-
ence because functions of materials, including electric/thermal conductivities
and magnetism, are realized by electrons. Although atomic structures and
electronic properties are in microscopic perspectives, macroscopic properties
can be also predicted by utilizing theoretical and computational calculations
such as density functional theory and molecular orbital method. Therefore,
the investigation of atomic structural information is the first step to un-
derstand a wide variety of microscopic/macroscopic properties of functional
materials including the mechanical, thermal, optical, and electromagnetic
properties.

The most common method to investigate atomic structure is the diffrac-
tion method. This method is sensitive to the symmetry in the lattice struc-
ture of crystalline materials since it is based on Bragg’s law to determine
the long-range order in atomic structure. Diffraction techniques can provide
excellent information on average atomic structure, whereas it is difficult to
observe local atomic structure.

Local structure is a significant factor in functional materials due to the
recent development of nano-scale devices. Nanotechnology has tremendously
increased the demand for local structural analysis because short-range in-
teraction is more dominant in smaller materials. Therefore, it is essential to
investigate the local structure as well as the average structure for the progress
in materials science and future applications to electronic devices.

One of the attractive research targets is a dielectric/ferroelectric mate-
rial, which has been widely used in electronic devices, including multilayer
ceramic capacitors, actuators, and memory cells. A prototypical ferroelec-



tric BaTiOg3 system markedly changes dielectric behaviors with small atomic
perturbations, which induces no changes in the lattice symmetry.

For example, the piezoelectric characteristics, the Curie temperature, and
the frequency dependence of dielectric constants can be tuned using chemi-
cal substitutions. The Curie temperature of a BaTiO3-based system can be
tuned using Sr, Ca, and other substituent ions [1, 2, 3, 4]. Sr, Ca, or Sn
substitutions induce diffuse phase transition behaviors [5, 6, 7], which are
characterized by the strong frequency dependence of the dielectric permit-
tivity. The piezoelectricity can also be tuned using doping ions; notably, the
piezoelectricity is enhanced by doping Li*—Al*" ionic pairs [8] and co-doping
Co/Nb [9].

These variations of the dielectric properties occur even if the lattice sym-
metry remains unchanged after the chemical substitutions, indicating the im-
portance of local atomic displacements. Further, in a BaTiO3-based system,
the displacement of Ti ions is critical to the ferroelectric behavior, because
the spontaneous polarization is reversible upon exposure to external electric
fields is mainly caused by Ti displacement [10]. Thus, BaTiOj is a suitable
material for testing the efficacy of the determination of atomic perturbations
caused by external fields.

The electronic properties also play an important role in the ferroelectricity
in BaTiO3. Although the electric polarization can be explained qualitatively
by the Ti displacement, it is insufficient to describe the magnitude of the
electric polarization only by the atomic structure. Since there are covalent
bonds such as Ti-O hybridization, the electric polarization is underestimated
by using a simple point-charge model, where all atoms are completely ionic.
Hence, it is necessary to probe electronic states and the atomic structure for
the investigation of ferroelectric/dielectric behaviors in the BaTiOj3 system.

X-ray absorption spectroscopy (XAS) is a powerful tool to obtain infor-
mation on the electronic states and local atomic structure around a specific
element. XAS spectrum is commonly divided into two parts: X-ray ab-
sorption near edge structure (XANES) and extended X-ray absorption fine
structure (EXAFS). The XANES region is sensitive to the electronic states,
whereas the EXAFS region mainly contains local structural information. In
many cases, these two parts have been analyzed individually for practical
reasons.

The recent development of theoretical analysis might open new possi-
bilities for integration of XANES and EXAFS results in a unified model.
Reverse Monte Carlo (RMC) techniques are one of the advanced data analy-
sis approaches to improve the amount of structural information that can be
extracted from experimental EXAFS spectra. RMC provides a natural way
to apply static and dynamic disorder effects into the structural model because



EXAFS signals are results as averaged over a number of atomic configura-
tions, in each of which all atoms are slightly displaced from their equilibrium
positions. Obtained structural models can be directly used for theoretical
XANES calculations. In this thesis, a unified interpretation of EXAFS and
XANES spectra for a prototypical ferroelectric BaTiOj3 is provided by this
methodology.

1.2 Aim of this work

The aim of this study is to investigate the electronic states and local structure
in BaTiO3 using XAS techniques. In addition, the relationship between these
two factors and ferroelectric properties are to be explained. The objectives
of the study are:

e to measure electric-field dependent XAS spectra at Ba K-edge and Ti
K-edge in BaTiOg;

e to analyze experimental XAS spectra using modern theoretical ap-
proaches including ab initio calculations and RMC refinements;

e to estimate the local Ti displacement quantitatively by the combination
of XANES and EXAFS results;

e to understand responses of the electronic states and local structure in
BaTiO3 under electric fields.



Chapter 2

Physical properties of BaTiOj

2.1 Ferroelectricity

Generally, functional materials are classified by means of electric conduc-
tivity: a conductor such as a metal with high electric conductivity, and an
insulator such as a dielectric with low conductivity. When an electric field is
applied to a dielectric material, the electric current does not flow through the
material due to the absence of free electrons, unlike a metal. Although elec-
trons are bound around atoms or molecules in a dielectric material, electrons
are slightly shifted from their equilibrium positions under applied electric
fields, causing dielectric polarization. This electric polarization reduces the
electric fields within the material.

A ferroelectric material is one of the dielectric materials and has an elec-
tric polarization, which exists even without external electric fields. This per-
manent electric polarization is called spontaneous polarization. The direction
of the spontaneous polarization can be switched by applying electric fields be-
yond a certain magnitude of electric fields, so-called the coercive electric field
E.. Thus, a ferroelectric material shows an open loop in polarization-electric
field (P-F) measurements, as shown in Fig. 2.1.
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Fig. 2.1: Schematic diagram of P—FE hysteresis loop in a ferroelectric mate-
rial.

BaTiOj3 is one of the most famous ferroelectric materials, discovered in
the 1940s [11, 12, 13]. The ferroelectric properties of BaTiO3 have been
widely studied because of its simple crystal structure and many practical
applications for electronic devices. The details of the crystal structure are
described in the following section.

2.2 Crystal structure

Fig. 2.2 shows a crystal structure of BaTiO3. BaTiOj is a perovskite oxide,
represented as the chemical formula of ABOj3, where A and B are two cations.
The ideal cubic-symmetry perovskite structure has the B-site ion in 6-fold
coordination, surrounded by an octahedron of oxygen atoms.

Fig. 2.2: Crystal structure of BaTiO3 at room temperature.



Temperature dependence of lattice structure

A bulk BaTiO3 material exhibits phase transitions with temperature. Fig. 2.3
shows the temperature-dependent lattice constants of BaTiO3. BaTiOj is in
a cubic phase at high temperature above the Curie temperature. This struc-
ture is centrosymmetric with no existence of spontaneous polarization. Asthe
temperature is lowered, it goes through three phase transitions to different
ferroelectric phases. The cubic-tetragonal phase transition, i.e., paraelectric
to ferroelectric transition, is occurred at around 400 K. When the temper-
ature is around 280 K, BaTiOj3 shows the tetragonal-orthorhombic phase
transition. Further, an orthorhombic-rhombohedral phase transition occurs
below around 180 K.
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Fig. 2.3: Temperature dependence of the crystal structure of BaTiOg3, de-
termined by diffraction studies [14, 15, 16].

The phase transitions are accompanied by drastic changes in ferroelectric
properties, such as the magnitude of the spontaneous polarization, as can
be seen in Fig. 2.4. Three ferroelectric phases have different small distor-
tions from the cubic symmetry. The lattice distortions in the tetragonal,
orthorhombic, and rhombohedral phase can be regarded as expansions of the
cubic unit cell along [001], [011], and [111] directions, respectively. These
distortions result in displacements of Ti atoms from the center of TiOg4 oc-
tahedra along these directions. These Ti off-center displacements primarily



give rise to the spontaneous polarization.
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Fig. 2.4: Temperature dependence of the spontaneous polarization of
BaTiOj3 along the [001] direction [17].

Electric-field dependence of lattice structure

The reversible polarization in BaTiO3 indicates variations of the Ti displace-
ments under applied electric fields. Although it is insufficient to experimen-
tally analyze the Ti displacements under electric fields, the lattice distortions
induced by applied electric fields have been observed in the previous stud-
ies [18, 19]. Fig. 2.5a and b show the lattice constants under static and
dynamical electric fields, respectively. In both cases, the ¢/a ratio increases
as the magnitude of applied electric fields increases. Because of these elon-
gations along the [001] direction, one can expect an enhancement in the Ti
displacements. In this study, the Ti displacements under electric fields were
investigated using X-ray absorption techniques, as described later in Chap-
ter 5 and Chapter 6.
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Fig. 2.5: Lattice constants of BaTiO3 under applied electric fields. The left
and right panels show the lattice distortions under static and dynamic electric
fields, respectively. (a) The lattice consists ¢ under static electric fields [18].
(b) The applied voltage to BaTiOs. (¢) The ¢/a ratio under applied electric
fields [19].

2.3 Electronic states

As mentioned in the previous section, the spontaneous polarization in BaTiO3
can be primarily explained by the Ti displacements relative to the center of
TiOg octahedra. The polarization direction is simply estimated using atomic
positions. In the theory of electrostatics, the electric dipole moment p in a
collection of point charges is defined as

=) Qi (2.1)

where (); and 7; are the charge and position of the particle 7, respectively.
This expression can be straightforwardly extended for the case of a continuous
charge density p(7):

p= [ otorr ar (2:2)

As can be revealed from Eq. (2.1), the direction of the spontaneous polariza-
tion is consistent with the direction of the Ti displacement.

However, it is insufficient to describe the magnitude of the polarization
only by the atomic positions. The magnitude is underestimated by an ionic
model consisting of ions with nominal charges: Ba?*, Ti**, and O%~. This
underestimation indicates the importance of electronic properties including



covalent bonds in materials. The presence of covalent bonds induces charge
transfers between constituent atoms, exhibiting the charge density p(7) away
from the ionic model.

The existence of the covalency in BaTiO3 has been verified by experimen-
tal and theoretical studies. Fig. 2.6 shows the charge density distributions
obtained using the maximum entropy method for the X-ray diffraction [20].
It is clear to observe the covalent bond between Ti and O. This Ti—O cova-
lency is also supported by the theoretical calculations by Cohen et al., which
has predicted the presence of Ti 3d—O 2p hybridization [21, 22]. If the Ti-O
hybridization is inhibited, the cubic phase is most stable [23]. Therefore,
these experimental and theoretical results demonstrate the significance of
electronic states for understanding the ferroelectricity.

[001]
[001]

[001]
[001]

Fig. 2.6: Charge-density distributions of BaTiOg3 in (a) and (b) cubic phase
at 573 K, (c¢) and (d) tetragonal phase at 300 K. The left and right panels
show the Ba—O plane and the Ti—O plane, respectively. These results were
obtained from X-ray diffraction measurements [20].

Because of the covalency, the nominal charges are less able or no longer
able to reflect ferroelectric features. Instead, the Born effective charge is a
useful quantity taking account of the chemical bonding. Provided that the
polarization varies by OP when the ion cores move by 0u, the Born effective

9



charge Z* can be represented by
P = Z*(@)o1. (2.3)

Z*(w) is a dynamical quantity in distinct from the static charge like @ in
Eq. (2.1). In general, the Born effective charge is a tensor. When the ion
moves in direction ¢, the polarization in the other direction j can change.
Thus, the Born effective charge Z;; is defined as

. _ 0P,
97 Buy

(2.4)

Fig. 2.7 shows schematic representations of two cases with different effective
charges. As presented in Fig. 2.7a, the effective charge is close to the nominal
charge when the electrons move by the same amount as the displacement of
ionic cores. On the other hand, in the case as shown in Fig. 2.7b, the electrons
shifted to the left as the positive cation moves to the right. The contributions
of these electrons to the polarization are larger than the nominal charges,
indicating the large Born effective charge.

(a) small Z* (b) large Z*

O wo= © wo

o -0

Fig. 2.7: Concept of Born effective charges. (a) the Born effective charge is
close to the nominal value when electrons move by the same amount as ion
cores. (b) the Born effective charge is large when electrons move in different
amounts from ion cores.

The Born effective charges tend to be larger than nominal charges for
materials that are ferroelectric or close to ferroelectric phases. In BaTiOg, the
anomalous large effective charges have been reported in various theoretical
calculations [24, 25, 26, 27]. For instance, Ghosez et al. calculated the Born
effective charges in BaTiOj3 using the framework of the density functional
formalism within the local density approximation [25]. While the nominal
charge of Ti is +4, the obtained Born effective charge is +7.25, indicating
the large contributions of the Ti displacement to the polarization.

Ghosez et al. also identified the contributions of each electronic band
structure to the effective charges [26]. It was revealed that the anomalous

10



charge of Ti essentially comes from the O 2p (+2.86). This O contribution
corresponds to the O 2p-Ti 3d hybridization, producing a charge transfer
from O to Ti. Moreover, the non-negligible contributions of Ti 3p, O 2p,
and Ba 5p bands are observed. These features suggest the existence of other
hybridizations involving Ba. The Born effective charge of Ba was calculated
to be +2.77, larger than the nominal value +2. The anomalous effective
charge (+0.77) is smaller than that of Ti (+3.25) because Ba has more ionic
character than Ti, as already seen in Fig. 2.6. However, the large anomalous
charges of the O 2s and 2p are +0.73 and +1.50, respectively. They are
mainly compensated by Ba 5s (—0.11) and 5p (—1.38) contributions. This
result predicts that there are dynamic changes in the Ba—O hybridization as
well as the Ti—O hybridization.

It should be emphasized that large contributions to effective charges are
not related to strong hybridizations but to the rate of changes in these hy-
bridizations when atoms move. That is, the Ba-O hybridization is much
weaker than the Ti—O hybridization, however, large anomalous contributions
of Ba and O are produced by the high sensitivity of the relatively weak co-
valency under atomic displacements. Therefore, it is essential to observe the
electronic states with conditions where atomic displacements occur. Because
of the anomalous large effective charges of Ti and Ba, one can expect the
enhancement in orbital hybridizations under applied electric fields. In this
study, the responses of Ba—O and Ti—O hybridization under electric fields
were investigated using XANES spectra, as described later in Chapter 4.

2.4 Local structure

It is doubtless that the macroscopic spontaneous polarization in BaTiO3
is primarily dominated by the average crystal structure. However, several
aspects of local atomic displacements and phase transition mechanisms still
remain uncertain. Previous reports state two phase-transition mechanisms:
displacive and order-disorder types. These two types propose different local
structures, which exhibit the same average atomic structure as mentioned in
Section 2.2.

In a displacive model [10, 28, 29], the local structure is equal or close
to the average structure. The long-range ferroelectric distortion arises from
the concerted off-centering of Ti atoms within TiOg octahedra [28]. This Ti
off-center displacement disappears in a paraelectric phase, where Ti atoms
are located in the center of TiOg octahedra. The phase transition mech-
anisms can be explained by anharmonic lattice dynamics. A ferroelectric
phase occurs because a certain normal mode of vibration becomes unstable
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around the phase transition temperature. This unstable mode is called a soft
mode, resulting in static atomic displacements. The eigenvector of the soft
mode corresponds to the crystal structure in the low-temperature ferroelec-
tric phase. Cochran theoretically demonstrated the instability of transverse
optic modes [29].

Order-disorder type is a well-known concept of a statistical approach,
represented by the Ising model. Fig. 2.8 shows schematic diagrams of the
order-disorder (eight-site) model. In contrast to the displacive type, even the
paraelectric cubic phase exhibits local Ti off-center displacements along (111)
directions. According to a classical model, Ti atoms are randomly distributed
among the eight split sites. Hence, the average position of Ti atoms is on the
center of the lattice in the cubic phase. The tetragonal, orthorhombic, and
rhombohedral phase has four, two, and only one possible position for the off-
centered Ti atoms, respectively. Note that the existence of short-range orders
between neighboring atoms is a key to phase transitions. If distributions of
Ti atoms are completely randomized without short-range orders, a transition
entropy is inappropriate [30]. Takahasi and Comes et al. proposed local order
effects in disorder phases, where nanometer-scale structures with off-centered
Ti atoms exist [31, 32].

» » » .
» » . ?' :
IFer ,
Ti 8-sites P, //[001]
(a) Cubic (b) Tetragonal

L 7

P, //[011] P,/ [111]

. .

(c¢) Orthrhombic (d) Rhombohedral

Fig. 2.8: Concept of order-disorder (eight-site) model. The probability
of Ti atoms varies in (a) cubic, (b) tetragonal, (c¢) orthorhombic, and (d)
rhombohedral phases. For simplicity, unit cells are described as pseudo-cubic.
The average spontaneous polarizations P, are represented as red arrows in
three ferroelectric phases.
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It is difficult to examine the displacive character or order-disorder char-
acter distinctly, because there is a lot of experimental evidence for both two
types of phase transitions. Inelastic neutron scattering [33, 34] and Raman
measurements [35] have revealed the softening of a transverse optic phonon,
supporting the displacive phase transitions. On the other hand, the exis-
tence of an order-disorder character has been reported by various experi-
ments [36, 37, 38], such as diffuse scattering [32, 39] and convergent-beam
electron diffraction measurements [40, 41]. Therefore, the phase transition
of BaTiO3 has been understood as the coexistence of both displacive and
order-disorder characters [42, 43, 44].

This study also supports the coexistence behavior by investigating the lo-
cal Ti displacements under electric fields. In contrast to a simple displacive
model, the obtained Ti displacements indicate the existence of (111) compo-
nents along with the enhancement in the magnitude of Ti displacements. The
structural model under applied electric fields is described later in Chapter 6.
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Chapter 3

X-ray absorption spectroscopy

(XAS)

3.1 General aspects of XAS spectrum

X-rays are electromagnetic waves with a wavelength in the range of 0.01-
10 nm, corresponding to the energy from 0.1-100 keV. The energy of an
X-ray is high enough to excite an electron in a core level such as K, L,
or M shell. Such a photoelectric X-ray absorption process provides various
microscopic information including the binding energy of electrons and the
local environment around an atom.

X-ray absorption spectroscopy (XAS) is an experimental method for mea-
suring the energy (F) dependence of absorption coefficient p(E) as described
in Eq. (3.1).

I(E) = Iy(E)e Bz, (3.1)

where I(FE) and Iy(E) are intensities of transmitted and incident X-ray, re-
spectively, and x is the thickness of a material.

Schematic energy dependence of X-ray absorption coefficient is described
in Fig. 3.1. Although u(FE) decreases as X-ray energy E increases generally,
there are rapid increases in the absorption at specific energies, the so-called
absorption edge. The energies of absorption edges are characteristics of an
element because absorption edges occur when the incident X-ray energy is
equal to the binding energy of an electron. Therefore, it is possible to select
the element to probe by choosing the X-ray energy to the desired absorption
edge.
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Fig. 3.1: Schematic view of X-ray absorption coefficient.

The XAS spectrum is usually divided into two regions: X-ray absorption
near edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS). The XANES part is located around the absorption edge up to
~50 eV and the EXAFS part extends up to thousands of electron volts
beyond the absorption edge. Although the physical origin of both features is
the same, analytical treatments are different between the two regions because
some approximations can be applied to the EXAFS part of the spectrum.

3.2 X-ray absorption near edge structure (XANES)

The XANES part is mainly due to the direct transition of an electron from
core-level states to unoccupied states. The density of unoccupied states is
sensitive to the local environment around the absorbing atom such as the
local symmetry of the probed element and the oxidation state.

An example of the Ti K-edge X-ray absorption spectra of various titanates
is shown in Fig. 3.2. The absorption edge corresponds to the excitation of
the 1s electron to the unoccupied 4p states of Ti atoms. As can be seen in
the Fig. 3.2, the energy positions of absorption edges are different when the
oxidation states of Ti are different; The absorption edge of Ti?*, Ti**, and
Ti*t are located at 4975, 4979, and 4982 eV, respectively. Therefore, the
XANES reflects the local electronic states of the absorbing element.
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Fig. 3.2: Ti K-edge XANES spectra for various titanates at room tempera-
ture.

3.2.1 XANES data analysis

Fitting and modeling for XANES features can be challenging because there
are a tremendous number of scattering events due to the large mean-free path
of the photoelectron. Therefore, XANES features are commonly utilized as a
fingerprint. The XANES spectrum for the investigated material is compared
with some references with well-known atomic and electronic structures.

For instance, linear combination analysis is a semi-quantitative method.
In this method, the investigated spectrum is fitted by a linear combination
of reference spectra. It is a useful technique to quantify the relative amount
of chemical species in mixtures and compounds, where the absorber atoms
are in different local environments or chemical states.

The theoretical calculation for XANES spectra has been significantly de-
veloped over the past few decades. It is possible to simulate XANES spectra
for a given structure model within ab initio calculations, implemented in
calculational packages such as FEFF [45] and FDMNES [46, 47]. This ab
initio XANES calculation has strongly promoted the development of ad-
vanced XANES analysis including machine learning for extracting structural
parameters from XANES features. In this thesis, the interpretation of Ti
K-edge XANES spectra was combined with EXAFS results through ab initio
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XANES calculations.

3.3 X-ray extended absorption fine structure
(EXAFS)

The EXAFS part is mainly due to the interference between the excited pho-
toelectron and the photoelectron waves scattered by atoms surrounding the
absorbing atom. The effect of the interference can be extracted by sub-
tracting the absorption coefficient uo(E) of an isolated atom as described in
Eq. (3.2) or presented in Fig. 3.3.

p(E) — po(E)
to(E) ' (32)

The energy of EXAFS oscillation y(F) is relative to the electron binding
energy Fj, where the kinetic energy of the photoelectron is zero. It is common
to convert the energy to the wave number k of the photoelectron using the
relationship:

X(E) =

2me

72
where m, is the mass of the electron and & = h/27 is the reduced Plank
constant.

k= (E — Ey), (3.3)

Constituent atoms Isolated atom EXAFS
'5 Extracti
= xtraction 2 (k)
2
=
- ©
D
<

X-ray energy E X-ray energy E Wave number k

Fig. 3.3: Schematic diagram on the extraction of the EXAFS oscillation
X(E).

This photoelectron scattering process contains information on the local
atomic structure around the absorbing atom such as coordination numbers,
atomic distances, and their variations including thermal vibrations. An ex-
ample of the temperature dependence of the Ba K-edge EXAFS oscillation
is provided in Fig. 3.4. The amplitude of EXAFS oscillation decreases as
temperature increases, indicating the large thermal vibrations with high tem-
perature.
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Fig. 3.4: Temperature dependence of EXAFS oscillation for a powder
BaTiO3.

3.3.1 EXAFS data analysis

The conventional EXAFS analysis is based on a nonlinear least-square curve
fitting of experimental spectra. Unlike the XANES part, some important
approximations can be applied to the EXAFS part of spectra. An EXAFS
spectrum can be described within the multiple scattering approximation as
a sum of contributions of photoelectron scattering paths:

X(K) = 8337 5 Fi(k) sin 2K + ou(k)] e, (3.4)

where S3 is an amplitude reduction factor due to the multi-electron effects,
N; is the number (degeneracy) of scattering paths, R; is the half length of
the scattering path, F;(k) is the back-scattering amplitude of the photoelec-
tron, ¢;(k) is a phase shift, and o? is called the Debye-Waller factor or the
mean-square relative displacement (MSRD). The structural parameters can
be obtained by using this EXAFS equation.

The F;(k) and ¢;(k) are non-structural functions and depend on the type
of neighboring atoms around the absorber. These parameters are calculated
theoretically for each scattering path or extracted from a reference spectrum.
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The R;, N;, and o2 are structural factors. The R; and N; equal to the
interatomic distance and the coordination number, respectively, when the
scattering process is a single scattering. The o2 is the parameter for disorder
effects, reducing EXAFS amplitude. It can be described as thermal atomic

vibrations ¢% and static disorder ?,,;.:

0—2 = O—% + Ogtatic' (35)
It is difficult to obtain the correct structural parameters when a large disorder
exists in a material and atomic distances cannot be approximated with a
Gaussian distribution. Cumulant decomposition is a mathematical model for
the analysis of anharmonic effects. Reverse Monte Carlo (RMC) refinements,
as described in the next section, are also advantageous analyses for disorder

effects.

3.3.2 Reverse Monte Carlo (RMC) refinements

Reverse Monte Carlo (RMC) method is an iterative calculation approach for
atomic structural optimization in a random process. RMC is not limited
to analyzing EXAFS signals and can be applied to any other experimental
data containing structural information. The first RMC refinement was intro-
duced to diffuse scattering measurements by McGreevy et al. in 1980s [48].
Although the RMC method was originally developed for building models of
disordered materials such as amorphous and liquids, this technique has also
been applied to crystalline and nano-crystalline materials.

The RMC calculation starts with an arbitrary initial atomic configuration.
The initial structure for a crystalline material is usually a supercell, com-
posed of several unit cells, constructed from an average structure obtained
by diffraction measurements. The supercell size should be large enough to
obtain theoretical spectra including structural information to be extracted.
In the case of EXAFS analysis, the size should be larger than the longest
distance of the scattering paths used in the fitting. Although a huge super-
cell provides good statistics, the computational time is too long for practical
analysis. A finite supercell size may result in a calculational spectrum in-
cluding surface-related effects. Periodic boundary conditions are sometimes
applied to avoid surface-related effects.

The theoretical EXAFS spectrum corresponding to an atomic configura-
tion is the average EXAFS over all absorbing atoms in the configuration. It
is a natural way to apply static and dynamic disorder effects to the struc-
tural model. The absorbing atom is in an excited and unstable state after
absorption events. The lifetime is the excited state is ~ 107'° s and shorter
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than the time scale of thermal vibrations (~ 107!% — 107! s). Thus, the
position of all atoms does not change during the absorption process. It is
possible to analyze disorder effects through each atomic displacement from
the equilibrium position in the optimized atomic configuration.

The atomic configuration is optimized through each iteration process. At
each iteration, a new atomic configuration is generated by randomly dis-
placing atoms. Two theoretical EXAFS signals x%4 (k) and x"%(k) are
calculated from the old and new atomic configurations, respectively. The
new atomic configuration is either accepted or discarded, depending on the

agreement between the calculated and experimental spectra Xe,,(k) such as

follows: ,
_ X cate (k) — Xexp(k)” ‘
[ Xeap (k)|

The simplest way to reduce the residual is to accept the new atomic configu-
ration when &,0, < &o1q, Where &0, and &, are the residuals corresponding
to the new and previous atomic configurations, respectively. However, this
simple method is hardly implemented in RMC calculations because it gets
stuck in local minima.

3 (3.6)

Metropolis algorithm

The Metropolis algorithm is a common acceptance/rejection algorithm, based
on the acceptance probability for a new state generated in an iteration pro-
cess. If a random number 7 is less than the acceptance probability, the new
state is accepted even when the residual becomes larger than the previous
one:

When &, < €44, the new atomic configuration is accepted.

When &, > &4, the new atomic configuration is accepted, if

exp {—W] >, (3.7)

and discarded otherwise, where © is a scaling factor and is also called a
"temperature” parameter.

It is required to set the © parameter appropriately for finding the global
minimum. If the © is large, the system will fluctuate with a large amplitude.
On the other hand, if the © is small, the system will get stuck in local minima.
The © value should be proportional to the noise level of experimental data
when the O is a fixed value.

Instead of using a fixed © value, an alternative solution is the so-called
simulated annealing approach. In this approach, the © decreases slowly as
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the iteration count increases. The RMC starts with a large © value to stim-
ulate a fast approach to the global minimum. Then, © is reduced so that the
fluctuations are suppressed and the acceptance probability is finally equal
to zero. The simulated annealing scheme, implemented in RMC calculations
reported in this thesis, resembles a Boltzmann annealing schedule. The ac-
ceptance probability p decreases linearly during RMC calculations. At the
beginning of the calculation, all proposed atomic displacements are accepted,
but the probability equals zero when the iteration number n is larger than a
"Froze in” parameter n,,4,: p(n) < 1 —n/Npmaz.

Evolutionary algorithm (EA)

The evolutionary algorithm (EA) is a technique widely used for solving pa-
rameter optimization problems in computational science. The basic idea is
to mimic genetic processes in ecosystems. A set of all parameters to be opti-
mized (i.e., an atomic configuration) is regarded as an ”individual” in EA. An
ensemble is prepared for EA; it consists of many individuals (many atomic
configurations) having different parameters. Some manipulations with this
ensemble are performed during the EA process.
There are three manipulations applied in EA;

1. Selection
2. Crossover
3. Mutation

In the selection process, some individuals are picked up and used again for
the next iteration, that is, ’'good’ atomic configurations are selected. An
atomic configuration in better agreement with experimental data has a larger
probability to get into the new ensemble. In the crossover process, parameters
of two randomly selected individuals (" parents”) are exchanged for obtaining
new individuals (”children”). That is, some atoms of an atomic configuration
are replaced with atoms of another atomic configuration. In the mutation
process, all atoms in all atomic configurations are randomly displaced.

The EA provides significant efficiency in exploring the possible config-
uration space. Thus, the iteration count required for the convergence in
calculations is reduced compared to the conventional RMC process in many
cases. For instance, an RMC structural refinement with the EA using 64
individuals was converged more quickly than that without the EA, as shown
in Fig. 3.5.
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Fig. 3.5: Improvement in residuals between experimental and calculated
EXAFS spectra through the RMC iterative process, with or without EA.

3.4 XAS experiment

3.4.1 Synchrotron radiation

A synchrotron radiation source is suitable for XAS measurements because
it provides X-ray beams with high intensity in a broad range of energies.
Synchrotron radiations are electromagnetic waves, generated by charged par-
ticles, i.e., electrons, with relativistic velocities (a speed close to the speed
of light) in a circular path. Electrons are injected into a closed orbit, so-
called a storage ring. The storage ring has straight sections alternating with
curved sections. In curved sections, the trajectories of electrons are bent
by magnetic fields. Insertion devices, such as undulator and wiggler, are
arranged between these bending magnets for producing additional sources
of X-rays. The generated X-rays are channeled down to experimental end
stations known as beamlines, including a monochromator to select distinct
X-ray energies for XAS measurements.

XAS measurements, reported in this thesis, were performed at two syn-
chrotron radiation facilities: the Photon Factory of the High Energy Research
Organization (KEK-PF) and SPring-8. KEK-PF is the first dedicated syn-
chrotron light source in Japan, which supplies X-rays. The 2.5-GeV PF Ring
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has been operated since 1982. Several improvements in accelerators have
been made and resulted in a high-brilliant light source with the capability
to perform experiments in material /biological science. SPring-8 is a large
synchrotron radiation facility with an 8-GeV storage ring in Japan. This
facility is designed especially for installing many insertion devices in a ded-
icated storage ring. It is available to use collimated X-ray beams ranging
from the soft X-ray (300 V) to the hard X-ray region (300 keV).

3.4.2 XAS measurement modes

There are three common methods to measure the amount of X-ray absorption
by a target material as follows:

1. Transmission mode
2. Fluorescence mode
3. Electron-yield mode

In transmission mode, intensities of the incident and transmitted X-rays
are measured. Absorption coefficient pu(E) for a sample is obtained by using
Eq. (3.1):

Iy
T
where [y and [ are the incident and transmitted intensities, respectively.

X-ray intensities are commonly measured by ion chambers. An ion cham-
ber is filled with inactive gas such as Ny and Ar. The X-rays ionize some
of the gas and released electrons and ions. Applied electric fields across
the ion chamber move these charged particles, resulting in a current that is
proportional to the X-ray intensity.

In fluorescence mode, the X-ray absorption coefficient p(F) is obtained by
measuring the fluorescence intensity. X-ray absorption by a material occurs
in the removal of an electron in an atom. This excited state with a vacancy in
a core orbital is unstable, and an electron in a higher orbital intends to fill the
core hole. In this process, an X-ray photon is emitted with an energy equal
to the energy difference between two orbitals. The fluorescence intensity is
proportional to the amount of X-ray absorption:

((E)z =In (3.8)

1

H(E) o - (3.9)

where [y and [ are intensities of the incident and fluorescence X-ray, respec-
tively.

23



An ion chamber detects X-rays with every energy, however, it is required
in fluorescence mode to count photons with specific energies corresponding
to fluorescence from the specified absorption edge. Other X-rays such as
elastic scattering are undesirable backgrounds. A silicon drift detector (SDD)
is one of the energy-dispersive X-ray detectors, commonly used for XAS
measurement in fluorescence mode. SDD measures the energy of a photon
by the amount of ionization produced in the detector material: high-purity
silicon with a very low leakage current. Transversal fields generated by a
series of ring electrodes causes charge carriers to drift to a collection electrode.
In the SDD, the photon energy is determined by the detected charge amount
because different ionization produces different charges.

In electron-yield mode, photoelectrons induced by the X-ray absorption
are measured. The number of electrons, such as photoelectrons, Auger elec-
trons, and secondary electrons, is proportional to the X-ray absorption inten-
sity. Electrons near the surface of the sample can be emitted from a material
because the mean free path of electrons is less than 100 nm in the soft X-ray
region. Thus, electron-yield techniques are highly sensitive to the sample
surface.
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Chapter 4

Ti K-edge XANES for BaTiOs3
thin film

4.1 Introduction

In this chapter, the electronic states in BaTiO3 under electric fields were
investigated by Ti K-edge XANES measurements. The electronic states play
an important role in ferroelectric behaviors as well as the crystal structure.
Many previous literatures primarily focused on the crystal structure in ferro-
electric materials because space-inversion symmetry is required to be broken
for the occurrence of a spontaneous polarization. In the case of perovskite ti-
tanates, the Ti off-center displacement in the TiOg4 octahedra is a major cause
of the spontaneous polarization [10, 49, 50, 51, 52, 53]. Electric polarizations
are due to the dipole moment induced by Ti displacements, however, the
magnitude of the spontaneous polarization is inconsistent with the polariza-
tion calculated with a simple-charge model, where all atoms are completely
ionic and there is no covalent bond. It is necessary to include covalent bonds
and dynamic charge effects such as the Born effective charge so that one can
calculate dielectric properties precisely.

Cohen was the first to theoretically demonstrate the existence of Ti 3d and
O 2p hybridization in ferroelectric BaTiO3 and PbTiOj3 [21, 22]. Moreover,
Pb 6s and O 2p hybridization also exists and contributes to the spontaneous
polarization in PbTiO3. These predictions were experimentally verified by
Kuroiwa et al. via high-precision X-ray diffraction analysis, which revealed
the electron density distribution [20]. Recently, Anspoks et al. reported the
correlation effects of A-site ions in O and Ti based on the RMC method
applied to EXAFS data [54]. Therefore, it is quite evident that orbital
hybridization between constituent atoms is closely linked to the dielectric
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properties of perovskite titanates.

Hence, direct observation of the electronic states under the applied elec-
tric fields is an appropriate approach to investigate the dielectric properties
in ferroelectric materials. Here, time-resolved X-ray absorption spectroscopy
(TR-XAS) was employed. Combined with the TR approach, XAS can be uti-
lized for the investigation of the polarization reversal response of the atomic
bonds in BaTiO3. It was observed that intensities of the pre-edge e, peak
and shoulder structure just below the main absorption edge increase as the
electric polarization increases, whereas that of the main edge decreases oppo-
sitely. This observation indicates that in addition to Ti 3d-O 2p hybridiza-
tion, a correlated effect of Ba ions on Ti electronic states also contributes to
polarization reversal in BaTiOs.
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4.2 Experimental

4.2.1 Sample preparation

The schematic diagram of the sample composition is provided in Fig. 4.1.
The sample is an epitaxial BaTiO3(001) film with a thickness of 650 nm. It
was prepared using pulsed laser deposition on a 0.5 mm-thick (LaAlOg3)o3-
(SrAlp5Tag503)0.7(001) substrate along with a 100 nm thick StRuO3(001)
buffer layer, which also acted as the bottom electrode. The top electrode is a
50 nm-thick Pt with a diameter of 100 pum, evaporated on the BaTiOj film.

100 um c-axis

50 nm I Pt
650 nm I BaTiO;
100 nm I SrRuO;

Imm ||  LSAT

Fig. 4.1: Schematic diagram of the sample composition used for Ti K-edge
XANES measurements under electric fields.

Film growth was verified via X-ray diffraction, as shown in Fig. 4.2. It
was confirmed that all layers had a preferred (001) orientation normal to the
surface of the film. The lattice constant ¢ of the BaTiO5 film was 4.136 A,
calculated from the (002) peak. This c-axis is longer than that of a standard
powder (¢ = 4.018 A) [55], indicating a compressive strain due to the lattice
mismatch between the BaTiO3 and substrate [56]. The preferred orientation
of the c-axis is also reported in BaTiO3 thin films with SrTiO3 substrates,
where a misfit strain is smaller than the sample in this study [57]. This result
guarantees that the influence of @ domain and the domain wall motion under
electric fields are negligible in this case.
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Fig. 4.2: X-ray diffraction of the BaTiO3(001) thin film sample grown on a
SrRu03(001)/(LaAlO3)g.3-(SrAly5Tag503)0.7(001) substrate.

The ferroelectricity was verified by measuring polarization-electric field
(P—FE) hysteresis using a ferroelectric tester (FCE-fast, Toyo Corporation,
Japan) with a triangular electric field of 1 kHz. The P—FE hysteresis loops
are shown in Fig. 4.3. The open loops demonstrate the ferroelectricity in
the BaTiO3 thin film both before and after TR-XAS measurements. These
loops are shifted in the positive electric-field direction indicating a preferred
downward polarization [58, 59]. This effect is called an imprint effect due to
the extrinsic interface effect, including the asymmetric properties of top and
bottom electrodes [60].

Whereas the saturation polarization decreased, the magnitude of the neg-
ative coercive field increased after the XANES measurements. These obser-
vations might be attributed to the fatigue effect caused by domain pinning
and microcracking [61]; however, the dielectric properties remain even after
experiments because the hysteresis loop is closed as shown in Fig. 4.3, in-
dicating low leakage current density. The currents at the maximum electric
field before and after the XANES measurements were 1.1 pA and 1.2 pA,
respectively. The difference is below the experimental error. Therefore, it
does not produce any detectable change in the XANES spectra.
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Fig. 4.3: P — E hysteresis loop for the BaTiOj3 thin film before and after Ti
K-edge XANES measurements.

4.2.2 Time-resolved XAS measurement system

A time-resolved X-ray absorption spectroscopy (TR-XAS) measurement is
required for the direct observation of electronic states under the condition
of polarization reversal. Among the several TR-XAS methods that have
been developed previously, there are two common methods to measure time-
resolved XAS spectra: pump-probed XAS and quick-scanning XAS.

The pump-probe method can achieve excellent time resolution with an
order of femtosecond (~ 107!% s) using two or more optical pulses with a
time delay between them. The first pulse (pump) initiates the reaction,
and the second pulse (probe) is used to observe the progress of the reaction
after initiation. Despite the high time resolution, pump-probe methods are
not compatible with conventional equipment because the equipment needs
to synchronize with the synchrotron X-ray bunch modes. Moreover, this
method can only be used to investigate reactions induced by optical pulses.

The quick-scanning XAS method is compatible with conventional XAS
measurements. In this method, the monochromator rotates quickly for a
reduction in the collection time for spectra; it usually takes minutes or sec-
onds. Although this method is compatible with various sample conditions,
it is difficult to achieve high time resolution.
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A TR-XAS system has been introduced using Si drift detector (SDD)
time stamps. There are two main advantages of the proposed system:

1. It is independent and transferable to other beamlines.

2. It is easily combined with various sample conditions, and the time
resolution is in the sub-microsecond range.

This system is applied to ferroelectric materials under triangular AC electric
fields, which is difficult to achieve using pump-probe methods.

TR-XAS system was realized using time stamp information based on the
conventional step-scan method. Fig. 4.4 shows the block diagram of the signal
processing system that is employed in this study. The detected X-rays were
converted to digital signals using a digital signal processor (DSP; Techno-AP,
APU101) with the addition of a time stamp for each signal. The internal
time of the DSP was repeatedly reset to zero, using a clear pulse generated
by a delayed pulse generator (SRS, DG645). Additionally, the same clear
pulse was input into the wave generator as a trigger pulse, to apply external
stimuli such as electric fields to the sample. These two clear pulses were used
to synchronize the internal times of the DSP and applied fields. It is possible
to assign a timing to the detected X-ray signals in response to the applied
fields, thereby enabling TR measurements.
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Fig. 4.4: Block diagram of the signal processing system employed.

Two types of waveform shaping filters were used to process X-ray signals,
as shown in Fig. 4.5. In the slow mode filter, the signal height was acquired,
which corresponds to the X-ray energy. In the fast mode filter, the time
stamp was acquired when the signal arrived at the DSP. The time stamp
corresponds to the X-ray detection time. The fast-mode signal returned
to the baseline quickly enough to extract the time stamp accurately. The
time stamp was recorded as the internal time in the DSP. By acquiring the
processing time stamps appropriately for all detected signals, it is possible
to investigate the time dependence of the X-ray intensity.
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Fig. 4.5: Two types of waveform shaping filters (fast and slow mode) pro-
cessed in the DSP.

The processing time in the fast-mode filtering should be analyzed for the
precise determination of the X-ray detection time. If it takes non-negligible
time, the time stamp is delayed for the processing time. The processing time
was estimated using a test circuit, wherein the DG645 generates test pulses
at a frequency of 50 kHz. Clear pulses that reset the internal time in the DSP
are input at a frequency of 49.7 kHz, which has a slightly longer period than
those of test pulses. If the processing time is sufficiently short, the detection
time of a test pulse is zero. However, as shown in Fig. 4.6, test signals were
detected at 530 and 540 ns, indicating that the processing time of the DSP
is 530-540 ns. This time delay can be ignored in the case of microsecond TR
measurements.

A few test signals at 20660 ns were also detected. It is assumed that the
internal time in the DSP is not reset in rare cases, as the difference between
20660 ns and 540 ns is 20120 ns, which coincides with the period of 49.7 kHz.
These inappropriate signals, with time stamps exceeding one cycle of clear
pulses, can be discarded through data analysis.
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Fig. 4.6: Detection time distributions of test signals.

The time resolution of TR-XAS measurements depends on the perfor-
mance of the DSP. The DSP used in this study records the time stamps in
10 ns steps, and test signals were detected at 530 and 540 ns, as can be seen
in Fig. 4.6. Thus, the time resolution is approximately 20 ns.

4.2.3 Time-resolved XANES measurements

XANES experiments were performed on the beamline BL-15A1 equipment
at the Photon Factory of the High Energy Research Organization (KEK-PF)
using a Si (111) liquid-nitrogen-cooled double-crystal monochromator. The
X-ray beam was focused to 20 pum (Horizontal) x 20 um (Vertical) at the
sample, which ensured the inclusion of the entire beam on a top electrode.
Ti K-edge spectra were recorded in partial fluorescence yield mode using
SDD. X-rays were incident on the top electrode of the film at an angle of
45° from the surface normal. Fig. 4.7 shows the energy distribution of the
detected signals. Ti K, fluorescence and elastic scattering were observed in
this experiment. Signals only in the Ti K, region are counted to measure
partial fluorescence spectra.
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Fig. 4.7: Energy distribution at Ti-K edge of the BaTiO3. The horizontal
axis corresponds to the X-ray energy.

The internal time in the DSP was repeatedly reset to 0 every 3 ms using
a clear pulse generated by DG645. In addition, the same clear pulse was also
input into the wave generator as a trigger pulse to apply the electric field to
the film. In particular, one cycle of the applied voltage consisted of a single
triangular pulse (£25 V, 1 kHz) and null voltage for 2 ms. Using this cycle,
it was possible to assign a timing to the detected X-ray signals in response
to the applied voltage, thereby enabling TR measurements. Several scans
were summed to obtain the final Ti K-edge spectra with sufficient statistics.
Because TR-XAS measurements require a long duration—e.g., 8 hours for
one spectral region— only three spectral features were focused on in this
study: namely e, peak, shoulder structure, and main peak.
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4.3 Results and discussion

4.3.1 Ti K-edge XANES without electric fields

A non-TR Ti K-edge spectrum of the BaTiOj3 thin film is shown in Fig. 4.8,
along with that of a standard BaTiO3 powder as a reference. The absorption
profile above a sharp main peak at 4985 eV corresponds to the density of
states of the unoccupied Ti 4p states, whereas small features in a pre-edge
region (4965-4975 eV) represent the Ti 3d states.
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Fig. 4.8: Ti K-edge XANES spectra for the BaTiOg thin film and a standard
powder at room temperature.

In the case of an octahedral symmetry, the five-fold degenerate 3d orbitals
split into three-fold and two-fold degenerate states with ¢y, and e, symme-
tries, respectively. A tiny hump at 4967 eV corresponds to the ty, peak,
whereas clear peaks at 4969 eV can be attributed to the e, peak. The reason
why to, peak intensity is very weak is mainly because it is forbidden in a
dipole and is allowed in quadrupole approximation. In the K-edge spectra,
the probability of the 1s to 3d transition is much lower than that of the dipole
transition. This effect can be observed in other bulk materials [62, 63]. The
intensity of the e, peak increases as the local distortion in the TiOg octahe-
dron increases, because the pdo hybridization between the Ti-3d e, orbitals
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and O po orbitals becomes more pronounced, resulting in a relatively large
dipole component. It has been reported that the intensity of the e, peak is
proportional to the mean-square displacement of a Ti ion from the center of
the TiOg octahedron [62, 64].

As shown in the inset of Fig. 4.8, the e, peak of the BaTiOj3 thin film
is larger than that of the standard powder. In addition, the ty, hump of
the thin film almost flattens out. This observation can be attributed to the
compressive strain resulting from the lattice mismatch between the BaTiOj
film and the underlying substrate. Because the BaTiOj3 film has a preferred
orientation of the c-axis with enhanced tetragonality, a distinct dielectric
response can be expected.

The shoulder structure at 4980 eV is a characteristic of BaTiO3. Though
the electronic states responsible for this structure have not been identified
yet, the shoulder structure indicates the contribution of the A-site ions in
perovskite titanates; the room-temperature spectra of commercial ATiO3
powders (A = Pb, Ba, and Sr) are shown in Fig. 4.9. In contrast to para-
electric Sr'TiO3 with the cubic symmetry for which no shoulder structure is
observed in its spectra, ferroelectric BaTiO3 and PbTiO3 with the tetragonal
symmetry do exhibit shoulder structures. Differences in near edge structure
between BaTiO3 and PbTiO3 may be due to differences in the hybridization
of Ti 4p states with the states of A-site ions (i.e., Ba 6p vs Pb 6p) [65].
Moreover, the intensity of these structures seems to depend on the degree of
ferroelectricity; accordingly, PbTiO3 has a more prominent shoulder struc-
ture compared with BaTiOs3.
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Fig. 4.9: Ti K-edge XANES spectra for standard ATiO3 (A = Pb, Ba, Sr)

powders at room temperature.

This trend can also be confirmed based on a series of Ti K-edge spectra
of (Baj_,, Ca,)TiOsz (x = 0, 0.1, 0.18, 0.233, and 0.3), which are shown
in Fig. 4.10. In particular, (Ba;_,, Ca,;)TiO3 stays in the tetragonal phase
within the considered z range, and therefore, ferroelectricity remains sta-
ble [66, 67]. As can be seen in Fig. 4.10, the intensity of the shoulder structure
decreases monotonically with increasing x, i.e., decreasing Ba concentration.
Similar results have been reported for Ba(Zr,, Ti;_,)O3 [68, 69]. Likewise,
the intensity of the shoulder structure decreases with an increase in z, i.e., a
decrease in the Ti content. From these results, it can be concluded that the
intensity of the shoulder structure in BaTiOj3 spectra reflects the electronic
hybridization between Ti and Ba. This seemingly implausible claim has a
theoretical background proposed by Ghosez et al. based on the Born effective
charges of each constituent atom [25].
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Fig. 4.10: Ti K-edge XANES spectra for (Ba;_,, Ca,)TiO3 powders at room
temperature.

As discussed above, because the e, peak and shoulder structure directly
reflect the ferroelectricity of perovskite titanates, These spectral features are
focused as well as the main peak in the TR experiments. The time variation
of the applied electric field (E) for one cycle is shown in Fig. 4.12(d); a
symmetric positive-and-negative triangular field for 1 ms and a field-free
duration time of 2 ms was applied in sequence. The time variation of the
triangular pulse corresponds to 1 kHz, which is the same frequency as that
used for the hysteresis measurements. It should be noted that the field-free
region is included to prevent Joule heating as well as to provide the field-free
condition. In addition, not static but AC electric field is utilized to eliminate
any undesired influence from fatigue, which ensures that the relative change
in a short time frame is detectable. No measurable drift of the observed
signals dependent on time has been observed.

4.3.2 Electric-field dependence of Ti K-edge XANES

The maximum variation of spectra with electric fields is shown in Fig. 4.11.
The increase of e, peak intensity is 0.6 % and the peak shifts are not observed.
These tiny changes are due to a small distortion caused by electric fields [18,
19]. The unchanged T1i oxidation state before and after experiments is verified
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by seeing peak positions in XAS spectra. If the valence number of Ti or
its local structure changes, the chemical shifts will occur, as described in
Section 3.2. In this case, any changes in the peak positions were not observed
with and without electric fields.

0.012

00l b 0.011
~
w2
=
g 0.008 — 0.0105
=
<
E 0006 -

0.01

2z
&
o 0004 —
+~
;Eq 0.0095

0.002 4968.4 4968.8 4969.2 |

0kV/iecm ——
385 kV/em --------
0 | | | | |
4960 4962 4964 4966 4968 4970

Energy (eV)

Fig. 4.11: Ti K-edge XANES spectra for the BaTiO3 thin film with and
without electric fields.

The time variation of the area-integrated intensities of the e, peak, shoul-
der structure, and main peak are presented in Fig. 4.12a, b, and c, respec-
tively. The integration area is set to =1 eV around the local maxima of each
spectral feature, and the integrated intensity is normalized to the unity by
the average intensity around an applied field of 0 kV/cm for 1-2 ms. The
width of the time window (7,) for each plot is 80 us. The signal-to-noise
ratio can be estimated in the region from 1-2 ms. Intensities in this region
should be constant but there is still noise left.

It is obvious that the intensities of the e, peak and shoulder structure
are synchronized with the magnitude of the applied electric field |E| beyond
the noise level of ~0.05%. The intensities of both features increase as the
magnitude of the applied field increases. The interaction of X-rays with the
electronic states of BaTiOj3 is dependent not on the polarity of the electric
polarization but on the magnitude of polarization; therefore, one-half period
of the applied field was observed. This result confirms that not only the e,
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peak but also the shoulder structure is associated with the ferroelectricity of
BaTiOgs. In contrast, the intensity of the main peak changes in the opposite
manner, i.e., its intensity decreases with increasing |E|. A naive interpre-
tation of this opposite trend is the broadening of the 4p electronic states
because of the reduction in the coordination symmetry of the Ti ion under
the applied electric field.
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Fig. 4.12: Time-dependence of integrated intensities for (a) e, peaks, (b)
shoulder structure, and (c¢) main peak under (d) applied electric fields.

To better understand the time variation of the spectral features, the time
variations of the eg-peak intensity for various 7, are presented in Fig. 4.13.
Because of the detection of all SDD signals using the time stamp information,
it is possible to change the 7, to any period longer than the minimum interval
of the DSP-processed signals, which is typically around 0.1 ps and depends
on the setting of the instrument. The time variation of the e,-peak intensity
is evident at any 7, even though the noise level increases as the 7,, becomes
smaller. In general, the response of the electronic states to the applied electric
field is instantaneous; therefore, the time variation of spectral features shows
the same trend regardless of 7.
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Fig. 4.13: Temporal variation of e, peaks for various time windows .

4.3.3 Theoretical calculation

To provide a theoretical background for the interpretation of the observed
spectral features, the experimental spectra were compared with the simulated
spectra obtained using the FEFF 9.6 program, which is based on the multiple
scattering theory [45].

An example of structural parameters used for XANES calculations is
shown in Table 4.1. These values are based on a diffraction result reported
by Yashima et al. [70]. The atomic clusters with a radius of approximately
12 A were generated from the unit cell. Self-consistent muffin-tin potentials
for all atoms were calculated. The cluster radius for the self-consistency loop
is 5 A. All multiple scattering paths up to 6.7 A, including the 2nd nearest
Ti—Ba atomic pairs, are summed to infinite order. The dipole and quadrupole
transitions were taken into account.
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Table 4.1: Basic structural model for BaTiO3 spectra calculation [70]

Lattice Atomic positions
Formula BaTiO; Ba ( 0, 0,0
Space group P4mm Ti (1/2, 1/2, 0.4876)
a=1b 3.999 A O1 (1/2, 1/2, 0.0237)
c 4.03265 A 02 (1/2, 0, 0.5163)

Fig. 4.14 shows the simulated Ti K-edge spectrum with structural param-
eters presented in Table 4.1. The e, peak, shoulder structure, and main peak
are successfully reproduced by the simulation. It should be noted that the
energy positions of these features are inconsistent with experimental results.
In general, it is difficult to obtain the correct energy values by simulations.
because it would be required to include electron correlation effects appro-
priately, such as the core-hole effects generated by the electron excitation,
and the many-body effects beyond the single electron approximation. In
this study, relative changes in spectral features are focused when structural
parameters are changed.
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Fig. 4.14: Simulated Ti K-edge spectrum of BaTiO3. (a) Calculated XANES
spectrum obtained by FEFF. (b) Experimental XANES spectrum for a stan-
dard BaTiO3 powder.
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Effects of Ti displacement

The simulation results are shown in Fig. 4.15, wherein the Ti off-center dis-
placement (dt;) was varied from d1; = 0 (body-center) to 0.04 in atomic
units. The atomic positions in this model are provided in Table 4.2. Though
O1i = 0.04 is large compared to the experimental one, this magnified model
makes the spectral changes clear. As already discussed in the literature [62].
the intensity of the e, peak increases with increasing dr;, which reflects the
enhanced Ti 3d e,~O 2p hybridization. In contrast, the intensity of the main
peak decreases oppositely. The simulated results suggest that not only the
effect of broadening the Ti 4p states but also the compensation for the num-
ber of unoccupied states would be a plausible reason for the observed spectral
features.

Table 4.2: Ti off-center model

Atomic positions
Ba ( 0, 0, 0)
Ti  (1/2, 1/2, 1/2+0r)
o1 (1/2, 1/2, 0)
02 (1/2, 0, 1/2)
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Fig. 4.15: Calculated Ti K-edge XANES spectra for several Ti off-center
displacements.

The relationship between Ti off-center displacement and the e, peak in-
tensity is obtained through the XANES calculation. As can be seen in
Fig. 4.16, The integrated intensity of the e, peak is proportional to the
square magnitude of the Ti displacement d;. These results agree well with
the previous theoretical study reported by Vedrinskii et al.; the proposed
equation for a cubic model is as follows [62]:

where [ is the pre-edge peak intensity and c is the lattice constant. This rela-
tionship can be utilized to estimate the enhancement in the Ti displacement
induced by electric fields from variations of the e, peak intensity, observed
in the TR experiments. However, the quantitative analysis would be chal-
lenging because I is not zero in BaTiOj even without electric fields. The
TR-XANES results are combined with EXAFS results and the determina-
tion of Ti displacements is described in Chapter 6.
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Fig. 4.16: Integrated intensities of e, peaks obtained from calculated Ti
K-edge XANES spectra.

It can be inferred from the molecular orbital theory that the binding
energy is changed by the enhancement of Ti 3d e,—~O 2p hybridization, that
is, an energy shift of the e, peak would be induced by applied electric fields.
However, no energy shift has been observed in the TR measurements. This
is because the expected energy shift is tiny. The e, peak shift was estimated
from XANES calculations, as shown in Fig. 4.17. When Ti is displaced
0.05 A from the center, the eg peak position shifts by ~ 0.5 eV. The lattice
distortion induced by electric fields is an order of ~ 0.001 A, reported by
Tazaki et al. [18]. Therefore, the energy shift is estimated to be an order
of 10 meV; it cannot be observed by conventional XAS measurements, the
energy resolution of which is commonly ~ 0.1 eV.
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Effects of lattice distortion

In contrast to the e, peak and main peak, the shoulder structure is less
sensitive to the Ti off-center displacements, clearly indicating the existence
of a different contribution to the shoulder structure. As mentioned in Sec-
tion 4.3.1, the shoulder structure is attributed to the A-site contribution to
Ti as per several experimental results.

One possible reason for variations in the shoulder structure under electric
fields is due to lattice distortion. The lattice distortion is induced by applied
electric fields because of the piezoelectricity in BaTiOs, as experimentally
observed in previous studies [18, 71, 19]. The tetragonality (the c¢/a ratio) is
also changed in the case of (Ba, Ca)TiOj3 [66, 67], where the shoulder struc-
ture intensity decreases with Ca substitutions in A-site (Fig. 4.10). Thus, it
can be inferred that the tetragonality affects the shoulder structure.

Simulated spectra for several c¢/a ratios with a constant volume were
calculated. The structural parameters for these calculations are shown in
Table 4.3. The Ti off-center displacement in this structural model is fixed to
be 0.05 A, which agrees with the diffraction result without electric fields re-
ported by Yashima et al. [70]. Fig. 4.18 shows the calculated results. Though
all spectral features are less sensitive to the lattice distortion compared to

46



the Ti off-centering effects, the intensity of the shoulder structure increases
as the c¢/a ratio increases. The c¢/a ratio is correlated to the atomic dis-
tance between Ba and Ti atoms. Hence, the shrinkage of Ba—Ti pairs would
enhance Ba contributions into Ti electronic states.

Table 4.3: Lattice distortion model

Unit cell volume 64.49 A3
Ti off-center displacement 0.05 A

Ba position (0, 0, 0
O1 position (1/2, 1/2, 0)
O2 position (1/2, 0, 1/2)
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Fig. 4.18: Calculated Ti K-edge XANES spectra for several tetragonality
(¢/a).

It might be noted that the Ba—Ti atomic pair is the closest at ¢/a = 1
without Ti off-center displacements. However, the Ba-Ti distance is the
shortest when ¢/a > 1 with any Ti off-center displacement. It can be verified
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by a simple equation. A Ba-Ti distance, where Ba is located at (0,0,0) and
Ti is displaced oty from the center (1/2,1/2,1/2), is obtained by

1 1 2
\/§a2 + (50 - 5Ti) ; (4.2)

where, a and ¢ are the lattice constants. This is a function of the ¢/a ratio
within the constraints of the constant lattice volume: V = a?c = const. By
putting = = ¢/a, it gives

TBa—1i(T) = \/ % <%>§ + B(ﬁx/)é - 5Tir. (4.3)

When the Ba—Ti atomic distance rg,_T; is a minimum, the first derivative
Orga—_mi/0x is zero:

2 — 265V 3z — 1 = 0. (4.4)
It is obvious that x = ¢/a = 1 satisfies this equation if d1; = 0, otherwise
c/a # 1 at the minimum. This feature is presented in Fig. 4.19 by plotting
Eq. (4.3). The ¢/a ratio at the minimum Ba-Ti distance increases as oy
increases.
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Fig. 4.19: Dependence of the ¢/a ratio on a Ba—T1 atomic distance for several
d1i values. The distance is normalized to one at ¢/a = 0.
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There is a 0.05 A displacement of a Ti atom in BaTiO; even without
electric fields. When d1; = 0.05 A, the Ba—Ti distance is the minimum with
c/a = 1.0126, which is less than the c¢/a ratio under electric fields, observed
by diffraction studies [18, 71, 19]. Hence, the Ti-Ba distance increases with
the increase in the ¢/a ratio within the experimental conditions.

4.3.4 Responses of electronic states under electric fields

In this section, an interpretation is provided for experimental spectra under
electric fields. Observed variations in the intensity of spectral features are
summarized in Table 4.4.

The e, peak corresponds to the Ti 3d e, — O 2p hybridization. The
intensity of the e, peak is proportional to the square magnitude of Ti off-
center displacements. Thus, the observed variations in the e, peak intensities
demonstrate the enhancement in the Ti displacements and Ti—O hybridiza-
tion under applied electric fields.

The main peak corresponds to the Ti 4p states. Simulated spectra indi-
cated that the main peak intensity decreases with the enhancement in the
Ti displacement. On the other hand, the lattice distortion increases the
main peak intensity. The experimental results show a small decrease in the
main peak intensity under external electric fields, indicating that effects of
Ti off-center are greater than those of the lattice distortion in this case.

The shoulder structure corresponds to A-site contributions to Ti elec-
tronic states. Though the shoulder structure is rather insensitive to atomic
structures compared to the e, peak intensity, the shoulder structure intensity
is related to the atomic distance between Ba and Ti atoms; It was observed
that the intensity was enhanced as the Ba-Ti distance decreases. In this
study, the Ti displacement and lattice distortion caused the shrinkage of
Ba—Ti pairs and the enhancement in the Ba contribution.
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Table 4.4: Comparison between experimental results under applied electric
fields and two structural models for Ti K-edge spectra.

Spectral Experimental Simulation models
features results Ti off-center Lattice distortion
eg peak +0.6% ++ 4+
Shoulder +02% + +
Main peak —01% _— 4+
++: strongly increased, +: increased, ——: strongly decreased

Any Ba-Ti covalency are not observed by diffraction measurements [20],
however, the anomalous large Born effective charge of Ba has been reported
in theoretical calculations [25, 26|, indicating the existence of Ba-T1i interac-
tion. These theoretical calculations demonstrate that Ba 5p are hybridized
with O 2p, which is also hybridized with Ti 3d. Thus, one possible ex-
planation for the variations in the shoulder structure is due to the Ba-Ti
interaction through oxygen orbitals. because of the anomalous large Born ef-
fective charges of Ba atoms. Although this hybridization is much weaker than
the Ti—O hybridization, the comparable variations in the Ba—Ti interactions
are expected It can be assumed that the shoulder structure is derived from
three-body interactions involving Ba, Ti, and O atoms. Since it is difficult
to obtain the Ba—O relationship only from Ti K-edge spectra, it is required
to probe the local environment around Ba atoms. Ba K-edge spectra under
electric fields are presented in Chapter 5.

4.4 Conclusions

For the first time, Ti K-edge TR-XAS measurements for a BaTiO3 thin film
were performed under the application of a triangular AC electric field. This
technique enables to detect tiny changes in spectra and observe electronic
states under electric fields. Three characteristic features in Ti K-edge spectra
were studied, namely the pre-edge e, peak, shoulder structure, and main
peak. Using structural model simulations, it was confirmed that Ti off-
center displacements affect the increase in the e,-peak intensity and decrease
in the main peak intensity. Moreover, it was observed that the shoulder
structure intensity was enhanced by the Ti off-center displacement and the
lattice distortion. Both two structural variations should shorten the Ba—Ti
atomic distance, resulting in the enhancement of A-site contributions into Ti

50



electronic states. Therefore, the Ba contribution to the ferroelectric property
of BaTiOj3 via electronic hybridization is concluded experimentally using the
novel TR-XAS technique.
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Chapter 5

Ba K-edge EXAFS for BaTiOs3
single crystal

5.1 Introduction

Average structures under electric fields have been observed for BaTiO3 with
both bulk crystals [18, 19] and thin films [71], as well as for another preva-
lent piezoelectric material, Pb(Zr, Ti)O3 [72, 73]. However, the detection of
changes in atomic displacement is extremely difficult because the electric-
field-induced structural change is generally very small; the change of the
lattice constants under electric fields is on the order of 0.1 pm [18, 19, 71].

In this chapter, extended X-ray absorption fine structure (EXAFS) mea-
surements were performed to investigate the atomic displacements of BaTiO3
under applied electric fields. EXAFS is an element-specific technique and is
sensitive to the local geometric structures around the absorbing atoms. This
is advantageous for investigating the Ti off-center displacements, which cause
changes in the Ba—Ti bond lengths. Moreover, EXAFS can detect atomic
motion on the order of femtometers by comparing differences in the EXAFS
signals, such as those caused by magnetostriction [74] and isotopic effects [75].
The reverse Monte Carlo (RMC) refinements for Ba K-edge spectra enable
to analyze Ba K-edge spectra with sufficient precision to detect such a small
variation in atomic distances.

The RMC refinements with tetragonal constraints, describable by dis-
placive models, revealed the systematic change in the Ba-Ti bond lengths
and the angles between Ba—Ti-Ba under electric fields. The enhancement
of the Ti off-center displacements relative to those in the absence of electric
fields is ~ 0.5 pm; this study provides unprecedented quantitative and exper-
imental evidence for the enhancement of Ti off-center displacements. These
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findings develop an in-depth understanding of how the local structure is re-
lated to the macroscopic properties, such as the electromechanical properties
of ferroelectric materials.

5.2 Experimental

5.2.1 Sample preparation

A single crystal BaTiO3 (001) sample used in this study was purchased from
Crystal Base Co. Ltd, Japan. The sample, as received, was polished to a
thickness of 120 pm, which is appropriate for X-ray transmission. Au elec-
trodes were evaporated on the sample for the EXAFS measurements under
external electric fields.

The ferroelectricity of the sample was verified by measuring the polarization-
electric field (P — E) hysteresis using a ferroelectric tester (FCE-fast, Toyo
Corporation, Japan) with a triangular electric field of 1 kHz, as presented
in Fig. 5.1. The open loops indicate the ferroelectricity of the sample. Ba
K-edge EXAFS spectra were measured at 7.7, 11.5, and 15.4 kV /cm; these
are larger than the coercive field, and the sample is less sensitive to extrinsic
effects such as a-c domain switching.
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Fig. 5.1: P — E hysteresis loops of a single crystal BaTiO3 sample with
amplitude from 0.77 kV/cm to 15.4 kV/em and frequency of 1 kHz. Open
circles represent the points for Ba K-edge EXAFS measurements.

5.2.2 EXAFS measurements

The transmission EXAFS measurements at the Ba K-edge of BaTiO3 were
performed at the beamline BLO1-B1 at SPring-8 (Hyogo, Japan). The di-
rection of the incident X-ray was perpendicular to the sample (001) sur-
face, and parallel to the direction of the applied electric fields. The applied
electric fields are static unlike the TR-XANES experiments in Chapter 4,
because no significant dynamical effect was detected in Fig. 4.12. A system-
atic electric-field dependence was observed in the EXAFS spectra and those
Fourier transform spectra (Fig. 5.2). The variation of the amplitudes in the
presence of electric fields can be detected, indicating that the electric fields
cause static and dynamic disorder effects, such as local atomic displacements
and thermal atomic vibrations. The RMC techniques provide quantitative
information on these disorder effects. Thus, it is possible to extract static
disorder effects regarding the enhancement of the Ti off-center displacements
caused by electric fields.
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Fig. 5.2: Experimental Ba K-edge EXAFS spectra for a monocrystal BaTiO3
sample. (a) Reciprocal k-space signals and (b) Fourier transform of EXAFS
signals.

5.2.3 EXAFS signal processing
General aspects of wavelet transform

The RMC refinements fitted the Morlet wavelet transform (WT) of EXAFS
signals. The WT is a signal-processing method, widely used in various ap-
plications such as sound and image processing. It provides two-dimensional

information on the periodic signal with simultaneous localization in the re-
ciprocal k and real R space. The WT of a given EXAFS signal x(k) is defined

) WT(k, R) = \/RZ; /_ Z (k)6 [}%(k’ - k;)] i (5.1)

where Ry is the parameter of a characteristic length, determining the k- and

R-space resolutions, and ¢(k) is a function called the ”"mother wavelet”. The
function ¢(k) for the Morlet WT is defined as

d(k) = exp(—2iRok) exp(—k?). (5.2)

The WT is the inner product of the analyzed spectrum x(k) and the trans-
lated and scaled mother wavelet ¢(k). The inner product of two functions is
large when these functions have similar shapes.

A simple model case is provided to demonstrate the advantage of the
WT. Fig. 5.3 shows two wave functions. These two signals generate the same
modulus of the Fourier transform (FT). Thus, it is impossible to distinguish
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two signals using the F'T modulus unless including the additional information
such as the real and imaginary parts of the F'T. Opposite to the FT, the WT
moduli shown in Fig. 5.4 reveal the difference between these two signals more
clearly.
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Fig. 5.3: Two model signals generating the same Fourier transform (FT)
modulus. (a) Two different model signals with (b) the same FT modulus.
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Fig. 5.4: Wavelet transform (WT) of two model signals, shown in Fig. 5.3.
Signals in &k space and their same FT modulus are also provided.
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In a practical case, the WT is helpful for the separation of scattering-path
contributions by their elemental nature. EXAFS signals are derived from the
interference between the excited photoelectron and the photoelectron waves
scattered by surrounding atoms. The back-scattering amplitudes depend on
their elements, hence, the maximum amplitudes occur at different k values
with two different types of atoms. For example, Fig. 5.5 shows the F'T and
WT of experimental Fe K-edge spectra for FegsNigs and FezsPtog alloys. The
FT moduli have similar shapes in both alloys because the lattice symmetry
of these two materials is the same face-centered cubic (fcc). Despite the simi-
larity in the lattice structure, FezoPtog has more prominent WT features than
FegsNigs in the high k-region (k > 9 A1) due to the large atomic number
of Pt. As is the same with this example, the WT is a useful tool to extract
information including multiple-scattering paths in the case of BaTiOs3.
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Fig. 5.5: Fourier transform (FT) and wavelet transform (WT) of experi-
mental Fe K-edge spectra for two alloys: FegsNiss and FeroPtog. (a) The FT
moduli for F665Ni35 and F672Pt28. The WT moduli for (b) Fe65N135 and (C)
FersPtog. Sample preparations are described in detail elsewhere [76].

Wavelet transform of Ba K-edge EXAFS

Not only single-scattering (SS) paths but also multiple-scattering (MS) paths
have significant contributions to EXAFS signals in perovskite materials. SS
and MS effects can be distinguished by the WT as well as the path extraction
mentioned in the previous section. Fig. 5.6 shows examples of the theoretical
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WT of BaTiO3 Ba K-edge EXAFS spectra. Some spectral features in the
WT in Fig. 5.6a, especially in 8 < k < 12 A~ and 5 < R < 7 A, correspond
to the MS effects.

(a) MS+SS (b) SS (c) MS

Distance (A)
N (95} E W N ~

(=]

2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12

Wave number (A™) Wave number (A1) Wave number (A™)

Fig. 5.6: Wavelet transform (WT) of theoretical BaTiO3 Ba K-edge spectra
(a) including single-scattering (SS) and multiple-scattering (MS) contribu-
tions, (b) only with SS effects, and (c) only with MS effects.

It is possible to fit EXAFS signals in comparison between the experimen-
tal and theoretical spectra in k and R space simultaneously. Fig. 5.7 provides
an example of the fitting quality of RMC refinements for the data without
electric fields. The theoretical spectra agree well with the experimental data
in both the k£ and R space. The distinct MS feature, shown in Fig. 5.6¢, is
also reproduced by the theoretical WT. These MS effects include Ba-Ti-Ba
scattering paths, thus RMC refinements are capable to extract information
on the angle between Ba-Ti-Ba.

The WT is also utilized for noise reduction such as de-glitching. Fig. 5.7¢
shows the residuals between experimental and theoretical WT results, as
calculated by

(W Teap(k, R) — Wineory(k, B)|
Wy R) |

where WT,,,(k, R) and WT}eory(k, R) are the experimental and theoretical
WT, respectively. The region below 0.5 A in R range and some small spots
in Fig. 5.7c imply the large residual due to the noise contamination in experi-
mental EXAFS signals because the correct scattering paths have finite-extent
contributions in both R and £ region.

(5.3)
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Fig. 5.7: Example of the fitting quality in RMC refinements using the wavelet
transform (WT) of BaTiO3 Ba K-edge EXAFS signals. (a) The experimental
WT without electric fields, (b) the theoretical WT obtained by RMC refine-

ments, and (c) residuals between (a) and (b).

For verifying the fitting quality in a familiar way, using FT, Fig. 5.8
shows examples of comparison between FT /back-FT of the experimental and
theoretical spectra. The theoretical spectra agree well with the experimental
data in both the k£ and R space. Hence, the obtained 3D structural model

successfully reproduced the experimental EXAFS signals.
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Fig. 5.8: Example of fitting by the RMC refinement. (a) Fourier transform
of EXAFS signals (FT) and (b) Back Fourier transform of FT.

5.2.4 RMC calculations

The EXAFS spectra were analyzed using reverse Monte Carlo (RMC) re-
finements, as implemented in the EvAX code [77], with simulated annealing
optimization methods to avoid entrapment in local minima. An evolution-
ary algorithm method is also employed for an effective exploration of the
large space of possible atomic configurations. An explanatory description of
these algorithms is provided in Section 3.3.1. A final optimized structure is
obtained as a single supercell or a set of atomic configurations.

A supercell used in this study is generated from 6 x 6 x 6 unit cells, con-
taining 1,080 atoms. The initial structural parameters, including the lattice
constants and atomic positions, were obtained from previous reports [14, 16].
The lattice constants a = 3.9921 A and ¢ = 4.0366 A were used for the data
without electric fields, and were estimated by interpolating the diffraction
data [14, 16]. For the data under electric fields, a and ¢ were calculated
using the piezoelectric coefficients dz3 = 149 pm/V and d3; = —82 pm/V,
as reported by a diffraction study [18]. The initial fractional coordinates of
the atomic positions for all data analysis are shown in Table 5.1, obtained
by Kwei et al. [14] at 300 K.
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Table 5.1: Initial atomic positions used in RMC refinements [14]

Atom fractional coordinates
Ba (0, 0,0

Ti (1/2, 1/2, 0.482)
ol (1/2, 1/2, 0.016)
02 (1/2, 0, 0.515)

The theoretical spectra obtained from the supercell were calculated using
FEFF8.5L code [45], which is based on the multiple-scattering (MS) theory.
Scattering paths up to 7.0 A, including Ba-Ti-Ba paths, were used in the
calculations. The MS effects up to the 4th order were considered. Some
multiple scattering paths were ignored to reduce the computational time.
The contribution of the ignored paths to the EXAF'S spectrum is smaller than
0.2% of that of the shortest Ba—O single scattering path that contributed the
most to the spectrum.

The displacement of an atom in the supercell is limited to a maximum of
0.15 A. These constraints keep the average structure with tetragonal symme-
try, observed in the diffraction studies. This model is similar to a displacive
model since Ti atoms are not allowed to move largely and relocate to the
position along the (111) direction. As previous mentioned in Chapter 4, the
enhancement in the Ti displacements under electric fields is revealed. Thus,
one can expect detectable changes by using tetragonal constraints. Despite
the limitation of Ti movements, the disorder characters in an order-disorder
model were also obtained, as described later in Chapter 6. Although other
constants with large allowable displacement were also applied, obtained re-
sults were unphysical due to artifacts in the data analysis. This artifact
problem is described in the next section.

5.2.5 Statistical analysis

It should be emphasized that the final atomic configurations, optimized by
RMC refinements, is not unique. A different set of atomic coordinates is
obtained by repeating the calculation with the same condition or constraints
but with different pseudo-random numbers. However, the statistical charac-
teristics, such as average and deviation values of atomic distances and bond
angles, are close in both calculations, and agree with their experimental re-
sults. While the exact positions of atoms in the supercell are 'meaningless’,
average atomic positions are meaningful information. This situation also
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occurs in experimental observations. The ’true’ structure, i.e., the exact po-
sitions of all atoms in a material, can be never reached. The atomic structure
is not ’static’, even in a simple case, due to atomic vibrations; There is a dif-
ference between the time-average positions and the positions at an instant
of time. Therefore, the statistical information obtained from RMC models is
essential and should be discussed when using RMC calculations.

It is safe to validate whether radial or angle distribution functions (RDF
or angleDF) represent plausible features because RMC models are statisti-
cal. Generally, average values accurately reflect the actual properties when a
histogram is symmetrical. The calculated RDF and AngleDF with/without
electric fields are presented in Fig. 5.9 and Fig. 5.10, respectively. The RDF
and AngleDF have symmetric shapes and agree well with the sum of several
Gaussian peaks. The number of Gaussian peaks is the same as the number
of groups separated using diffraction results. For example, the Ba—Ti bond
lengths in the tetragonal phase can be grouped into two groups: 4 x 3.43 A,
and 4 x 3.51 A. The positions and widths of these Gaussian peaks were the
average of the bond lengths and their deviations, respectively. The good
accordance of this model guarantees the validity of the statistical analysis.
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Fig. 5.9: Radial distribution function (RDF) for obtained RMC refinements
at (a) 0 kV/cm and (b) 15.4 kV/cm. The solid black line implies the sum
of several Gaussian peaks (dashed line). The positions and widths of the
Gaussian peaks were calculated from the RMC results.

63



Ba-Ti-Ba Ba-Ti-Ba

AngleDF (Atoms/Degrees)
AngleDF (Atoms/Degrees)

62 64 66 68 70 72 74 76 78 80 62 64 66 68 70 72 74 76 78 80
Angle (Degrees) Angle (Degrees)

Fig. 5.10: Angle distribution function (angleDF) for obtained RMC refine-
ments at (a) 0 kV/cm and (b) 15.4 kV/cm. The solid black line implies the
sum of several Gaussian peaks (dashed line). The positions and widths of
the Gaussian peaks were calculated from the RMC results.

The limitation of atomic movements in RMC processes is sometimes re-
quired to obtain proper results. In this study, overfitting was found to occur
when large atomic displacements were allowed. Fig. 5.11 shows the RDF ob-
tained from RMC refinements with a maximum displacement d,,,q, = 0.40 A.
Unlike the RDF with d,,,, = 0.15 j—\, the Ba—Ti and Ba—Ba small peaks
appear around 3.0 and 3.6 A, respectively. These artifacts are due to over-
fitting the experimental data including noises. The average bond length is
underestimated in this case. Hence, the average structure is inconsistent with
the diffraction data. For this reason, dyq = 0.15 A was employed in RMC
calculations.
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Fig. 5.11: Radial distribution function (RDF) without electric fields ob-
tained from RMC calculations using constraints with a maximum atomic
displacement of (a) 0.15 A and (b) 0.40 A.

The local structural parameters such as bond lengths, angles, and Ti
displacements were analyzed statistically from the atomic coordinates of the
3D structure model obtained from the RMC calculations. According to the
diffraction data, the Ba—Ti atomic pairs can be grouped into two groups: 4
long bonds and 4 short bonds. This information was used to average the
bond lengths in the local structure around the Ba atoms, and compare the
obtained values to the global structure (the initial structure of calculations).

The parallel mean-square relative displacement (parallel MSRD) was cal-

culated by
1 ~ (12
(ut) = 5 D || = wy) - B (5.4)
(4.9)
and the perpendicular MSRD was calculated by
9 1 N 1112
<UL> =N Z H(uZ —u;) — R [(ui —u;) - R} ‘ , (5.5)
(6,3)

where u; is the relative displacement from the average position of atom 4,
R is the direction of relative displacement between average positions of the
absorber and scattering atoms, and N is the number of atomic pairs.
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5.3 Results and discussion

5.3.1 Bond lengths and angles

Fig. 5.12 shows the electric-field dependence of the obtained Ba-Ti bond
lengths compared with those in the global structure (the initial structure
of RMC calculations). The Ba-Ti bond length in the absence of electric
fields is consistent with that obtained from the diffraction data within an
experimental error of ~ 0.003 A, as reported by G. H. Kwei et al. [14]. As
revealed, the presence of electric fields causes the shrinkage of the Ba—Ti
bond lengths. This shrinkage is more prominent than the lattice distortion
(the dashed line and shaded area in Fig. 5.12) that is calculated from the
piezoelectric coefficients, dz3 = 149 £ 54 pm/V and d3; = —82 + 61 pm/V,
reported in a previous diffraction study [18]. Therefore, the electric-field
dependence of the Ba—Ti bond length is clearly due to the displacement of
the Ti atoms.

The RMC schemes revealed bond-length variations of less than 1 pm. In
previous studies, accuracy on the order of femtometers was achieved using
differential methods for simple metals, such as FeCo and Ge [74, 75]. Un-
like these metals, it is impossible to isolate a single-shell contribution to the
EXAFS signals in the present study. There are several short lengths cor-
responding to the 1st (Ba—0), 2nd (Ba-Ti), and 3rd (Ba-Ba) coordination
shells, and all three contributions overlap in the R space of the EXAFS sig-
nals. To overcome this difficulty, the RMC refinement was fully utilized; An
excellent accuracy (< 1 pm) was achieved when determining the change in
the interatomic distances under the tetragonal constraints.
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Fig. 5.12: Electric-field dependence of Ba—Ti bond lengths obtained from
RMC results. Dashed line with a barely discernible slope shows bond lengths
calculated from the initial structure of RMC refinements. The initial struc-
ture was estimated from diffraction data. Shaded area represents the es-
timated uncertainty calculated from experimental error in diffraction data.
Error bars indicate the standard deviations obtained from five RMC calcu-
lations with different random seeds.

The bond angle is also a good indicator of the Ti displacements because
any Ti displacement, relative to the Ba atoms, changes the angle between
Ba-Ti-Ba. In the RMC analysis, not only single-scattering but also multiple-
scattering (MS) signals were taken into account. The MS signals contain
information about multi-atom distribution functions including the angle in-
formation around scattering atoms such as Ba. The RMC refinements can
reproduce MS features using the tetragonal structural model, as mentioned
above in Section 5.2.3, thus the angle information is accessible as well as
bond lengths. As shown in Fig. 5.13, the angle decreases with an increase in
the magnitude of the electric field. The trend of the electric-field dependence
of the Ba—Ti—Ba angle is very similar to that exhibited by the Ba—Ti bond
lengths, indicating the enhancement of the Ti off-center displacements under
electric fields.

67



69.26 [ |
________________________________________________ RMC —e—

—_ 6924 Initial -------
wnn
(]
o 69.22 —
on
(5]
a 69.2 } —
2
gﬂ 69.18 — T
<
< - |
k> 69.16
= 69.14 |- f
<
m

69.12 |- —

0.1 L \ \ \

0 5 10 15 20
Electric Field (kV/cm)

Fig. 5.13: Electric-field dependence of angle between Ba-Ti-Ba obtained
from RMC results. Dashed line shows angles calculated from the initial
structure of RMC refinements estimated from diffraction data. Shaded area
represents the estimated uncertainty calculated from experimental error. Fr-
ror bars indicate the standard deviations obtained from five RMC calcula-
tions for each point.

The difference between the interatomic distances obtained using diffrac-
tion (R) and EXAFS (r) measurements should be noted. It is due to the
atomic vibrations in the direction perpendicular to the interatomic direc-

tion [78]: )

2R’
where (u?) is the perpendicular component of the mean squared relative
displacements (MSRD). As can be observed from Eq. (5.6), the bond lengths
obtained from the EXAFS data are longer than those obtained from the
diffraction data due to MSRD. However, the effects of MSRD on the Ba—Ti
bond lengths in the presence of electric fields are almost negligible in this
instance, because the variation of both <uﬁ) and (u?) of Ba-Ti is insensitive
to the presence of electric fields, as presented in Fig. 5.14. Thus, one can
expect the enhancement of the local Ti displacements.

r~ R+ (5.6)
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Fig. 5.14: Mean squared relative displacements (MSRD), obtained from
RMC refinements: (a) parallel MSRD (uﬁ), (b) perpendicular MSRD (u?).
Error bars indicate the standard deviations obtained from five RMC calcu-
lations for each point.

5.3.2 Titanium displacements

The magnitude of the Ti displacements was calculated from the RMC results,
by using the average positions of Ba and Ti atoms. The magnitude of dis-
placements increases as the magnitude of the applied electric field increases,
as presented in Fig. 5.15a. The displacement at 15.4 kV /cm is 0.5 pm larger
than that in the absence of an electric field and is of the same order of magni-
tude as the lattice distortion caused by the applied electric field [18]. These
results support the displacive characters, where the electric polarization is
mainly determined by the enhancement in the local Ti displacements [10].

The obtained direction of the Ti displacements is approximately along
the [001] direction in the tetragonal phase (Fig. 5.15b). Although this re-
sult is due to the limitation of atomic movements in RMC calculations, it
might show the variations in the angle of Ti displacements under electric
fields, implying the order-disorder characters. Since this angle was obtained
from the average positions in the supercell, the obtained results are close to
the average structure. However, the clear tendency is revealed by the local
structural analysis on Ti displacements from the center of TiOg octahedra,
as presented in Chapter 6.
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Fig. 5.15: Ti off-center displacements from the body center of lattice, ob-
tained from RMC refinements. (a) magnitude of Ti displacements. (b) angle
of Ti displacements along to c-axis.

Under external electric fields, thermal effects would be induced by Joule
heating or electrocaloric effects [79]. The Ti displacements of BaTiO3 are
temperature-dependent due to pyroelectricity. To consider the thermal ef-
fects, the analysis that was used for the electric-field-dependent EXAFS spec-
tra was employed for the temperature-dependent spectra of a single crystal,
BaTiO3. As observed in Fig. 5.16, the enhancement of the Ti displacements
under electric fields is larger than the variation in the temperature in the
tetragonal phase. Thus, electric-field effects, not thermal effects, cause the
enhancement of Ti displacements.
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Fig. 5.16: (a) Temperature dependence and (b) Electric-field dependence
of Ti displacements within single crystal BaTiOs3. Error bars indicate the
standard deviations obtained from five RMC calculations for each point.

Although RMC refinements can determine the changes in the interatomic
distance at an order of 0.1 pm, they do not suggest the absolute value of
atomic displacements. The accuracy of RMC structural refinements depends
on the experimental limitations of EXAFS measurements. As with tradi-
tional EXAFS analysis, the precision of the obtained Ti displacement is
~ 0.01 A. Here, absolute values depend on the initial structures used in
the RMC refinements. A Ti displacement at 0 kV/cm calculated from an-
other set of RMC refinements with a Ti atom at a different initial position is
~ 0.0824 A, which is 0.006 A larger than that at 0 kV/cm shown in Fig. 5.15a.
However, the enhancement of Ti displacements under electric fields obtained
from these additional calculations is &~ 0.5 pm, which is identical to that
shown in Fig. 5.15a.

The use of EXAFS analysis in determining relative changes enables a
high precision of less than sub-picometers, as reported in a previous study,
where differential atomic motion of ~ 1 fm could be detected in FeCo and
Ge [74, 75]. In these studies, this degree of precision was achieved for metals,
which are rather simple compared to perovskite oxides.

The RMC refinements fully utilize structural information acquired from
EXAFS, which are sufficient to detect atomic perturbations. Therefore, the
RMC scheme is an effective tool to investigate the relative atomic displace-
ments from a well-known structure. Another example that would benefit
from this technique is the local structural distortion induced by doping ions
without any changes in the average structure.
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5.3.3 Titanium K-edge XANES simulation

By analyzing the Ba K-edge EXAFS spectra, it was found that the local
Ti off-center displacement increased by an order of sub-picometers in the
presence of an electric field. Unlike previous RMC-EXAFS studies with
multiple-edge EXAFS spectra [80, 81, 82|, The results obtained in this study
were derived from the single-edge fitting. It is difficult to discuss Ti off-
center displacements using the Ti K-edge EXAFS spectra because the Ti
K-edge EXAFS can only be measured to 250 eV above the absorption edge;
this restriction is due to the existence of the Ba Ls-edge. Although the Ti
K-edge EXAFS signals were not available in the RMC schemes, the simula-
tion of the Ti K-edge spectra from the obtained 3D structure can reproduce
the pre-edge XANES structure, if the 3D structure is well reconstructed us-
ing RMC simulations. Therefore, the simulation of the Ti K-edge XANES
spectra and comparisons with the experimental spectra are useful in scruti-
nizing the RMC configurations and facilitate the validation of the Ti atomic
displacements.

The Ti K-edge XANES spectra were simulated by the multiple scattering
theory as implemented in the FEFF codes. The atomic clusters of a radius
of approximately 12 A were generated from each Ti atom in the simulated
supercell with periodic boundary conditions. Multiple-scattering paths were
considered to ~ 6.7 A including the 2nd nearest Ba shells. The self-consistent
potentials for all the atoms were calculated only at the initial structure,
because the calculation for a disordered system requires extensive potential
calculations for all the atoms. The final results of the Ti K-edge spectra were
obtained by averaging 216 spectra for each RMC supercell containing 216 Ti
atoms.

Fig. 5.17 shows the features in the calculated Ti K-edge XANES spectra.
The three features (main edge, shoulder structure, and e, peak) represent
different electronic states. The main absorption edge at 4990 eV corresponds
to the density of states of the unoccupied Ti 4p states. The intensity of
the main edge is related to the disorder in the environment of Ti [83]. The
shoulder structure at 4985 eV is characteristic of BaTiO3 and corresponds
to the hybridization of the Ti 4p states with the states of the Ba ions, as
described in Section 4.3.1. The e, peak at 4979 eV represents the Ti 3d states
hybridized with O 2p states. This hybridization can be observed as the Ti—O
covalency, supported by theoretical calculations [21, 22] and X-ray diffraction
measurements [20]. The intensity of the e, peak is a good indicator for the
RMC calculations, because the peak intensity increases with an increase in
the Ti off-center displacements [62].
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Fig. 5.17: Calculated Ti K-edge XANES spectra for obtained atomic con-
figurations by RMC refinements.

Compared with the Ti K-edge experiments in Chapter 4, the e, peak
was successfully reproduced and included the effects of the electric fields,
as shown in Fig. 5.18; however, it was difficult to reproduce the shoulder
structure and main edge. The variation of the shoulder and main edge is
approximately 5 times smaller than those of the e, peaks, as presented in
Fig. 4.12. For the reproduction of these two features, a multiple-edge fitting
would be required to obtain well-reconstructed 3D structures, including the
Ti-O bond. The RMC calculations use single Ba K-edge EXAFS and it
is difficult to determine the Ti-O bond lengths and MSRD. Therefore, the
obtained results are inconsistent with those obtained from the Ti K-edge
XANES experimental spectra. Despite these limitations, the pronounced
intensity variations of the e, peak, simulated from the RMC configurations,
reflect the enhancement of the Ti displacements under electric fields.

73



1.03 I
e, peak —@—i
1025 1 Shoulder = T
1.02 Main H——4—f |
z
17} 1.015 — —
=
]
b= 1.01 —
[y
3 1.005 f
N
o —
'C_d T T e T - _ —
é Ly
o) 0.995 — —
Z
099 —
0.985 — —
098 LI \ \ \
0 5 10 15 20

Electric Field (kV/cm)

Fig. 5.18: Electric-field dependence of intensity of e, peak, shoulder struc-
ture, and main peak obtained from simulated spectra. Intensity is normalized
to the one without electric fields. Calculations averaged XANES spectra of
216 Ti-centered clusters at each electric field. Error bars indicate the stan-
dard deviations obtained from five RMC calculations for each point.

In the Chapter 4, the e, peak intensity is proportional to the magnitude
of applied electric fields. On the other hand, the Ti displacements relative to
the Ba lattice are enhanced above 10 kV/cm and seems constants below the
critical electric field, as can be seen in Fig. 5.15. This step-like curve would
reflect the difference between two types of Ti displacements: the displace-
ments relative to the center of the TiOg octahedra and the Ba lattice. In a
simple point-charge model, where all atoms have nominal charges, the Ti and
Ba atoms with positive charges are considered to move in the same direction
under applied electric fields, while oxygen atoms with negative charges are to
move in the opposite direction. The obtained structural model in this study
is more complicated than this feature, as discussed later.

It was found that the e, peak intensity simulated in Fig. 5.18 was strongly
correlated to Ti-O bond lengths procedurally calculated from the RMC
configurations. It is noted that the Ti-O bond length is indirect informa-
tion because a single Ba K-edge EXAFS refinement has never contained
the Ti—O bond information. Thus, the Ti and O relative displacement
or off-centering are not shown here. However, this correlation is theoret-
ically demonstrated [62] and clearly supported by the experimental stud-
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ies [84, 85, 37]. Despite the difficulty of directly investigating the Ti-O
relationship, the obtained RMC atomic configurations also reflect the local
environment around Ti atoms. The detailed discussion and comparisons to
Ti K-edge results are provided later in Chapter 6.

5.4 Conclusions

In summary, the Ti off-center displacements of BaTiO3 under electric fields
were investigated using Ba K-edge EXAFS measurements. The experimen-
tal EXAFS signals can be reproduced by using the structural model with
tetragonal constants in the average structure. The enhancement of the Ti
displacements relative to those in the absence of electric fields was ~ 0.5 pm,
which is of the same order of magnitude as the lattice distortion of BaTiOj3
under electric fields. This study reports the first experimental and quantita-
tive findings for Ti off-center displacements under electric fields. The analysis
of the local structure, with small atomic displacements, provides a feasible
opportunity to study dielectric/ferroelectric properties, including variations
in the Curie temperature and relaxor behavior, induced by chemical substi-
tutions in BaTiO3 and other ferroelectric systems.
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Chapter 6

Local structure determination
using Ba K-edge and Ti K-edge
results

6.1 Introduction

The local Ti displacements are investigated using Ti K-edge and Ba K-edge
spectra in Chapter 4 and Chapter 5, respectively. Both results demonstrate
the enhancement in the Ti displacements under electric fields. Unlike the
quantitative analysis with Ba K-edge EXAFS spectra in Chapter 5, the Ti
K-edge XANES spectra in Chapter 4 are qualitatively analyzed due to the
difficulty to simplify the X-ray absorption formula in the XANES region.
However, variations in the e, peak intensity in Ti K-edge XANES spectra
are comparable between experimental results shown in Chapter 4 and simu-
lated results in Chapter 5. This consistency implies the potentiality for the
quantitative local structural analysis using Ti K-edge XANES results.

Vedrinskii et al. proposed the relationship between the Ti off-center dis-
placement and the e, peak intensity [62]. Although this relationship is based
on theoretical calculations, and utilized in the various studies for investigat-
ing Ti off-center displacements in many perovskite titanates [37, 86, 68, 84,
those are limited to the qualitative analysis due to the lack of sufficient evi-
dence for the methodology based on the experimental pre-edge features in Ti
K-edge spectra. Therefore, it is essential to verify the relationship between
the Ti displacement and the experimental e, peak intensity.

In this chapter, a quantitative analysis based on Ti K-edge spectra is pro-
posed. The obtained Ti displacement agrees well with the RMC results based
on Ba K-edge EXAFS spectra, indicating the validity of the local structural
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determination using Ti K-edge XANES spectra. The Ti K-edge XANES and
Ba K-edge EXAFS results reflect Ti displacements from the center of TiOg
octahedra and the Ba lattice, respectively. These two Ti displacements show
different behaviors under applied electric fields. It is revealed that the coex-
istence of displacive and order-disorder characters is more reasonable than a
simple displacive model. These findings and analytical schemes pave the way
for understanding local structures related to macroscopic phenomena such as
the electromechanical properties of ferroelectrics.

6.2 Experimental

6.2.1 XANES measurements

To obtain empirical parameters used in the Vedrinskii’s equation (as de-
scribed later), temperature-dependent Ti K-edge XANES spectra of a BaTiO3
standard powder were measured on beamline BL-9A at KEK-PF. The inci-
dent X-ray energy was varied by using a Si(111) double-crystal monochro-
mator. Higher-order harmonics reflected on the Si crystal were removed with
a harmonic-rejection mirror. Ti K-edge spectra were collected in transmis-
sion mode at temperature range of 100 — 623 K. A liquid-helium cryostat
and a loop electric heater were used for controlling the sample temperature
in the low-temperature range of 100 — 296 K and in the high-temperature
range of 300 — 623 K, respectively. The same powder sample was also mea-
sured on beamline BL-15A1 at KEK-PF for comparison with TR-XANES
results in Chapter 4. The basic XAS data processing, including background
subtraction and normalization, was performed using ATHENA program [87].

6.2.2 XANES pre-edge peak fitting

For extraction of the e, peak intensity, the Ti K-edge spectra were fitted using
several peak functions and an arctangent. An example of the fitting quality is
presented in Fig. 6.1. Although there are several features including the small
toe peak at 4967 eV, as mentioned in Section 4.3.1, four peaks are taken into
account for simplicity: the e, peak, a dipole transition at ~ 4970 eV, the
shoulder structure, and the main peak. For practical reasons, it is common
to use Gaussian, Lorentzian, or pseudo-Voigt functions as peak functions to
estimate pre-edge features in K-edge spectra of transition metals, as reported
in several studies [88, 89, 90, 91, 92|. Using four pseudo-Voigt functions
is a highly flexible model in this case because a pseudo-Voigt function is
a weighted sum of Gaussian and Lorentzian functions, while the number
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of fitting parameters is large compared to using four Gaussian/Lorentzian
functions. It is noticed that Ti K-edge spectra of BaTiOj3 are represented
well using three Gaussian peaks for e, peak, the dipole transition, and the
main peak, and a Lorentzian peak for the shoulder structure. Hence, this
relatively simple model was employed instead of using four pseudo-Voigt
functions.
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Fig. 6.1: Example of the fitting quality in Ti K-edge pre-edge features.

6.3 Results and discussion

6.3.1 Expression of the e, peak intensity

The analytical expression on the e, peak intensity I proposed by Vedrin-
skii et al. is [62]:

[u(Ti) — L (w(0) +u(0;))]”

[=K mSCEEA
[w(0:) — u(O;)]"

(6.1)

where K is a coefficient independent of atomic positions, u is an atomic
coordinate projected along the X-ray polarization vector €, and O; and O;
are the two nearest oxygen atoms around a Ti atom in the same O—-Ti-O chain
parallel to the direction €. The e, peak intensity observed in experiments is
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expressed as Eq. (6.1) averaging over atomic thermal vibrations and static
displacements.

It is reasonable to simplify Eq. (6.1) for the application to this study
using some approximations. The denominator part [u(0;) — u(0;)]>” is ap-
proximated by the lattice constants a or ¢, because variations of distances
between two oxygen atoms caused by thermal vibrations are relatively small;
The atomic distance between OO in BaTiOj is around 4 A and much larger
than the usual thermal vibrations with an order of 0.1 A [14, 16, 93]. The
value of [u(0;) — u(0;)]>® should close to the lattice constants within the
error of (0.1/4.0)>% < 107%%. Thus, the averaged value (I) can be obtained
as the following equation:

2 2

(I) = K<AC§5>C cos? 0 + g% sin? 6, (6.2)
where 6 is the angle between the X-ray polarization vector € and c-axis,
(Ar?), and (Ar?),, are the c-axis and ab-plane components of the mean-
square displacements of the Ti atom from the center of TiOgz octahedra,
respectively.

The simplified expression Eq. (6.2) allows to separate the static and dy-
namic disorder effects. The displacement vector A7 of a Ti atom from the
TiOg octahedra can be decomposed into the static Ti off-center displacement
6;1 and the dynamic displacement d due to atomic vibrations:

A7 = oy + d. (6.3)
The mean-square displacement (Ar?) is
(ar?) = (7 +d) - o1+ )
— () + 25 (i) + () 6
~ (32 + ().

The displacive model is employed here so that estimated Ti displacements
can be compared to the Ba K-edge results shown in Chapter 5. In the
tetragonal case, (03;),, = 0 because the static displacement of the Ti atom
is along [001] direction. Therefore, one can obtain

(0%:)

(I) = K55 cos? 0 + L, (6.5)
d? K (d?

Ly = K% cos® f + 3% sin® 6. (6.6)
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The dynamical disorder effect (d?) is correlated to the mean-square dis-
placement (MSD) of a single atom observed in diffraction measurements or
the mean-square relative displacement (MSRD) between two atoms observed
in EXAFS measurements. However, (d?) is not identical to the MSD and
MSRD because (d?) is determined by the three-particle distributions involv-
ing O-Ti-O chains.

The validity of the equations was confirmed by simulated Ti K-edge spec-
tra of BaTiO3 with several static Ti displacements or dynamic disorder ef-
fects. MSRD values were employed instead of using (d?) for simple calcula-
tions. As can be seen in Fig. 6.2, both ér; and MSRD values contribute to the
enhancement in the e, peak intensity. It was also found that another term
Ion—center Was required because the e, peak remains without Ti displacements
and vibrations. Hence, the Eq. (6.5) should be modified:

52
. < Ti> 2
<I> = KF cos” 0 + Ivib + Ion—center- (67)
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Fig. 6.2: (a) Calculated Ti K-edge spectra for various Ti off-center displace-
ments without atomic vibrations. dr; is the static Ti off-center displacement
in the fractional coordinates. (b) Calculated Ti K-edge spectra for various
atomic vibrations without Ti off-center displacements. o is the MSRD value
for all atoms. Both spectra are simulated by FEFF9.6 with the same calcu-
lational options as presented in Section 4.3.3.

In polycrystalline materials, such as powder samples, the e, peak intensity
can be calculated by averaging over all possible orientations. Using the angle-
integrated results [cos®6 dQ2 =1/3 and [sin®6 dQ2 = 2/3, one can get the
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expressions for polycrystalline materials:

K (62

<[> 3 <C5T5> + [vzb + [on center (68)
K <d > <d2>ab

L = 3 [ 55 + a5 | (6.9)

6.3.2 Temperature dependence of ¢, peak intensity

As a starting point for the analysis, the temperature dependence of Ti K-edge
spectra is probed to investigate the static and dynamic disorder contributions
to the e, peak.

Fig. 6.3 shows the temperature-dependent Ti K-edge spectra of a standard
powder sample. The e, peak intensity decreases as temperature increases,
indicating the diminished Ti off-center displacement. This qualitative trend
is similar to those seen in the temperature dependence of lattice structures,
obtained by diffraction study [14] and theoretical calculation [10]. It should
be emphasized that the e, peak remains even after the tetragonal-cubic phase
transition. The distinct e, peak in the cubic phase is due to I, and Iy, —center
as described in Eq. (6.8). Therefore, the quantitative analysis of the temper-
ature dependence enables to extract the static Ti displacements from the e,
peak intensity.
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Fig. 6.3: Temperature dependence of Ti K-edge XANES spectra for a
BaTiO3 powder sample (a) in the high temperature range and (b) in the
low temperature range.
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Fig. 6.4 shows the temperature dependence of the e, peak intensity ob-
tained by fitting Ti K-edge spectra. The e, peak intensity is normalized to
unity at room temperature because of the difficulty in the direct comparison
of spectra with different experimental settings. The low/high-temperature
measurements using a cryostat/electrical heater produced different back-
grounds on experimental results. The normalized e, peak intensity mono-
tonically decreases as temperature increases. A clear relationship between
the phase transitions and the e, peak intensity was found and the transi-
tion temperatures are consistent with those observed in the diffraction stud-
ies [94, 95, 14, 15, 16]. This consistency is quite reasonable because the Ti
off-center displacement in the average (lattice) structure varies across the
phase transition.
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Fig. 6.4: Temperature dependence of the e, peak intensity in a BaTiOs
powder. The intensity is normalized to unity at room temperature.

Note that the e, peak intensity remains constant in the cubic phase, where
the Ti displacements (62;) can be regarded as zero. The constant intensity
of the e, peak implies the small contribution of dynamic disorder effects in
Eq. (6.8). Provided that I, + Ion—center 1S constant in this case, the local Ti
off-center displacement can be estimated using the e, peak intensity above
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the Curie temperature Tg:

(I) = gﬁig (T > Tp)), (6.10)

(I(T > T¢)) =~ const. (6.11)

6.3.3 Incident-angle dependence of ¢, peak intensity

The e, peak intensities depend on the incident angle of X-ray. This angle
dependence produces the difference between single crystal and polycrystalline
materials, as expressed in Eq. (6.7) and Eq. (6.8). Thus, it is necessary to
investigate the incident-angle dependence of Ti K-edge spectra for applying
the Vedrinskii’s equation to the thin film sample used in Chapter 4.

Fig. 6.5a shows the incident-angle dependence of Ti K-edge spectra sim-
ulated by FEFF9.6. The e, peak intensity decreases as the incident angle
is close to 90°. This angle dependence is in good agreement with Eq. (6.2).
As can be seen in Fig. 6.5b, the intensity can be fitted well with (/) =
I cos? 0+ 1, sin? 6, where I and I, are the e, peak intensities at 0° and 90°,
respectively.
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Fig. 6.5: (a) Simulated Ti K-edge spectra with several incident angles. (b)
Angle dependence of the e, peak intensity.

The same procedure as the FEFF calculations can be applied to the
experimental results. Fig. 6.6 shows the incident-angle dependence of Ti
K-edge spectra for the BaTiOg3 thin film. The qualitative trend is similar
to that shown in Fig. 6.5. Therefore, I; and I, can be obtained from the
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curve fitting, which enables to estimate the angle-averaged e, peak intensity
and the Ti off-center displacement. The ratio of the e, peak intensity in
the powder and film sample at 45° was calculated using the obtained values
I} ~ 0.511 and I, ~ 0.262;

<[p°wde’"> B [dQ Ijcos? 6+ I, sin® 0
(1fimy Ij cos? 45° + 1| sin® 45°

1 2
B §IH + g.ﬂ (6.12)
-1 1
5] |+ 5] 1
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Fig. 6.6: (a) Experimental Ti K-edge spectra of the BaTiO3 thin film,
provided in Chapter 4, with several incident angles. (b) Angle dependence
of the e, peak intensity.

It should be noted that it is difficult to determine the angle between Ti
displacements and the c-axis by using the incident-angle dependence of the
eg peak intensity. If the local structure is represented as the order-disorder
model, the second term (d?), in Eq. (6.2) is large. However, the trend
of the incident-angle dependence is unchanged in that case; The e, peak
intensity decreases as the incident angle increases. This behavior was verified
by FEFF calculations, as shown in Fig. 6.7. Although it might be possible
to estimate the Ti angle from the ratio of the intensities at 0° and 90°, the
determination of the precise e, peak intensity without any assumptions is
challenging because the e, peak remains even when Ti atoms are located in
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the center of TiOg octahedra, as revealed in Fig. 6.2. The displacive model
is employed in this section to investigate the local structure because the
temperature-dependent e, peak intensity indicates the displacive characters,
and the Ti displacements can be detected by the RMC refinements with the
displacive model in Chapter 5.

X-ray

Normalized e, peak intensity

0.65 |
0 10 20 30 40 50 60 70 80 90

Incident angle 6 (degrees)

Fig. 6.7: The incident-angle dependence of the e, peak intensity in calcu-
lated spectra for various angles between Ti displacements and the c-axis.
The Ti atoms are rotated within the (110) plane. The magnitudes of Ti
displacements are fixed. The electric polarization vectors of incident X-ray
exist within the (100) plane.

6.3.4 Electric-field dependence of e, peak intensity

The empirical parameters (I(T' > T¢)) and (IP°@%r) / (17#™) were obtained
by temperature and incident-angle dependence of the e, peak intensity, re-
spectively. This information enables the estimation of the Ti off-center dis-
placement under electric fields by using TR-XANES results as presented in
Chapter 4.

Provided that parameters (I(T > T¢)) and K is the same for both sam-
ples, it gives

(6.13)

() (cpowderyﬁ 0.893 x (I/m) — {I(T > Tc))
cfilm

(07, pouder) ([povder) — (I(T > To))

To estimate the electric-field dependence of <5%if ”m>, the empirical param-
eters obtained from experimental results; <Ip""”der> at room temperature is
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unity as a reference, (I(T > T¢)) ~ 0.85, as shown in Fig. 6.4, crowder =
4.037 A and (0%pewder) = (0.137 A)?, reported in the previous diffraction
study [14], and ¢/ = 4.136 A obtained in the diffraction result presented
in Fig. 4.2.

The estimated Ti off-center displacement /(4. /%™) is provided in Fig. 6.8.
It is clear that Ti displacements increase as the magnitudes of electric fields
increase. Further, the responses of the Ti displacement to AC electric fields
might imply a quite similar trend to a piezoelectric response, so-called a
piezoelectric butterfly curve, or a response of lattice distortion as observed
in the diffraction studies [96, 97]. Therefore, the Ti displacement as well
as the lattice distortion synchronizes with the enhancement in the electric
polarization induced by external electric fields. This result demonstrates the
presence of displacive characters in BaTiOj3, describable by the enhancement
in the local Ti displacement from the center of TiOg octahedra [10, 28, 29].
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Fig. 6.8: Electric-field dependence of the Ti off-center displacement /(6%
estimated from Ti K-edge results, shown in Chapter 4.

The enhancement in the Ti displacement at the maximum electric field
was around 0.3 pm, which was of the same order as Ti displacement revealed
in Chapter 5. Although the magnitude of electric fields applied to the thin
film for Ti K-edge measurements is much larger than that to the single crystal
for Ba K-edge measurements, it can be assumed that effective fields for both
samples are comparable. The coercive field of BaTiO3 samples commonly in-
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creases as the sample thickness decreases due to the depolarization fields [98],
the surface layer effects [99, 100] or the domain nuclei formation [101, 102].
This phenomenon can be also seen in the present case, as shown in Fig. 4.3
and Fig. 5.1. Despite the difference in coercive fields, external electric fields
were large enough to obtain entire hysteresis loops in both Ti K-edge XANES
and Ba K-edge EXAFS measurements, indicating intrinsic (lattice) contribu-
tions are comparable in the two samples. Hence, it is reasonable to observe
the comparable enhancement of the Ti displacement in both measurements.

It should be noted that the Ti displacements obtained from Ti K-edge
and Ba K-edge spectra are different. The e, peaks in Ti K-edge spectra
provide the Ti displacement relative to oxygen atoms, whereas the Ba K-
edge EXAFS spectra provide the Ti displacement relative to the Ba lattice.
Although a single Ba K-edge EXAFS refinement has never contained the Ti—
O bond information, Ti-O bond lengths can be procedurally calculated as
well as Ba—Ti bond lengths using the 6 x6x6 BaTiO3 supercell obtained by
RMC refinements. These Ti~O bond lengths are indirect information, which
was less reliable than Ba—Ti information. However, it was found that the
Ti displacements relative to oxygen atoms was enhanced by ~0.3 pm under
electric fields, as shown in Fig. 6.9. This enhancement is consistent with T1i
K-edge results, indicating that the RMC atomic configurations obtained in
Chapter 5 also reflect the local environment around Ti atoms.
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Fig. 6.9: Electric-field dependence of the Ti off-center displacement relative
to oxygen atoms procedurally calculated from RMC results. This was ’indi-
rect’” information because Ba K-edge EXAFS has never contained the Ti—O
bond information.

6.3.5 Responses of local structure under electric fields

In this section, an interpretation is provided for responses of the local struc-
ture and electronic states in BaTiOs under external electric fields. The ob-
tained results in this study are compared to two local structural models: the
displacive and order-disorder models, described in Section 2.4.

The Ti displacement relative to the center of the TiOg octahedra shows
a similar trend with the displacement relative to the Ba lattice, as can be
seen in Fig. 6.8, Fig. 6.9, and Fig. 5.15. However, the magnitudes of the
enhancement are different between these two types of Ti displacements; the
variations of the Ti displacement relative to oxygen atoms are smaller than
those relative to Ba atoms. This small off-center displacement relative to
TiOg octahedra indicates the necessity of order-disorder components in ad-
dition to displacive components.

Simple displacive model

Provided that all atoms were allowed to move only in the (001) direction,
observed results in this study would contradict previous studies. In this case,
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the difference between the two types of Ti displacements should be explained
as the movement of entire TiOg4 octahedra alongside the partial displacement
of Ti atoms in the octahedra, as shown in Fig. 6.10. These displacements
are not intuitive responses under applied electric fields. If all constituent
atoms were completely ionic, Ba and Ti ions with positive charges would
have moved in a direction opposite to that of oxygen ions. Therefore, the
existence of strong covalent bonds is required for the Ti and O movements
in the same direction. Though Ti-O covalent bonds exist in BaTiO3 [20],
the Ba—O covalency is weak and inadequate to occur the entire movement of
TiOg octahedra.

FElectric field A

Q } &
Electric field

o

Fig. 6.10: Structural model of BaTiO3 under electric fields based on the
displacive model, where atoms move only in the (001) direction. Note this
model is not proposed in this study; The entire movement of TiOg octahedra
is hardly considered to occur in BaTiOs.

This TiOg movement is related to the normal vibration mode called the
Last mode in the displacive model [103]. The eigenvector of the Last mode
is consistent with atomic displacements described in Fig. 6.10. Hence, the
entire TiOg movement is realized if the Last mode is softened in ferroelectric
phases. In PbTiO3, where Pb—O covalent bonds exist as well as Ti—O covalent
bonds [20], the soft mode is Last type [104, 105]. However, the soft mode in
BaTiOj3 can be approximated by the Slater type [105], where Ti atoms move
in the opposite direction to oxygen atoms [28]. It has been also revealed
by X-ray diffraction measurements that BaTiO3 and PbTiOg3 in the cubic
phase show the Slater and the Last type of atomic movements under applied
electric fields, respectively [106]. These previous reports disagree with the
atomic displacements shown in Fig. 6.10. This structural model is based
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on the assumption that atomic displacements are constrained in the (001)
direction. It is required to modify the structural model by employing order-
disorder characters.

Coexistence model of order-disorder and displacive characters

Although the enhancement in Ti displacements under electric fields was ver-
ified by XAS techniques, a simple displacive model leads to an unphysical
structural model. It is essential to take into account the components of ab-
plane movements as well as c-axis movements. These planar displacements
correspond to local (111) displacements in the order-disorder model.

According to the order-disorder model, a local (111) Ti ordering is as-
sumed yielding four-site distributions ([111],[111],[111], and [111]) in the
tetragonal phase. While these site splittings are tiny and have never seen
by conventional diffraction measurements, large mean square displacements
(u?) (MSD) of Ti atoms or anisotropies of (u?) have been reported [14, 107].
Thus, order-disorder characters are assumed to appear in (u?) (p = 2,3, or
more).

The spatial distributions of Ti atoms in obtained RMC results were an-
alyzed to investigate order-disorder behaviors. Fig. 6.11a shows the ratio of
(u?)/{u?,) of Ti atoms, where (u?) and (u?,) are c-axis and ab-plane com-
ponents of MSD, respectively. The ratio nearly equals one without applied
electric fields, i.e., the Ti distributions are close to being spherical or cubi-
cal shapes. It was revealed that applied electric fields induced a reduction
in the ratio. This reduction distinctly shows the presence of the ab-plane
components, indicating the order-disorder characters in BaTiOj. It is clear
that these planar displacements of Ti atoms are linked to the rotation of Ti
displacements; The angle between T1i locations and the c-axis increases under
applied electric fields, as can be seen in Fig. 6.11b.
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Fig. 6.11: Spatial distributions of Ti atoms in obtained RMC results. (a)
Anisotropy of mean square displacements. (b) Average angle between Ti
relative positions from the center of TiOg octahedra and c-axis.

The reduction in the ratio (u?)/(u?,) implies the variation of the displace-
ments in the ab-plane is larger than in the c-axis. One possible explanation
for the large planar movements would be due to the anisotropy of inter-
atomic forces acting on Ti atoms. The Raman spectroscopy is sensitive to
interatomic forces because interatomic forces are strongly related to lattice
dynamics. The distinct differences of vibration modes in ab-plane and c-
axis are observed in the Raman spectroscopy. The dominant Raman peaks
in ab-plane and c-axis corresponds to the A(TO) peak at ~ 40 cm™! and
E(TO) peak at ~ 270 cm™!, respectively [108, 35, 109, 105]. These distinct
differences in Raman shifts indicate a relatively weak interatomic force and
a large oscillation amplitude in ab-plane.

Interatomic forces can be approximately estimated from the lattice vibra-
tion modes. In one of the simplest models, i.e., a harmonic oscillation of a
quantum particle, the expected value of square displacements 4?2 is obtained

by
- h 1
u? = — (n + —) , (6.14)

mw

where A is the Plank constant, m is the mass of the particle, w is the fre-
quency, and n is a quantum number. This oscillation is related to lattice dy-
namics and phonons in a crystalline material; The frequency w corresponds
to the Raman shifts. The quantum number n is determined by the Bose-
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Einstein distributions. The average value (u?) of particles is as follows:

h hew
2
= th 6.15
W) = 5 © {%BT} (6.15)
h
- at low T’
~ ZLBUJT . (6.16)
B at high T,

where kp is the Boltzmann constant and T is the temperature. As can be
seen in these expressions, the amplitude is large with low frequency. This es-
timation is rather simple to perform the detailed analysis of disorder effects.
However, the relationship between EXAFS and Raman measurements is
clearly revealed by theoretical and experimental reports [110, 111, 112, 113].
Thus, the anisotropy of MSD in BaTiOg is assumed to be correlated to the
anisotropy of phonons: the small frequency of the E(TO) mode in ab-plane.
It can be concluded that the comparative weak interatomic forces in ab-plane
induce the enhancement of (u?,) in BaTiO3 under electric fields.

Finally, the structural model under applied electric fields is proposed in
Fig. 6.12. This model takes into account the coexistence of displacive and
order-disorder characters. In this model, the average positions of Ti atoms
move towards the nearest oxygen atoms like the Slater type of movements.
Unlike the displacive model, applied electric fields induce the variations in Ti
distributions, including (111) directions. Since (111) directions are parallel
to Ba—Ti bonds, the enhancement in (111) components shorten Ba—Ti dis-
tances. On the other hand, (111) components have a relatively small influence
on the magnitudes of the Ti displacements from the center of TiO4 octahedra
because these movements contain the rotation of local displacements. Hence,
the variations in Ti displacements relative to O atoms are smaller than those
to Ba atoms, as revealed in Fig. 6.8, Fig. 6.9, and Fig. 5.15. The atomic
movements are also consistent with variations in the electronic states under
applied electric fields, as observed in Fig. 4.12. The short Ba—Ti distances
enhanced the Ba—Ti interaction, observed as the increase in the shoulder-
structure intensity or anomalous Born effective charges of Ba. Note that the
eg peak intensity is enhanced under electric fields, indicating the displacive
characters and enhancement in the covalency between Ti—O atoms. Without
any displacive characters, the Ti—O distance would be constant. Therefore,
the experimental results in this study support the coexistence of both dis-
placive and order-disorder characters.
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Fig. 6.12: Structural model of BaTiO3 under electric fields taking into ac-
count the coexistence of displacive and order-disorder characters.
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Conclusions

In summary, the electronic states and local structure in BaTiO3 were in-
vestigated under electric fields using X-ray absorption spectroscopy. The
electronic states were probed by the Ti K-edge XANES spectra, whereas
the local structure information was obtained from the Ba K-edge EXAFS
spectra. The XANES and EXAFS spectra have the capability providing a
unified description of both structure and electronic states since the physical
origin of XANES and EXAFS regions is identical except for the use of some
approximations depending on the photon energy. In this study, the Ti K-
edge XANES spectra were successfully reproduced by the structural model
obtained by the RMC refinement using Ba K-edge EXAFS spectra.

In Chapter 4, the electronic states under triangular AC electric fields
were observed by Ti K-edge TR-XANES measurements. Three characteris-
tic features in Ti K-edge spectra were studied, namely the pre-edge e, peak,
shoulder structure, and main peak. Using structural model simulations, it
was confirmed that Ti off-center displacements affect the increase in the e,-
peak intensity and decrease in the main peak intensity. Moreover, it was
observed that the shoulder structure intensity was enhanced by the Ti off-
center displacement and the lattice distortion. Both two structural variations
should shorten the Ba-Ti atomic distance, resulting in the enhancement of
the Ba contribution into Ti electronic states. Therefore, the Ba contribu-
tion to the ferroelectric property of BaTiO3 via electronic hybridization is
concluded experimentally using the novel TR-XAS technique.

In Chapter 5, the Ti off-center displacements relative to Ba atoms under
electric fields were observed using Ba K-edge EXAFS measurements com-
bined with RMC calculations. The RMC refinements with tetragonal con-
straints revealed the enhancement in the local Ti displacement under Elec-
tric fields. This enhancement was ~ 0.5 pm when compared without electric
fields, which is the same order of the magnitude as the lattice distortion
of BaTiO3 under electric fields, observed in the previous diffraction mea-
surements [18, 19]. This finding provides unprecedented quantitative and
experimental evidence for the enhancement of Ti off-center displacements.
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Further, simulated Ti K-edge spectra calculated from the obtained atomic
configurations showed the enhancement of the e, peak intensity. Although
the RMC calculations utilized single Ba K-edge EXAFS, the atomic config-
urations also reflected the local environment around Ti atoms.

In Chapter 6, the local Ti displacements were investigated based on both
Ti K-edge and Ba K-edge spectra. Quantitative analysis for Ti off-center
displacement relative to oxygen atoms was performed using experimental Ti
K-edge spectra. This analysis is based on the relationship between the Ti
off-center displacement and the e, peak intensity, as observed in theoretical
spectra [62]. The obtained Ti displacement agrees well with the RMC results,
indicating the validity of the local structural determination using Ti K-edge
XANES spectra. These results separately evaluated the magnitudes of local
Ti displacements within the TiOg octahedra and relative to the Ba lattice.
It is concluded that applied electric fields induce the variations in the spatial
Ti distributions. The obtained results in the present study demonstrate that
the coexistence of both displacive and order-disorder characters plays an
important role in the ferroelectric behavior in BaTiOs.

These findings and analytical schemes pave the way for understanding
local structures and electronic states related to macroscopic phenomena and
dielectric/ferroelectric properties, including variations in the Curie tempera-
ture and relaxor behavior, induced by chemical substitutions in BaTiO3 and
other ferroelectric systems.
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