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Abstract
My thesis research investigates photoinduced phenomena in ferroelectric electronic oxide
materials, with a focus on changes that occur on sub-nanosecond timescales and length scales
ranging from single unit cells to the mesoscopic ferroelectric polarization pattern. The
experiments employ time-resolved synchrotron X-ray diffraction and microscopy. A series
of X-ray diffraction experiments and theoretical calculations were employed in order to
understand photoinduced phenomena from a structural perspective. The dynamics of the
photoinduced phenomena were analyzed to obtain insight into the mechanisms of lightinduced structural effects in ferroelectric materials. Taken together, the results show that
bound charges due to the polarization discontinuity at domain boundaries or interfaces with
non-polar materials have an important role in photoinduced structural phenomena in
ferroelectrics with nanoscale domain patterns. The photoexcitation phenomena reported in
this thesis are excited by ultrashort optical pulse. Optical absorption is followed by a rapid
deformation of the equilibrium structure via a series of pathways that are reported in detail.
This thesis reports studies of photoinduced phenomena in three ferroelectric materials
system. The first results involve the dynamics of ferroelectric nanodomain patterns within
PbTiO3/SrTiO3 superlattices. Previous studies have found that the steady-state domain
pattern can be modified by changing mechanical and electrostatic boundary conditions. In a
series of in-situ X-ray diffraction experiments, we have discovered a photoinduced
transformation to uniform polarization state. Thermodynamic calculations reveal that the
uniform polarization state is energetically stabilized by the screening of bound charges. An
iii

analysis of the relaxation dynamics indicates that trapped charge carriers have an important
role in setting the concentration of mobile charge carriers. The results are reported in Ahn et
al., Phys. Rev. Lett. 119, 057601 (2017).
A second study involves low-strain BaTiO3 thin films. Photoexcitation leads to a
reorientation of the domain walls in this system on a sub-nanosecond timescale. The
reorientation is observed only in the room-temperature regime in which two phases of the
domain pattern coexist. Electrostatic calculations show that the domain wall reorientation
results from the screening of the bound charges at domain walls. An alternative model based
on an elastic response to optically induced expansion is not consistent with the experimental
results. The bound charges can arise due to roughness and disorder of the domain walls and
from weak in-plane polarization components, both of which are reduced in the hightemperature single-domain phase.
Finally, we report an optically induced transformation between structural phases of a
compressively strained BiFeO3 film. These structural phases have distinct electronic and
magnetic properties coupled to the crystal structures and thus the system has a potential to
enable properties to be manipulated significantly via this phase transformation. Timeresolved synchrotron X-ray diffraction microscopy showed the photoinduced phase
transformation on nanosecond timescale. Thermodynamic free energy calculations provide
insight into the phase transformation [Ahn et al., Phys. Rev. Lett. 123, 045703 (2019)].
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Chapter 1.
Introduction
Ferroelectric materials exhibit a spontaneous electric polarization in equilibrium in the
absence of external perturbations. A series of coupling terms to ferroelectric polarization
enable these materials to form complex free-energy landscapes, resulting in a formation of
complex phase diagrams and mesoscopic domain configurations. These free-energy
landscapes have been explored with epitaxial strain, temperature, and external electric field,
revealing distinct underlying mechanisms of phase transitions and fascinating nanoscale
phenomena in ferroelectric materials. Since a pathway of structural responses depends on
external perturbations, an investigation of transformation and timescale can be a platform to
discover new physics of ferroelectricity. Here, I introduce structural responses of
ferroelectric materials to ultrafast optical excitation with a focus on optically induced
transformation of mesoscopic polarization configurations and single unit cells. Employing
time-resolved synchrotron X-ray diffraction experiments, I discovered that a key element to
understand optically induced transformation and dynamics in ferroelectric thin films is the
bound charge which originates from the divergence of the polarization. Throughout a series
of X-ray diffraction experiments combined with theoretical calculations, all observations are
consistent with screening of bound charges by optically excitation.
In this chapter, I define ferroelectricity and give a brief history of ferroelectric perovskite
oxides. The depolarization field and the underlying physics of nanoscale polarization domain
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configurations are discussed. I also review the structural phenomena that result from optical
absorption in ferroelectric materials. Together, these phenomena show that ultrafast laser
pulses provide a route for optically driven structural deformation and transition of
mesoscopic polarization arrangements.

1.1. Ferroelectricity
Ferroelectrics are materials that meet two criteria: (i) They possess two or more stable
orientations of the spontaneous polarization in the absence of an electric field. (ii) The
direction of the polarization is reorientable by application of an external electric field. In
addition, these materials possess both pyroelectric and piezoelectric properties which
represent a temperature-dependent spontaneous electric dipole moment and an electrical
polarity upon application of stress, respectively, as shown in Fig. 1.1. The spontaneous
polarization in ferroelectrics occurs with broken inversion symmetry structure [1].
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Figure 1.1 A diagram illustrating that ferroelectrics are a subset of larger classes of
piezoelectric and pyroelectric materials. Figure adapted from ref. [2].

The dielectric constants of the ferroelectric materials at temperatures close to the near the
transitions between structural phases follow the Curie-Weiss law:
𝜀≈

𝐶
𝑇−𝑇

(1.1)

Here ε is the dielectric constant at temperature T and C is a material-dependent Curie
constant. If the high temperature phase is not ferroelectric, it is often termed as prototype
phase or paraelectric phase. Further discussions of the properties of ferroelectrics are
provided in ref. [1].
A history of the early discovery of ferroelectric materials is available in the literature [3,4].
Briefly, a recent review in the journal Nature Materials reports that the first discovery of
ferroelectricity material was presented at the American Physical Society in 1920 by Joseph
Valasek and then published in 1921 [5,6]. Sodium potassium tartrate tetrahydrate,
NaKC4H4O6·4H2O, known as Rochelle salt exhibited the remnant polarization and
reversibility in an applied electric field that are characteristic of ferroelectrics. However, due
to the complicated structure of Rochelle salt, the underlying physics of ferroelectricity was
not meaningfully developed until the discovery of the ferroelectricity in barium titanate,
BaTiO3, which has a much simpler crystal structure than Rochelle salt [7]. BaTiO 3 has a
perovskite ABO3 crystal structure in which the A-site and B-site cations are positioned at the
corners and body center, respectively, and oxygen anions are at the face centers. The oxygen
ions form an oxygen octahedron, as illustrated in Fig. 1.2.
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Figure 1.2 An illustration of the ABO3 perovskite oxide structure.

A phenomenological thermodynamic theory of ferroelectricity was developed before a
microscopic understanding was achieved. The great advantage of the thermodynamic
description of ferroelectrics is that a long history of accumulated data can used to predict
other thermodynamic measurables. The free energy is an expansion of even powers of the
polarization. The free energy of a ferroelectric material can be described as a double-well
potential as presented in Fig. 1.3(a). The Gibbs free energy, G, of a ferroelectric is given by
the following equation, which includes terms up to the 6 th power of the polarization [8,9]:
1
1
1
𝐺 = 𝛼 + 𝛽𝑃 + 𝛾𝑃 + 𝛿𝑃
2
4
6

(1.2)

Here P is the polarization, α and β are temperature-dependent functions, and γ and δ are
coefficients chosen in order for the free energy to have the double-well minimum. Typically,
α is a function of temperature, which allows the theory to describe the Curie temperature.
The two polarization states are separated by an energy barrier and the polarization state can
be switched by an applied electric field. The changes in the free energy due to an applied
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electric field can be computed by including a coupling term −E·P where E is the external
electric field. The effect of the applied electric field on the free energy curve is illustrated in
Fig. 1.3(b).

Figure 1.3 Plots of free energy curve of the ferroelectric state (a) in the absence of an
external electric field and (b) under a positive applied external electric field E.

Microscopically, the ferroelectric transition in perovskite crystals is linked to a change in the
position of the B-site cation with respect to the oxygen octahedra, as illustrated in Fig. 1.4.
The interatomic forces linked to the ferroelectric instability of perovskite oxides consist of
long-range Coulomb force and short-range repulsion force. The long-range Coulomb force
favors the broken symmetry and thus the ferroelectric state [10]. The short-range repulsion
force between the electron clouds of A-O, B-O, and O-O bonds is minimized for cubic
symmetry structure [11]. In general, hybridization between the B cation d orbital and the O
anion 2p orbital allows the short-range repulsion force to be weaken, which stabilizes the
ferroelectric state in perovskite oxides.
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Figure 1.4 A schematic of the arrangement of the B cation and oxygen anions and the
change of polarization following the microscopic arrangement. Figure adapted from
ref. [12].

Epitaxial strain is an important parameter in the study of ferroelectric thin films because it
can be precisely controlled through the growth of low-defect-density crystals on substrates
with selected lattice parameters. The two-dimensional mechanical constraint imposed on thin
films by the substrate, termed clamping, has an important effect on the phase diagrams of
epitaxial thin films. The phase behavior of thin films can be described with a Gibbs free
energy function that has been modified to include the elastic contribution to the free
energy [13]. The epitaxial strain can shift the transition temperature by hundreds of degrees.
The results can be dramatic, for example moving the phase transition of a SrTiO 3 thin film
to the ferroelectric state at room temperature, a transition that normally is expected to occur
at vanishingly low temperatures in bulk materials [14,15]. Changes in the mechanical
boundary conditions can modify the ferroelectric domain configuration because the domain
configurations depend on the balance between the mechanical and electrostatic contributions
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to the free energy [16–18]. A further review of the effect of strain on the ferroelectric
properties is given in ref. [19].

1.2. Depolarization field and ferroelectric domains
In a finite ferroelectric crystal, the polarization decreases discontinuously to zero at surfaces
or at interfaces with unpolarized materials. The bound charge due to the divergence of the
polarization is: [3]
𝛁 ∙ 𝐏 = −𝜌

(1.3)

Here ρb is the volume density of the bound charge. As illustrated in Fig.1.5(a), a ferroelectric
film with a thickness h in which the polarization is normal to the surface has a large bound
charge density at z = 0 and z = h. The width of regions with the bound charge are assumed
to be infinitesimal. Plots of the electric field E, and electric potential V across the thin film
are presented in Figs. 1.5(b) and (c), respectively. The electrostatic energy in a linear
dielectric medium is Felec = DE/2 where D is electric displacement field and E is electric
field [3]. The displacement field is given by D = ε0E+P, where ε0 is electric permittivity of
free space and P = ε0χE, Felec = ε0(1+χ)E2 = ε0(1+χ)V2/h2. The electric field due to the bound
charge along a direction opposite to polarization is termed the depolarization field Ed, which
destabilizes the ferroelectric state when the thickness of the thin film is very small [20].
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Figure 1.5 Plots of the film-depth dependence of (a) charge distribution, (b) internal
electric field, and (c) electrostatic potential. In a film with the thickness h, the direction of
ferroelectric polarization is upward.

The electrostatic energy of the ferroelectric thin film is reduced by forming regions with
polarization along different directions, termed domains. In an ideal case, the domain pattern
has spatial period Λ, as illustrated in Fig. 1.6. The pattern of bound charges alternates with
the same period so that the net charge on each surface is zero. The regions separating adjacent
domains is termed the domain wall. The creation of a domain wall increases the free energy
due to the polarization gradient and the lattice distortion in the regions near the domain walls.
The domain wall contribution to the free energy has been calculated for several ferroelectrics
and multiferroics [3,21–23].

9

Figure 1.6 180° domain configuration consisting of alternating domains with upward and
downward polarization with an in-plane period Λ.

The formation of domains reduces the piezoelectric effect and makes the detection of
spontaneous polarization difficult. The switching of the different polarization states by an
applied electric field proceeds via a motion of the domain walls. The velocity of the domain
walls is fundamentally limited by the sound velocity of materials, but this limit is not reached
in practice [24]. In real ferroelectrics domain wall pinning limits the velocity of domain
walls. In many cases, the pinning can become stronger following repeated switching cycles.
Eventually, the magnitude of the switchable ferroelectric polarization is decreased, an effect
termed polarization fatigue [25–27].
Modifying the boundary conditions can change the depolarization field and can change the
domain pattern. Metallic electrodes can screen the bound charges at the interfaces and can
avoid the formation of the domains. For example, first-principle calculations of a
SrRuO3/BaTiO3/SrRuO3 structure suggest that the ferroelectric instability can be retained in
2.4 nm-thick BaTiO3 thin film [20] and the chemistry of the electrode-oxide bonds plays an
important to role to screen the bound charge efficiently [28]. A similar effect on the bound
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charge density can arise from the chemistry of the interface layers, which can lead to the
formation of a ferroelectric ground state in a 2 nm-thick BaTiO 3 thin film [29].
Variations in the details of the screening and polarization can lead to a variety of new domain
pattern phases. Varying the chemical composition and epitaxial constraint produces a rich
domain phase diagram. Enhanced electric susceptibility can arise due to domain wall
fluctuations in systems near the domain phase boundary [30].
Other new domain configurations have been discovered in ferroelectric/dielectric thin film
superlattices. The electrostatic and mechanical boundary conditions in superlattices can be
varied by changing the compositions of the ferroelectric and dielectric layers and selecting
the substrate on which the thin-film is grown. The free-energy balance thus involves
contributions from the interplay between strain, depolarization field, and polarization
gradient [31]. The resulting polarization configurations can be far more complicated than the
domain pattern shown in Fig. 1.6. An ordered pattern of polar vortices and antivortices have
been discovered in PbTiO3/SrTiO3 superlattices. These superlattices exhibit tunable
piezoelectric and nonlinear optical responses that occur because of a domain phase transition
under an applied electric field [32,33].
Ferroelectric/dielectric superlattices can also host polar Skyrmions. These three-dimensional
distribution of the polarization in ferroelectric Skyrmions resembles the distribution of
magnetism in magnetic Skyrmions. The ferroelectric Skyrmion pattern exhibits a high
dielectric susceptibility that results from the non-collinear polarization configuration in the
zero-field state. This phenomenon has been previously impossible in uniformly polarized
ferroelectric materials [34].
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1.3. Ferroelectric domain walls
As briefly described above, the polarization and strain change both magnitude and direction
near domain walls. Domain walls separating regions with opposite polarization are termed
180° domain walls. In tetragonal ferroelectrics there is a large increase in the free-energy
associated with to rotating the polarization away from the conventional polarization
direction, often termed [001]. The 180° domain wall in this system is thus predicted to exhibit
Ising-type polarization rotation, as shown in Fig. 1.7(a) [35,36]. Recent theoretical
calculations suggest that mixed Ising-Neél type rotation in Fig. 1.7(b) can be formed and
even enhanced in epitaxial thin films by varying elastic constraints [22,37].

Figure 1.7 Schematics of polarization distribution across the domain wall exhibiting (a)
Ising-type and (b) mixed Ising-Neél type polarization rotation. Figure adapted from
ref. [37].

The width of the region near domain walls in which the polarization rotation occurs is the
domain wall thickness, which ranges from 0.5 to 20 nm [3,35,38]. The domain-wall
thickness also depends on the relative orientations of the polarization within the regions
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separated by the domain walls. For example, domain walls with zero divergence of
polarization (and thus zero bound charge) have a width of 1-2 nm [39]. The width of the
domain walls can be as much as 10 nm when there is a high bound charge density originating
from the polarization discontinuity [40]. The mechanism of broadening domain wall
thickness depends on the aggregation of charge carriers or accumulation of charged defects
on the domain walls. The charge can screen the depolarization field from the bound charges,
leading to a difference in the polarization orientation near the domain walls [41,42].
Regions near domain walls have a distribution of electronic properties dramatically different
from the domains. For example, electrical conductivity is observed at some domain walls in
in insulating ferroelectrics [41,43–47]. There are multiple proposed mechanisms for the
electrical conductivity. First, the electrostatic potential step originating from the bound
charges at the domain walls can lead to shifting of the energies of the states on one or both
sides of the bandgap, termed band bending [23,46,47]. In addition, mobile charge carriers
and charged defects accumulated near the domain walls to screen the bound charges at
domain walls can serve as mobile charge carriers [41].
The bound charge at the domain walls depends on the polarization discontinuity and
orientation of the domain walls. The domain wall orientation is set by a balance of the
electrostatic energy due to the bound charge and the elastic compatibility of between the
different crystallographic orientations on the two sides of the domain wall [48,49]. The
deviation of the domain wall orientation from its compatible geometry generates the
divergence of the polarization [44,45,48].
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The electrostatic potential built across the domain walls plays a part in the bulk photovoltaic
effect in ferroelectrics. Illumination can produce a photovoltage in BiFeO 3 that is larger than
the bandgap [50]. The domain walls separate excited electron-hole pairs and accumulate
electrons and holes on opposite sides of the domain wall [51]. This behavior was
experimentally upheld by examining the direction of the photoinduced current, which is
perpendicular to domain walls, with an analysis of the THz electromagnetic radiation emitted
by charge-separation-induced transient currents [52].

1.4. Photoinduced structural phenomena in ferroelectrics
The absorption of intense optical pulses in ferroelectrics often leads to an expansion of the
lattice termed, photoinduced structural deformation. In addition to the photoinduced
deformation, the absorption can also induce a transformation of the domain configuration.
This section reviews recent experimental and theoretical progress in photoinduced structural
effects and describes the mechanisms that have been proposed to explain this phenomenon.
To my knowledge, photoinduced strain in ferroelectric perovskite oxide materials was first
examined in (Pb, La)(Zr, Ti)O3-based materials in 1985 [53]. Despite interesting and
promising photoinduced effects, further exploration of the phenomenon was not made
seriously until the revitalization of the investigation of the photoinduced strain in other
perovskite oxide systems in the 2010s.
Microsecond-timescale light-induced size changes were discovered at that time in
multiferroic BiFeO3 crystals [54]. The light-induced deformation exhibits an angular
dependence on the polarization of the light polarization, in agreement with predictions based
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on the bulk photovoltaic effect [55]. Further investigation of the wavelength dependence of
the light-induced strain indicates that the largest and fastest deformation occurs when the
crystal is illuminated by above-band-gap light. Excited charge carriers thus contribute
significantly to the structural deformation [56]. The correlation between the excitation of
large charge carrier concentration by above-bandgap absorption and the photoinduced lattice
strain is further supported because the photoinduced strain and the excited charge carrier
concentration relax with the same characteristic times [57]. Ab initio studies of photoinduced
effects provide further insight [58,59]. Computational results predict that the screening of
the spontaneous polarization by excited charge carriers leads to the inverse piezoelectric
effect. This microscopic screening mechanism does not, however, explain the experimental
results in ferroelectric thin films in which the consideration of the depolarization field is
important.
The smaller thickness of thin films allows for much faster mechanical deformations than are
possible in bulk single crystals.

Much faster timescales of the photoinduced lattice

deformation can thus be explored in ferroelectric thin films than in bulk crystals. A further
advantage of thin films is that thickness of the ferroelectric layer can be selected so that the
optical absorption length is approximately equal to the layer thickness, which makes the
optically induced deformation more uniform [60]. Ferroelectric thin films of PbTiO 3 were
first examined to investigate the photoinduced strain using time-resolved x-ray diffraction
measurements [61]. The lattice deformation after optical excitation reached a maximum
within 10 ps [62]. A key aspect of the photoinduced strain in the PbTiO 3 thin film that the
optical excitation produces a lattice expansion along the out-of-plane direction. The
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expansion is important because PbTiO3 has a negative coefficient of thermal expansion in
this temperature regime. The optical effect can thus be distinguished from heating.
The experiments in PbTiO3 were explained using a model in which the photoexcited carriers
screen the depolarization field [61]. The depolarization field suppresses the polarization of
the PbTiO3 thin film under steady state conditions. The screening of the depolarization field
leads to an increase in the polarization and a corresponding expansion of the crystal.
Other studies have shown that continuous laser illumination induces a phase transition
between tetragonal and rhombohedral phases [63]. The mechanism behind the phase
transition originate from the photoinduced strain along the out-of-plane direction and lightdriven flexoelectric effect resulting from spatially inhomogeneous strain development upon
which the tetragonal phase is energetically stable. Photoinduced lattice deformation can also
break a paraelectric symmetry of SrTiO3, resulting in the emergence of metastable longrange order ferroelectric phase [64]. Intense terahertz field-induced dynamical phase
transition into a ferroelectric phase reveals that the coherent vibrational lattice displacements
excited by terahertz field lead to inversion-symmetry breaking in the nonequilibrium
state [65]. These results provide an implication that optical pulse may be an important route
towards a discovery of novel functionalities in broken symmetry structures which are
generally inaccessible on equilibrium phase diagrams.
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Chapter 2.
Synchrotron X-ray diffraction
The experiments presented in this thesis employ synchrotron X-ray radiation to investigate
optically induced structural dynamics and transformations in ferroelectric thin films. In this
chapter, the underlying physics of synchrotron X-ray radiation are introduced. The
presentation follows similar lines to the background presented in the book by Als Nielsen
and McMorrow [66]. The experiments were conducted at the Advanced Photon Source at
Argonne National Laboratory, a highly intense source of synchrotron radiation. Following
the discussion of synchrotron radiation, the basics of X-ray diffraction will be discussed.
Finally, the experimental arrangements used for time-resolved X-ray diffraction and X-ray
microscopy will be explained.

2.1. Synchrotron X-ray radiation sources
Synchrotron X-ray radiation arises from the acceleration of the circulating charged particles
in a storage ring. Typically, the particles are electrons, as at the Advanced Photon Source.
The usefulness of X-ray beams in experiments is typically quantified by the brilliance of the
X-rays, which measures of the number of photons per second within the narrow energy
bandwidth and angular range useful for experiments. Synchrotron radiation is much more
brilliant than sources such as rotating anode x-ray generators employed on campus. The
brilliance of synchrotron x-ray sources is higher by a factor of on the order of 10 10 than labbased X-ray sources [67].
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Synchrotron radiation is the electromagnetic field emitted as electrons are accelerated in
magnetic fields during their orbit in the storage ring. The simplest case occurs when the
electrons are accelerated in an inward radial direction to maintain their circular orbit. The
radiation in this course is termed bending-magnet radiation, which illustrates the physical
phenomena involved but is in fact a relatively weak source of X-rays in comparison with the
undulator sources discussed below. Figure 2.1 shows the principle of bending magnet
radiation from an orbiting electron of momentum p = mv, where m is electron mass and v is
the electron velocity. The acceleration occurs due to a constant magnetic field B. The Lorentz
force is F = dp/dt = −ev×B where e is the elementary charge. For relativistic particles with
relative particle energy γ = Ԑe/mc2 where Ԑe and c are the electron energy and the speed of
light, the force v2mγ/R leading to the centripetal acceleration is equal to the Lorentz force.
Thus, R = γmv/eB. When v ≈ c, R[m] = 3.3Ԑe[GeV]/B[T] [66] for a bending magnet radiation
source.

Figure 2.1 Bending-magnet radiation from an accelerating charged particle orbiting at
relativistic speeds. The radiation emitted from the charged particle is compressed into a
cone of radiation with an opening angle 1/γ. Figure adapted from ref. [66].
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Figure 2.2 (a) A schematic of the synchrotron accelerator facility. The electrons are
injected to the storage ring after the acceleration at LINAC and booster synchrotron. Red
lines are a pathway of injected electrons. (b) A section of the storage ring consisting of
bending magnets and insertion devices at third-generation light sources. Figures adapted
from ref. [68].

At the Advanced Photon Source of Argonne National Laboratory as illustrated in Fig. 2.2(a),
the electrons are accelerated in linear accelerator (LINAC) to 450 MeV at which the electrons
travel at relativistic velocities. [69]. The electrons are injected to and boosted to 7 GeV in
the booster synchrotron.
A second, far more brilliant, source of radiation is available at the Advanced Photon Source
and similar synchrotron light sources. The source consists of an arrangement of magnets
termed an undulator insertion device, positioned within a section between the bending
magnets of the storage ring, as shown in Fig. 2.2(b). Synchrotron light sources with these
insertion devices are termed third-generation light sources.
Figure 2.3 shows a schematic of the undulator. The undulator consists of an array of magnets
generating an alternating magnetic field along the path of the charged particles. The
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alternating fields causes the charged particles are forced to oscillate in the horizontal plane
and to radiate at each oscillation. The electromagnetic fields add in phase as long as the
angular oscillations of the charged particles are on the order of γ-1.

Figure 2.3 A schematic of the undulator in which the electrons are forced to oscillate in
the horizontal plane. Figure adapted from ref. [66].

The time structure of the X-ray beam depends on the filling patterns at the Advanced
Photon Source. The standard 24-bunch mode refers to a filling pattern in which 24 electron
bunches with the pulse duration of 100 ps (FWHM) are equally spaced in the storage ring.
The interval between pulses is 153 ns, as shown in Figure 2.4 [70]. The storage ring
provides a revolution clock signal P0 with a period matching the time required for a single
bunch to make a full revolution of the storage ring. This orbit time is 3.678 μs. A further
352 MHz signal synchronized to the radiofrequency cavities used to accelerate the
electrons is also provided to synchronize experiments with the storage ring with high
timing precision [71].
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Figure 2.4 Time structure of standard 24-bunch mode operated at the Advanced Photon
Source.

2.2. X-ray Diffraction
X-ray diffraction is a phenomenon in which an X-ray beam is scattered to specific angles by
a periodic sample, typically a crystalline material. The wavelength of hard X-rays closely
matches the spacing between atoms in crystalline solids. For example, X-rays with a photon
energy of 12.4 keV have a wavelength of 1 Å. The amplitude of the X-ray scattering depends
on the density of electrons. The positions of the atoms can thus be determined with subAngstrom scale precision, providing important insight into the structure of the crystal. The
key physical phenomenon of X-ray diffraction is that strong x-ray reflections occur under
conditions in which there is constructive interference of scattered X-rays.
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Figure 2.5 A schematic of X-ray scattering from a cubic structure with primitive lattice
vectors with a1, a2, and a3.

Figure 2.5 shows a schematic of X-ray scattering from a crystalline material. The electric
field wave of the incident X-ray beam at position r is Ein = E(in,0)ei(kin·r−ωt) where E(in,0) is the
amplitude of the electric field, kin is the wavevector, and ω is the angular frequency. In the
semiclassical electrodynamic picture, the scattering occurs due to the oscillation of the
atomic electrons in the incident electric field. The radiated electric field has the same angular
frequency as the incident beam. The emitted electric field is Eout = E(out,0)ei(kout·r−ωt) where
E(out,0) is the amplitude of the radiated electric field, and kout is the wavevector of the radiated
electric field. For a single atom the radiated electric field is proportional to f(Q)eiQ·r where f
is the atomic form factor and Q = kin−kout is called the wavevector transfer. The magnitudes
of kin and kout are both 2π/λ where λ is the wavelength of the incident X-rays. The radiated
amplitude for all atoms is Σfj(Q)eiQ·(Rn+rj) where Rn and rj are the Bravais lattice vector and
the atomic positions within the unit cell, respectively. The amplitude can be decomposed
into two terms Σfj(Q)eiQ·rjΣeiQ·Rn. The first term Σfj(Q)eiQ·rj is called the unit cell structure
factor and the second term ΣeiQ·Rn the lattice sum.
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For an infinite crystal, the lattice sum is non-zero maximized only when Q·Rn = 2πn where
n is an integer. For a crystalline structure with primitive lattice vectors a1, a2, and a3 where
Rn = n1a1+n2a3+n3a3, Q·Rn = 2πn when Q = G where G is the reciprocal lattice vector
defined by

G = n1G1+n2G2+n3G3 where G1 = 2πa2×a3/{a1·(a2×a3)}, G2 =

2πa3×a1/{a1·(a2×a3)}, and G3 = 2πa1×a2/{a1·(a2×a3)}. The experimental X-ray diffraction
geometry for a cubic crystalline with a lattice constant a, n1 = 0, n2 = 0, and n3 = 2 is shown
in Fig. 2.6 in which the X-ray beam is incident on the sample with incident angle θIn.

Figure 2.6 X-ray diffraction with reciprocal lattice vector defined by n 1 = 0, n2 = 0, and
n3 = 2.

The atomic form factor itself arises atomic form factor f 0 by:
𝑓 (𝐐) =

𝜌(𝐫)𝑒

𝐐∙𝐫

d𝐫

(2.1)

Here ρ(r) is the charge density at position r. When X-ray absorption is taken into account
the form factor is:
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𝑓(𝐐, ℏ𝜔) = 𝑓 (𝐐) + 𝑓 (ℏ𝜔) + 𝑖𝑓′′(ℏ𝜔)

(2.2)

Here ħω is the X-ray photon energy, f´ is the dispersion correction, and f ̋ describes
absorption [66]. These dispersion corrections display resonant behavior at frequencies close
to atomic absorption edges. The atomic form factors that were numerically obtained are
given in refs. [72–75].

2.3. Time-resolved X-ray diffraction and microscopy
The experiments presented in this thesis require short X-ray pulse durations and high
brilliance of X-rays, both of which are available at synchrotron X-ray radiation facilities. In
this section, methods for time-resolved X-ray diffraction and microscopy are described. The
description emphasizes the X-ray focusing optics with other experimental arrangements at
the Advanced Photon Source of Argonne National Laboratory.

2.3.1. Time-resolved X-ray diffraction
The dynamics of condensed matter processes can be investigated using pump-probe
techniques. The phenomenon of interest is initiated by a repeating pump pulse and is the
probed by a later probe pulse. The experiment is often repeated thousands or millions of
times with different delays or other conditions in order to measure the time dependence of
dynamic phenomena. The experiments in this thesis employ time-resolved X-ray diffraction
measurements in which an optical pulse serves as the pump and a synchrotron X-ray probe
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pulse monitors the structural evolution. This section introduces the optical pump/x-ray probe
arrangements at station 7ID-C of the Advanced Photon Source.
The laser system at station 7ID-C is a Ti-doped sapphire laser consisting of a mode-locked
oscillator and chirped-pulse amplifier. Laser pulses with a central wavelength of 800 nm are
generated from the oscillator with a repetition rate of 88 MHz and 20 fs pulse duration. The
laser is synchronized to the 352-MHz low-level rf signal [76]. The laser oscillator pulses
seed the chirped-pulse amplifier, which outputs 60 fs pulses with a pulse energy of 3 mJ at a
1 kHz repetition rate. The second or third harmonics of the fundamental 800 nm pulses are
generated by nonlinear optical crystals, as required for experiments. The experiments
described in Chapters 4 and 5 employ frequency-doubled pulses with a central wavelength
of 400 nm. The experiments described in Chapter 3 employ a high-repetition-rate laser
source operating at 54 kHz, using a slightly different experimental arrangement described in
that chapter.
The delay between the laser pulses and X-ray pulses are is set electronically with a digital
phase shifter and delay generator (SRS DG 655). The delay can be adjusted from 20 ps to 1
ms [77]. A high-speed semiconductor photodiode is used to measure the arrival time of both
X-ray and optical pulses. Combined with a high-speed oscilloscope, a 30 ps rising edge can
be detected and is sufficient for achieving the temporal overlap between 100 ps X-ray and
and 60 fs optical pulses.
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2.3.2. Hard X-ray microscopy and X-ray focusing optics
The high brilliance allows synchrotron X-ray beams to be focused without significant loss
of intensity. The focused beams provide opportunities to investigate the structure of materials
on length scales ranging from micrometers to nanometer. The spatial resolution is essential
for research fields that require understanding the local structure. These features and their
variations on the nanometer length scale are, for example, sensitively coupled to the
electronic properties of quantum devices [78–80]. A complementary approach employs
objective optics to form images of samples using scattered x-rays. The diffraction limit for
x-ray imaging is d = λ/2NA where d is the resolution and NA is the numerical aperture of the
imaging optics.
The indices of refraction of materials at x-ray frequencies are only very slightly different
from 1 and have comparatively strong absorption in comparison with visible light optics.
These factors, and the short wavelength of x-rays, require different designs for focusing and
imaging optics than are commonly employed for visible-light optics.
For X-ray beam in the hard X-ray regime, changes in refractive index of materials is on the
order of 10-5 and thus diffractive optics are often used for X-ray focusing [66]. A binary
Fresnel zone plate, as illustrated in Fig. 2.7, was used to focus the x-ray beams for the
experiments presented in this thesis.
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Figure 2.7 Front and side views of a binary Fresnel zone plate. Figures adapted from
ref. [66].

Figure 2.8 shows the principles of focusing parallel X-ray beam by the binary Fresnel zone
plate. An arrangement of the binary Fresnel zone plates is set with the radius rm which is
defined such that the radiation from mth zone have a phase shift by mλ/2 relative to the
incident beam at a single focus point f and the radiated fields from successive zones interfere
destructively resulting in the large radiation at f. The radius of mth zone is rm ≈ (mλf)1/2. From
the Rayleigh criterion Δx = 1.22λf/D where Δx is the resolution and D = 2rM is a diameter of
the outermost zone M, the spatial resolution is obtained by Δx = 1.22ΔrM where ΔrM = rM −
rM−1is the width of the outermost zone [66].
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Figure 2.8 The principle of the focusing of a parallel X-ray beam by a binary Fresnel zone
plate. Figure adapted from ref. [81].

The experimental geometry of scanning X-ray microscopy is shown in Fig. 2.9. With the
Fresnel zone plate, a center stop is positioned at the center of incident X-ray beam to block
unfocused direct beam. An order sorting aperture is used for filtering the direct beam and
higher diffraction orders from the zone plate.

Figure 2.9 Experimental setup of hard X-ray focusing using the Fresnel zone plate (FZP),
center stop, and order sorting aperture (OSA).
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Chapter 3.
Photoinduced transformation of ferroelectric domains
In this chapter, I will introduce our time-resolved synchrotron X-ray study of the
photoinduced changes in mesoscale ferroelectric domain patterns in PbTiO 3/SrTiO3
superlattices, in which a series of domain patterns haven been discovered recently. I will first
give an overview on the underlying physics of ferroelectric domains and the photoinduced
deformation in ferroelectric oxide materials [Sec. 3.1]. Then, I will introduce the sample
preparation, ferroelectric/dielectric superlattice heterostructure, domain configurations, and
characterization methods [Sec. 3.2]. In Sec. 3.3, I will present the underlying physic of Xray interaction with periodic domain patterns.
Our in-situ X-ray diffraction results in the PbTiO3/SrTiO3 superlattices will be presented
[Sec. 3.4]. We observe a photoinduced reduction of the X-ray scattering from the
ferroelectric domain patterns accompanied by the out-of-plane lattice expansion. The
analysis shows that the reduction of the X-ray scattering arises from the region where the
lattice constants expand along the out-of-plane direction. The photoinduced changes are
inconsistent with the high temperature transition to paraelectric phase, but consistent with
electrically driven transformation to uniform polarization state [Sec 3.5]. Thus, we conclude
that the long range order of the domain patterns in the superlattices is optically transformed
to the uniform polarization state via the depolarization field screening by excited charge
carriers.
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Combined with the slow relaxation dynamics of the X-ray scattering shown in Sec. 3.6, we
will discuss a role of the trapped charge carriers in an increase in mobile charge carriers to
screen the depolarization field.
Lastly, I will make a summary and discussion of our study as well as an important implication
of this work [Sec 3.7].
The work in this chapter was conducted in collaboration with H. Wen (Argonne National
Laboratory) and M. Dawber (Stony Brook University). The results on the photoinduced
transformation in PbTiO3/SrTiO3 superlattices are published in Physical Review Letters 119,
057601 (2017) (ref. [82]).

3.1. Introduction
The understanding of underlying mechanisms of spontaneous formation of the equilibrium
nanodomains is a major theme in the field of nanoscale ferroelectric physics. The formation
of the nanodomains and the periodic polarization configurations are highly sensitive to
competing energetic contributions from the depolarization field due to the polarization
discontinuity, elastic stress, and strain gradients. The careful balancing of these contributions
is, thus, important to realize the theoretically predicted configurations, which are predicted
by the thermodynamics analysis based on Landau-Ginzburg-Devonshire (LGD)
theory [13,17,83–85]. Superlattice heterostructures consisting of ferroelectric and dielectric
layers are a unique platform for the realization of various nanodomain patterns providing
advantages to tune mechanical and electrostatic boundary conditions by adjusting the layer
composition, superlattice periodicity, and epitaxial strain by substrates [32,34]. One of the
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key physical parameters to tune the nanodomain patterns is the depolarization field arising
at the regions where the polarization is discontinuous [86–88]. The depolarization field can
be externally screened by supplying chemical adsorbates [89,90], charged oxygen
vacancies [91], or depositing metallic electrode [92], leading to the transformation of the
domain patterns.
The optical excitation has recently emerged as a new source to tune the structures in
ferroelectrics. For example, the optical excitation by light pulses induces a lateral motion of
the domain walls [93]. An expansion of the lattice in ferroelectric thin films is also led by
optical excitation arising on picosecond timescale and relaxing on nanosecond timescale
consistent with the timescale of electron-hole pair decay dynamics [57,61,62]. In the
suggested mechanism, the depolarization field screening by excited charge carriers is closely
linked to the polarization enhancement resulting in the lattice expansion. However,
investigations of the optical responses of the longer-range periodic polarization
configurations called the domain pattern has not conducted yet although the relationship
between the domain pattern and the depolarization field is well known. In this work, we
examine a ferroelectric/dielectric superlattice heterostructure, PbTiO 3-SrTiO3, where an
180°-type domain pattern is present. We show that above-band-gap light pulses can induce
the transformation of the domain pattern to the uniform polarization state, using in-situ
synchrotron X-ray diffraction experiments.
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3.2. Material and methods
A PbTiO3/SrTiO3 superlattice thin film with a thickness of 100 nm was prepared using offaxis radio frequency magnetron sputtering technique by Matthew Dawber’s group at Stony
Brook University for the optical excitation study [94]. The superlattices with a repeating unit
consisting of 8 unit cells of PbTiO3 (PTO) and 3 unit cells of SrTiO3 (STO) were epitaxially
deposited on a 20 nm-thick SrRuO3 (SRO) bottom electrode by a (001)-oriented STO
substrate as shown in Fig. 3.1(a). The termination layer of the superlattice thin film is STO
layer with patterned Au electrodes with 50 μm-diameter for electrical measurements. A
mismatch between in-plane lattice constants of heteroepitaxial PTO/STO thin film and STO
substrate results gives rise to compressive biaxial strain by 0.016, resulting in well-defined
180°-type stripe nano-domains with 8.3 nm period as illustrated in Fig. 3.1(b).

Figure 3.1 (a) A schematic of PTO/STO superlattice structure epitaxially deposited on an
SRO bottom electrode on an STO substrate. A repeating bilayer in the superlattice consists
of 8 unit cells of PTO layer and 3 unit cells of STO layer. (b) A sketch of 180°-type stripe
domain pattern in PTO/STO superlattice with a period of 8.3 nm. The directions of the
polarization P in domains are indicated by black arrows.
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To investigate electrical properties of the PTO/STO superlattice thin film capacitors, we used
a capacitance bridge, Andeen Hagerling 2500A. The excitation voltage of 10 mV rms is
applied with a frequency of 1 kHz to Au top electrodes. The measured dielectric constant
and dielectric loss factor tan δ at 1 kHz of the PTO/STO superlattices are 464 and 0.03,
respectively.
For an optical excitation of the PTO/STO superlattice film, the 10 ps duration optical pulses
with a wavelength and repetition rate of 355 nm and 54 kHz, respectively, were provided by
a Duetto laser system at station 7ID-D of Advanced Photon Source (APS) at Argonne
National Laboratory. The photon energy of the optical pulses was chosen to be above-bandgap of PTO and STO layers with 3.4 eV and 3.2 eV, respectively, of the nominal optical
band gaps [95,96]. The optical pulses were incident on the sample at normal incidence
delivered by a multimodal optical fiber and focused by an ultraviolet objective lens to 110
μm full width half maximum (FWHM) with a Gaussian spatial profile along the sample
surface [97]. The stage for mounting the objective lens and optical fiber was positioned on
an elongated metal bar attached to a sample stage in order to fix the illuminated area on the
sample while scanning the sample with the focused X-ray beam.
We define the incident intensity of the optical pulse to be a time-averaged power of optical
pulse divided by the spot size of the optical pulse on the sample surface. The time-averaged
power was measured with normal incident geometry of optical pulses on the screen of an
optical power meter, Newport 1918-R. With the measured incident intensities, the timeaveraged absorbed intensities, Iabs, were calculated with reported optical parameters of PTO
and STO using the equation:
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𝐼

= 𝐼 (1 − 𝑅)(1 − 𝑒

(3.1)

)

where Iin is the time-averaged incident intensity, R is the normal-incident reflectivity of
PTO/STO superlattices, α is the effective absorption coefficient of the superlattices at 355
nm-wavelength, and h is the thickness of the superlattice thin film. To obtain R and α of the
PTOS/STO superlattices, the effective refractive indexes of the superlattice structure were
calculated using an effective medium approximation [98]. The criteria to justify this
approximation is a thickness of a bilayer unit in the superlattices much smaller than the
wavelength. The bilayer consisting of 8 unit cells of PTO and 3 unit cells of STO is 4.4 nmthick, two order of magnitudes smaller than the incident wavelength. In this approximation,
the real and imaginary parts, neff and κeff, of the effective refractive indexes can be calculated
following equations:
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where nPTO and nSTO are real parts of refractive indexes and κPTO and κSTO are imaginary parts
of refractive indexes of PTO and STO layers [99,100]. xPTO is a volume fraction of PTO in
the repeating bilayer in the superlattices. The calculated effective refractive index of
PTO/STO superlattices is 3.32+0.15i. The effective reflectivity and absorption length are
R=0.27 and 1/α=194 nm, respectively. We note that an insignificant contribution of
reflectance at the superlattice/bottom electrode interface to the light absorption was
neglected [101]. We report the experimental results with regard to the time-averaged
absorbed intensity due to the observed relaxation time of optically induced structural
responses longer than the interval time between optical pulses.
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X-ray microdiffraction measurements were conducted to investigate optically induced
structural responses of the superlattices at station 7ID-C of APS. An X-ray photon energy of
11 keV was focused by X-ray focusing optics consisting of a Fresnel zone plate, an order
sorting aperture, and a center stop at a series of X-ray incident angles corresponding to the
002 superlattice reflection condition. The focused X-ray spot size was 355 nm FWHM in
diameter. The sample was mounted on stepper-motor-driven coarse translation stages on the
diffractometer and positioned for the diffraction geometry. Diffracted X-ray intensities were
measured with a two-dimensional pixel-array detector, Pilatus 100K, Dectris Ltd, positioned
on the detector arm of the diffractometer. A series of X-ray diffraction patterns on the
detector measured at various incident angles were used to reconstruct three-dimensional
reciprocal space maps.
Temperature-dependent study of PTO/STO superlattice was conducted by X-ray diffraction
measurements using a rotating-anode laboratory X-ray source at a photon energy of Cu Kα.
The sample was positioned on a button heater stage mounted on a goniometer head in a fourcircle X-ray diffractometer. The power was supplied to the heater stage via a DC power
supply (Agilent model E3633A). Temperature of the surface of the sample was measured
using K-type thermocouple. Diffracted X-ray intensities at various incident angles were
measured with a scintillation detector.

3.3. Ferroelectric domains in the PbTiO3/SrTiO3 superlattices
The formation of nanodomain patterns in the PTO/STO superlattices is driven to reduce the
free energy of the material system depending on mechanical and electrostatic boundary
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conditions. The mechanical boundary condition contributing to the geometric patterns of
nanodomains is mainly engineered by the epitaxial growth of thin films on single crystal
substrates [13]. Meanwhile, a factor contributing from the electrostatic boundary condition
to the nanodomain patterns is a formation of bound charges due to polarization discontinuity
at interfaces of ferroelectric layers. Thus, a change of electrostatic boundary condition is
realized by enhancing or mitigating bound charges, such as bound charge screening from
free charge carriers in top and bottom electrodes, supplying free charge carriers to the
material systems with a formation of vacancy sites, and changing volume fractions of
ferroelectric layers and

thickness of bilayers in ferroelectric/dielectric superlattice

structures. Recent advances of epitaxial growth techniques realizing atomic-scale layer-bylayer growth lead to accomplishments of the formation of several types of nanodomain
patterns including flux-closure, vortex-antivortex, and topological skyrmion patterns in
PTO/STO superlattices.
The spontaneous polarization in PTO layers is extended into the dielectric STO layers to
reduce the bound charges at the interfaces resulting in a formation of out-of-plane
polarization both in PTO and STO layers. The out-of-plane polarization in domains is
continuously changed across domain walls to be antiparallel with the polarization in
neighboring domains. The orientation of the domain walls does not have preferred
orientations. Due to the periodic shifts of Ti ions with respect to oxygen octahedra along outof-plane direction in PTO and STO layers, X-ray diffraction measurements are well suited
to study periodic domain patterns producing the ring of diffuse scattering around the
superlattice reflection of the PTO/STO superlattice as illustrated in Fig. 3.2 [102]. The ring
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of diffuse scattering appears at in-plane wavevector distance of ΔQxy=2π/Λ away from the
superlattice reflection where Λ is the domain period. The uniform distribution of diffuse
scattering intensity indicates that the orientations of the domain walls are distributed
uniformly along {100} direction. Here, we investigated the 002 superlattice reflection and
diffuse scattering from periodic domain patterns under a series of optical conditions to study
impacts of the optical illumination on the long-range polarization configurations.

Figure 3.2 A sketch of X-ray reciprocal space near the superlattice reflection involving
the domain diffuse scattering at a distance of ΔQxy=2π/Λ.

3.4. Photoinduced transformation of domain configurations
The static structure of nanodomain patterns was studied with the reciprocal space Qy-Qz plane
near the 002 superlattice reflection at Qx = 0 Å-1 as in the top panel of Fig. 3.3(a). The
superlattice reflection appears at Qz = 3.128Å-1 corresponding to 4.017 Å of an averaged outof-plane lattice constant of PTO/STO superlattice film. The diffuse scattering at the same Qz
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as the superlattice reflection but a different Qy of ±0.076 Å-1 is due to nanodomain patterns
in PTO/STO superlattices with a periodicity of 8.3 nm. The structure of nanodomain patterns
can be further investigated with Qx-Qy plane at the same Qz as the 002 superlattice reflection
in the bottom panel of Fig. 3.3(a). The diffuse scattering appears in the form of a uniform
ring, indicating that domain walls are oriented uniformly in the film.

Figure 3.3 (a) X-ray reciprocal space Qy-Qz plane (top panel) and Qy-Qx plane (bottom
panel) of the static structure of PTO/STO superlattice. (b) X-ray reciprocal space planes
under optical illumination of 1.3 W/cm2 exhibiting a reduction of the diffuse scattering
and the shift of superlattice reflection along Qz axis.

The reciprocal space around 002 superlattice reflection under the optical illumination by
absorbed optical intensity of 1.3 W/cm2 is shown in Fig. 3.3(b). The changes of diffraction
patterns around 002 superlattice reflection in the Qy-Qz plane are apparently observed at the
superlattice reflection and diffuse scattering. The superlattice reflection exhibits a shift to a
lower Qz accompanied by a significant reduction of the diffuse scattering intensity by 61%.
The shift of the superlattice reflection to the lower Qz indicates an increase in the out-ofplane lattice constant. The reduction of the diffuse scattering intensity from nanodomains
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can be induced by heating above the phase transition temperature and the transformation to
a uniform polarization configuration. The origin of the significant reduction of the diffuse
scattering intensity will be discussed in detail in Sec. 3.5 and Sec. 3.6.

Figure 3.4 Maps of the integrated intensity of the diffuse scattering from nanodomains
with (a) 0 W/cm2 and (b) 1.3 W/cm2 of absorbed optical intensity.

To examine whether the optically induced changes are localized or global phenomena, we
conducted scanning the sample with the focused X-ray beam and measured the integrated
intensities of the diffuse scattering. The maps in the absence of the optical illumination and
under the optical illumination of absorbed optical intensity of 1.3 W/cm 2 are shown in Fig.
3.4(a) and 3.4(b), respectively. The spatially confined area exhibiting the reduction of the
diffuse scattering intensity by the optical illumination is explicit in Fig. 3.4(b) confirming
that the decrease in the diffuse scattering is led by the optical excitation.
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Figure 3.5 Diffraction profiles of (a) PTO/STO superlattice reflection and (b) diffuse
scattering along Qz axis at various absorbed optical intensities.

Optical intensity-dependent study of the structural transformation of the PTO/STO
superlattice was conducted by measuring the 002 superlattice reflection and diffuse
scattering along Qz axis at a series of absorbed optical intensities from 0 to 7.4 W/cm 2 as in
Fig. 3.5(a) and 3.5(b), respectively. At an absorbed optical intensity of 0.7 W/cm 2, the
superlattice reflection did not shift and the decrease in the integrated intensity of the diffuse
scattering was not observed. The existence of the optical intensity threshold for the structural
transformation suggests that the process of the optical transformation may be non-thermally
driven. Under the optical illumination larger than 0.7 W/cm 2, the superlattice reflections split
to two distinct peaks with new intensity maximum at lower Qz values. It is thus evident that
a fraction of the volume of the superlattice film is optically transformed to a state with larger
out-of-plane lattice constants. The changes in the integrated intensity of the diffuse scattering
are evident only at the absorbed optical intensities larger than 0.7 W/cm 2. As shown in Fig.
3.3(b), the diffuse scattering from nanodomains did not shift along Qz axis, resulting in no
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diffuse scattering around the shifted superlattice reflection with the intensity maxima at
lower Qz. These changes of the diffuse scattering distribution around the superlattice
reflection indicate that the transformed region without periodic nanodomain patterns coexists
with the nanodomain regions in the PTO/STO superlattice. Further evidence for the
disappearance of the nanodomains in the transformed region was confirmed by comparing
the fractions of the untransformed regions with smaller lattice constants and nanodomain
regions. The contribution from the shifted superlattice reflection was extracted by fitting the
superlattice reflections with two Gaussian functions and integrating the intensities of the
shifted reflection. The fraction of the nanodomain regions was obtained by dividing reduced
integrated intensities of the diffuse scattering by the intensity without the optical
illumination. As in Fig. 3.6, the fraction of the untransformed region and nanodomain regions
have the same trend as a function of the absorbed optical intensity suggesting the coexistence
of the nanodomain region and the transformed region without periodic domain patterns. An
analogous observation of the coexistence of the nanodomain region and uniform polarization
region was reported in the electric-field-induced transformation study in a similar PTO/STO
superlattice thin film [103].
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Figure 3.6 Fraction of nanodomain region and untransformed region at various optical
absorbed intensities.

3.5. Depolarization field screening for domain transformation
The changes in the diffuse scattering from nanodomains in ferroelectrics may have two
reasons. First, the intensity of the diffuse scattering arises from the mesoscopic period of the
Ti ion displaced with respect to oxygen octahedra, which is associated with the polarization
in PTO/STO superlattice. Thus, the diffuse scattering is reduced when the polarization of the
superlattice is suppressed. For example, lattice heating above the transition temperature from
ferroelectric to paraelectric state results in a complete suppression of the diffuse scattering.
Second, the diffuse scattering does not exist when the displacement directions of all Ti ions
are arranged in one unique direction to be a uniform polarization state. This uniform
polarization state can be driven by modifying the electrostatic boundary condition such as
applying an external electrical field and supplying the free charge carriers from metallic
electrodes, chemical adsorbates, or charged oxygen vacancies [20,89–92,103–105].
To understand what mechanism leads to the transformation of the nanodomains by optical
excitation, we conducted temperature-dependent X-ray diffraction measurements of
PTO/STO superlattices from room temperature to 450°C. Averaged out-of-plane lattice
constants were measured with the 002 superlattice reflection as shown in Fig. 3.7(a). From
room temperature to 400°C, the contraction of the lattice constants was observed consistent
with a reported negative thermal expansion coefficient of PTO-based thin film on STO [106].
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The negative thermal expansion coefficient along the out-of-plane direction can be explained
with the decreasing trend of the out-of-plane polarization as a function of temperature and
the proportional relationship between the polarization and the square root of the lattice
constant. A trend of the lattice constants as a function of temperature above 400°C is changed
to be increasing indicating the phase transition to the paraelectric phase at 400°C.

Figure 3.7 (a) PTO/STO lattice parameters and (b) normalized integrated intensity of the
diffuse scattering measured as a function of absorbed optical intensity. Temperature
dependence of PTO/STO lattice parameters and normalized intensity of the diffuse
scattering. The PTO/STO lattice parameter at room temperature in the absence of optical
illumination is indicated by gray dashed lines in (a) and (c). The phase transition
temperature of 400°C is displayed with Tc in (c) and (d).

The intensity of the diffuse scattering from nanodomains was examined as a function of
temperature as shown in Fig. 3.7(b). The diffuse scattering intensity displays a monotonic
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trend up to 400°C and completely disappears above 400°. The disappearance of the diffuse
scattering is consistent with the changed trend of the lattice constant at 400°C. This
observation is a robust signature of the completely suppressed polarization at 400°C
accompanied by the phase transition to the paraelectric phase.
The structural changes of the PTO/STO superlattice by lattice heating were not agreeable
with a trend of optically driven changes. The lattice constants of the PTO/STO superlattice
exhibit an expansion along the out-of-plane direction with the saturation at high optical
intensity as indicated in Fig. 3.7(c). The saturation of the lattice expansion was consistently
observed in an optically excited PTO thin film [61]. The saturating behavior of the lattice
constants was attributed to screening of the depolarization field and bound charges with free
charge carriers excited by optical pulses. This is because the polarization in ferroelectric
materials is suppressed by the depolarization field, whose screening leads to an increased
polarization involving the lattice expansion. The intensities of the diffuse scattering display
a marked decrease above the threshold optical intensity of 0.7 W/cm 2 as shown in Fig. 3.7(d).
The distinct structural transformation by the optical excitation including the existence of the
threshold optical intensity and the lattice expansion rules out the lattice heating from the
origin of the optically driven transformation. All of these observations in optical experiments
can be understood as follows. Once the optical excitation excites free charge carriers in
PTO/STO superlattices, the excited charge carriers screen the bound charges leading to the
suppression of the depolarization field. The electrostatic energy cost from the depolarization
field, as a result, is reduced, which leads to the instability of the nanodomain formation. The
presence of the nanodomains costs the domain wall energy resulting from the strain gradient
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across domain walls. With a decrease of the electrostatic energy upon optical excitation
larger than the domain wall energy, the transition to the uniform polarization state is initiated
followed by the lattice expansion. The benefit of this mechanism is that it can explain the
existence of the threshold for the transformation. In equilibrium, the energy of the
depolarization field is significant stabilizing the formation of the nanodomains with domain
walls. This strongly suggests that the transition to the uniform polarization state occurs only
with a sufficient number of free charge carriers to fully suppress the depolarization field and
forbid the existence of domain walls.
To better understand the proposed mechanism with a theoretical framework, we performed
a Landau-Ginzburg-Devonshire (LGD) analysis. The LGD theory can be developed to
evaluate the stability of the nanodomain formation under electrostatic and mechanical
boundary conditions. We followed the formulation of the Helmholtz free energy density
involving an order parameter of P denoting the out-of-plane polarization developed by
Pertsev et al [13,15]. This formulation accounts for the mechanical boundary condition
considering a (001) ferroelectric and tetragonal thin film epitaxially grown on a cubic (001)
substrate. In the equilibrium state, the stress components along the out-of-plane direction
must be zero with no traction on the free surface. Since the in-plane strains from the lattice
mismatching between the film and substrate are commensurate, the in-plane shear strain is
zero. Under theses mechanical boundary conditions, the Helmholtz free energy density is
given as follows
𝐹 =𝑎 𝑃 +𝑎 𝑃 +𝑎

𝑃 +

(𝑐

+ 𝑐 𝑐 − 2𝑐 )𝑢
𝑐

(3.4)
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where ai, aij, and ajik are the Landau coefficients corrected for the mechanical boundary
conditions given in ref. [15], and cij is the elastic stiffness. In-plane strain due to the lattice
mismatching is considered by misfit strain, um = (b − a0)/b where b and a0 are in-plane lattice
constants of the cubic substrate and the free standing film, respectively. To account for
multilayer structure, the approach in which the free energy densities of components
consisting of multilayer structure are averaged considering the volume fraction of
components is the following equation.
𝐹

=𝑥

𝐹

+ (1 − 𝑥

(3.5)

)𝐹

Here, xPTO is a volume fraction of PTO layer in the repeating bilayer and FPTO and FSTO are
the Helmholtz free energy densities of PTO and STO layers. The property parameters of PTO
and STO used in the calculation are given in ref. [13,15].
The electrostatic energy density of the multilayer system in the equilibrium state is given
by [94]
𝐹

=

𝑥

(1 − 𝑥
𝜀 𝜀

)

(𝑃

−𝑃

)

(3.6)

where ε0 and εSL are the electric permittivity of free space and the dielectric constant of the
superlattice and PPTO and PSTO are the out-of-plane polarization in PTO and STO layers,
respectively. The electrostatic energy density must be positive when the magnitudes of the
polarization of PTO and STO layers are the same. In the case of thin thickness and small
volume fraction of STO layer in the superlattice, the same magnitude of the polarization is
induced in STO layer to reduce the electrostatic energy at the cost of the polarization in STO
layer. Here, the STO layer is three unit cells in the bilayer and the experimentally measured
polarization of the superlattice is close to the value of the polarization of the single crystalline
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PTO layer [94]. Thus, we assume that PPTO and PSTO in the superlattice are the same.
Therefore, the electrostatic energy density due to the polarization difference in PTO and STO
layers is zero. Another factor contributing to the electrostatic energy density is the
polarization discontinuity at interface and surface resulting in a formation of bound charges.
This is calculated as [3,107]
𝐹

,

1
= 𝜀 𝜀 𝐸
2

(3.7)

where Ed is the depolarization field due to the bound charges and given by
𝐸 =−

1−𝜃
𝜀 𝜀

𝑃

(3.8)

where θscr is the screening parameter and PSL is the polarization of the superlattice. θscr
represents a degree of screening of bound charges by excited free charges and is defined as
𝜃

=−

𝜌 ℎ
𝑃

(3.9)

where ρf is the free charge density.
The formation of periodic domains in ferroelectrics results in change in magnitudes and
directions of the polarization near domain walls. The electrostatic energy density due to the
difference between the polarization near domain walls and the saturation polarization was
involved the following equation [108]
𝐹

,

=

1.7(1 − 𝜃
4𝜋ℎ𝜀

) 𝑃 Λ
𝜀 𝜀

(3.10)

where εin and εout are the superlattice dielectric constants along parallel and perpendicular
directions with respect to the polarization.
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For a formation of domain walls giving the elastic strain distribution and the polarization
gradient across domain walls, the domain-wall formation energy must be considered in the
analysis. The domain-wall formation energy density of 180° type domain pattern has the
form [3]
𝐹

=

2𝛾
Λ

𝑃
𝑃

(3.11)

where γ0 is the domain wall formation energy at 0 K calculated in ref. [21] and P0 is the
spontaneous polarization at 0 K.
Considering all contributions, the total free energy density analysis was performed as follows
𝐹 =𝐹 +𝐹

,

+𝐹

,

+𝐹

(3.12)

from which we estimated the free energy density, out-of-plane lattice constants, and
polarization of the superlattice using the minimum-energy solution under various conditions.
First, the temperature dependence of the superlattices from room temperature to 700K was
analyzed in Fig. 3.8. The total free energy densities of the uniform polarization and
nanodomain states are shown in Fig. 3.8(a). The energy density calculation yields lower
energy densities of the nanodomain state than those of the uniform polarization state up to
analyzed temperature ranges indicating that the nanodomain state is preferred over the
uniform polarization state, consistent with the temperature-dependent X-ray diffraction
measurements. The calculated out-of-plane lattice constants shown in Fig. 3.8(b) exhibits a
change in the trend of the temperature dependence at 670 K, indicative of the phase
transition. The calculated phase transition temperature of 670 K is in agreement with the
measured transition temperature of 400°C confirming the validity of this calculation. The
monotonic trend of the decreasing diffuse scattering as a function of temperature is
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reproduced as shown in Fig. 3.8(c) in terms of normalized values of the square of the
calculated polarization. We choose the square of the polarization because the intensity of the
diffuse scattering is proportional to the square of the polarization [102].

Figure 3.8 (a) Temperature dependence of total free energy densities of the uniform
polarization state and the nanodomain state of PTO/STO superlattice. (b) Measured lattice
parameters of PTO/STO superlattice with calculated lattice parameters as a function of
temperature. (c) Normalized integrated intensities of the diffuse scattering and normalized
values of the square of the calculated polarization of PTO/STO superlattice as a function
of temperature.

We next study how the free energy densities of the uniform polarization and nanodomain
states change with free charge carrier density resulting in the variation of θscr. As in Fig. 3.9.
the nanodomain state is energetically preferred over the uniform polarization state at low θscr,
but high θscr enable the superlattice to form the uniform polarization state. The result of the
calculation shows a critical θscr of 0.78 corresponding to ρf = 2×1019 cm-3 for the
transformation to the uniform polarization state, which captures the experimental
observation of threshold optical intensity. The jump of the lattice constants accompanied by
the transformation is also reproduced by calculating the lattice constants of two states at θscr
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= 0.78. The agreement of the key features in this theoretical scenario suggests that the
nanodomain state is transformed to the uniform polarization state as the bound charges are
screened by excited free charge carriers suppressing the depolarization field.

Figure 3.9 Calculated total free energy densities of the uniform polarization state and the
nanodomain state at various screening parameters θscr. The dashed line indicates a critical
screening parameter for the transition between two states.

3.6. Dynamics of the optically induced transformation
We examined the time evolution of the optically driven structural responses of PTO/STO
superlattice to further provide insight into the associated mechanism of the optically induced
transformation. The time evolution of the lattice constants and the intensity of the diffuse
scattering of PTO/STO superlattice during and following optical illumination of 7.4 W/cm 2
is shown in Fig. 3.10(a) and 3.10(b), respectively. The observed relaxation timescales (τ)
following the optical illumination were extracted with single-exponential decay fits,
providing τ = 2.3 s for the lattice relaxation and τ = 8.4 s for the re-formation of the
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nanodomains. The timescales of observed structural responses are significantly slower than
nanosecond timescales of the relaxation dynamics reported in other oxide material [57].

Figure 3.10 Time evolution of (a) lattice parameter of PTO/STO superlattices and (b)
normalized integrated intensity of the diffuse scattering at absorbed optical intensity of 7.4
W/cm2. The time duration over which the optical pulses illuminate the superlattices is
indicated with the shaded area. Following the optical illumination, a single-exponential
decay function is fitted to extract time constants τ.

To explain all of the observations including slow relaxation dynamics, we propose a scenario
where the domain transformation arises due to the shifted quasi-Fermi level by trapped
charge carriers. The benefit of this scenario is that it can explain both the depolarization field
screening and the slow relaxation dynamics. First, as excited charge carriers are trapped at
defect sites such as oxygen vacancies, the equilibrium Fermi level is shifted to higher quasiFermi level. As a result, the number of mobile charge carriers increases during the lifetime
of trapped charge carriers. These mobile charge carriers can play a role in screening the
bound charges. The long lifetime of trapped charge carriers on timescales with the same
order of magnitude were observed in the same perovskite oxide family [109–112]. Among
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suggested trapping sites such as surfaces, defects, and domain boundaries, a significant role
of the oxygen vacancies in the trapped charge carrier lifetime was identified in an observation
of the largely shorten lifetime after annealing in an oxygen-rich atmosphere. In theory, the
oxygen vacancies is expected to form easily at the interfaces in PTO/STO superlattice [113].
In the study of the contribution of the trapped charges at the interfaces in ferroelectric
multilayers, the polarization or tetragonality can be enhanced as consistent with our
observation [114]. The trapped charge carriers at the interfaces could also change local
electrostatic balance releasing charge carriers as much as 10 17−1020 cm-3, which implies that
the nanodomain transformation can be induced by the trapped charge carriers.

3.7. Conclusions
In conclusion, X-ray microdiffraction probe is used to systematically study the optically
induced transformation of the nanodomain state to the uniform polarization state in
PTO/STO superlattice. We have experimentally affirmed that the observed domain
transformation is nonthermal and not due to lattice heating above the phase transition
temperature by conducting temperature-dependent X-ray diffraction measurements. The free
energy analysis based on LGD theory has captured the observed features of the threshold
optical intensity for the transformation and accompanied jump of the lattice constants at the
threshold intensity suggesting that the excited charge carriers drive transformation by
screening bound charges and suppressing depolarization field in PTO/STO superlattices. The
results of the study of the relaxation dynamics reflect that the trapped charge carriers with
long lifetime play the significant role in the optically induced domain transformation. The
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agreement in timescale of lifetime of charge carriers at oxygen vacancies and with
theoretically studied contribution of charge carriers at the interfaces in ferroelectric
multilayer enables us to conclude that the domain transformation arises due to the quasiFermi level shifted by trapped charge carriers.
The important implication of these results is that the polarization configuration inaccessible
via lattice heating can be realized by optical excitation. Most studies of the polarization
configuration in ferroelectrics have been performed by establishing equilibrium
thermodynamics phase diagrams as a function of temperature. Our study suggests a new
route to discover hidden polarization configurations with optical excitation. The epitaxially
grown superlattice structure is especially a platform to realize theoretically predicted domain
patterns by manipulating electrostatic and mechanical boundary conditions. Combined with
optical manipulation, new polarization configurations conventionally inaccessible are
expected to be discovered.
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Chapter 4.
Photoinduced reorientation of domain walls in BaTiO3 on
NdScO3
In this chapter, I will present our study of the photoinduced reorientation of ferroelastic
domain walls in a low-strain BaTiO3. In Sec. 4.1, I will discuss the physics of the domain
walls with focus on the distinct electronic properties originating from the bound charge
formation near the domain walls. Then, I will present sample preparation, sample properties,
and domain configurations in the sample in Sec. 4.2.
In Sec 4.3, our results of time-resolved synchrotron diffraction study of domain orientations
present the photoinduced domain wall reorientation inconsistent with the temperaturedependent domain wall orientation. The photoinduced domain wall reorientation is highly
suppressed at the high-temperature state as presented in Sec 4.4 where the structure
differences of domain configuration at room temperature and high temperature are discussed
as well. In Sec 4.5, from the qualitative and quantitative discussion about the mechanisms,
we conclude that the reorientation of the domain walls originates from the screening of the
bound charges at the domain walls formed due to the distortion of the domain wall
orientation. Analysis of the dynamics of the domain wall reorientation will also be discussed
in Sec 4.6. Finally, a summary of our study and its implication will be made in Sec. 4.7.
The work presented in this chapter is done in collaboration with H. Wen (Argonne National
Laboratory) and B. Noheda (University of Groningen).
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4.1. Introduction
Ferroelectric and ferroelastic domain walls recently emerge as a new platform to investigate
nanoscale physical phenomena in ferroelectrics due to observed novel properties near the
domain wall regions. The domain walls are the boundaries between adjacent domains with
different directions of the polarization and, thus, the polarization varies rapidly across the
domain walls accompanied with the crystal lattice distortion [49,115]. Due to rapid variation
of the polarization and the crystal lattice structure, the domain walls exhibit the distinct
properties such as room-temperature electrical conductivity near domain walls in electrically
insulating ferroelectrics [46–48]. The underlying mechanism of the electrical conductivity at
the domain walls contributes from two effects. First, rapid changes in the polarization across
the domain walls lead to the electrostatic potential step and the bound charge formation. The
bound charges across the domain walls drive mobile charge carriers in materials to be
accumulated near the domain walls, resulting in electrical conductivity. Second, the crystal
lattice distorted across domain walls exhibits strain-induced changes in the electronic band
structure. The results of theoretical analysis on various types of domain walls predict the
reduction of the electronic band gap of ferroelectric and multiferroic materials [21,46]. In
addition, the electrostatic potential step across domain walls has been experimentally
observed showing the efficient separation of photoexcited electron-hold pairs near the
domain walls [50–52]. These novel electrical and optical properties observed at the domain
walls provide opportunities of realizing new electronic and optical functionalities.
The key physical parameter contributing to the distinct properties near the domain walls is
the formation of the bound charges. The bound charges are generally screened by mobile

55

charge carriers because the formation of the bound charges at the domain wall costs the large
electrostatic energy. However, when the discontinuous polarization components are weak,
the bound charges can exist without screening, which is observed in an improper ferroelectric
material [49,116]. The existence of the bound charges at the domain walls leads to changes
in the boundary conditions that influence the orientation of the domain walls. Thus, the
domain wall can deviate from ideal elastically compatible orientation. This relationship
between the bound charge and the domain wall orientation is supported by experiments in
which localized electrical conductivity at domain walls is induced by rotating the domain
wall orientation with a nanoscale probe tip [44].
Optical excitation with above-band-gap light pulses present a new platform to investigate
nonthermal structural changes and transformation of the domain configurations in
ferroelectrics [57,61,62,82,93,117]. Optically induced lattice distortion exhibits the distinct
timescale of the dynamics from laser-induced lattice heating and its relaxation dynamics
show a correlation with excited charge carrier decay [57,82,93]. Also, the optical excitation
enables us to drive the ferroelectric system to new domain configurations which may be
inhibited to approach using lattice heating or epitaxial strain tuning [82,117].
In this work, we observe the optically induced domain wall reorientation in the low strain
BaTiO3 thin film using time-resolved synchrotron X-ray diffraction experiments. The optical
excitation drives the clockwise reorientation of the domain wallS from its equilibrium
position on nanosecond timescale. Thermodynamics analysis on the domain wall orientation
considering elastic stress and bound charge on the domain walls reveals that the domain wall
reorientation can be led by screening bound charges by excited charge carriers and the
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formation of the bound charges at domain walls originates from the domain disorder and
domain wall roughness due to the coexistence of two different types of domain patterns or
predicted weak in-plane polarization components.

4.2. Material and methods
A 78 nm-thick BaTiO3 (BTO) thin film was grown by Prof. Beatriz Noheda’s group at
University of Groningen in Netherlands using pulsed laser deposition with a Lambda Physik
COMPex Pro 205 KrF excimer ultraviolet laser [118]. The BTO thin film was deposited on
a 6 nm-thick metallic SrRuO3 bottom electrode on a (110)-oriented orthorhombic NdScO3
(NSO) substrate with a miscut angle of 0.05°−0.2°. For simplicity, we use pseudocubic
notation for the BTO film and the NSO substrate. Due to an in-plane lattice mismatch
between the BTO film and the NSO substrate, compressive strain along the [100] pc direction
and tensile strain along the [010]pc direction are induced to the BTO film. A subscript pc
refers to the pseudocubic unit cell. Anisotropic in-plane strains form a coexistence of two
types of ferroelastic 90º domain configurations called ca1/ca2 and aa*/ca* domains [119].
We selectively investigated the domain wall in the pseudo-tetragonal aa*/ca* domains as
shown in Fig. 4.1 in Fig. 4.1. Here a and a* represent the polarization aligned along [010]pc
and [100]pc directions, respectively. c refers to the polarization along [001]pc direction. The
aa*/ca* domain wall is parallel to (010)pc plane and rotated by approximately 45° with
respect to the substrate surface. The coexisting ferroelastic pseudo-orthorhombic ca1/ca2
domains consist of alternating polarization domains with in-plane polarization components
a1 and a2 and out-of-plane polarization component c. These two domain patterns are
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completely transformed to the a/c configuration above 70°C. In this study, we investigated
the dependence of the domain wall orientations of aa*/ca* domain patterns on optical
excitation mainly.

Figure 4.1 Schematic of the ferroelastic aa*/ca* domain pattern with domain period Λ in
the BTO epitaxially deposited on SRO electrode on the NSO substrate.

To study the temporal evolution of the aa*/ca* domain walls, time-resolved X-ray
diffraction measurements were conducted at station 7ID-C of APS at Argonne National
Laboratory. A photon energy and pulse duration of X-ray pulses were 9 keV and 100 ps,
respectively. X-ray probe beam was incident on the BTO film with a series of incident angles
corresponding to the condition of 002 BTO reflection. The diffracted X-ray intensities were
measured by two-dimensional pixel array detector (Pilatus 100K, Dectris Ltd). The detector
was positioned on the detector arm at 1.53 m away from a sample stage. The beam path from
the sample to the detector was filled with helium gas to reduce beam scattering. The sample
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was mounted on a lab-developed electric heater attached on the Huber six-circle
diffractometer. For optical excitation, optical pulses with a wavelength of 400 nm, 50 fs time
duration, and 1 kHz repetition rate were generated from Ti-Sapphire laser system. Optical
pulses with 570 μm FWHM were spatially overlapped with X-ray pulses at an incident angle
of θin + β where θin is X-ray incident angles with respect to sample surface and β = 15° as
illustrated in Fig. 4.2. Temporal synchronization of X-ray and optical pulses was achieved
by X-ray and optical pulse signals captured by an avalanche photodiode and observed on a
high-speed oscilloscope. Time delays t between X-ray pulse and optical pulse can vary from
20 ps to 1 ms using electronically controlled digital phase shifters.

Figure 4.2 Schematic of the time-resolved synchrotron X-ray diffraction.

Through the whole of this section, we present the measured data in terms of absorbed optical
fluence Fabs as follows
𝐹

=

𝑃
(𝛼 + 𝛼 )ℎ
∙ (1 − 𝑅) ∙ 1 − exp −
𝐴𝑓
cos(90 − (𝜃 + 𝛽))

(4.1)

where Pin is time-averaged optical power, A is the area of the optical pulse on the sample
surface, f is the frequency of optical pulses, α = 2.3×103 m-1 [93] is the linear absorption
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coefficient at 400 nm-wavelength, and h = 78 nm is the thickness of the sample. Here
reflectance R of the BTO film was calculated using the Fresnel equation for s-polarized light
accounting for the incident angle of optical pulses. The effect of nonlinear absorption αNL is
considered, which contributes significantly to the total absorption at 400 nm of the
wavelength [120]. The nonlinear absorption is calculated as in ref. [93].
Temperature dependent study of the BTO film was investigated at station ID01 of European
Synchrotron Radiation Facility in France to provide a comprehensive view of the dependence
of aa*/ca* domain wall on temperature. An X-ray photon energy of 8 keV was used and
diffracted X-ray intensities in the range of temperature from room temperature to 403 K were
measured by a charge-couple device (Zyla 5.5 sCMOS, Andor, Inc.) positioned at a distance
of 1.4 m from the sample.

4.3. Ferroelastic domain walls in low-strain BaTiO3
Ferroelastic domains can exist under the mechanical boundary conditions where different
crystal orientations become to have the same elastic energy enabled by the epitaxial strain.
For example, a formation of ferroelastic domains is realized in the BTO crystal with a
tetragonal structure when the in-plane lattice constant and the out-of-plane lattice constant
of the BTO crystal mismatch the in-plane lattice constant of substrates by the same
magnitude. Thus, the mechanical boundary conditions contribute mostly to the formation of
ferroelastic domains rather than the electrostatic boundary conditions dissimilar to the
ferroelectric domains.
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With the domain walls oriented along (010)pc direction with a periodicity, X-ray diffraction
experiments enable us to systematically study the aa*/ca* domain patterns in the BTO thin
film on the NSO substrate. X-ray diffraction intensity distribution in Qy-Qz planar section of
reciprocal space at Qx = 0 Å-1 near 002 BTO reflection is shown in Fig.4.3. Here, the
coordinates Qx, Qy, and Qz represent the wavevectors along the pseudo-cubic [100], [010],
and [001] directions of the NSO substrate. The 002 BTO reflection along Qz axis at Qy = 0
Å-1 appears with finite thickness fringes exhibiting a spacing corresponding to 2π/h where h
= 78 nm. Near the 002 BTO reflection, a streak of the diffusing intensities from high to low
Qz and from low to high Qy is observed. The streak is due to the existence of the equilibrium
aa*/ca* domain pattern. The appearance of the intensity maxima of the domain scattering is
at ΔQy = ±0.008 Å-1 corresponding to 2π/Λ where Λ is the in-plane period of the aa*/ca*
domain pattern. The measured period is 78 nm at 298 K. The diagonal distribution of the
domain scattering along Qz and Qy axis is due to the orientation of the domain wall with
respect to substrate surface. The angle of the domain wall orientation α is obtained from the
angle between the domain scattering streak and Qz axis, which is α0 = 42° at 298 K.
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Figure 4.3 A Qy-Qz plane of reciprocal space at Qx = 0 Å-1 near the 002 BTO reflection.
The top panel shows the intensity profiles obtained by integrating X-ray diffraction
intensities along Qz direction. The ±1 and ±2 orders of the domain scattering are indicated
by arrows.

The normalized intensity profile along Qy axis is obtained by integrating over Qz axis as
shown in the top panel in Fig. 4.3. The appearance of the intensity peaks at Qy = ±0.016 Å-1
is clear. The peak positions two times as large as that of the domain scattering at Qy = ±0.008
Å-1 indicate that these are the second orders of the domain scattering from the aa*/ca*
domain pattern. The second orders of the domain scattering exist when the volume fraction
of aa*- and ca*-domains are not equal because the even orders of the domain scattering are
prohibited to arise from a periodic structure with equal volume fraction. Throughout this
chapter, we label the first and second orders of the domain scattering as ±1 and ±2 orders
such that the negative orders indicate the domain scattering with intensity maxima at negative
Qy components. Here, we employ time-resolved X-ray diffraction to track the time
dependence of the amplitude and the peak position of the aa*/ca* domain scattering.

4.4. Domain wall reorientation induced by optical excitation
First, we examined the photoexcited domain patterns by investigating the ±1 and ±2 domain
scattering orders along Qz axis for Fabs = 2.4 μJ/cm2 as displayed in Fig. 4.4. The changes in
both the Qz maximum and the integrated intensity of the ±1 and ±2 domain scattering orders
after optical excitation are clearly observed. The amounts of the shifts of the Qz maximum
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for each domain scattering along Qz are different. The negative orders of domain scattering
exhibit smaller shifts than corresponding positive orders of domain scattering. The key
observation is a larger difference in the shift of the Qz maxima of ±2 orders of domain
scattering by a factor of two than that of ±1 orders. These observations are consistently
interpreted with an emergence of the domain wall reorientation. A detailed study of the
observed changes in the intensities of all domain scattering orders is out of scope of this
work, and thus will be provided elsewhere in future.

Figure 4.4 The time dependence of integrated intensities of the ±1 and ±2 orders of the
domain scattering measured at a series of the Qz wavevectors with Fabs = 2.4 μJ/cm2.

Next, we examined an overall shift of the domain scattering along Qz shown in Fig. 4.5(a) to
investigate the domain wall orientation of the aa*/ca* domain. The fractional changes in the
maximum Qz of the +1 domain scattering with Fabs = 2.4 μJ/cm2 exhibit a larger shift than
the −1 domain scattering within the probed range of delay times. The maximum Qz of the −1
and +1 orders of the domain scattering is shifted to lower Qz maximum by 0.006% and
0.015% at t=1 ns, respectively. The disparity in the shift of the +1 and −1 diffuse scattering
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orders suggests that the optical excitation leads to a change in the domain wall orientation.
Figure 4.5(b) shows the changes of the domain wall orientation Δα where Δα = α(t) − α0 and
α(t) is the angle of the domain wall orientation measured at delay time t. The reorientation
of the domain wall to a lower angle indicates the domain wall motion towards substrate
surface. The reorientation reaches a maximum around 1 ns and then relaxes on nanosecond
timescale. Note that the changes in the Qy maximum of the domain scattering after optical
excitation were observed to be negligible. We examine the domain wall reorientation at
higher optical fluences at 298 K in Fig. 4.5(c) exhibiting the monotonic trend of Δα as a
function of Fabs.

Figure 4.5 The time dependence of (a) the fractional change of the Qz maximum of the ±1
orders of the domain scattering and (b) the change in the domain wall orientation, Δα, with
Fabs = 2.4 μJ/cm2 measured at T=298 K. (c) The fluence dependence of the change in the
domain wall orientation measured at t=1 ns.

In principle, the domain wall orientation can be changed due to an increase in the lattice
temperature by laser heating because the lattice mismatch at the film/substrate interface
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changes due to different thermal expansion coefficients of the film and the substrate. We
performed temperature-dependent X-ray diffraction experiments at ESRF to confirm this
possibility. The angles of the domain wall orientation at various temperature from 298 K to
403 K were measured as shown in Fig. 4.6. The temperature dependence of the domain wall
orientation exhibits the nonmonotonic trend up to 343 K at which the domain transformation
of aa*/ca* and ca1/ca2 domains to a/c domains is complete. The increase in the domain wall
angle stems from a decrease of the tetragonality of the BTO film with increasing
temperature [121,122]. The inconsistent changes in and nonmonotonic trend of the domain
wall orientation as a function of temperature confirm that the optically induced domain wall
reorientation is nonthermal and rule out the lattice heating from the possible mechanism.

Figure 4.6 Temperature dependence of the domain wall angle, α, in the range of 298 K to
403 K. The shaded area indicates the temperature range in which the domain
transformation from aa*/ca* to a/c domain patterns occurs.

To further investigate the consistent domain wall reorientation in a similar type of domain
pattern, we conducted time-resolved X-ray diffraction experiments at 343 K where two types
of domain patterns at room temperature are completely transformed to the a/c domain
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pattern. The a/c domains consist of alternating in-plane and out-of-plane polarization
domains similar to aa*/ca* domains but with a complete suppression of a* polarization
component. The fractional change of Qz maximum of ±1 orders of the domain scattering with
Fabs = 6.5 μJ/cm2 is measured at 343 K as shown in Fig. 4.7(a). Strikingly, both the +1 and
−1 orders of the domain scattering exhibit the shift of Qz maximum by the same magnitude
within the examined time window. The measured values of Δα are close to 0° inconsistent
with the results in the aa*/ca* domain pattern as shown in Fig. 4.7(b). Figure 4.7(c) shows
a close examination of the fluence-dependent Δα indicating that the values of Δα at 343 K
are independent of Fabs.

Figure 4.7 The time dependence of (a) the fractional change of the Qz maximum of the ±1
orders of the domain scattering and (b) the change in the domain wall orientation, Δα, with
Fabs = 6.5 μJ/cm2 measured at T=343 K. (c) The fluence dependence of the change in the
domain wall orientation of the a/c domain pattern measured at t=1 ns and T=343K.
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4.5. Mechanism of ferroelastic domain wall reorientation
The absence of the domain wall reorientation at high temperature indicates that the observed
reorientation of domain walls depends on domain configurations. To explain all of these
observed results within a consistent framework, we suggest that the optically induced domain
wall reorientation is triggered by screening of the bound charges at the domain walls. The
reorientation of the domain walls toward the substrate surface is consistent with the motion
of the domain walls when the pre-existing bound charges at the domain walls are screened
as predicted by phenomenological phase-field method and thermodynamic energy
calculation [44,123]. The formation of bound charges at domain walls results from the
disorder of domain walls and domain structures due to inhomogeneous stress or
roughness [40,124]. At room temperature, aa*/ca* domain pattern coexists with different
type of ferroelastic ca1/ca2 domain pattern. Due to different structures of aa*/ca* domains
and ca1/ca2 domains, inhomogeneous stress can lead to the disorder of domain walls and
domain structures [121]. The benefit of this scenario is that it can explain the absence of the
domain wall reorientation in the a/c domain pattern.
To test this domain wall disorder scenario, the X-ray reciprocal spaces near the 002 BTO
reflection are examined. In Qx-Qy section obtained by integrating the diffraction intensities
along Qz wavevector from 3.105 Å-1 to 3.16 Å-1, two additional pairs of the domain scattering
are measured along the diagonal directions at 298 K as shown in Fig. 4.8 (a). These domain
scatterings arise from the coexisting ca1/ca2 domains with the domain walls aligned along
[110] direction [118,119]. The domain scattering of the ca1/ca2 domain pattern disappears
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completely at 343 K, which is consistent with the phase transition to the a/c domain pattern
from coexisting ca1/ca2 and aa*/ca* domains [118].

Figure 4.8 Qx-Qy sections of reciprocal space obtained by integrating diffracted intensities
along Qz wavevector along 3.105 Å-1 to 3.16 Å-1 at (a) 298 K and (b) 343 K.

We then investigate the width of ±1 orders of the domain scattering along Qx wavevector
which is a function of the degree of disorder of the domain structures and walls [102]. Figure
4.9 shows the Qx-Qz sections of ±1 orders of the domain scattering at 298 K and 343 K. Both
orders of the domain scattering at 298 K exhibits wider widths of the domain scattering along
Qx wavevector than 343 K which indicates a larger disorder of the domain structure at 298
K. Since the disorder of the domain structure and domain wall exhibits an increasing trend
as a function of temperature, the disorder of the domain structure at 298 K results from the
coexistence

of

two

ferroelastic

domain

patterns,

rather

than

temperature

difference [125,126]. Thus, we conclude that the room-temperature domain configurations
are disordered due to the coexistence of the two domain patterns, and thus the bound charge
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forms at disordered domain walls while the single domain pattern exhibits coherent
arrangement of the domains without the formation of the bound charges at domain walls.

Figure 4.9 Qx-Qz sections near (a) −1 and (b) +1 orders of domain scattering at 298 K and
(c) −1 and (d) +1 orders at 343 K.

We test two alternative mechanisms that may lead to the domain wall reorientation: (i) an
increase in the tetragonality due to lattice expansion along the out-of-plane direction, and (ii)
a reduction of aa*-domain width, which are experimentally observed in a bulk BTO
sample [93]. We assume that the domain wall reorientation proceeds through an
inhomogeneous depth-dependent motion of the domain walls as modelled in ref. [44] and
shown in Fig. 4.8. Here, the width of the domain wall is assumed to be infinitely thin. The
angle of the domain wall reorientation Δα is positive and negative for the domain wall motion
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towards the film surface and the substrate surface, respectively, which is consistent with the
Δα defined above.

Figure 4.10 Schematic of the domain wall reorientation Δα with the center of reorientation
at a point indicated by the circle. The positive and negative values of the Δα represent the
counter-clockwise and clockwise reorientation.

To predict an equilibrium domain wall orientation, we used a model in which the strain due
to lattice mismatch at domain walls and film/substrate interfaces is described with a
continuous distribution of infinitesimal edge dislocation as developed by Shapovalov et
al. [123]. In this model, the magnitude of elastic stress field is a function of the dislocation
density [16,127,128]. Due to different orientations of tetragonality, the densities of the edge
dislocation are different at film/substrate interfaces in aa* and ca* domains. The reported
elastic parameters of bulk BTO are used to compute the elastic energy [17].
We consider three elastic energy terms which result from the domain wall reorientation: (i)
the energy to move the domain wall to new position which is equivalent to the energy cost
to create a screw dislocation along a pathway of the depth-dependent domain wall motion,
(ii) the elastic interaction between the domain wall and the film/substrate interface in ca*
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domain, and (iii) the elastic interaction of the domain wall with the film/substrate interface
in aa*-domain.
The elastic energy density Uelastic due to domain wall reorientation Δα is calculated as
follows:
1
𝑤
(4.3)
= 𝑘 𝜖 (Δ𝛼) + 𝑘 𝜖 𝜖 Δ𝛼 + 𝑘 𝜖 𝜖 𝑓
Δ𝛼
2
ℎ
Here ϵT, ϵc, and ϵa are the strain due to lattice mismatch at domain wall, film/substrate
𝑈

interface in ca* domain, and film/substrate interface in aa* domain, respectively. f(w/h) is a
function of aa* domain width w and film thickness h, which is included to consider the
width-dependent elastic interaction between the domain wall and the film/substrate interface
in aa* domain. Here k1 and k2 are elastic constants defined by (1+ln 4)Yh/(π·(1−ν2)) and
Yh/(1−ν2), respectively, where Y and ν are the Young’s modulus and Poisson ratio of bulk
BTO [129,130]. Thus, the reorientation od the domain walls is obtained by minimizing U
with respect to Δα as follows:
−𝑘
Δ𝛼 =

𝜖 𝜖 +𝜖 𝜖 𝑓

𝑤
ℎ

(4.4)

𝑘 𝜖

First, we calculate the domain wall reorientation due to the lattice expansion along the outof-plane direction, which is 0.01% with Fabs = 2.4 μJ/cm2. The calculated value of the domain
wall reorientation by a change in the tetragonality due to the lattice expansion by 0.01% is
0.001° towards the film surface. The calculated value of the reorientation is two orders of
magnitude smaller than experimentally measured one with the opposite sign. Second, the
domain wall reorientation is calculated as a function of width of aa* domain from 40 nm to
0 nm. Since f(w/h) is a function of aa* domain width and a reduction of the aa* domain
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width leads to a decrease of f, the narrowing of the aa* domain width results in a decrease in
the elastic interaction between domain wall and film/substrate interface in aa* domain.
Figure 4.9 shows the calculated domain wall reorientation as a function of aa* domain width.
The result indicates the domain wall reorientation towards the substrate surface consistent
with the experimental result, but the magnitude of the reorientation is smaller than measured
values by a factor of five even when the aa* domain disappears completely, which is
inconsistent with intensity changes of the domain scattering. In addition, these changes due
to elastic distortion and change in domain width were observed in the ferroelastic single a/c
domain pattern, inconsistent with the absence of the domain wall reorientation in hightemperature a/c domain pattern [93]. These results suggest that the optically induced
structural changes are not responsible for the observed domain wall reorientation.

Figure 4.9 Domain wall reorientation Δα as a function of aa* domain width w.
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4.6. Sub-nanosecond dynamics of domain wall reorientation
We examined the timescale of the domain wall reorientation dynamics at various Fabs to
investigate the dependence of the reorientation dynamics on optical absorbed fluence. Figure
4.10 shows the time dependence of the domain wall reorientation Δα at Fabs = 2.4 μJ/cm2,
2.7 μJ/cm2, and 5.0 μJ/cm2. At all measured fluences, the evolution of the domain wall
reorientation to the maximized values is on the sub-nanosecond timescale and the followed
relaxation dynamics is on the nanosecond timescale. The observed timescale of the domain
wall reorientation is within the timescale of the lateral motion of the domain wall [131,132].
An important implication of consistent sub-nanosecond evolution and nanosecond relaxation
dynamics is that the mechanism of the domain wall reorientation proceeds via the domain
wall motion independent on the magnitudes of the absorbed fluences.

Figure 4.10 (a) The time dependence of the domain wall reorientation Δα with Fabs = 2.4
μJ/cm2, 2.7 μJ/cm2, and 5.0 μJ/cm2.
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4.7. Conclusions
In conclusion, the time-resolved synchrotron X-ray diffraction experiments enable us to
systematically investigate the dynamics of the domain wall reorientation in the low-strain
BTO thin film on the NSO substrate. We experimentally demonstrate the nanosecond
optically induced domain wall reorientation which is inconsistent with the lattice heating
results. Thermodynamic analysis of the domain wall orientation and time-resolved
experiments at high temperature highlights the important role of the locally formed bound
charges due to the roughness of the domain walls and the weak polarization component in
the domain wall orientation. Beyond the discovery of the photoinduced, transient changes in
the electronic properties near domain walls will potentially arise due to the electrically driven
reorientation. For example, the reorientation of the domain walls would modify local strain
gradients and oxygen octahedron axis near the domain walls resulting in the shifts of the
electronic band structure. Further, the optical excitation can produce the reorientation up to
1°, which would be limited to realize with elastic distortion such as epitaxial strain or
pressure by a nanoscale probe tip. Thus, this result has an implication that the optical
excitation offers a unique pathway to significantly reorient the domain walls. Not only does
this result provide insight into the underlying mechanism of the domain wall and its
orientation, it also, ultimately, paves the new way to optically manipulate ferroelectric and
electronic properties near the domain walls.
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Chapter 5.
Optically induced phase transition in BiFeO3
In this chapter, I will present our results on time-resolved synchrotron X-ray diffraction
microscopy of highly strained BiFeO3, a phase coexisting material exhibiting the
multiferroicity. First, I will start with a short overview of on the coexisting phases in this
compound and distinct structure, electronic and magnetic properties across the phase
transition [Sec. 5.1]. Then, I will detail the sample and characterization methods to detect the
phases with different lattice structure [Sec. 5.2].
In Sec. 5.3, I will present our study of the static structure of coexisting phases in BiFeO 3 on
micrometer length scale. We observe that the coexistence of phases is suppressed at regions
without a relaxation of the epitaxial strain, which is consistent with the formation of phase
coexisting region through epitaxial strain relaxation. Analysis of fractional changes in X-ray
scattering intensities after optical excitation and dynamics in Sec. 5.4 indicates the
photoinduced phase transition in which a motion of the boundaries separating adjacent
domains consisting of different phases occurs on nanosecond timescale. From the
thermodynamic free energy calculations, we conclude that the phase transition led by optical
excitation results from the out-of-plane lattice expansion [Sec. 5.5].
Finally, I will make a summary of our study and its implications in Sec. 5.6.
The work presented in this chapter is collaborated with Tao Zhou (European Synchrotron
Radiation Facility), Zhenlin Luo (University of Science and Technology of China), Zuhuang
Chen (Harbin Institute of Technology), Lang Chen (Southern University of Science and
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Technology), and Haidan Wen (Argonne National Laboratory). The results on the
photoinduced phase transition in the BiFeO3 are published in Physical Review Letters 123,
045703 (2019) (ref. [133]).

5.1. Introduction
Ferroelectric and multiferroic oxides with order parameters coupled with a series of external
stimuli such as applied pressure, stress, and electric or magnetic fields exhibit structural
phase transition through which dramatic changes in electronic and optical properties [134–
136]. Especially, enhanced sensitivities to external stimuli have been realized by placing the
system near a phase boundary using epitaxial strain or chemical substitution [137–139]. For
example, multiferroic BiFeO3 film can be placed near a phase boundary between tetragonallike and rhombohedral-like phases when grown epitaxially on a LaAlO 3 substrate and thus
the tetragonal-like and rhombohedral-like phases coexist at room temperature [137]. The
structure of both phases is monoclinic symmetry, but ferroelectric polarization is confined in
different crystallographic planes [140,141]. Due to the different directions of the
polarization, the phase transition leads to large piezoelectric response via the polarization
reorientation [142,143]. Further, the tetragonal-like phase exhibit weaker magnetic order
due to suppression of the canting of the antiferromagnetic sublattice than the rhombohedrallike phase, which enables the magnetic transition accompanied by structural phase
transition [144,145]. With respect to electronic and optical properties, significant differences
of Fe-O bond lengths and Fe-Fe distances result in a change in the electronic band structure
and thus differences in optical properties [146].
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A previous study demonstrated electrically driven transformation between the tetragonallike and rhombohedral-like phases [147,148]. Combined with Density functional theory, the
electromechanical distortion along the out-of-plane direction significantly contributes to
thermodynamic equilibrium state [149]. However, the timescale and the pathway of the
phase transition remain unanswered. The better understanding of the mechanism of the phase
transition in the BiFeO3 has a potential to provide a route towards the creation of
reconfigurable complex oxide electronic materials.
Photoexcitation with femtosecond above-band-gap optical pulses leads to a transient lattice
distortion along the out-of-plane direction in ferroelectric and multiferroic oxide materials
with magnitudes on the order of 1% [54,57,61,62,150]. The lattice distortion is electrically
driven by screening of surface and interfacial bound charges by excited charge carriers. The
magnitude of the optically induced lattice distortion would be sufficiently large to induce the
phase transition and thus the optical excitation provides a unique tool to systematically
investigate the phase transition pathway and dynamics [149].
Here, we demonstrated a nanosecond reversible phase transition between tetragonal-like and
rhombohedral-like phases in compressively strain BiFeO3 by ultrafast optical excitation.
Time-resolved synchrotron X-ray microdiffraction shows that the optically induced lattice
expansion and the intensity changes in each phase reflection are maximized within 1 ns after
optical excitation. Microscopy study with focused X-ray beam reveals that the changes in
the intensity occurs only in the regions where the tetragonal-like and rhombohedral-like
phases coexist pinpointing that the intensity changes arise from the phase transition. All
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observations presented here suggest that a motion of the phase boundary is the pathway of
the phase transition accompanied by the lattice expansion.

5.2. Material and methods
A 70 nm-thick BiFeO3 (BFO) thin film was epitaxially grown on a La0.7Sr0.3MnO3 (LSMO)
bottom electrode on a LaAlO3 (LAO) substrate by Prof. Lang Chen’s group in Nanyang
Technological University in Singapore [147]. Pulsed laser deposition was used with a KrF
excimer laser source with a wavelength of 248 nm. Due to the large lattice mismatch between
the BFO film and the LAO substrate, the BFO film is compressively strained biaxially by
−4.5%, leading to the formation of the tetragonal-like (T) phase. As the film thickness is
above 40 nm, the stored elastic energy is relaxed by the domain formation of spatially
alternating tilted rhombohedral-like (TR) phase and tilted tetragonal-like (TT) phase as
shown in Fig. 5.1 (a) [138]. The tilted phases denote that the lattice plane of tilted phases is
slightly tilted with respect to the lattice plane of the substrate and T phase. The TR phase is
tilted by ±3° along the [100] (or [010]) direction and ±0.5° along the [010] (or [100])
direction relative to the [001] direction. The tilt of the TT phase lattice plane is ±1.5° along
the [100] (or [010]) direction and ±0.4° along the [010] (or [100]) direction relative to the
[001] direction [151–153]. The number of orientations of the TT and TR phase domains is,
thus, eight as shown in Fig. 5.1 (b). The domains of TT and TR phases are surrounded by the
larger area consisting of the T phase. Spatial distribution of all coexisting phases in the BFO
thin film are discussed in detail in Sec. 5.3.
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Figure 5.1 (a) Schematic of the alternating TT and TR phase mixture. (b) Eight possible
orientations of the TT and TR phase mixture in a highly strained BFO thin film on an LAO
substrate.

To investigate the optically induced phase transition in the BFO thin film, we conducted
time-resolved X-ray microscopy at station 7IDC of APS at Argonne National Laboratory.
X-ray pulses with a photon energy of 11 keV were incident on the BFO thin film at X-ray
incident angles ranging from 13° to 17°. A pulse duration of X-ray pulse was 100 ps.
Diffracted X-ray intensities were measured by a two-dimensional pixel array detector
(Pilatus 100K, Dectris Ltd). X-rays were focused to a 400 nm FWHM probe spot by Fresnel
zone plate X-ray focusing optics.
To optically excite the BFO on the LAO substrate, optical pulses with a wavelength of 400
nm were generated from Ti-Sapphire laser system. The energy of the optical pulses is above
the band gap of the BFO on the LAO substrate [154–156]. The repetition rate and pulse
duration were 1 kHz and 50 fs, respectively. The spot size of the optical pulses was 170 μm
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FWHM on the sample surface. The temporal synchronization and delay between X-ray and
optical pulses was achieved as discussed in Sec. 4.2.
The results presented in this chapter are reported in terms of incident optical fluence defined
as follows
𝐹 =

𝑃
𝐴𝑓

(5.1)

where Pin is the incident optical power, A is the area of the optical pulses on the sample
surface, and f is the repetition rate of the optical pulses. The absorbed optical fluence as
defined in Sec. 4.2 is not appropriate here because the investigated BFO thin film has
coexisting tetragonal and rhombohedral phases at room temperature which have different
absorption lengths at 400 nm wavelength [146,155].
Temperature-dependent X-ray diffraction experiments were performed with a laboratory Xray source to investigate the temperature dependence of the structure of coexisting phases in
the BFO thin film. X-ray energy of Cu Kα was used and diffracted intensities were measured
with a scintillation detector positioned on the detector arm of a four-circle X-ray
diffractometer. Temperature of the sample varied from room temperature to 200°C using a
button heater and was measured with K-type thermocouple.
The full-field X-ray diffraction microscopy was employed at ESRF to complement the
results of X-ray diffraction microscopy experiments. An X-ray photon energy was 8 keV.
For imaging, a 50-element Be compound refractive lens objective was used. Measured
images were recorded using a charge-coupled device (Zyla 5.5 sCMOS, Andor, Inc.) which
was placed at 3 m from the sample to obtain a 250-nm effective pixel size. Due to the X-ray
projection angle, the resolution of the imaging along the beam direction was 650 nm.
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5.3. Static structure of coexisting phases in BiFeO3 on LaAlO3
The static structure of the BFO thin film on the LAO substrate was investigated by
synchrotron X-ray diffraction experiments with an unfocused 50 μm FWHM X-ray beam to
spatially average all coexisting phases in the BFO film. The reciprocal space map near the
002 T phase reflection was obtained by measuring diffracted intensities at a series of X-ray
incident angles from 13° to 17°. Figure 5.2 (a) presents the Qz-Qy plane of reciprocal space
at Qx = 0 Å-1. The 002 T phase, LSMO, and LAO reflections appear in order from low Qz to
high Qz at Qy = 0 Å-1. The appearance of the TT phase reflections and the TR phase
reflections at Qz = 2.69 and 3.02 Å-1 is clear at nonzero Qy values due to the tilted lattice
plane of the TT and TR phases. To better understand the formation of the TT and TR phase
domains, the Qx-Qy planes at Qz = 2.69 and 3.02 Å-1 are displayed in Fig. 5.2 (b) and (c).
The eight intensity maxima are numbered from 1 to 8 for the TT and TR phase reflections.
These eight maxima indicate that there are eight directions of tilt of the lattice planes along
[100] and [010] directions. The eight reflections of the TT phase are coupled with those of
the TR phase such that there are eight orientations of domains of tilted phases consistent with
previous studies [148,152].
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Figure 5.2 (a) The Qy-Qz plane of the X-ray reciprocal space near the 002 T phase
reflection at Qx = 0 Å-1. (b) The Qx-Qy plane of the reciprocal space at Qz = 2.70 Å-1. (c)
TR phase reflections in the Qx-Qy plane obtained by integrating the intensity distributions
from Qz = 2.70 Å-1 to 3.08 Å-1.

X-ray diffraction microscopy with focused X-ray beam was performed to identify the
coupling between the TT phase and TR phase domains. The spatial distribution of the TT
phase reflections numbered with 1 and 4 and the TR phase with 5 and 8 was investigated by
mapping the diffracted intensities of targeted reflections. The studied TT phase reflections
are referred as TT (1) and TT (4) phase reflections. The TR phase reflections are denoted by
TR (5) and TR (8) phase reflections. Maps of the integrated intensities of TT and TR phase
reflections are presented in Fig. 5.3. The area of the studied maps is 100 μm × 100 μm. The
maps of TT (1) and TR (5) phase reflections shows a clear correlation in the intensities
indicating that TT (1) phase coexists with TR (5) phase. The correlation in the intensities is
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found in the maps of TT (4) and TR (8) phase reflections. These spatial correlations in the
intensities indicate that the microstructures of oppositely tilted TT and TR phases are paired.
On the other hand, the intensity distributions of TT (1) and TT (4) phases are anti-correlated,
which suggest that the spatial coexistence of the differently tilted BFO phases is not
preferred. The anti-correlation in the intensity distribution is consistently observed in the TR
phase.

Figure 5.3 (a) Maps of the integrated intensities of the (a) TT (1), (b) TR (5), (c) TT (4),
and (d) TR (8) phase reflections probed by focused micro X-ray beams

The formation of the tilted phases is driven with the relaxation of the epitaxial strain
accompanied by an increase in the film thickness [137,157]. To better understand the
microstructure of the BFO film, we examined the local strain relaxation of the T phase and
the population of the tilted phases. As presented in Fig. 5.4 (a), the lattice constants of the T
phase along the out-of-plane direction were measured over the region indicated in Fig. 5.3
with arrows. The shaded area from 0 μm to 10 μm is a region exhibiting spatially gradual
reduction of the lattice constants from 4.67 Å which is a value of elastically unrelaxed T
phase thin film [158]. This reduction indicates that the relaxation of the epitaxial strain
occurs over the region through the formation of the tilted phases. Figure 5.4 (b) shows the
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integrated intensities of the tilted phases over the same region. The integrated intensities of
all tilted phase reflections are close to zero over the region from 0 μm to 10 μm due to the
suppressed formation of the tilted phases. This result can be understood with a consistent
framework of the elastic relaxation of the epitaxial strain via the tilted phase emergence.

Figure 5.4 (a) The lattice constants of the T phase BFO measured in the area indicated by
arrows in Fig. 3. (b) Profiles of the integrated intensity of the TR (5) and TR (8) phase
reflections. (c) The integrated intensities of the TT (1) and TT (4) phase reflections.

5.4. Photoinduced phase transformation via phase boundary
motion
To investigate the temporal evolution of the structure of the BFO film after optical excitation,
we performed time-resolved X-ray diffraction. The T phase structure was examined by
measuring the 002 T phase reflection as a function of Qz wavevector before optical excitation
and at 1 ns after optical excitation with Fin = 10.7 mJ/cm2 as shown in Fig. 5.5 (a). The lattice
expansion along the out-of-plane direction with a shift of the 002 T phase reflection along
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Qz by 0.16% is accompanied by a change in the integrated intensity of the 002 T phase
reflection by 8%. The change of the integrated intensity is not consistent with a previous
study of the rhombohedral BFO phase presenting no changes in the intensity with the
optically induced lattice expansion, which may suggest the phase transition from tilted BFO
phases [57]. To confirm this hypothesis, the time dependence of the integrated intensity of
the T phase, TT (4) phase, and TR (8) phase reflections was investigated with Fin = 10.7
mJ/cm2 as shown in Fig. 5.5 (b). Note that the probed area with focused X-ray beam only
consists of the T, TT (4), and TR (8) phases. The integrated intensity of the T phase reflection
increases for times up to 1 ns by 8% and relaxes on nanosecond timescale. The intensities of
the TT (4) and TR (8) phase reflections exhibit the reduction by 28% and 7%, respectively,
after optical excitation.

Figure 5.5 (a) Line profiles of the integrated intensity of the T phase reflection along Qz
before optical excitation and 1 ns after optical excitation with Fin = 10.7 mJ/cm2. (b) Time
dependence of fractional changes in the integrated intensities of the T, TT (4), and TR (8)
phase reflections with Fin = 10.7 mJ/cm2.
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In order to examine the changes in the intensity due to the phase transition from the TT and
TR phases to the T phase, the initial populations of each phase were determined as follows.
The fraction of the T phase reflection of the total diffracted intensity including the T, TT,
and TR phase reflections was 74% within the probed area. The fractions of the TT (4) and
TR (8) phase reflections were 14% and 12%, respectively. To account for the different
scattering factor of each phase, the structure factors of the tetragonal and rhombohedral BFO
phases were computed using the reported atomic positions [141,145,159]. In this calculation,
we assume that the T phase and TT phase have the same unit cell structure of tetragonal BFO
phase while the TR phase crystal structure is the rhombohedral BFO structure. The calculated
structure factor of the tetragonal phase is smaller than that of the rhombohedral phase by 8%
at 11 keV of the X-ray photon energy. Thus, the tetragonal BFO diffracts the X-ray beam
weaker than the rhombohedral BFO by a factor of 1.17 when the number of the unit cells of
the tetragonal phase and rhombohedral phase are the same. The computed initial populations
of the T, TT, and TR phases considering the structure factor difference are 75%, 16%, and
10%, respectively, matching a reported value of the phase population in the BFO films on
the LAO substrate with similar thicknesses [137]. The increase in the intensity of the T phase
reflection by 8% at 1 ns after optical excitation corresponds to the increase in the T phase
population from 75% to 81%. The populations of the TT and TR phases decrease by 5% and
1%, respectively, and the total reduction of the TT and TR phase populations matches the
increased population of the T phase.
In Fig. 5.6, the time dependence of the normalized intensity of the T, TT, and TR phase
reflections with Fin = 10.9 mJ/cm2 is shown. All normalized values of each phase reflection
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reach its maximum value at 1 ns after optical excitation and then relaxes over a longer period
of several nanoseconds. The relaxation of the intensity changes is nearly identical, which
suggest that the intensity changes by optical excitation originate from the phase transition
from the TR and TR phases to the T phase.

Figure 5.6 Time-dependent normalized intensities of the T, TR (8), TT (4) phase
reflections with Fin = 10.7 mJ/cm2.

To further confirm the phase transition from the TT and TR phases to the T phase, we
conducted time-resolved microscopy measurements with the focused X-ray beam scanning
1.2 × 200 μm2 area, which is indicated by arrows in Fig. 5.3. The lattice expansion at 1 ns
after optical excitation with Fin = 10.9 mJ/cm2 within the area is shown in Fig. 5.7(a). The
magnitude of the lattice expansion is independent of the probed positions, which reveal that
the lattice expansion does not depend on the phase population. The spatial distribution of the
intensity of the T phase before optical excitation and at 1 ns after optical excitation and
fractional change in the T phase reflection are shown in Figs. 5.7(b) and (c), respectively.
The intensity and its fractional change by optical excitation exhibit the significant variation
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as a function of probed position. The fractional change after optical excitation varies from 0
to nearly 20%. A careful analysis of the region presenting nearly zero change in the intensity
reveal key structural features. These regions consist of only T phase with the lattice constant
close to elastically unrelaxed T phase lattice constant and nearly zero the TT and TR phase
populations as discussed in Sec. 5.3. These observations indicate that the change in the
intensity of the T phase occurs only in the regions where the T, TT, and TR phase coexist.
Further, this result suggests that optically induced intensity change as signaling the phase
transition from the TT and TR phase to the T phase.

Figure 5.7 (a) The lattice expansion of the T phase BFO at 1 ns after optical excitation
with Fin = 10.7 mJ/cm2. (b) Integrated intensities of the T phase reflection before optical
excitation and 1 ns after optical excitation with Fin = 10.7 mJ/cm2. (c) Fractional change
in the integrated intensity of the T phase reflection at 1ns after optical excitation Fin = 10.7
mJ/cm2.
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The variation of the out-of-plane lattice expansion with Fin = 10.9 mJ/cm2 accompanied by
the phase transition is shown in Fig. 5.8. At 200 ps after optical excitation, the lattice
expansion was 0.14% and then reaches its maximum value of 0.16% at 1 ns. The fast
response of the lattice expansion over a couple of hundred picoseconds occurs on a timescale
of the propagation of a longitudinal elastic wave through the film thickness on the order of
tens of picoseconds, which is faster than the instrumental temporal resolution [62]. The
gradual lattice expansion from 200 ps to 1 ns does not match the timescale set by the acoustic
response. The possibility that the slow rise time originates from the slow thermal diffusion
is ruled out as follows. The thermal diffusion length is defined by √𝐷𝑡 where D is the thermal
diffusivity and t is the time needed for the extent of the heat to diffuse into the volume of the
material. The thermal diffusivity of the BFO film is D = 1.2 × 10-4 m2/s, giving √𝐷𝑡 = 350
nm t = 1 ns which is far larger than the thickness of the studied BFO film [57]. This result
indicates that the average temperature over the film thickness reaches its maximum at a far
shorter time than 1 ns.

Figure 5.8 (a) Time dependence of the lattice expansion of the T phase BFO with Fin =
10.7 mJ/cm2.
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To provide a complete thermal diffusion simulation, we numerically solved a onedimensional thermal diffusion equation following the method developed by D. A Walko et
al [160]. The modeled system was a 70 nm-thick BFO film on the LAO substrate. To account
for the thermal conductance at the interface, we used the interface heat transfer coefficient
of 0.8 GW/(m2K) for the SrRuO3/SrTiO3 interface because the coefficient of the BFO/LAO
interface is not available [161]. To simulate the absorption profile after optical excitation,
the absorption length of the rhombohedral BFO phase was used. The thermal diffusivity of
the LAO is take from ref. [162]. The computed results of the temperature depth profile of the
BFO film at selected times are shown in Fig. 5.9(a). The significant heat diffusion near the
film surface within 100 ps suggests that the average temperature of the film after optical
excitation relaxes faster than 100 ps. The computed average temperature of the film as a
function of time is presented in Fig. 5.9(b), consistently showing that the heat induced by
optical excitation diffuses sufficiently fast so that the average temperature reaches its
maximum within 100 ps. Thus, we ruled out the slow heat diffusion from the origin of the
slow rise time of the lattice expansion.
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Figure 5.9 (a) The computed depth profiles of temperature. (b) Time dependence of the
depth-averaged temperature of the BFO thin film on the LAO substrate.

The nanosecond rise time of the change in the intensity is consistent with a mechanism in
which there is the phase transition via thermodynamic shift. Further, the timescale is
compatible with the lateral motion of the phase boundary on nanosecond timescale. If the
phase transition arises through the lateral motion of the phase boundary, the slow rise time
of the lattice expansion may originate from the relaxation of the lattice clamping near the
phase boundary between the T phase and the TT and TR phases.
The dependence of the lattice expansion of the T phase and the intensity of the T, TT and TR
phase reflections on optical fluence is presented in Figs. 5.10(a) and (b), respectively. The
magnitude of the lattice expansion exhibits a monotonic trend as a function of optical fluence,
reaching 0.45% at 1 ns after optical excitation with Fin = 20 mJ/cm2. The increasing
monotonic variation of the T phase reflection is observed while the TT and TR phase
reflection show the decreasing monotonic trend. The monotonic trend of all phase reflections
is consistent with a picture in which the phase transition occurs via a continuous shift of the
energetic balance between the competing phases. The similar continuous phase transition of
the same material is observed in electric-field-driven transformation from R to T phases.
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Figure 5.10 (a) Fluence-dependent lattice expansion of the T phase BFO at 1 ns after
optical excitation with Fin = 10.7 mJ/cm2. (b) Fluence dependence of the T, TT, and TT
phase reflections at 1 ns after optical excitation with Fin = 10.7 mJ/cm2.

The differences between optical excitation and heating were examined by conducting
temperature-dependent X-ray diffraction measurements as shown in Figs. 5.11(a) and (b).
The lattice constants along the out-of-plane direction increase by 0.45% from room
temperature up to 110°C. Above 110°C, the contraction of the lattice constant up to 200°C
is shown. The integrated intensity of the T, TT, and TR phase reflections has a nonmonotonic trend as a function of temperature which is inconsistent with the optically induced
change in the intensities. The intensity of the T phase reflection decreases by 20% at 110°C
and this decreasing trend is consistent with the observed intensity change in the T phase
reflection in pure T phase BFO [163]. Heating above 110°C lead to the increase in the T
phase reflection intensity up to 200°C. The TT and TR phase reflection intensities exhibit
negligible changes during heating up to 130°C and then decrease above 130°C up to 200°C.
The reduction of the intensity above 130°C matches literature reports [164,165]. The
increase of the T phase reflection above 130°C originates from the phase transition from the
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TT and TR phases presenting the decreasing trend of the intensity as a function of
temperature above 130°C. However, the phase transition due to heating shows a feature
distinct from the optically induced phase transition, which is different trends of the lattice
expansion during the phase transition. The variation of the lattice constants of the T phase
during the high-temperature phase transition has the decreasing trend, which is opposite to
the optically induced phase transition. These observation enables us to rule out the hightemperature phase transition from the underlying mechanism of the optically induced phase
transition.

Figure 5.11 (a) Temperature-dependent lattice expansion of the T phase BFO. (b)
Fractional change in the integrated intensities of the T, TT, and TR phase reflections as a
function of temperature.

The observations of a simultaneous decrease in the TT and TR phase reflections are not
consistent with a previously proposed sequential phase transformation model in which an
initial phase transition between the TT and the TR phases is followed by a subsequent
transition to the T phase [153]. To understand all observations presented here, we propose a
mechanism of the optically induced phase transition in which the boundary between the T
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phase and the TT and TR phases progresses into the tilted phase regions during the phase
transition as illustrated in Figs. 5.12(a) and (b). The phase boundary motion picture for the
phase transition explains the simultaneous and continuous phase transition of the TT and TR
phases to the T phase on nanosecond timescale as discussed in this section. An observation
of a similar phase transition via the phase boundary motion into the tilted phase regions
accompanied by the transient expansion of the T phase has been reported using bandexcitation piezoelectric force microscopy [166].

Figure 5.12 (a) Top view illustration of the proposed mechanism of the optically induced
phase transition via the phase boundary motion.

5.5. Structurally driven phase transformation
The observation of the monotonic increase in the lattice expansion as a function of optical
fluence over the phase transition indicates that the optically induced phase transition is linked
to the lattice distortion along the out-of-plane direction. To investigate the physical effects
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of the lattice expansion on the energetic stabilities of the BFO phases, we performed a
Landau-Ginzburg-Devonshire analysis of the T and R BFO phases.
For the mechanical boundary condition of epitaxially grown thin films, Gibbs free energy G
is defined as follows [13,17]
𝐺=𝐺+

(5.2)

𝑢 𝜎

where un and σn are the strain and stress tensors following the Voigt notation. The standard
elastic Gibbs function G is given in ref. [13]. Under the mechanical boundary condition of a
ferroelectric thin film epitaxially grown on a thick cubic paraelectric (001) substrate, u1 = u2
= um and u6 = 0 where um is a misfit strain between the thin film and the substrate. Here, the
structure of the film is close to pseudocubic structure and thus shear stress tensors, σ3 and
σ4, are zero. To investigate the variation of the free energy as a function of the out-of-plane
stress and strain, u3 ≠ 0 and σ3 ≠ 0. Thus, the modified Gibbs free energy function G͂ is defined
𝐺 (𝑃, 𝑢 , 𝜎 ) = 𝛼 ∗ (𝑃 + 𝑃 ) + 𝛼 ∗ 𝑃 + 𝛼 ∗ (𝑃 + 𝑃 ) + 𝛼 ∗ 𝑃
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+
𝑠 +𝑠
2
∗

(5.3)

∗

Here, Pi is the polarization along i axis and sij is the elastic compliance. αi* and αij* are
renormalized Landau coefficients modified by the misfit strain and the stress along the outof-plane direction and defined as follows
𝑄
𝛼∗ = 𝛼 +
𝑠
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where αi and αij are the dielectric stiffness at constant stress and Qij are the electrostrictive
constants. The material parameters used in the calculation are taken from ref. [167]. In the
calculation, the external and internal electric fields are assumed to be zero.
To compute the spontaneous polarization with variations of the misfit strain, ∂G̃ /∂Pi = 0 is
solved as a function of misfit strain. The impact of the out-of-plane strain on the phase
stability was studied by computing the total energy density as a function of out-of-plane
stress. The out-of-plane lattice expansion ε3 was obtained by solving ε3 = −∂G̃ /∂σ3. For T and
R phases, we follow the polarization condition as described in ref. [151]: (i) the T phase
where the polarization is confined to the (010) plane and thus |P1| = 0, |P2| ≠ |P3| ≠ 0; (ii)
the R phase where the polarization is along the (110) plane and thus |P1| = |P2| ≠ 0, |P3| ≠ 0.
The computed total free energy densities of the T and R phases at various misfit strains are
presented in Fig.13(a). In this calculation, there is no force acting on the free surface and
thus the out-of-plane stress is zero. The identical energy densities of the T phase and the R
phase are at um = −4.3%, which is consistent with the reported phase boundary
condition [137]. The T phase is the equilibrium thermodynamic state under a larger
compressive strain than um = −4.3%. Under a smaller compressive strain condition than the
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phase boundary condition, the calculation shows the R phase as the stable thermodynamic
state.

Figure 5.13 (a) Computed free energy densities of the T phase and the R phase as a
function of misfit strain. (b) Calculated free energy density difference between the T phase
and the R phase as a function of out-of-plane lattice expansion at um = −4.3%.

To examine the thermodynamically stable state at various values of out-of-plane strain at um
= −4.3%, the difference between total energy densities of the T and R phases is shown in Fig.
5.13(b). The misfit strain was constant in the calculation because the substrate lattice constant
did not change during the optical experiment and the in-plane lattice constants along in-plane
direction was observed to be constant [57]. The result of the computed energy difference
indicates that the T phase is thermodynamic equilibrium state with the out-of-plane lattice
expansion without a threshold value for the phase transition which are consistent with the
time-resolved measurement. The picture provided by this thermodynamic free energy
computation agrees with a previous Density functional theory study [149].
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5.6. Conclusions
A time-resolved synchrotron X-ray diffraction microscopy is used to systematically study
the optically induced phase transition of a BFO on an LAO substrate. We have
experimentally demonstrated the phase transition to the T phase from the TT and TR phases
on nanosecond timescale. The agreement in timescale and a simultaneous reduction of the
TT and TR phase reflections indicates the phase transition via the motion of the phase
boundary as the underlying mechanism. The theoretical analysis by LGD equations
highlights the role of the lattice expansion in the optically induced phase transition.
Beyond the discovery of the underlying mechanism presented here, the observation of the
optically induced phase transition provides several important implications. First, the
observation of the phase transition due to the lattice distortion indicates that the
electromechanical distortion contributes significantly to the transition between phases on
nanosecond timescale. Further, the phase transition to the T phase from the TT and TR phases
suggests that the magnetic moment of the BFO can be suppressed by optical excitation
because the TR phase with a large magnetic ordering is transformed to pure T phase with
weak magnetic ordering [144]. Ultimately, this work provides a path forward to understand
the underlying mechanism of the phase transition with optical excitation and thus broadens
the potential to optically manipulate multiferroic properties coupled with structural phases.
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