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Abstract

The functionalities of ferroelectric materials are closely related to the switchable
spontaneous polarization and the polarization-structure coupling. A persistent effort has
been made since the discovery of ferroelectricity to understand and manipulate the
electronic and structural properties of ferroelectrics. Recently, studies of ferroelectrics
have been focused on novel materials, including ferroelectric/dielectric superlattices and
multiferroics that provide additional means to modify the functional properties. This
thesis provides an in-depth study of the coupling of the polarization with other degrees of
freedom, based on experimental measurements of the structural changes induced by

electric fields and optical excitation.

We have studied the mechanism associated with the transformation from a
nanoscale polarization domain state to uniform polarization in ferroelectric/dielectric
PbTiO5/SrTiOs superlattices. The switching process was probed using time-resolved x-
ray microdiffraction, which allowed us to follow the domain dynamics at their
characteristic nanosecond timescale. PbTiOs/SrTiOs superlattices exhibit a weakly
coupling between the polarizations of the component layers, and, as a result, the
competition between the energy associated with the depolarization field and the energy of
domain walls leads to the formation of stripe domains. The dielectric layers have a
smaller polarization than the ferroelectric layers. The formation of stripe domains and the
unequal distribution of the polarization have important consequences in the response of
the superlattice to applied electric fields. We found that the switching of the stripe

domains occurs heterogeneously at the submicron scale, with a timescale for switching



il
that depends on the magnitude of the applied electric field. Each component layer
responds differently to applied electric fields. The dielectric SrTiO; layers are initially
less polarized and thus exhibit a large distortion of domains before the transformation is
complete. A significant piezoelectric expansion of the SrTiO; layers is found after the

transformation to the uniform polarization state, which is consistent with the change in

polarization due to the elimination of stripe domains.

The second component of this thesis focuses on the structural response of
epitaxial multiferroic BiFeOs thin films to high electric fields and femtosecond laser
excitation. We have found that the piezoelectricity of a BiFeOs thin film deviates from its
low-field linear response in electric fields higher than 150 MV/m. The increase of the
piezoelectricity as well as a simultaneously observed increase in the diffuse scattering is
consistent with the softening of the lattice in the proximity of an electric-field-induced
phase transition. The sub-nanosecond structural dynamics of BiFeOs thin films were also
probed with time-resolved x-ray scattering following above-bandgap femtosecond laser
excitation. A photoinduced strain on the order of 0.5% develops within 100 ps after a lase
pulse with a 3.1 eV photon energy and a transmitted fluence of 6 mJ/cm”. Two potential
mechanisms are discussed for this expansion: a piezoelectric response to the screening of
the depolarization field in the presence of photoinduced carriers, and a mechanical
response to the large induced population of excited carriers. The relaxation of the strain
can be interpreted as a carrier recombination process, which is on the order of one
nanosecond depending on the film thickness. The widths of Bragg reflections increase

under large laser fluence, an effect that can be attributed to strain inhomogeneity.
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1 Introduction

The emergence of novel ferroelectrics promises to provide new ways to modify
the electric polarization, crystallographic symmetry and local structural distortion of
electronic materials. The fundamental interplay between different degrees of freedom
gives rise to a range of new phenomena, including nanoscale polarization domain
patterns [1], improper ferroelectricity [2], field-induced phase transitions [3] and bulk
photovoltaic effects [4]. A large number of studies have focused on the properties under
steady-state conditions or near equilibrium with relatively small external perturbations.
The dynamics of ferroelectrics in large applied fields or with large concentrations of
excited charge carriers, however, are much less well known. Theoretical calculations in
the far-from-equilibrium regime provide predictions of dynamical phenomena in
polarization domain switching [5] and ultrafast structural modifications [6]. This thesis
describes studies of the structural dynamics of ferroelectric/dielectric superlattices and
multiferroics at sub-nanosecond to nanosecond timescales based on time-resolved x-ray

microdiffraction.

Superlattices consisting of alternating ferroelectric and dielectric layers exhibit
ferroelectric properties that are distinct from the bulk forms of their chemical
components. In these superlattices, the spontaneous polarization of the ferroelectric layer
extends into the dielectric layers, with a magnitude that depends on the strength of the
coupling between the component layers [7]. In the weakly-coupled regime, the
polarization in the dielectric layers is smaller than in the ferroelectric layers [8]. In this

case, the polarization self-organizes into nanoscale stripe domain to minimize the total



electrostatic energy. Understanding the dynamics of these nanoscale domains is the key
to understanding the complex interplay of electronic and structural properties at the
interfaces within the superlattice. Chapters 3 and 4 describe the mechanism through
which an applied electric field causes these weakly coupled superlattices to transform to a
uniform polarization state and also discuss the role of the unequal distribution of

polarization between layers during the transformation [9, 10].

Multiferroics exhibit both ferroelectric polarization and spin ordering. Bismuth
ferrite, BiFeOs, is a prototype multiferroic, with ferroelectric electrical polarization and
antiferromagnetic magnetic order at room temperature. It is critically important to
understand the crystallographic structure of BiFeO; in response to external stimuli, in
order to achieve an eventual control of multiferroicity. Chapter 5 discusses an
enhancement of the piezoelectric coefficient in epitaxial BiFeOjs thin film in large electric
fields [11]. Chapter 6 shows that a large strain can be induced by femtosecond laser

pulses and that this strain subsequently relaxes on a nanosecond timescale [12].

Chapter 1 begins with an introduction of the basic concepts of ferroelectric
materials: polarization hysteresis, the relationship between atomic structure and
ferroelectric polarization, the formation of polarization domains, and piezoelectricity. A
brief overview of two classes of novel ferroelectric materials, ferroelectric/dielectric
superlattices and multiferroics, follows. Opportunities and challenges in understanding
the new ferroelectric properties will be discussed in two example systems,

PbTi03/SrTiO; superlattices and BiFeOs.



1.1 Ferroelectrics Oxides

The origin of ferroelectricity is closely linked to the polar displacement of ions
with respect to a centrosymmetric structure. The ferroelectric phase can be viewed as a
low-symmetry polar phase referred to a high-symmetry nonpolar structure. A
spontaneous ferroelectric polarization can thus only exist in noncentrosymmetric
crystallographic structures. Perovskite oxides are a family of ferroelectric with a chemical
formula ABOs. In the unit cell representation, the A-site and B-site cations and oxygen
anions occupy the corners, body centers and face centers, respectively. The atoms are
displaced away from their centrosymmetric positions so that the unit cell exhibits a dipole
moment. In Fig. 1.1, the B-site atomic displacement is exaggerated to show the
polarization-up and polarization-down states. In more realistic structures than the one
shown in Fig. 1.1, however, both A-site and B-site atomic displacements relative to the
oxygen octahedra can contribute to ferroelectricity. For example, the A-site atomic
displacement of Pb atoms in PbTiOs; is substantial due to the hybridization of Pb 6s and
oxygen 2p states, and is the main contribution to the spontaneous polarization [13].
Understanding the atomic origins of ferroelectricity is crucial to design new ferroelectric

systems including multiferroics.

The macroscopic symmetry breaking associated with the transition from the high-
temperature structure to the low-temperature ferroelectric phase is the result of the
atomic-scale coupling of the spontaneous polarization and atomic polar displacement.
The ferroelectric phase can be induced by varying temperature [14], hydrostatic pressure
[15], and epitaxial strain [16]. These phase transitions can be described by a Laudau

theory with the spontaneous polarization as the order parameter [14]. The transformation



between phases has important influence on structural and electronic properties. For
example, a divergence of dielectric constant occurs near the ferroelectric-to-paraelectric
transition at Curie temperature, as described by the Curie-Weiss law [14]. The effects of
phase transitions on lattice structure and polarization domains will be discussed more

extensively in the following chapters.

Figure 1.1 Unit cell representations for polarization-up and polarization-down states in a
perovskite ferroelectric.

The characteristic experimental feature of a ferroelectric is a spontaneous electric
polarization that can be switched under sufficiently large electric fields [14]. The
ferroelectric crystal structure can be thought of as exhibiting two or more metastable
states that differ in the direction of the spontaneous polarization. An applied electric field
favors the state with the polarization parallel to the electric field. The polarization state of

a ferroelectric can therefore be controlled with an external electric field.

The spontaneous polarization of a ferroelectric can be characterized
experimentally by acquiring a polarization-electric-field hysteresis loop. The

macroscopic polarization is usually measured by integrating the displacement current



flowing through a ferroelectric capacitor in a time-dependent electric field, typically a
triangle-wave-form electric field. Fig. 1.2 shows a hysteresis loop of a Pb(Zr,Ti)Os
ferroelectric thin film. The linear component of the hysteresis loop, evident at large
electric fields, arises from the linear dielectric polarization of the ferroelectric. The
polarization changes dramatically at the coercive electric field, 400 kV/cm in Fig. 1.2,
where a polarization switching process occurs. The key feature of a ferroelectric
hysteresis loop is that the switched polarization is conserved after removing the applied
electric field and that the polarization has different values depending on the history of
applied electric fields. The remnant polarization is measured from the hysteresis loops by
extrapolating the saturation values of the polarization from both the positive and negative
electric fields to zero applied electric field. The accepted value of the remnant
polarization is half of the difference between the two extrapolated zero-field
polarizations. In the example shown in Fig. 1.2, the spontaneous polarization is 45

uC/em?.
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Figure 1.2 Hysteresis loop of a 80-nm Pb(Zr,Ti)O; ferroelectric thin film. The applied
electric fields have a frequency of 100 Hz and a maximum magnitude of 8 V.



1.2 Polarization Domains

The fact that ferroelectrics can exhibit multiple polarization states is the basis for
their practical application in memory devices, which in turn drives extensive study of
domain formation and polarization switching [17]. The equilibrium arrangement of
polarization domains is sensitive to both electrostatic and mechanical boundary
conditions. Stripe domains are commonly found, with different orientations of
polarization in adjacent domains [18]. More complex domain patterns including flux-
closure domains have also been recently observed in ferroelectric nanostructures [19] and

at interfaces of ferroelectric thin films [20].

The depolarization field plays an important role in the formation of domains. The
depolarization field is a way of parameterizing the additional energy required to form a
polarized material with boundaries at which the polarization rapidly transitions to zero,
for example an interface between a ferroelectric and the vacuum. As is the case in
ferromagnetic materials [21], ferroelectrics with a uniform polarization are energetically
unstable in the presence of this depolarization field. The electrostatic energy associated
with the depolarization field can be reduced by compensating the bound charges due to
the polarization discontinuity, for example, with surface absorbates or with carriers
provided by metallic electrodes. However, the charge compensation cannot eliminate the
depolarization field completely, especially in ferroelectric ultrathin films [1, 22]. The
uniform state is thus often not observed and polarization domains, with a reduced net

polarization are instead formed.

Stripe domains with antiparallel polarizations are the simplest domain pattern and

have been studied as a model system. These 180° stripe domains have been found



experimentally, in PbTiO; thin films [1, 23] and in PbTi03/SrTiOs superlattice thin films
[9, 24]. The width of the domains in ferromagnetic materials is proportional to the square
root of the film thickness, known as Kittel’s law [18, 21]. In ferroelectric materials the
formation of stripe domains is a result of the competition between the electrostatic energy
of the depolarization field and the energy of creating domain walls [18]. Consider a
ferroelectric thin film with a thickness of 4 and a domain wall width of W, as shown in
Fig. 1.3(a). The corresponding electrostatic energy is proportional to W. The energy
associated with creating the domain walls of the stripe domain pattern is proportional to
the thickness and the domain wall density, proportional to 4#/W. Minimizing the total

energy consisting of energy of depolarization fields and domain walls, gives the result

that W o< , which is the Kittel’s law.

(a) W (b) (c)

N

l T 71° Stripes (Top View) G

RNV

180° Stripes (Side View) 71° Stripes (Side View) Vortices (Top View)

Figure 1.3 Schematics of domain patterns. (a) 180-degree stripe domains. (b) 71-degree
stripe domains from both top and side views. (¢) Domain vortices.

In ferroelectric thin films, the epitaxial stress is second driving force for domain
formation. The epitaxial stress results from a mismatch between the lattice constants of
the ferroelectric thin film and the substrate on which it is grown. The associated elastic
energy increases with the film thickness. For films thicker than a critical value, the

formation of mechanically distinct domains releases the elastic energy [25, 26]. Similar to



the domains driven by the depolarization field, the elastic domains form at the expense of
interfacial energy of domain walls. The equilibrium domain pattern exhibits different
configurations, depending on the crystallographic symmetry of the ferroelectric phase.
For example, in a rhombohedral ferroelectric thin film, 71° domains develop with 101-
family domain walls (Fig. 1.3 (b)) [27, 28]. The effect of polarization is equally crucial.
In this case, the polarization of neighboring 71° domains is arranged head-to-tail so that

the electrostatic energy is minimized.

Flux-closure domains exhibiting a novel polarization vortex consisting of
continuous dipole rotation have predicted to occur in ferroelectric nanostructures [29].
The mechanism of the vortex formation and the effect on the functional properties are
beginning to be understood. Evidence of flux-closure domains has been found at the
boundaries of domains near the interfaces of ferroelectric thin films with high resolution
transmission electron microscopy [20, 30]. In ferroelectric nanodots, intersections of 90°
stripe domains were observed, forming a quadrant pattern to release the disclination
stress [31, 32]. A flux-close domain can also be created artificially with piezoelectric
force microscopy, for example, in a continuous BiFeO; ferroelectric thin film [33]. The
domain vortex created in this way exhibits far larger electrical conductivity than the thin

film materials far from the vortex [33].

1.3 Piezoelectricity

Ferroelectrics are within a subclass of piezoelectric materials. Piezoelectricity is
the coupling between the electric polarization and the mechanical strain. The direct
piezoelectric effect describes the change of the electric polarization produced by an

external stress and the converse piezoelectric effect describes the mechanical strain that



results from applied electric fields. We will focus on the converse piezoelectric effect in

ferroelectrics in the following discussion.

The piezoelectric effect can be represented with a third-rank tensor djy, the

piezoelectric coefficient, linking the applied electric fields with strain as in

x,; =d,E,, (1.1)
where Eyis the applied electric field, x;; is the resulting strain, and i, j, and k are indices of
crystallographic axes. The piezoelectric coefficient d;j is symmetric in j and &, and high
crystallographic symmetry further reduces the number of the independent components of
the piezoelectric coefficient. A Voigt notation is introduced to simplify the piezoelectric

coefficient to an effective second-rank tensor dj;.

The piezoelectricity in ferroelectrics arises from an electrostriction effect [34].
Electrostriction is a universal materials property relating the strain to the electric
polarization

X = szjkIPkPl' (1.2)
Here Qju and P;are the electrostriction coefficient and polarization respectively. For

ferroelectrics, the electric polarization consists of the spontaneous polarization and the

field-induced polarization. Substitute P, = P’ +¢, x;E,; into Eq. (1.2) gives

1

Xy = QP B + Qo (B X + B X B + Qi X Xon (1.3)
where P is the spontaneous polarization, & is the vacuum permittivity, xij 1s the
dielectric susceptibility tensor. The first term on the right hand side of Eq. (1.3) defines
the spontaneous strain with respect to the high-symmetry paraelectric phase. The third

term is proportional to the square of the applied electric field and is generally negligible
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compared to the second term. By neglecting the third term, the strain is proportional to

the electric field with a piezoelectric coefficient expressed as
drnij =0,1.€ (PkSka + PISXIm) > (1.4)
The most widely used piezoelectric coefficient is d33, relating the longitudinal strain to an

external electric field parallel with one of the crystallographic axes. The ds3 is

proportional to the spontaneous polarization and can be expressed as [35]

dy; = 2507(33Q11P3S . (L.5)

The large spontaneous polarization is the reason the ferroelectrics are the most important

piezoelectric martials.

Piezoelectricity can be modified by adjusting the composition of the material, the
applied electric field, or mechanical boundary conditions so that the system is near a
boundary between different structural phases [36]. A number of properties including both
the piezoelectric and dielectric properties can be enhanced in the proximity of a phase
boundary. The divergence of functional properties near a phase boundary can be
understood in the picture of a soft phonon mode. In a paraelectric-to-ferroelectric phase
transition, the soft mode is the lowest optical phonon mode, which exhibits a vanishing
frequency at the transition [37, 38]. In the phase transition between two ferroelectric
phases, the spontaneous polarization rotates in order to accommodate the new
crystallographic symmetry, and can exhibit a similar softening of phonon modes [3]. The
characteristic phonon softening at the phase transition is related to the divergence of the
dielectric constant through the Lyddane-Sachs-Teller relation [39]. As indicated by Eq.
(1.5) and discussed extensively in Damjanovic et al. as well as in Mitsui and Furuichi et

al. [40, 41], the divergence of the dielectric constant, leads to an increase in the
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piezoelectric coefficients. The components of the dielectric constant transverse to the

principle axis of the emerging new phase are particularly important.

In Chapter 5, the enhancement of properties near phase transitions will be applied
to the change in the piezoelectric properties of BiFeOs; near a field-induced
rhombohedral-to-tetragonal phase transition. Our explanation builds on what is observed
in the ferroelectric alloy, which exhibits a morphtropic phase boundary between the
tetragonal phase near the PbTiO3 composition and the rhombohedral phase of the PbZrO;
component. The Pb(Zr,Ti)Os system is a prominent example of the divergence of

piezoelectric coefficients due to the softening of phonon modes [36].

The piezoelectric properties are affected by extrinsic factors. Here we use the
term intrinsic contribution to refer to the structural change of a single domain to applied
electric field, and the extrinsic contribution refers to the reorientation of domains and
domain wall movement that effectively change the macroscopic dimension of
ferroelectrics. In bulk ferroelectric ceramics, non-180° ferroelastic domains are displaced
by electric fields, leading to a field-dependent piezoelectric coefficient that is much larger
the intrinsic value. This piezoelectric nonlinearity is empirically described by a Rayleigh
law as in [42, 43]

d'=d,+aE, (1.6)
where d’ is the effective piezoelectric coefficient, dy is the intrinsic piezoelectric

coefficient, and « is the Rayleigh coefficient.

In ferroelectric thin films where the non-180° ferroelastic domain walls are

pinned, the 180° ferroelectric domain walls dominate the extrinsic contribution. With
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only 180° domain walls the extrinsic effect can be estimated by averaging the intrinsic
piezoelectric coefficient over domains with antiparallel polarizations. The relative
volume of each polarization of the 180° domains can be changed by applied electric
fields via a reversible ferroelectric domain wall movement, described by a dynamical
poling model [44, 45]. The extrinsic effect in systems with displacement of 180° domain
walls is accounted for by modifying the Eq. (1.6) with an additional electric-field-

dependent term to the intrinsic piezoelectric coefficient.

1.4 Ferroelectric/Dielectric Superlattices

Ferroelectric/dielectric superlattices are designed based on the use of the
interfaces to control materials properties. Structurally, the superlattice thin film consists
of a periodic sequence of alternating component layers (Fig. 1.4). Although superlattice
structure have been developed in a variety of materials over several decades, including
ITI-V semiconductors [46, 47], it has only recently become possible to fabricate complex
oxide superlattices with precise layer-by-layer control [48]. By varying the chemical
formulas, relative ratio, and absolute layer number of superlattice components, a new set
of degrees of freedom has emerged to manipulate the interfacial coupling and therefore
control the functional properties [49]. Among many possible configurations of complex

oxide superlattices, I will focus on ferroelectric/dielectric superlattices.

The dielectric layers of a ferroelectric/dielectric superlattice are polarized to
minimize the electrostatic energy that would arise due to the discontinuity of the
polarization. Neaton et al. predict that the macroscopic polarization of a superlattice thin
film can even be larger than that of a uniform-composition bulk material of the

ferroelectric component [50]. In epitaxial thin films, where the ferroelectric layers are
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compressively strained along the in-plane direction, the out-of-plane polarization is
enhanced via the coupling to structure. However, in relatively thick films, with
thicknesses on the order of 100 nm, the ferroelectric layers are normally relaxed via
misfit dislocation or by the formation of ferroelastic domains. As a result, the polarization
enhancement is smaller. In the case of superlattices, however, by designing sufficiently
thin ferroelectric layers and a dielectric component with the same chemical formula as
the substrate, each set of ferroelectric layers can be coherently strained. The polarization
enhancement of ferroelectric layers due to this high strain state can therefore be shared
with dielectric layers. An overall polarization larger than the bulk ferroelectric can be
achieved by controlling the ratio of the superlattice components [49, 50]. This tunability

of polarization can also be extended into multi-component superlattices [48, 51].
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Figure 1.4 Schematics of a ferroelectric/dielectric superlattice thin film. In the right panel,
the atomic structure of a perovskite superlattice is shown as an example. The ferroelectric
and dielectric components share the same in-plane lattice parameter, but the out-of-plane
lattice parameters can be different.
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The modification of the ferroelectricity is further complicated when other
structural instabilities such as antiferrodistortive order are taken into account. This

nonpolar zone-boundary instability is commonly found in perovskite oxides where the
tolerance factor (r, +7,)/ \/E(I”B +7,) is smaller than 1. Oversized B-site atoms push the

surrounding oxygen atoms and result in oxygen octahedral rotations [52]. Examples of
perovskites exhibiting antiferrodistortion include CaTiOs and SrTiO;. For more in-depth
discussion and classification of oxygen octahedral rotations, one can refer to Glazer et al.

[53].

The antiferrodistortive order is often considered as a competing instability with
the ferroelectric order. In superlattices where the two components are ferroelectric and
antiferrodistortive respectively in their bulk forms, the competition of these instabilities
results in unusual structural and ferroelectric properties. Theoretical calculations have
predicted that overall polarization of the superlattice is suppressed due to existence of the
oxygen octahedral rotations, particularly in the atomic unit cells of the dielectric
components that are far from the ferroelectric/dielectric interface [54]. More importantly,
the competition of ferroelectric and antiferrodistortive orders at the interfaces results in a
reduction of the octahedral rotations and a local enhancement of the polarization [54]. An
immediate consequence of this interfacial enhancement is that the functional properties

are connected to the number of interfaces per unit length within the superlattice thin film.

The competition of structural instabilities is sensitive to external electric fields.
Under a sufficiently large electric field, the antiferrodistortive order can be completely

suppressed, resulting in a phase transition into an effectively uniform ferroelectric [55].
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An increase of the piezoelectricity can be expected after this nonpolar-to-polar phase

transition.

We have experimentally found that the piezoelectricity of BaTiOs/CaTiOs
depends on the timescale over which the mechanical response is measured. At the
nanosecond timescale the structural distortion in response to a given field is much less
than what is observed at the millisecond timescale. This observation fits with the
prediction that the field induces a phase transition to a more responsive state [56]. We
have further observed that the millisecond piezoelectricity agrees with the value for the
high-symmetry ferroelectric phase. Finally, the piezoelectric strain developed over the
course of applied electric fields is evenly shared between BaTiO; and CaTiO;

component, a behavior similar to ferroelectrics with a uniform polarization [57, 58].

In some circumstances, however, the ferroelectric and antiferrodistortive order are
coupled together, giving rise to improper ferroelectricity. In ultrathin PbTiOs/SrTiO;
superlattices where the thickness of each component is less than two atomic layers, the
ground state combines both the ferroelectric and antiferrodistortive distortions [2]. This
coupling is an interfacial effect, due to the asymmetric environment for the interfacial
oxygen atoms. The ferroelectric polarization is no longer the primary order parameter
describing the phase transitions. As a result, a temperature-insensitive dielectric constant

is observed, a characteristic for improper ferroelectrics.

A stripe polarization domain state allows the superlattice to have simultaneously a
low total polarization and a large polarization in the ferroelectric component. The

eventual equilibrium state depends on the electrostatic coupling between ferroelectric
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layers [7, 59]. A stripe domain state emerges when the dielectric layers are sufficiently
thick to decouple ferroelectric layers. The transition between the weakly-coupled regime
(where the stripe domain is stable) and the strongly-coupled regime (where a uniform
polarization is stable) can be inferred from the measurement of Curie temperature [60]

and domain period [61] as a function of the thickness of the dielectric layers.

In weakly-coupled superlattices, the stripe domains are geometrically similar to
what have been found in ultrathin ferroelectric films [23], and the domain period follows
a similar Kittel’s law. Note here however, the domain period is proportional to the
square-root of the thickness of the decoupled ferroelectric layers, not the thickness of the
entire film [61]. The domain structure is extended into the dielectric layers, showing a
large coherence length comparable to the film thickness. The detailed polarization
configuration is complicated by the non-uniform polarization across the component
layers. First-principles calculations predict in-plane component of the polarization and

polarization vortices at the interfaces [62].

Little was previously known about the dynamics of the stripe domain pattern. A

major part of this thesis is devoted to answer several questions here:

(1) What is switching mechanism of the nanoscale stripe domains under applied

electric fields?

(i1)) How do the individual ferroelectric and dielectric layers respond to applied

electric fields?

(ii1)) What is the role of the atomic-scale polarization variation on the

transformation of the nanoscale stripe domains?
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1.5 Multiferroic BiFeO;

Materials known as multiferroics exhibit magnetic ordering in addition to
ferroelectricity. This property is fascinating because through it one can in principle
control the polarization and magnetism through both external electric or magnetic fields.
There are, however, only a few multiferroic oxides, due to a competition between
ferroelectric and magnetic orders in most transition metal oxides [63]. Specifically,
ferroelectric order originates from the off centering of cations, which requires empty d

orbitals. In contrast, magnetic order usually requires partially filled d orbitals.

One solution to construct a single-phase multiferroic is to have different atoms
responsible for ferroelectric and magnetic orders. This is the case for BiFeOs, to date the
only material showing both ferroelectric and antiferromagnetic ordering simultaneously
at room temperature. The hybridization of Bi lone pair 6s and O 2p electrons provides the
ferroelectricity [64], while the magnetization comes from Fe". Other examples include

BiMnOs, BiCrO;, and PbVOs [65].

Other mechanisms have been explored to induce ferroelectricity in transition
metal magnetic oxides [65, 66]. In hexagonal manganite such as YMnOs;, the
ferroelectricity is induced by a pure geometric effect due to the buckling of MnOs
polyhedra and the displacement of Y ions [67]. Ferroelectricity can also be induced
directly from the magnetic ordering. In orthorhombic manganites in which the spatially
inhomogeneous spin forms a spiral pattern, the anisotropic superexchange interaction
termed as Dzyoloshinskii-Moriya interaction [68, 69] favors a symmetry lowering and
displaces the oxygen ions with respect to Mn ions [70]. Another group of multiferroics

exhibit electronic ferroelectricity originating from the asymmetric charge ordering [71].
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I focus on the room-temperature multiferroic BiFeOs;. Bulk BiFeO; has a
rhombohedrally distorted perovskite structure at room temperature (a = 3.965 A, a =
89.4° [72]), with a transition to the high-temperature centrosymmetric paraelectric phase
at the Curie temperature for ferroelectricity, 1103 K. The Néel temperature defining the
magnetic order is 643 K [73]. The rhombohedral distortion is sufficiently small that
BiFeOs; is usually described in pseudocubic structure for convenience. The direction of
spontaneous polarization is along the body-diagonal <111>,., as shown in Fig. 1.5(a).
The magnitude of polarization was believed to be very small for over 30 years until
Wang et al. reported a measured polarization as large as 90-100 uC/cm’ in an epitaxial
BiFeO; thin film [73]. Later measurements on single crystal phase BiFeOs [74] and first-

principles calculations [75] confirmed the initial observations of the large polarization.
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Figure 1.5 (a) Schematics of the spontaneous polarization and the propagation direction of
the spin cycloid in a BiFeQOj; unit cell. The yellow-color plane represents the magnetic easy
plane where the spin rotates. The oxygen atoms are omitted. (b) Schematics showing the
rotating of spin (red arrows) in a spin cycloid.

In terms of the magnetic structure, BiFeOs; bulk has a G-type antiferromagnetic
spin configuration where the neighboring Fe ions have antiparallel spins [76]. However,

unlike a perfect G-type antiferromagnetic, the existence of the ferroelectric polarization
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breaks the inversion symmetry and allows a more complex magnetic order via the inverse
Dzyoloshinskii-Moriya interaction [77-79]. This interaction leads to a local canted spin
and a long-range spin cycloid, with a period of 62-64 nm and a propagation vector
perpendicular to the polarization [80]. The magnetic easy plane where the spin rotates is

defined by the propagation vector and the spontaneous polarization, as shown in Fig. 1.5.

A series of efforts have been made to understand the coupling between the
ferroelectric and magnetic order in BiFeOs. While the linear magnetoelectric interaction
is believed to be weak due to the spin cycloid, the formation of the spin cycloid itself can
be viewed as a product of a higher-order coupling of polarization to the gradient of
magnetism [77, 79]. This nonlinear magnetoelectric interaction is a key mechanism for
switching the magnetic easy plane via the switching of the polarization, as has been
observed in BiFeOs single crystals [81, 82]. The spin wave corresponding to the
oscillation of spins in and out of the cycloidal plane shows frequency shifts under
external electric fields, indicating additional linear magnetoelectric interactions at low
fields [83]. The internal coupling of ferroelectric and magnetic orders within a
multiferroic can also be combined with interfacial exchange interactions. It is recently
shown that the magnetic properties of ferromagnetic layers are controlled by electrically

switching the multiferroic component in a CoFe/BiFeOs heterostructure [84].

In addition to the coupling between the ferroelectric and magnetic order, both
types of order are also strongly related to the crystallographic structure. Strain
engineering in epitaxial multiferroic thin film is commonly used to tailor the functional
properties. With a moderate epitaxial strain (< 1%), the spontaneous polarization is

rotated away form the <111>,. due to a strain-induced monoclinic distortion [85]. The
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distortion can be so dramatic at large epitaxial strain that BiFeO; adopts a tetragonal
symmetry with a giant tetragonality and an increased polarization of 150 uC/cm’ [86, 87].
The epitaxial strain tends to destabilize the spin cycloid and induce a collinear
antiferromagnetic order. The long-range spin cycloid has only been observed in either
partially relaxed thick films [88] or thin films with little mismatch strain [89]. A recent
study by Sando et al. shows a new type of spin cycloid in films with a small tensile strain

[89], providing new insight into the coupling between magnetism and structure.

The structure of BiFeOs thin films under external perturbations, however, has not
yet been fully understood. As introduced earlier, the piezoelectricity of a ferroelectric can
be enhanced by placing the system near the morphtropic phase boundary. Similar
modification of the piezoelectricity have been reported in BiFeO; by inducing phase
transitions via large epitaxial strain [86] or rare-earth elements doping [90]. Chapter 5
describes structural changes in epitaxial BiFeOs thin films in high electric fields. The
nonlinearity of the high-filed piezoelectricity described there arises from the proximity of

the system to the rhombohedral-to-tetragonal phase transition [11].

An additional crucial challenge in multiferroic BiFeOs; is to further the
understanding of the optical modification of structural properties at the ultrafast
timescale. A recent work in prototype ferroelectric PbTiOs; has shown a picosecond-
timescale strain following a femtosecond laser pulse [91]. Several mechanisms contribute
to the ultrafast strain. Two important components, involving nonlinear optical interaction
and a carrier-mediated piezoelectric effect, will be discussed in more detail in Chapter 6.
A key question is to what degree the mechanisms observed in PbTiOs3 can be applied to

BiFeOs;, which has a more complicated crystallographic structure and domain
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morphology and the additional magnetic degree of freedom. Studies of photoinduced
effects in BiFeOs; have emphasized the switchable photovoltaic effect and an above-
bandgap photo voltage [4, 92]. In Chapter 6, I describe a detailed structural analysis of
BiFeO; thin films at the picosecond timescale. The thickness dependence of strain
relaxation and the broadening of x-ray diffraction peaks provide a more in-depth

understanding of ultrafast manipulation of structural degree of freedom.
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2 Time-Resolved X-ray Microdiffraction

2.1 X-ray Interaction with Electrons

X-ray scattering results are described through this thesis, including the results of
experiments to determine the static structure and the structural evolution of ferroelectric
oxide thin films. The structural sensitivity of x-ray scattering is in part because the
wavelength of hard x-rays is on the order of 1 A, matching the lattice spacing of
inorganic crystals. Compared to other structural probes, x-ray scattering has several
advantages. It is, in general, nondestructive with the exception of organic materials due to
their higher reactivity. X-ray scattering requires relatively little sample preparation. By
slightly adjusting the scattering geometry, x-ray scattering can either be used to probe
surfaces, or bulk regions within the penetration depth on the order of several
micrometers. The most important feature to the work reported in this thesis is that the
high brilliance and unique temporal structure of x-ray beam provided by synchrotron

radiation facilities enable structural measurements at the picosecond timescale.

X-ray interacts with electrons in a number of forms. This thesis will focus on the
weak elastic scattering, in which the photon energies of incident and scattered x-rays are
almost exactly equal. The amplitude of the scattered x-ray wave is proportional to the
Thomson scattering radius, 2.82 x10” A, which allows accurate quantitative scattering
simulations as described below. X-ray diffraction patterns measure the interference of
scattered x-rays from many-electron systems. The condition for constructive interference
from extended crystals is the Bragg equation [1]:

A=2dsin6, 2.1)
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Here /1 is the wavelength of the x-rays, d is the spacing of a set of lattice planes, 6 is the

incident angle of the x-ray beam with respect to the planes.

(002)

Crystal

Figure 2.1 Ewald sphere representation of the (002) Bragg reflection projected onto the
(HOL) plane. The Ewald sphere is superimposed on the crystal used in x-ray diffraction.
The origin of the reciprocal lattice of crystal is placed on where the incident x-ray intersects
the Ewald sphere.

The Ewald sphere graphically represents the scattering geometry for elastic
scattering. In the example shown in Fig. 2.1, the sample crystal is orientated so that the
(002) reciprocal lattice vector G coincides with the scattering wavevector. Here the

scattering wavevector is the difference between the out-going and incident wavevectors,

Q=k, —k,.Based on the geometric arrangement of different vectors, the magnitude of

27 =‘Q‘= 4srsinf

the reciprocal lattice vector is ‘G‘= _,
d(ooz) A

which is exactly the Bragg
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equation. The x-ray intensity distribution in the vicinity of a reciprocal lattice vector is

often mapped out by varying sample orientation and detector position.

In addition to elastic scattering, the Compton effect describes the inelastic
scattering where the scattered x-ray loses a fraction of photon energy. The x-ray can also
be strongly absorbed when the photon energy is equal to or slightly larger than the
binding energy of inner-shell electrons. The absorption provides invaluable electronic,
chemical and magnetic information, which are outside the scope of this thesis. Instead, I

will briefly discuss the effect of absorption on x-ray scattering in section 2.5.

2.2 Synchrotron Radiation X-ray Light Sources

A wide range of x-ray sources are used for x-ray diffraction and scattering,
ranging from laboratory-scale equipment to facilities that exist only at national facilities.
These sources can be compared along one set of key parameters using a quantity called
brilliance, defined as the intensity of an x-ray beam normalized by the size and angular
divergence of the source and the energy bandwidth. Laboratory x-ray tubes use the
elemental characteristic radiation and bremsstrahlung radiation of a metal target
(normally copper) impinged by high-energy electrons. The brilliance of laboratory x-ray
source is limited by the large 4n solid angle of emitted photons, the low efficiency of the
conversion of electrical energy to x-rays, and a large photon energy bandwidth. Because
of the large solid angle of emission and large energy bandwidth, only a small fraction of

emitted x-ray photons are collected and monochromatized for scattering measurements.

Synchrotron radiation provides x-rays with orders of magnitude higher brilliance

than laboratory x-ray sources. Synchrotron radiation is the light emitted by charged
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particles travelling in circular orbits [2]. In third-generation synchrotron radiation
facilities, such as the Advanced Photon Source (APS) at Argonne National Laboratory,
electrons are accelerated to relativistic speed in two stages, consisting of a linear
accelerator and a booster synchrotron, before being injected into a storage ring. The
storage ring at the APS consists of 40 straight sections, connected with bending magnets.
In addition to bending the trajectory of electrons into a circular orbit, the bending
magnets also emit a wide spectrum of photons that are spatially confined within a cone
along the direction of the instantaneous velocity of electrons. The radiation reaches x-ray-
wavelength regime, as a result of the apparent acceleration of electrons boosted by the

doppler effect [3].

24 bunches, T=3.675us
B W~100 ps

i
S (1111 i

Po ||

Figure 2.2 Schematics of x-ray bunches and the corresponding electronic signal, P0, in the
24-bunch mode at APS.

X-rays can be produced with far higher brilliance than is possible from bending
magnet sources by introducing insertion devices in the straight sections. The key idea of
the insertion devices is to use an array of alternating magnets to force an oscillation of
travelling electrons. In a wiggler insertion device, the radiation from each oscillation of
the electrons is added up incoherently with the following oscillations. In comparison, an
undulator is designed so that all the oscillations from one electron are in phase. The
coherence addition of oscillations leads to a more monochromic emission spectrum and a

reduction of the opening angle of the radiation [3]. At a result, the undulator has the far
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higher brilliance than wigglers and bending magnets. All of the x-ray measurements that
will be discussed in the following chapters take advantage of the high-brilliance radiation

from undulators.

The electrons in the storage ring are grouped into bunches to allow radio
frequency cavities to reaccelerate the beam, compensating for the energy lost to radiation.
A side effect of the grouping of the charge into bunches is that the radiation from storage
rings is emitted in a precise timing sequence. At the APS the full-width at half maximum
of bunch duration is approximately 100 ps in the most common operating mode. This x-
ray bunch duration in turn sets the limit of the temporal resolution of pump-probe time-

resolved diffraction and scattering experiments.

In more detail, the time structure of the x-ray radiation depends on the mode in
which the storage ring is operated. At the APS, there are 1296 evenly separated electron
buckets. In the 24-bunch mode that is used in our experiments, only 24 buckets spaced by
153 ns are filled [4] (Fig 2.2). The storage ring provides an electronic clock signal PO
with a fixed phase delay to the x-ray pulses and with a period of 3.675 us, corresponding
to the period of the electrons travelling around the entire ring. This PO signal provides
essentially a master clock to synchronize x-ray pulses to other signals including electric

fields and laser pulses.

2.3 Microdiffraction and Focusing Optics
The high brilliance x-ray beams provided by synchrotron radiation facilities make
it possible to focus x-rays to sub-micrometer spot size while maintain high fluxes and

relatively small angular divergences. A spatial resolution of 30 nm, for example, has been
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achieved at APS [5]. The availability of intense tightly focused beams greatly improves
the spatial resolution of x-ray scattering experiments. As a result, x-ray microdiffraction
has been widely used to probe the local structure of functional materials [6, 7]. In our
experiments, a sub-micron x-ray beam is important in order to separately probe the
regions of ferroelectric materials under external excitation. This section discusses the
most important experimental aspect of x-ray microdiffraction: focusing the incident x-ray

beam.

Zone Plate
(a)

Order Sorting
Aperture

(b)

Kirkpatrick-Baez Mirrors

(c)

Refractive Lens

= 10101001010

Figure 2.3 Schematics of x-ray focusing optics: (a) Fresnel zone plate, (b) Kirkpatrick-Baez
mirrors and (c) compound refractive lens.

Fresnel zone plates [8] are the main focusing optics used in our structural studies

of ferroelectric thin films. The zone plate is a circular pattern consisting of a set of
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concentric zones defined lithographically, as schematically shown in Fig. 2.3(a). The
spacing and size of zones are designed so that the x-rays scattered from each zone
interfere constructively at the focal point. The first-order focal length f'depends on the x-

ray wavelength [9],

2
FodN AAFN . (2.2)

Here N is the total number of zones and Ary is the size of the outmost zone. Additional
optics, including a center stop and an order sorting aperture (as in Fig. 2.3(a)) are used to
prevent the unfocused x-rays and x-rays focused to higher-order focal points from
reaching the sample. The zone plate used in our experiments (Xradia, Inc.) focuses x-rays

to a 100 nm spot size, with a focusing efficiency of 10% at a photon energy of 10 keV.

A number of other means have been developed for x-ray focusing. Reflective x-
ray optics can be efficiently used in the hard x-ray regime because the refractive index of
materials in the x-ray range of photon energies is slightly less than unity. As a result, a
total external reflection occurs at an incident angle below a critical value on the order of
0.1°. Kirkpatrick-Baez mirrors [10] are a pair of curved mirrors taking advantage of the
effect of the total external reflection to focus the x-rays in two orthogonal directions (Fig.
2.3(b)). X-rays can also be focused using refraction. In compound refractive lenses,
shown in Fig. 2.3(c), a series of converging x-ray lens are created by patterning a set of

holes in low-atomic-number materials [11].

2.4 Time-Resolved X-ray Diffraction Techniques

Time-resolved x-ray techniques allow us to measure the transient structure of

complex oxide thin films in response to electrical or optical excitation. Time resolved
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techniques have been developed and continuously improved in our group [12]. This
section focuses on the experimental techniques of time-resolved x-ray microdiffraction
studies of materials in applied electric fields. Similar principles can be applied to the

optical excitation.

The experimental arrangement for time-resolved x-ray measurements is
schematically shown in Fig. 2.4. The ferroelectric oxide thin films we have studied were
deposited on top of a continuous bottom electrode. Top electrodes with a diameters
ranging from 20 to 100 wm were patterned on the surface of thin films to form
ferroelectric capacitors. The incident x-ray beam was focused to the center of the

ferroelectric capacitors using the focusing optics mentioned in section 2.3.

Mastei Clock
Gating >  Pulser
Electronics Electric Field
Y
Detector Conducting Probe

Diffracted X-ray Beam

Top Electrode Incident X-ray Beam

Complex Oxide

Bottom Electrode

Substrate GND

Figure 2.4 Eexperimental setup for time-revolved x-ray microdiffraction with applied
electric fields.

During the application of electric fields, the bottom electrode was grounded by
connecting it to the shell of a coaxial cable, and the top electrode was contacted by a

probe tip manipulated by a three-axis translation stage. The electronic pulse generator



36

(Picosecond Pulse Generator, Model 2600) has the capability to apply electrical pulses
with duration of 2-300 ns and amplitude up to 45 V. Electronic excitation was
synchronized to x-ray pulses using the strategy described in the next paragraph. The x-ray
detector consisted of either an avalanched photodiode or a pixel-array two-dimensional
detector. Electronic signals associated the detection of a particular x-ray bunch can be
selectively gated and separately recorded. By varying the time delay between electric
excitation and the selected x-ray pulses, we can probe the transient structure at different

stages after the application of an electric field.

The process of synchronizing the applied electrical pulses to the x-ray beam is
illustrated in Fig. 2.5. The electronic clock signal (at APS, the PO signal) with a fixed
phase delay to x-ray pulses sets the overall timebase (Fig. 2.2). An electronic circuit
designed in our group, termed the “gate box,” took in the PO signal and generated a set
number of gate pulses. The overall process was triggered by the data acquisition
software, either spec (Certified Software, Inc.) or the EPICS data acquisition system used
at the APS. The repetition rate of the pulses generated by the gate box can be controlled
by dividing the repetition rate of the input master clock PO. We often used a repetition
rate of 10 kHz, which results from a compromise between the recovery rate of the
ferroelectric sample after electrical cycling (favoring low repetition rates) and the period

of time required to complete the experiment (favoring high rates).

Gate pulses were delayed using a delay generator and sent to two different
destinations. One copy of the delayed gate pulses was used to gate the x-ray detector.
The second copy of the gate signal was further processed because the gate pulses directly

from the gate box can have large temporal jitter and thus are not suitable for high-
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precision time-resolved measurements. The jitter arises from the digital design of the gate
box. An AND logic circuit was developed to produce a set of electric pulses with reduced
time jitter, by resynchronizing the output of the gate box with the PO signal. This gated
PO was further delayed with a second delay generator and sent to trigger the final electric
pulse generator exciting the sample. The delay to the final electric pulser was used as the

variable in our time-resolved measurement.
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Figure 2.5 Gating electronics to synchronize the applied electric fields to x-ray pulses.

The repetition rate of electric excitation pulses was around 10 kHz, two orders of
magnitude smaller than the repetition rate of x-ray pulses. As a consequence, the time-
resolved scheme described here utilized only 1% of the total flux. A diffraction pattern is
often accumulated over hundreds of thousands of gated x-ray signals in order to achieve a

reasonable counting statistics.
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The temporal resolution of the time-resolved diffraction and scattering
measurements is limited by a series of factors. Besides the 100-ps width of x-ray pulses,
electronic jitter, the finite rise time of electric excitation pulses and the charging time of
ferroelectric capacitors all limit the effective temporal resolution of our experiments. In
most samples the charging time of capacitors is the dominant factor, with time constants
that range from 1 to 100 ns depending on the system. The charging time can be reduced
by using small top electrodes with a diameter down to 10 um and low-sheet-resistance
bottom electrodes. When electrical excitation can be avoided altogether, as for the optical
excitation experiments described in Chapter 6, the limitation imposed by sample charging

is lifted and a temporal resolution of 100 ps is achieved.

2.5Kinematic X-ray Diffraction Simulation

Kinematic x-ray diffraction refers to the strategies that can be used to compute the
diffraction pattern of a crystal in the weak-scattering limit where multiple scattering can
be neglected. This approximation is generally applicable experimentally except for highly
perfect crystals with a number of planes approaching the extinction length, several
hundred nm for the materials discussed in this thesis. The simulation of diffraction
patterns within the kinematic approximation provides a valuable way to interpret x-ray
structural measurements. These interpretations are discussed in detail in Chapter 4 and
Chapter 6. The basic formulas of the intensity calculation of kinematic x-ray scattering

[13] are given in this section.

The x-ray scattering intensity is proportional to the square of the structure factor

of the crystal illuminated by the x-ray beams,
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2
I x ,

F“(Q,E) (2.3)

where the structure factor of the crystal is F™“(Q,E), which is a function of the

scattering wavevector Q and x-ray photon energy E. The structure factor of the crystal is

the product of two terms:

F(Q,E)= S 1,0, E)? 3 e ¢4

where f, ¥ and R are the atomic scattering factor, atomic position with respect to a

particular lattice site and the coordinate describing the periodic lattice.

The factor given by the first sum on the right hand side of Eq. (2.4) is the
structure factor of the repeating unit, termed the unit cell structure factor. The structure
factor of the unit cell gives the envelope of the distribution of scattered x-ray intensity.
The repeating unit is usually is a unit cell for a crystal, but can also be extended to a

much larger cell such as the polarization domain or the superlattice repeating unit.

The second sum on the right hand side of Eq. (2.4) is the lattice sum, which
determines the position and width of the Bragg reflections. When the crystal dimension is
reduced, such as in thin films or nanoscale islands, the lattice sum also leads to intensity

fringes adjacent to Bragg reflections.

Besides being scattered, x-ray can also be absorbed in interaction with atoms.
Absorption modifies the atomic scattering factor by introducing dispersion correction

terms f7 and f> [14]:

f(Q.E)=£,(0)+ f(E) +if,(E). (2.5)
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The dispersion correction is the origin of the energy dependence of the atomic scattering
factor, and is particularly important at photon energy near absorption edges. The f; term

can be approximated by the Fourier transform of the electron density as in
K@) = [ p()e® dr . (2.6)
where 7 is spatial coordinate of electrons. At the forward-scattering limit, with Q = 0, the

fo term is just the atomic number. The values of all the three contributions to the atomic

scattering factor are available in tables in the X-ray Oriented Program [15] or in Ref. 14.
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3 Nanosecond Transformation of Polarization Stripe

Domains in Ferroelectric/Dielectric Superlattices

3.1 Introduction

Ferroelectric/dielectric superlattices have electronic and structural properties that
are not available in compositionally uniform ferroelectrics [1-3]. These properties can be
tuned with additional degrees of freedom provided by the interfacial coupling in the
superlattice structure. Methods include varying the composition and relative thickness of
ferroelectric and dielectric layers [4, 5]. This chapter focuses on the nanoscale stripe
domains recently discovered in ferroelectric/dielectric superlattices [6-8]. The stripe
domains reflect the energy landscape of the superlattice. The phenomena associated with
the stripe domains are the key to understanding the coupling of ferroelectric polarization,
crystallographic structure and elastic distortion at the interfaces of superlattice

components.

The stripe domains in superlattices are macroscopically have a similar geometry
to the stripe domains observed in ultrathin ferroelectric films [9-11], but have a different
origin and more complex atomic-scale structure. As described in Chapter 1, the formation
of the stripe domain pattern is driven by the competition of the electrostatic energy
associated with the depolarization field and the energy of creating domain walls. In
ferroelectric/dielectric superlattices, it is the non-uniform polarization profile between
ferroelectric and dielectric components that has the key role in defining the depolarization
field [12], rather than the film/air or film/substrate interfaces as in the ultrathin-film

ferroelectric case [13]. A large fraction of the polarization is confined in ferroelectric
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layers; it is this polarization that forms the stripe domains. Atomic-scale structural
changes are also expected to accompany the complex polarization distribution of the
stripe domains [12]. The effect of this structural variation on the dynamics of domains
will be discussed in detail in Chapter 4. The static structure of stripe domains has been
extensively studied [6, 14]. The stripe domains are unstable in applied electric fields and
eventually transform into a uniform polarization domain state. The associated dynamics,

however, has not yet been probed with a sufficient temporal resolution.

From their observations in a quasi-steady-state study based on a long-timescale
measurement, Zukbo et al. proposed that the switching process is governed by the
continuous motion of domain walls. In this picture, the volume fraction of polarization
domains that are favored under applied electric fields increases continuously by the
continuous displacement of each domain wall into the adjoining stripe domains [6]. In
addition to this proposal, theoretical calculations have provided a range of predictions,
including the formation of polarization bubbles and a difference in the stabilities of the
domains in ferroelectric and dielectric layers [7]. To capture the precise nature of the
transition of stripe domains, the dynamics of stripe domains must be probed with

nanosecond timescale experiments that match the switching timescale.

This chapter describes an experimental study of the dynamics of the transition
from stripe domains to a single uniform-polarization domain state [15]. There are two key
results. First, time-resolved x-ray scattering shows that there is no piezoelectric
expansion in the area of the superlattice in which the stripe domain persists after the
application of the electric field. The overall superlattice after switching does, however,

exhibit piezoelectricity. Based on this observation, we propose a heterogeneous switching
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model that the polarization switching proceeds by eliminating stripe domains to form
regions of uniform polarization, which subsequently grow across the extent of the
sample. A second key result is that the timescale of the polarization switching depends on
the magnitude of the applied electric field and can be as fast as a few nanoseconds at high

fields.

3.2 Experimental Arrangement

A PbTiOs5/SrTiO; superlattice with well-defined stripe domains was chosen for
this dynamics study. The superlattice has a repeating unit consisting of 12 unit cells of
PbTiO; and 3 unit cells of SrTiO;3 and a total thickness of 100 nm. The superlattice was
grown by Prof. Matthew Dawber’s group at Stony Brook University [4]. The superlattice
was deposited using off-axis radio frequency magnetron sputtering on a 20-nm-thick
SrRuOs; continuous bottom electrode layer on a (001)-oriented SrTiO; substrate. Au top
electrodes with a diameter of 50 um were patterned on top of the superlattice through

shadow masks, forming an array of superlattice thin film capacitors.

The tetragonality of the PbTiO; layer forced the ferroelectric polarization to be
either parallel or antiparallel to the superlattice surface normal. The bottom electrode was
grounded and voltage pulses were applied to the top electrode through a conducting
probe tip. As a result, the application of positive electric fields favors the growth of

polarization-down domains.

Measurements of time-resolved structure of the superlattice were conducted at
station 7ID-B at the Advanced Photon Source at Argonne National Laboratory. The

experimental details of the time-resolved x-ray microdiffraction study were introduced in



45

Chapter 2. The 10 keV x-ray beam was focused to a spot size of 200 nm near the center
of the superlattice capacitors using a Fresnel zone plate. The diffracted x-rays were
detected using a pixel-array area detector [16], which allows diffraction patterns to be
acquired over a two-dimensional sheet in reciprocal space. During the dynamics study, a
set of 150-ns-duration electric pulses was applied at a repetition rate of 18 kHz. To
measure the transient structure, a set of electric pulses at the same repetition rate of
applied electric fields was used to externally gate the detector, and select a particular x-
ray bunch. Diffraction patterns were accumulated over millions of cycles of electric

pulses to reach a reasonable counting statistics.

3.3 Static Structure of the PbTiO3/SrTiO; Superlattice
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Figure 3.1 (a) Reciprocal space map at O, = 0 near the (-103) Bragg reflection. (b) Reciprocal
space maps at Q.= 0 (top) and Q.= 3.106 A (bottom) near the (002) Bragg reflection.
Reflections from the SrTiO; substrate and SrRuO; bottom electrode are labeled next to the
peaks. The map in (a) was acquired using a laboratory x-ray diffractometer with a 1/16°
detector slit, resulting in the anisotropic broadening of the Bragg reflections. The maps in
(b) were acquired using synchrotron x-ray diffraction with zone plate optics. Reflections
from the stripe nanodomains appear at non-zero values of O, and Q, in (a) and (b) and form
a ring in the Q,-0, plane in the bottom panel of (b). The insert shows a schematic of the
scattering geometry.
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The static structure of the superlattice was inferred from a series of reciprocal
space maps. Maps of the intensity of x-rays scattered near (-103) and (002) Bragg
reflections are shown in different planar sections in reciprocal space in Fig. 3.1. Besides
the Bragg reflections arising from the SrTiOj; substrate and SrRuOs bottom electrode, a
rich set of reflections can be assigned to the PbTiOs/ SrTiO;5 superlattice. The in-plane
wavevector Q, of superlattice structural reflections follows the value set by the SrTiOs
substrate, as shown in Fig. 3.1(a), a result of the coherent epitaxial growth of the
superlattice thin film. The intense reflections at Q.= 4.66 A™' in Fig 3.1(a) and O.= 3.106
A in Fig 3.1(b) arise from the average out-of-plane lattice spacing of the entire
superlattice, 4.046 A. The periodicity of the repeating unit further results in satellite
reflections along Q.. The structural reflections of the superlattice, including Bragg peaks

. : 2 [
and satellites, occur at values of Q. given by O, =d—ﬂ(m+—), where m and / are
n

avg
reflections indices, d..g 1s the average lattice constant of each unit cell, and # is the total

number of atomic layers in one repeating unit.

The in-plane stripe domains produce weak x-ray diffuse scattering peaks with
offset from the structural superlattice reflections in O, and Q,. The intensity of the
domain satellite is three orders of magnitude weaker than the corresponding superlattice
structural reflection. In both the (-103) and (002) reciprocal space maps shown in Fig.
3.1, the domain satellites have an in-plane component deviate from the structural
reflections by AQ, or AQ, = 0.066 A, corresponding to a domain period of 9.5 nm. In
the O.-0, plane shown in Fig. 3.1(b), the domain satellite forms a ring with a constant

radius around the superlattice reflection. The azimuthal variation of intensity of the



47

domain diffuse scattering is plotted in Fig. 3.2(c). The intensity is maximized along [100]
and [010] directions around the ring pattern, approximately a factor of two larger than the
intensity along the [110] direction. We thus conclude that the stripe domains are

populated with a slightly preferred orientation along <100>.
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Figure 3.2 (a) Line profile of the normalized intensity of domain satellites across Q.= 3.106
A’'. The central intense peak is the superlattice structural reflection. (b) Comparison of the
out-of-plane peak width of the / = 0 domain satellite and / = -1 superlattice structural
reflection. The / = 0 superlattice structural reflection is not used due to artificial broadening
caused by the saturation of the detector. The horizontal axis is shown as the deviation of Q,
from the peak position. (c) Normalized intensity of domain satellite as a function of the
azimuthal angle (phi) along the (00L) rod. These line profiles are extracted from Fig. 3.1(b).

We can also extract the coherence length of stripe domains from the domain
diffuse scattering patterns. The coherence length L is inversely proportional to the peak

width W of domain satellites, as in

(3.1)
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This equation is derived by Fourier transforming an object with a finite length L and
computing the full width at half maximum (FWHM) of the reciprocal-space central peak.
Fig. 3.2(a) and (b) show line profiles of domain satellites along O, and Q. directions,
respectively. The FWHM is 0.0323 A" along Q, and 0.0147 A" along Q.. In comparison,
superlattice structural reflection has width of 0.0087 A™'. This value of 0.0087 A,
however, underestimates the out-of-plane coherence length of the superlattice, which is
expected to be the thickness of 100 nm. The discrepancy is in part caused by the
measurement resolution limited by factors including the 0.14° convergent angle of the

incident x-ray. The same measurement resolution can be applied to the domain satellites.

We estimate that the in-plane coherence length of stripe domain is 17.5 nm, about
two domain periods. Together with the ring-like diffraction pattern, we can deduce that
the stripe domain pattern exhibits a high degree of orientational disorder and that the real
space in-plane configuration of stripe domain resembles the labyrinth domain pattern
found in ferromagnetic thin films [17]. The out-of-plane coherence length is 42 nm,
equivalent to 7 superlattice repeating units. A coherent length equal to film thickness is
expected for the case where the domain walls are aligned between PbTiOs and SrTiO;
components. The short out-of-plane coherence length measured here can be a result of the
roughness of domain walls that effectively decouples the domain and reduces the

coherence length.

3.4 Partially Switched State of the PbTiOs/SrTiO; Superlattice
The transient structure of the superlattice was probed by acquiring a series of x-
ray diffraction patterns at different times after the beginning of the electric field pulse.

Fig. 3.3(a) shows the evolution of both the superlattice (002) structural Bragg reflection
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and SrRuO; Bragg reflections during the application of 84 MV/m electric-field pulses.
The peak position of the SrTRuO; Bragg reflection was constant over the entire duration of
the applied fields. On the contrary, the superlattice structural refection shifted to smaller
Q. as a result of piezoelectric expansion. The expansion occurred over a time of
approximately 100 ns at this field magnitude. This characteristic timescale depends on
both the transformation of the domains and on the RC time constant for the charging of

the superlattice capacitor.
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Figure 3.3 (a) Evolution of the superlattice and SrRuQOj; (002) Bragg reflections as a function
of time under a 150-ns, 84 MV/m electric pulse. (b) Diffraction pattern in an applied electric
field of 106 MV/m with the diffractometer optimized for the superlattice reflection at Q, =
3.085 A”'. The projection of the Q. axis onto this diffraction pattern is along the vertical axis
of the figure.

The stripe domains and the corresponding x-ray domain satellites are expected to
disappear during the field-driven transformation to a uniform-polarization state. Fig.
3.3(b) shows a diffraction pattern acquired in a partially transformed state where the
domain satellites were still present together with the superlattice reflection. In contrast to
the shift of the superlattice structural reflection, the domain satellites have a negligible
change in their Q. wavevectors, indicating a strong suppression of the piezoelectric effect

in the stripe domains.
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The suppression of the piezoelectric effect only occurs in the stripe domain. This
puzzle — of how a polarized ferroelectric material in a large electric field can exhibit no
piezoelectric distortion — can be solved by considering the role of mechanical clamping in
the electromechanical properties of the domains. In the absence of clamping effects,
domains with opposite polarizations have different signs of piezoelectric distortion. In a
nanometer scale domain pattern, however, the alternating sign of the strain would result
in large and energetically unfavorable discontinuities of the lattice structure at each
domain wall. The energy of this configuration has been calculated for similar domains in
ref. [18]. The additional constraint imposed by the domain pattern thus results in a
suppression of the piezoelectric distortion is expected in nanoscale domains. The system
can avoid large elastic energy associated with the discontinuity of the lattice near domain

walls.

The changes in the stripe domain pattern induced by the applied electric fields can
be studied by examining the field-induced changes of the wavevectors of the domain
diffuse scattering satellites. Fig. 3.4(a) shows peak positions along Q. and Q, directions
as a function of time after the beginning of the electric field pulse. The value of Q.
changed by less than 0.001 A for both 38 MV/m and 84 MV/m electric field pulses, a
factor of five smaller than the shift of the superlattice structural reflection. This result
shows that piezoelectricity was strongly suppressed regardless the magnitude of the
electric field. The values of O, of the domain satellites also remain constant under in
applied electric fields. The lack of the variation in the in-plane domain period is
consistent with the observation in Zukbo et al. that the domain period does not change

under electric fields [6]. The constant period has a straightforward explanation: it is
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geometrically difficult to add or remove stripes from the overall pattern. Changing the
domain period would require a collective transformation of stripe domains over a

macroscopic area and therefore did not occur in our experimental conditions.
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Figure 3.4 Values of (a) O, and O, of the domain satellite as a function of time during
applied electric fields of 38 MV/m (open squares) and 84 MV/m (filled squares). Peak
widths of the domain satellites along (b) O, and O, as a function of time during applied
electric fields of 38 MV/m and 84 MV/m. The pulse duration is 150 ns. The standard
deviation in the Gaussian peak fitting is used as the error bar.

The change of the coherence length of the domain pattern can be investigated by
examining the field-induced changes in the widths of domain satellites. The electric-field-
induced evolution of the peak width is shown in Fig. 3.4(b) under both 38 MV/m and 84
MV/m electric field pulses. Note here that the zero-field peak width is slightly different
from the width estimated in Fig. 3.2, indicating a spatial variation of the coherence length
across the superlattice sample. The peak width along Q. increases gradually under electric

pulses, with larger change under higher electric fields. At 84 MV/m, the peak width
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increases to 0.022 A™', corresponding to an average coherence length of 26 nm. The in-
plane peak width along Q,, on the other hand, shows no systematic change under electric
fields. We did, however, observe a decreasing trend of the in-plane width in another
superlattice capacitor under similar experimental conditions. We therefore conclude that
stripe domains have a similar or slightly larger degree of in-plane disorder during the

transformation into a single domain state.

3.5 Heterogeneous Transformation Model

We propose a heterogeneous transformation model to describe the polarization
transformation from the stripe domains state to the uniform electric field in an applied
electric field. The puzzling observation described in the previous section was that stripe
domains and the overall superlattice show very different piezoelectric responses in the
same electric field. The key features of the model we propose are illustrated in Fig. 3.5.

With this model we can resolve the puzzle.

We propose a model in which different regions of stripe domains transform
heterogeneously across the areas under applied electric fields. During the transition, the
regions that are already transformed are sufficiently large so that they are free from the
mechanical clamping effect limiting the piezoelectricity. The regions that are not yet
transformed preserve the stripe domain pattern and show negligible piezoelectric
expansion. The x-ray footprint is an order of magnitude larger than the domain period
and therefore the diffraction patterns can capture the structural response from both the
transformed and untransformed regions. The spatial variation of the transformation can
result from either surface defects or from random variations in the domain configuration.

We hypothesize that both of these effects can locally modify the thermodynamics of the
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transformation.

The heterogeneous switching model is different from switching model used to
describe the domain dynamics of in compositionally uniform ferroelectrics. Nanosecond
switching phenomena in uniformly polarized ferroelectrics are accurately described by
models of the nucleation of polarization domains and the subsequent motion of domain
walls [19, 20]. These models are not applicable in the case of nanoscale stripe domains,
where the polarization domains favored by electric fields have already constituted half of
the volume fraction at zero fields and each unflavored domain is only a few nanometers

wide.

EPbLTIO,

OISITIO. rRBuOs bottom electrode

Before transition During transition After transition

Figure 3.5 Schematic domain patterns according to the proposed heterogeneous switching
model. The arrangement of domains is shown before, during, and after the transition from
stripe nanodomains to the uniform polarization state. The in-plane coherence length of the
stripe pattern is drawn as infinite in order to simplify the representation. The sequence of
atomic unit cells in the superlattice is shown as an inset.

Zukbo et al. have proposed that the volume fraction of domains favored by
electric fields increases via a continuous displacement of domain walls over the course of
applied fields [6]. In this continuous displacement model, the domain wall motion is
expected to occur simultaneously over the area with electric fields, and as a result the
piezoelectric distortion would develop at the same rate in both the domain satellite and
the superlattice structural reflection. This expectation is incompatible with our

observations that stripe domains show a much smaller piezoelectric distortion in



54

comparison with the superlattice as a whole.
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Figure 3.6 (a) Normalized intensity of domains satellites as a function of O, at electric fields
ranging from zero to 118 MV/m. The expected reciprocal-space positions for higher order
domain satellites are marked with arrows. (b) Simulated intensity of domain satellites as a
function of domain fraction. (¢) Zoomed-in intensity vs. O, curves in the area in (a) marked
with a square.

In areas where domains are metastable under electric fields, we also found no
evidence that the volume fraction of domains is changed within the remaining stripe
domains. The x-ray scattering intensity of domain satellites is affected by the
arrangement of stripe domains. Assuming an infinite coherence length and that the

domain walls are perfectly aligned, the intensity of domain satellites follows the equation

o sin(krm)’ (3.2)

1 B
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where 7 is the domain fraction and £ is the order of domain satellites along the in-plane
direction [6]. When the superlattice has the equal fraction of polarization-up and down

domains, domain satellites with even order £ have zero intensity.

Taking into account the short in-plane coherence length observed, we have
experimentally searched for higher order domain diffuse scattering satellites, and
simulated the evolution of those satellites as in the continuous displacement model. Fig.
3.6(a) shows domain satellites measured under a range of electric fields. A simulation of
the change of domain satellites as the domain fraction changes in the continuous
displacement model is shown in Fig. 3.6(b). For a domain fraction of 75%, the second-
order domain satellite is predicted to have maximum intensity, reaching approximately

half of the intensity of the first-order domain diffuse scattering peak.

No intensity maxima are observed at the reciprocal-space position for the
expected second-order domain satellites, as illustrated in Fig. 3.6(c). The absence of
second-order domain satellites is consistent with » = 0.5, equal fractions of the domain
structure in each polarization. The field-induced evolution of domain satellites suggests
that there is no significant change of the fraction of the stripe domain to the polarization
direction favored by the applied electric field. We therefore conclude that the change of
domain fraction is not a significant physical process during the transformation of stripe

domains.

We also note the absence of domain satellites with third-order or higher, which
can be a result of random variations in domain orientation and domain period. These
variations smear out the domains satellites, especially the higher-order ones, as have been

demonstrated in stripe domains in PbTiO; thin films [11].
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Our results can also be used to test other predictions. Theoretical calculations by
Lisenkov et al. predict that dielectric layers in superlattice transform earlier than the
ferroelectric layers [7]. If the dielectric layers were switched completely while the
ferroelectric layers conserve stripe domains, a change in the Q. of the domain reflection
would be expected in order to accommodate the piezoelectric expansion in the dielectric
layers. This expansion was not observed in our experiments. We therefore expect a more
moderate structural distortion on basis of the stripe domain configuration. The detailed
difference in the dynamics between the ferroelectric and dielectric layers, including the
domain walls and lattice constant in each superlattice component, will be discussed more

extensively in Chapter 4.

3.6 Nanosecond Transformation to the Uniform Polarization State

The time-dependence of the transition from the stripe domain state to the uniform
polarization state can be studied using the time-dependence of domain diffuse scattering
satellite reflections. Following the heterogeneous transformation model, the intensity of
the domain satellite is proportional to the volume of the remaining unswitched stripe
domains. Fig. 3.7(a) shows a series of diffraction patterns near one of the domain
satellites during an electric field pulse with a magnitude of 84 MV/m. As the time after

the onset of the electric field increased, the domain satellite declined.

The characteristic times for the transformation were deduced by analyzing the
intensities of the domain diffuse scattering satellites. The integrated intensities of the
domain satellites were calculated after removing two sources of background (i) a uniform
background intensity and (ii) the tail of the intense superlattice structural reflection. A

monotonic decrease of the intensities of the domain satellites was observed under applied
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electric fields ranging from 38 to 168 MV/m. The time-evolution of the integrated

intensities of the domain satellites are shown in Fig. 3.7(b) for applied electric fields of a

series of magnitudes in this range.
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Figure 3.7 (a) Diffraction patterns at several times following the onset of an electric field of
84 MV/m. The diffraction patterns were acquired with the diffractometer set for the zero-
field Bragg condition. (b) The integrated intensity of the domain satellites as a function of
time in electric fields ranging from 30 MV/m to 168 MV/m.

The magnitude of the electric field has a profound effect on the rate of the change

of the intensities of domain satellites. A characteristic time representing the timescale of
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the transition of stripe domains was extracted by fitting the time-dependence of the
intensities in Fig. 3.7(b) with an exponential decay function. This exponential, to which
we attach no specific physical meaning, is a convenient model-independent approach for
extracting the characteristic time of switching. As shown in Fig. 3.8, the characteristic
time is on the order of 1-100 nanoseconds and depends on the magnitude of electric
fields. Specifically, the timescale is reduced by more than one order of magnitude when

the electric field is increased from 38 to 168 MV/m.
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Figure 3.8 Characteristic times for the dynamics of the domain reflection as a function of
the magnitude of electric fields.

The applied electric fields not only modify the energy landscape of the
superlattice to favor a monodomains state but also set the kinetics of the polarization
switching. Merz’s law describes the switching kinetics in compositionally uniform
ferroelectrics [21], where the maximum switching current i is related to external fields:

ixexp(-a/E) (3.3)
Here « is the activation energy for the domain switching. Extending the Merz’s law to

the superlattice studied here, we can expect that the decrease of the intensity of domain
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satellites is more rapid at higher fields, as we observed. The case of superlattice is also
much more complicated because the activation energy can vary as the topological
arrangement of stripe domains changes across the superlattice. As a result, the region of
superlattice that conserves the stripe domain at a particular time under a relatively low

electric field can be completely transformed under a relatively large electric field.

Finally, we note that the domain satellites are still observable with very low
intensity even after times as long as 150 ns after the beginning of electric fields with
magnitudes as high as 168 MV/m. The persistence of the domain diffuse scattering peak
indicates that a complete transformation to the uniform polarization state requires longer
than this duration. Using bipolar triangular voltage waveforms in which each voltage
polarity is applied for 0.6 ms, a complete polarization switching is achieved in electrical

measurements.

3.7 Conclusions

The time-resolved x-ray study in the PbTiOs/ SrTiOs superlattice presented here
reveals a novel polarization switching mechanism. Electromechanical considerations lead
us to conclude that regions of stripe domains switch at different rates in a macroscopic
level across the extent of the sample. The magnitude of the applied electric field
determines the kinetics of the transition of stripe domains, and modifys the timescale over
which the transformation occurs. The observation that the stripe domains can be switched
at a timescale as fast as a few nanoseconds at high fields leads to the possibility that the
stripe degree of freedom can be manipulated in device structures with GHz operating

frequencies.
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4 Interlayer Domain Distortion and Piezoelectric Strain
in PbTiO3/SrTiO; Superlattices

4.1 Introduction

The atomic-scale structure of ferroelectric/dielectric superlattices is determined to
a great extent by the interaction between the lattice distortion and polarization of
component layers [1, 2]. In a superlattice where dielectric layers are sufficiently thick, the
dielectric layers partially decouple the adjacent ferroelectric layers and promote the
formation of stripe polarization domains [3-5]. The dielectric layers become polarized,
but the polarization in the center of the dielectric layers is much less than the polarization
in the ferroelectric layers [6-9]. In addition to the in-plane polarization periodicity, stripe
domains also modify the lattice structure. Polarization vortices [10, 11] are predicted to
occur at corners of domains to accommodate the difference between the polarizations of
the different component layers. The elastic deformation associated with the polarization
vortex can induce a nanometer scale structure into the domain wall, effectively
broadening domain walls beyond the unit-cell scale domain walls found in ferroelectrics

with uniform composition [8].

The complex interfacial structural phenomena found in ferroelectric/dielectric
superlattices lead to unusual dynamics of the polarization domain configuration. In
Chapter 3, it has already shown that the electric fields can transform stripe domains into a
uniform polarization state, at a characteristic time on the order of tens of nanoseconds [3].
There are several predictions of the effects of the non-uniform polarization profile on the

field-induced-evolution of the structure of the superlattice [12-14]. We can conceptually
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divide these predictions into two regimes.

In the first regime, at times approximately 1 to 100 ns after the onset of the
applied electric field, the stripe domains have not yet switched. During this time range,
the stripe pattern is metastable and the lattice structure within the stripe domains show
little change of the lattice constant due to mechanical clamping [3, 15]. First-principles
calculations predict that the domains walls within the metastable stripe domains in the
weakly polarized dielectric layers are slightly displaced with a lower threshold electric

field than the ferroelectric layers [13].

In the second regime, long after the onset of the electric field, a uniform
polarization state has been reached and the clamping of the lattice structure is lifted. In
this case the clamping effect is no longer important and the superlattice as a whole
exhibits a large piezoelectric expansion. In the uniform polarization state the domain
degree of freedom is no longer available and the polarization of the dielectric layers must
increase to match the ferroelectric layers. Because they have a large change of the
polarization the dielectric layers can be expected to exhibit a large piezoelectric
expansion commensurate with their polarization. These properties of the uniform
polarization state have been predicted for PbTiOs/ SrTiOs; superlattices in a first-

principles calculation [14], but not yet observed experimentally.

This chapter describes a structural study of how the domain structure and lattice
structure evolve in each superlattice component layer as a function of the applied electric
field. The experiments probe the atomic structure and domain structure of a PbTiOs/

SrTiOs superlattice in the two regimes of its response to an applied electric field. In situ
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time-resolved synchrotron x-ray microdiffraction was used to measure the intensities of
x-ray reflections arising (i) from the stripe domain and (ii) from the lattice structure of the
superlattice. In the first time regime, the change in the intensities of domain reflections
indicates that the average polarization of the dielectric SrTiOj; layers increases. In the
second time regime, intensity evolution of the superlattice structural reflections shows
that the dielectric SrTiO; layers exhibit a piezoelectric effect commensurate with the

polarization expected due to the elimination of the stripe domains.

4.2 Experimental Arrangement

The PbTiO3/SrTiO; superlattice studied here has a similar layer structure to the
superlattice sample described in Chapter 3, except that the repeating unit consists of 8
unit cells of PbTiO; and 3 unit cells of SrTiO;. Time-evolution of the structure of the
superlattice during applied electric fields was measured at station 7ID-B of the Advanced
Photon Source at Argonne National Laboratory. The experimental setup for the time-
resolved x-ray microdiffraction experiment was described in Chapters 2 and 3 [3].
Capacitors with top electrode diameters of 50 and 130 um were studied in the
experiments described in this chapter. The RC charging time constant in the circuit
consisting of a superlattice capacitor and the resistive StTRuOs bottom electrode was 85 ns

for the 50 um-diameter capacitors.

X-ray reflections arising from the lattice and domain structure of the PbTiOs/
SrTiO; superlattice are shown in the reciprocal space map acquired near the (002) Bragg

reflection (Fig. 4.1). The atomic periodicity of the superlattice produces a series of x-ray

] 27 [ ) .
reflections at out-of-plane wavevectors Q, = ——(m+—), where the integer m indexes
n

avg
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the reflections from the average lattice constant of each unit cell d,,, n is the total
number of atomic layers in the repeating unit, and / indexes the out-of-plane satellite
reflections from the large repeating unit of the superlattice. The reflections from the
superlattice structure and stripe domain are labeled using out-of-plane indices m and /.
For the sample described in this chapter, the stripe domain pattern has a period of 66 A

and results in diffuse x-ray scattering satellites at in-plane wavevector Q,, = +0.095 Al
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Figure 4.1 Reciprocal space map of the PbTiO,/SrTiO; superlattice acquired near the m = 2
reflections. A schematic of the three-dimensional reciprocal space of the superlattice is
shown as an inset. The spheres along Q. = Q, = 0 and the surrounding rings represent
superlattice structural reflections and domain satellite reflections, respectively.

A superlattice can be viewed as a convolution of its repeating unit with a lattice
with a period corresponding to the size of the repeating unit, as shown in Fig. 4.2. The x-
ray scattering pattern gives the squared magnitude of the Fourier transform of the

electron density associated with this superlattice structure. The wavevectors of the
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maxima in the diffraction pattern are determined by the periodicity of the repeating unit.
The intensities of these peaks are determined by the atomic structure within the repeating
unit. In the structural measurement described here we mapped out the x-ray intensity
distribution of two series of x-ray reflections: (i) the reflections arising from the stripe
domain pattern and (ii) the conventional superlattice reflections from the atomic layering.
Analysis of these diffraction patterns provides information about the contribution of each

component layer to the domain configuration and the lattice parameter within each layer.
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Figure 4.2 Schematics showing the principles of the convolution theorem in relating the real
space of a superlattice to the x-ray diffraction pattern in reciprocal space. The symbol ®
indicates the convolution operation. The intensity vs. 0, curve is calculated based one
repeating unit of the experimental sample with a kinematical x-ray diffraction simulation.

4.3 Electric-field Dependent Domain Distortion

The transformation from the stripe domain state to the uniform polarization state
leads to the decrease in the intensity of domain satellite plotted in the Fig. 4.3(a). Similar
switching behavior was discussed in detail in Chapter 3. In Fig. 4.3(a), the intensity of the

domain satellite deceases by 80% at a time 30 ns after the onset of a 212 MV/m electric
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field. The following discussion focuses on the initial 20 ns of the switching process
during which the stripe domains are not yet completely transformed and in which a

significant fraction of the sample is in a metastable stripe domain state.
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Figure 4.3 (a) Normalized intensity of the domain satellite with m» =2 and / = 0 as a function
of time during a 60 ns-duration electric field with a magnitude of 212 MV/m. (b) Diffraction
patterns along the O, direction for / =-1 (left panel) and / = 0 (right panel) domain satellites,
at zero field (squares) and 5 ns after the onset of a 60 ns, 212 MV/m electric field (circles).
The hatching and cross-hatching indicate the areas over which the intensities of the domain
satellites are integrated.

The evolution of the superlattice structure leads to changes in the relative
intensities of the intensity distribution of the domain satellites. Here we analyze the field-
induced change of the intensities of the domain satellites with /=0 and /= -1, as shown
in Fig. 4.3(b). The domain satellites with / = -2 and 1 are too weak to be distinguished

from the background under our experimental conditions (Fig. 4.1) and thus will not be
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analyzed. The integrated intensities of domain satellites decrease in the applied electric
field at a rate that depends on the indices of the reflections. At 5 ns after the onset of an
electric field with a nominal magnitude of 212 MV/m, the integrated intensity of / = -1
domain satellite has decreased by 19% with respect to its zero-field intensity. In
comparison, the / = 0 domain satellite has decreased much more dramatically at this time,
by 52%. The difference in the rate at which the intensity decreases reflects the change of

the domain configuration within the repeating unit of the superlattice under applied

fields.
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Figure 4.4 Ratios of the integrated intensities of the / = -1 domain satellites to the / = 0
domain satellites as a function of time under electric fields with different nominal
magnitudes. The diffraction patterns used in (a) are optimized separately for both / = 0 and
I = -1 domain satellites. Diffraction patterns used in (b) are optimized for / = 0 domain
satellites only.

The quantitative analysis of the atomic structure within the superlattice requires
carefully removing the contribution to the relative intensities arising from the
transformation of stripe domains to the uniform polarization state. To do this we define a
quantity R, which is ratio of the integrated intensities of / = -1 domain satellites to /=0
domain satellites.

The ratio R was measured using two different segments of the diffuse domain

satellite rings. The plot in Fig. 4.4(a) is based on diffraction patterns with the incident
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angle optimized separately for /= 0 and / = -1 domain satellites. The diffraction patterns
used to measure R in Fig. 4.4(b) were optimized for / = 0 domain satellites only, but also
capture the shoulder of / = -1 domain satellites. In Fig. 4.4(b), the intensities of / = 0
and -1 domain satellites are integrated over different geometric segments of the ring of
diffuse scattering and thus could possibly be sensitive to artifacts associated with changes
in the domain geometry. In both cases, however, Fig. 4.4 shows that R increases by more

than 50% at 20 ns after the application of a large electric field.

4.4 Domain Distortion Models

The field-induced changes in the relative intensities of domain satellites arise
from changes in the way the polarization and atomic structure are distributed within the
repeating unit of the superlattice. In principle, a measurement of the relative intensities
with a large number of domain satellites could be used to obtain this information exactly.
The exact domain structure is not available, however, because it was possible to measure
only a limited number of domain satellites in our experiments. There is sufficient
information in the experimental data, however, to build a kinematic x-ray diffraction

simulation that captures the key field-induced structural changes.

The simulation is based on a calculation of the overall structural factor of an
arrangement of atoms with the same repeating unit as the experimental superlattice. We
have previously developed a model to simulate the intensities of superlattice reflections
under different conditions of how the strain is distributed in ferroelectric and dielectric
layers in a single domain state [16]. Here we extend this model to account for the
nanoscale stripe domains. The domain x-ray satellites result from the difference in the

structure factors of the unit cells with opposite polarizations. As a result, the domain
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satellites are affected by parameters including the positioning of domain walls, lattice

constant and atomic displacement in both PbTiOs3 and SrTiOs layers.

The lateral extent of the simulation encompasses a domain period of 16 unit cells,
approximately matching the experimental domain period. The SrTiO; bulk lattice
constant 3.905 A is used as the global in-plane lattice constant, which is consistent with
the coherent epitaxial growth of the superlattice. Along the out-of-plane direction, we
apply the SrTiOs bulk lattice constant to the SrTiOs layers and stretch the PbTiOs layers
so that the total average lattice constant of the simulation agrees with the experiment. The
ferroelectric polarization is accounted for by displacing atoms away from their high-
symmetry sites within both PbTiO3 and SrTiOs unit cells. The PbTiO3 atomic positions
are chosen to match those found in PbTiO; ceramics [17]. Theoretical studies of the
stripe domain state predict that the polarization in SrTiOs layers is 30%-50% of the
polarization in PbTiOs layers [6, 8]. We therefore make a simplifying assumption that the
fractional atomic displacements in SrTiOs layers are 40% of those in PbTiOs layers. The
key results of the simulation, however, do not depend on the magnitude of the initial

atomic displacements in SrTiOs layers.

In zero-applied electric field, each component has a fixed out-of-plane
polarization in which upward and downward polarization directions each have a 50%
volume fraction. We further assume that the zero-field domain walls are perfectly aligned
in each layer with a zero width, as shown in Fig. 4.5(a). We have neglected all in-plane
components of the polarization and the polarization vortices predicted in theoretical

calculations.
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Figure 4.5 Arrangements of atoms of the simulated PbTiO3/SrTiO; superlattice with (a)

well-aligned domain walls and (b) domain walls displaced by two unit cells in SrTiO; layers.

(c) The calculated ratio R as a function of domain wall displacement in both component

layers only (circles) and in SrTiO; layers only (squares).

in PbTiO;

layers (triangles),

We hypothesize that the experimentally observed changes of the relative

intensities of domain satellites are caused by the modification of the domain

configuration within SrTiO; layers. Lisenkov et al. predict that the weakly polarized
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dielectric layers are less stable than the ferroelectric layers, and consequently exhibit
increased polarization before the ferroelectric layers under the same applied electric
fields [13]. Following these predictions, we have constructed two distinct models of the
superlattice in applied electric fields. We have used these models to compute the intensity
of the domain satellite as the overall polarization of SrTiOj; layers increases. The models
are (1) that the domain walls in the SrTiOj; layer are slightly displaced as a result of the
electric field and (2) that the fractional atomic displacements in SrTiO; layers are
modified by the electric field. Other factors that affect the intensities of domain satellites,
including the lattice constant of each component layer, do not change within the domains

under the applied electric field, and are thus not considered here [3].

In the first model, we displace all the domain walls into the polarization-up
domains in SrTiOs layers so that the SrTiOs layers develop a net polarization aligned
with the applied electric field. Situations with zero displacement and with a displacement
of two unit cells are shown in Fig. 4.5(b). We have also considered alternative geometries
for the domain wall displacement, including cases where the domain walls are displaced

in the PbTiO;3 layers as well as in both SrTiO3 and PbTiO; layers.

For each simulation, the quantity R, the ratio of the integrated intensities of / = -1
domain satellites to / = 0 domain satellites, is computed. The results are summarized in
Fig. 4.5(c). The value of the ratio R depends on the displacement of the domain walls in
on the geometry of the domain wall displacement (i.e. in SrTiOs;, PbTiOs or both). A
monotonically increase in R trend is predicted to occur when only domain walls in
SrTiO; layers are displaced. In the extreme case where the domain walls are displaced by

four unit cells, the stripe domain pattern no longer persists in the SrTiO; layer and the
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ratio R increases by a factor of 2.4. In compassion, when the domain walls in PbTiOs3
layers are displaced, ratio R decreases initially, and then shows an anomaly of large

increase at the point where the stripes are eliminated.
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Figure 4.6 (a) Arrangements of atoms in the simulated PbTiO;/SrTiO; superlattice in two
situations: the fractional atomic displacement of SrTiO; polarization-up domains is 40% of
that in PbTiO; bulk ceramics (left panel), and is reduced to zero (right panel). (b) Simulated
change in R resulting from decreased fractional atomic displacement in polarization-up
domains of SrTiO; layers. The fractional atomic displacement is normalized to the value in
PbTiO; bulk ceramics.

In the second model, we increase the overall polarization of SrTiO; layers by
changing the fractional atomic displacement within the polarization-up domains of the
SrTiOs layers. Fig. 4.6(a) shows the zero-field atomic arrangement when the fractional
atomic displacement of the SrTiOs layers is 40% of that in the PbTiOs layers, and field-

induced atomic arrangement when the fractional atomic displacement of the SrTiO;
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layers is reduced to zero. The simulated ratio R increases monotonically as the fractional
atomic displacement decreases, as shown in Fig. 4.6(b). In the case where the initially
polarization-up domains of SrTiOj; layers become non-polar, with a centrosymmetric unit

cell, the ratio R increases by a factor of 1.6.

The increase of the ratio R we observed during the application of large electric
fields shows that the stripe domains are slightly distorted before the transformation into a
uniform polarization state. The exact form of the distortion is unclear, but both the
domain-wall and atomic-displacement models point to a similar physical effect that an
increase of the average polarization in SrTiO; layers leads to an increase of the ratio R.
Both models lead us to the same consistent picture that high electric fields increase the
net polarization of SrTiO; layers in the metastable stripe-domain state, but leave the
PbTiO; layers unaffected. The increase of the ratio R we observed agrees with the
kinematic x-ray diffraction simulation, and the maximum change is within the range of
prediction. The magnitude of the distortion is expected to increase with the magnitude of
electric fields. This electric field scaling accounts for the time dependence of the ratio R
shown in Fig. 4.4, where the magnitude of the field is increasing in the initial 20 ns after
the onset of applied electric fields, since the charging time constant of superlattice

capacitors is a factor of four larger than 20 ns.

4.5 Interlayer Distribution of Piezoelectric Strain

We now focus on the second time regime, long after the onset of the applied
electric fields. Because the lattice structure is coupled to the remnant polarization, the
field-induced evolution of the atomic structure of each superlattice component provides

insight into the evolution of the polarization distribution. In this time regime, the domain
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pattern disappears and only the structural superlattice x-ray reflections at O, = O, = 0
remain. The diffraction patterns are produced mainly by area with uniform polarization.
The mechanical clamping imposed by the stripe domain pattern is removed and the
superlattice as a whole exhibit piezoelectric expansion [3]. A structural prediction based
on the evolution of the initial non-uniform polarization profile [14] is tested in this
section. We start with the hypothesis that, because of their large change in polarization,

the SrTiOs layers exhibit a larger piezoelectric expansion than the PbTiOs layers.

(a

10'—I—E0ff [=-2 B /=1
[ -~ EOn
..,"Q\ 3[
E 10° !
O 3
s}
>
z i
C
(0]
IS
205 300 310 __ 315 325 __ 330
Q, (A") Q, (A) Q,(A)
(b) /= -1 | =0 /=1
31.2 1o}
2 1 o
9] .. [ ]
£1.1 1.4}
© ° ® o o o o
% 1 0.5- 1 0.5-
o [ ]
[ J
01 02 0 02 04 0 025 05 0 01 02

Average Strain (%)

Figure 4.7 (a) Diffraction patterns of superlattice structural reflections with indices m = 2
and / = -2, -1, 0 and 1 at zero fields (square) and at the end of a 300 ns, 212 MV/m electric
fields (circle). (b) The integrated intensities of superlattice structural reflections with indices
m =2 and [ = -2, -1, 0 and 1 normalized to zero-field values as a function of the average
strain.
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Fig. 4.7(a) shows diffraction patterns of superlattice structural reflections with m
=2and /[ =2, -1, 0 and 1, acquired at zero fields and under 212 MV/m electric field
pulses. The diffraction patterns are shown for a time 300 ns after the beginning of applied
fields is chosen, so that the superlattice has approximately reached the uniform
polarization state. The diffraction patterns acquired in the applied electric fields are
different in two respects from the patterns acquired at zero applied fields. First, all of the
x-ray reflections acquired in the applied field are shifted to lower Q. due to piezoelectric
expansion. The piezoelectric strain is determined by measuring the shift in the center of
mass of the intensity distribution along Q.. Second, the reflections change in intensity due
to the change in the atomic structure within the repeating unit of the superlattice. The
intensities integrated over three-dimensional space in reciprocal space are shown as a

function of the piezoelectric strain in Fig. 4.7(b).

The magnitude and sign of the field-induced changes in the intensity depend on
the indices of the reflections. The intensities of the / = -2 and / = 0 reflections increase
after the transformation to the uniform-polarization state while the / = -1 and / = 1
superlattice reflections decrease in intensity. In this particular case, the magnitude of the
intensity change is larger for the reflections with decreased intensity. For example, at
0.1% strain the structural reflection with / = 1 exhibits a 60% decrease in its intensity in

the applied field and the / = 0 reflection has an 8% increase in intensity.

A kinematic x-ray diffraction simulation similar to that in section 4.4 was used to
interpret the structural changes responsible for the field-induce changes in the intensities
of the superlattice structural reflections. The simulation compares the intensities of the x-

ray reflections from the eventual uniform polarization-down state to the intensities of
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reflections from the initial stripe domain configuration. The polarization transformation is
accounted by changing the sign of the fractional atomic displacement in both the SrTiO;
and PbTiOs layers. We consider three options for how the PbTiO3; and SrTiOs layers
share the piezoelectric strain: (1) the distortion is distributed evenly between PbTiO; and
SrTiOs layers, (2) the distortion occurs only in PbTiO; layers and (3) the distortion
occurs only in SrTiOj; layers. These options are schematically shown in Fig. 4.8(a) where
the fraction of strain in the PbTiOs layers is denoted as . We also include the change of
lattice constants due to the piezoelectric expansion and allow the atomic displacements in

the SrTiOs layers to increase as the size of SrTiO; unit cells increases.

The atomic model proposed by Swartz and Wu points out that the interfacial layer
has different lattice structure compared to adjacent superlattice components [14]. We
approximate this model by setting the lattice parameter of the interfacial layer as the
average of lattice parameters of neighboring layers. This consideration, however, does

not affect the key results of the intensity calculation.

The polarization switching itself changes the intensity of the superlattice x-ray
reflections. Polarization-down and polarization-up unit cells have different structure
factors when both the fractional atomic displacements and the desperation correction of
the atomic scattering factor are taken into account. For the x-ray reflections we studied
here, the diffracted intensity associated with the polarization-down configuration is larger
than the zero-field stripe domain pattern. This difference is apparent in the calculated
zero-strain x-ray intensity for four different superlattice structural reflections with m = 2,
[=-2,-10 and 1, as shown Fig. 4.8(b). The magnitude of the increase of the relative

intensity varies with the indices of the x-ray reflection. A similar dependence of the
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intensity on the crystallographic direction of the remnant polarization is observed in

compositionally uniform Pb(Zr,T1)O; thin films [18, 19].
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Figure 4.8 (a) Sketch of the strain distribution model. Here F is the fraction of strain in the
PbTiO; layers. (b) Comparison of the experimental measured integrated intensities and the
kinematic simulation of superlattice structural reflections with indices m =2 and / = -2, -1,
0, and 1 as a function of the average strain. The lines are kinematic simulations in which the
piezoelectric distortion is equal in PbTiO; and SrTiO; layers (solid lines), only in PbTiO;
layers (dotted lines), and only in SrTiO; layers (dashed lines).

As the piezoelectric strain develops in the superlattice, the calculated x-ray
scattering intensity is strongly affected by the strain distribution across the component
layers. The relative intensity shows little change with the average strain in the case where
the SrTiO; and PbTiOs layers share the strain evenly. On the contrary, when the strain is
only concentrated in one of the superlattice components, the relative intensity deviates

from the zero-strain prediction as the average strain increases. The largest intensity
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change is predicted for structural reflections with / = 1. For instance, the relative intensity

drops to 30% when 0.1% strain occurs in only the SrTiOs layers.

The experimentally observed variation of the intensity as a function of the
piezoelectric strain is best fit by the case where all of the piezoelectric distortion occurs
in the SrTiOs layers. The / = -1 and 1 superlattice reflections, for example, decrease as
the piezoelectric distortion increases, agree with the x-ray diffraction simulation, as
shown in Fig. 4.8(b). The intensity variation in the superlattice structural reflections
shows that the SrTiO; layers are stretched more significantly than the PbTiO; layers
under the applied electric fields. The larger piezoelectric distortion in the SrTiOs layers
matches the expectation of the transformation of the weakly coupled PbTiOs/ SrTiOs
superlattices into strongly coupled superlattices, in which the polarization reaches a

uniform distribution across superlattice components [14].

The intensity changes shown here are unique for weakly coupled PbTiO;/ SrTiO;
superlattices, and are very different from BaTiO;/CaTiO; superlattices. The latter
superlattice behaves as a compositionally uniform ferroelectric under large electric fields.
The piezoelectric strain is distributed evenly in the ferroelectric BaTiOs and dielectric
CaTiOs layers and x-ray diffraction patterns do not show intensity changes in the

superlattice reflections as the overall lattice expanses [16, 20].

4.6 Conclusions
We have shown that the relatively weak polarization of the SrTiO; layers in a
PbTiOs/ SrTiO; superlattice has important effects on the evolution of the domain and

atomic structure in applied electric fields [21]. The layer-dependent evolution of the
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nanometer-scale polarization configuration and the associated structural distortion were
measured in two time regimes. The evolution of the x-ray diffraction pattern is consistent
with theoretical predictions that the applied field leads to large increases in the
polarization of the SrTiOs; component. The x-ray characterization methods used here
provide the atomic-to-nanoscale structural resolution required to understand the dynamic
properties of this system. Insight into the origin of the time-domain properties of
superlattices has the potential to increase the functionalities of complex oxides by

providing the means to tune the field- and time-dependence of electronic properties.
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5 Nonlinearity of Piezoelectricity in Epitaxial BiFeO3; on
SrTiO3 under High Electric Fields

5.1 Introduction

The multiferroic complex oxide BiFeOsis so far the only single-phase material
exhibiting ferroelectric and antiferromagnetic order simultaneously at room temperature
[1, 2]. Phenomena in both of these degrees of freedom depend on the crystallographic
structure and distortion of the atomic lattice [3, 4]. An in-depth understanding of the
structure of BiFeOs and the evolution of its structure in applied fields are therefore of
particular importance. Theoretical calculations have shown that a structure phase of
BiFeO; with tetragonal symmetry have a lower free energy than the bulk rhombohedral
phase in high electric fields applied along a pseudocubic <001> direction [5]. For the
case in which BiFeOj3 is initially unstrained, the predicted threshold electric field is on the
order of 1000 MV/m, which is much larger than typical electrical breakdown fields [6]
and imposes a technical challenge for experimental tests. No phase transition has been
observed, for example, in a previous in situ x-ray diffraction measurement under electric
fields up to 35 MV/m [7]. In addition to the possibility of a field-induced phase
transition, understanding high-electric-field phenomena is also crucial in applications of
electronic materials based on thin films and nanostructures, where a moderate voltage can

lead to fields higher than 100 MV/m.

Materials near the boundaries in pressure, temperature, or composition between
structural phases exhibit piezoelectric, dielectric, and mechanical properties that are very

different from those of materials far from the transition. The modification of these
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properties is a consequence of the softening of the lattice accompanying the phase
transitions [8-10]. Enhanced piezoelectricity has been reported in BiFeOs thin films in
which large compressive biaxial strain [11] or doping with rare earth elements [12] places
the system near the structural phase transition. The field-induced phase transition and the
corresponding enhancement of the piezoelectricity have been extensively studied in
relaxor-ferroelectric systems where the transition electric fields are less than 1 MV/m
[13, 14]. In highly strained BiFeO; thin films grown on substrates with a large lattice
mismatch, the rhombohedral and tetragonal phases coexist at zero fields and a field-
driven rhombohedral-to-tetragonal phase transition has also been reported under the
application of a moderate electric field of 176 MV/m [15]. In epitaxial BiFeO; thin films
grown on SrTiO; substrates [1], however, the BiFeO; is more firmly on the rhombohedral
side of the phase diagram and the production of the field-induced tetragonal phase has not

been experimentally demonstrated.

In this chapter, the structure of an epitaxial BiFeOs thin film grown on SrTiO3
substrate is characterized under electric fields up to 281 MV/m using time-resolved x-ray
microdiffraction. The results of the experiment show that the piezoelectric strain is
proportional to the applied electric field up to 150 MV/m, and that the strain increases
more rapidly at higher fields. The diffuse x-ray scattering relative to the Bragg reflection
increases at high electric fields, while the peak intensity of Bragg reflections
simultaneously decreases. The increase of piezoelectricity and diffuse scattering observed
at high electric fields are consistent with the softening of phonon modes of BiFeO3 in the

proximity of the predicted phase transition.
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5.2 Experimental Arrangement

A BiFeOs; thin film with a thickness of 50 nm was prepared for the high field
measurement by the research group of Prof. Chang-Beom Eom. The sample was
deposited onto an SrRuO; continuous bottom electrode on an (001)-oriented SrTiO;
substrate by off-axis magnetron sputtering [16]. Pt top electrodes with diameters ranging
from 5 to 200 um were deposited to form Pt/BiFeO;/SrRuO; capacitors. The breakdown
field for long-duration electric field pulses is on the order of 100 MV/m for typical
ferroelectric capacitors [6]. In order to briefly exceed the low-frequency breakdown field
without damaging the sample, we used a series of short-duration voltage pulses with
duration of 10 to 20 ns [17]. The applied electric fields were along the [001] direction in
order to test the prediction that the field would produce a rhombohedral-to-tetragonal
phase transition [5]. The charging time of the BiFeO; capacitors is minimized by
reducing the resistance of SrRuQOj; bottom electrode and by using small Pt top electrodes.
A 50-nm SrRuOj layer, thicker than typical bottom electrodes, was deposited in this case
and the corresponding sheet resistance is 440 Q. The initial structural transient of the
piezoelectric distortion described below occurred with a time constant of 1.4 ns for 25-

um capacitors, corresponding to a small RC time constant as we expected.

The zero-field structure of the BiFeOs thin film was studied using a laboratory x-
ray diffractometer. Incident x-ray was monochromatized by coupled x-ray mirrors and 4-
bounce Ge (220) single crystals to produce a beam of Cu Ka,; characteristic radiation.

Fixed slits of 1/16° or 1/32° were used to define the angular resolution of the detector.

The structure of BiFeOs in large applied electric fields was studied using time-

resolved x-ray microdiffraction at station 7ID-B of the Advanced Photon Source at



85

Argonne National Laboratory and at beamline BL13XU at the SPring-8 light source,
Harima, Japan. At the Advanced Photon Source, x-rays with a photon energy of 10 keV
were focused to a spot size of 100-200 nm with a Fresnel zone plate and the diffracted x-
rays were detected using an avalanche photodiode or a pixel array detector [18].
Diffraction patterns were acquired using 25-um capacitors. At SPring-8 12.3 keV x-ray
beams were focused to 2.5 um with a refractive lens [19] and the diffracted x-rays were
detected using an avalanche photodiode. The 50-um capacitors were studied in the
experiments at Spring-8 because of the larger x-ray beam size at that particular
instrument. The detectors were synchronized to applied electric fields using the gating
electronics described in Chapter 2. The transient x-ray diffraction patterns during the
course of electric fields were accumulated over thousands of repetition of electric field

pulses in order to achieve adequate counting statistics.

5.3 Static Structure of the Epitaxial BiFeO; Thin Film

Understanding the microscopic structure of BiFeOs thin films in the zero-field
state was the first step in our study. The out-of-plane and in-plane lattice structures of the
epitaxial BiFeO; thin film were characterized by x-ray diffraction measurements. The
peak intensity of the BiFeO3 (002) Bragg reflection is at O. = 3.086 A™', as shown in Fig.
5.1(a), corresponding to an out-of-plane lattice parameter of 4.071 A. The intensity
fringes at both small- and large-Q. side of the Bragg reflection arise from the thickness of
BiFeOs film. The 0.0117 A spacing of the fringes gives a BiFeOs film thickness of 54
nm. In the (103) reciprocal space map in Fig. 5.1(b), the SrTiOs reflection is split due to

the twinning in the SrTiO; substrate. The BiFeO; and SrRuO; (103) reflections occur at
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the value of the in-plane wavevector O, as the SrTiO; substrate, indicating that the

BiFeOs layer is coherently strained to the lattice constant of the substrate.
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Figure 5.1 (a) Intensity near the BiFeO; (002) Bragg reflection as a function of out-of-plane
wavevector Q.. The intense reflection at Q,= 3.177 A" arises from the SrRuO; bottom
electrode. (b) Reciprocal space map covering, from bottom to top, the BiFeO; (103), SrRuO;
(103) and SrTiO; (103) Bragg reflections. The intensity is normalized to the peak intensity
of the SrTiO; (103) reflection.

The BiFeOs thin film has a complex polarization domain structure. The BiFeOs
bulk rhombohedral structure is monoclinically distorted under the elastic constrain
imposed by the cubic SrTiOs substrate. The monoclinic distortion can, however, occur
within three different crystallographic planes. Following the notation developed by
Vanderbilt et al. [20], the BiFeO; thin film studied here has a M, type monoclinic
distortion within the 110-family plane, as evident by the detailed reciprocal spacing
mapping near (103) and (113) Bragg reflections in Fig. 5.2. With four equivalent
ferroelastic domains, the M monoclinic distortion splits the (103) Bragg reflection along
O, and splits the (113) Bragg reflection along both Q. and Q,,[21, 22]. The reciprocal

space maps in Fig. 5.2 are not able to resolve all the split peaks. The envelope of the
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intensity distribution, however, agrees with the expected peak positions considering the

M, type distortion.
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Figure 5.2 Reciprocal space maps near BiFeO; (a) (113) Bragg reflection and (b) (103)
Bragg reflection. The intensity is normalized to peak intensity in each panel. The expected
diffraction peaks for M, phase are shown with red circles.

Despite its complex ferroelastic domain configuration, all of the domains share
the same out-of-plane lattice parameter. The in-plane lattice parameter is set by the
substrate and is not expected to change under electric fields [17]. In the following
sections, we will focus on the field-induced structural change along out-of-plane

direction.

5.4 Increase in the Piezoelectricity

Information about the time-dependence of the structure of the BiFeOs thin film is

obtained from time-resolved x-ray diffraction patterns. In Fig. 5.3, diffraction patterns
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near the BiFeOs (002) Bragg reflection are shown at different times during an electric
field pulse with a magnitude of 102 MV/m and a duration of 12 ns. The onset of the
electric field occurs at time zero, which was experimentally defined as the time where the

Bragg reflection started to shift towards smaller Q..

Normalized
Intensity
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0.6
0.2
0 10 20
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Figure 5.3 BiFeO; (002) Bragg reflection as a function of time and wavevector Q, during a
12-ns, 102 MV/m electric field pulse.

The initial peak shift observed in Fig. 5.3 has a characteristic time of 1.4 ns,
estimated from by fitting an exponential decay. This characteristic time is governed by
the RC time constant of the electric circuit composed of the BiFeOs capacitor and the
SrRuO; bottom electrode. The rise time of the electric field pulser used in our
measurement is 300 ps, far shorter than the observed time constant. The peak position
recovered to the zero-field value after the electric field was turned off. Detailed
diffraction studies were conducted at a fixed time long after the initial peak shift was
complete, at which the electric field within the BiFeOs thin film has reach a steady state

value.

A three-dimensional map of the reciprocal space near the (002) BiFeO; Bragg
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reflection was constructed from a series of diffraction patterns. Experimentally this was
accomplished by varying the sample orientation and recording two-dimensional
diffraction pattern at each orientation. Fig. 5.4(a) shows the O.-Q. section of the

reciprocal space at zero fields and at 17 ns after the onset of a 20-ns electric pulse with a

magnitude of 217 MV/m.
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Figure 5.4 (a) Reciprocal space maps near the BiFeO; (002) Bragg reflection at zero fields
(left) and at 217 MV/m (right). The SrRuQO; (002) reflection is cut off as a result of the
angular range of the measurement. (b) Intensity as a function of Q, for the (002) BiFeO;
Bragg reflection at zero fields (circles) and at 170 MV/m (squares).

As was observed in the time-dependent structural response shown in Fig. 5.3, the
BiFeO; (002) Bragg reflection shifts in Fig. 5.4(a) from 0. = 3.084 A at zero field to Q.
= 3.039 A" in an electric field of 217 MV/m. This shift corresponds to a tensile
piezoelectric strain of 1.46%. The zero-field value of Q. is slightly different from the
value estimated with millimeter-size x-ray due to the variation of the structure across the
lateral extent of the thin film sample. The reciprocal space map in Fig. 5.4(a) also shows

that projection of the reflection onto the O, axis does not change under applied electric
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fields, indicating that the tilt of the BiFeO; thin film is negligible and has little

contribution to the observed peak shift along Q..

In addition to the shift of the (002) Bragg reflection in Fig. 5.4, a less intense
secondary peak artifact was also observed at the zero-field value of Q.. This secondary
reflection is apparent both in the map in Fig. 5.4(a) and in the line profile of the
diffraction pattern in Fig. 5.4(b). A similar secondary peak was observed in Pb(Zr,Ti)O;
thin films [17]. This secondary peak most likely arises from an area of the sample that is
not subjected to the applied electric field. Diffraction from areas not exposed to the field
can occur either due to partial delamination of top electrodes, or to the illumination of
area outside the top electrode by the unfocused portion of the incident x-ray beam. The
integrated intensity of the secondary peak dose not depends on the magnitude of applied
electric fields, but varies with experimental conditions including the x-ray focusing

optics.

The dependence of the piezoelectric strain on the electric field was measured
using a series of scans of the intensity as a function of Q. similar to the scan shown in
Fig. 5.4(b). The piezoelectric strain was determined using the shift of the center of the
Bragg reflection for each scan. The strain is plotted as a function of the magnitude of the

electric field in Fig. 5.5.

The piezoelectric response of BiFeO; can be divided into two electric field
regimes. In the low-field regime, below 150 MV/m, the strain is proportional to the
magnitude of the electric field, with a piezoelectric coefficient of 55 pm/V. The linearity

of this response and the value of the piezoelectric coefficient are consistent with previous
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observations of piezoelectric coefficients of 50-60 pm/V in both bulk BiFeO; ceramics
[23] and in thombohedral thin films [1, 11]. The strain in the high-field regime higher
than 150 MV/m, however, deviates from the linear piezoelectricity. At the highest field
we have probed, 281 MV/m, the piezoelectric strain in the BiFeO; thin film is 2.04%, a
factor of 1.3 larger than the value predicted by extrapolating the low-field piezoelectric
coefficient. A linear fit to the piezoelectric strain under electric fields above 150 MV/m
yields an effective high-field piezoelectric coefficient of 86 pm/V, which is 50% larger in

comparison with the low-field piezoelectric coefficient.
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Figure 5.5 Piezoelectric strain as a function of electric field. The solid and dashed lines are
linear fits for electric fields less than 150 MV/m and greater than 150 MV/m, respectively.

5.5Increase in the Diffuse X-ray Scattering

A more detailed structural study was conducted to facilitate the understanding of
the enhanced piezoelectric response in the BiFeO; thin film. In the line profile of the
BiFeO; (002) Bragg reflection along Q., shown in Fig. 5.4(b), intensity of the shifted
Bragg reflection has a lower intensity than the zero-field reflection. The peak widths in
Q: are unchanged in the electric-field regime we have probed. The in-plane width can be

characterized from the rocking curves through the BiFeO; (002) Bragg reflection along
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the [110] direction, as shown for diffraction patterns at zero fields and at 230 MV/m in
Fig. 5.6. The angular width of the Bragg component along the in-plane direction is also

not changed at high electric fields.
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Figure 5.6 Intensity as a function of the in-plane wavevector Q,, for the BiFeO; (002) Bragg
reflection at zero fields (circles) and at 230 MV/m (squares). The geometry of x-ray
measurement is shown in the right panel.

Because there is little change in the peak width, the evolution of the integrated
intensity of the BiFeO; (002) Bragg reflection can be estimated using the peak intensity.
Fig. 5.7 shows the variation of the peak intensity of the BiFeOs (002) reflection as a
function of the applied electric field. Only the data acquired at Advanced Photon Source
was used so that the contribution of the secondary peak to the overall intensity was
constant, with approximately 25% of the intensity in the unshifted peak. The peak
intensity decreases in applied electric fields. At 281 MV/m, the highest electric field we
probed, the peak intensity falls by 70%, a factor of three larger the contribution of the
secondary peak. We therefore expect that there is a redistribution of the x-ray intensity

from the Bragg component to other regions of the reciprocal space.
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We have analyzed the intensity diffuse scattering region of reciprocal space near
the (002) Bragg reflection. The intensity of the diffuse x-ray scattering increases relative
to the intensity of the Bragg peak as the magnitude of the applied electric field increases.
In order to quantify the change in the intensity of the diffuse scattering, we partitioned
reciprocal space into two regions: a Bragg region with Q,, less than 2.5 x 10* A", and a
diffuse region with Q. between 0.002 and 0.008 A'. The ratio of the integrated
intensities in these two regions is shown as a function of electric field in Fig. 5.7. At an
electric field of 230 MV/m the diffuse scattering in this narrow one-dimensional section

of reciprocal space increases by 30% relative to the Bragg peak.
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Figure 5.7 (upper panel) Peak intensity of the BiFeO; (002) Bragg reflection normalized to
the zero-field intensity. (lower panel) Ratio of the diffuse scattering intensity to the intensity
of the Bragg peak, integrated over the ranges specified in the text. The error bars are
derived from counting statistics in the intensity integration.

Integration over the full three-dimensional volume of reciprocal space near the

BiFeO; (002) Bragg reflection shows that the total scattered intensities at zero fields and
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217 MV/m electric fields are equal within 6%. This conservation of the intensity
indicates that the scattered intensity is redistributed from the Bragg peak into the diffuse

component at applied electric fields.

5.6 Connections to Field-induced Phase Transitions

The increase in the piezoelectricity and diffuse x-ray scattering observed in the
BiFeO; thin film is consistent with the softening of the photon modes as the system
approaches the predicted phase transition. The softening of the phonon mode and the
divergence of dielectric properties are intrinsically linked through the Lyddane—Sachs—
Teller relation [24]. The divergence of the piezoelectricity and the associated dielectric
and electromechanical properties have been extensively modeled in ferroelectric systems
in which crystallographic structural transitions occur [9, 10]. The modification of the
functional properties is accompanied by the rotation of the spontaneous polarization,
which is required by the symmetry change of the structural phase transition. The
piezoelectricity is enhanced near the phase boundaries, but does not retain a high value in

phases on either side of the boundary.

Switching between different ferroelastic domain configurations, termed extrinsic
factors in Chapter 1, cannot account for the increase in the piezoelectric strain observed
in the BiFeO; thin films at high electric fields. The epitaxial BiFeOs thin film studied
here has four degenerate ferroelastic domains sharing the same out-of-plane lattice
parameter. Ferroelastic domain wall movement, however, is not favored by applying

electric fields along [001], and therefore has little contribution to lattice deformation.
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Another possible extrinsic factor is the 180° domains being reversibly poled by
the applied electric field [25]. The key idea of this model is that domains with opposite
polarizations show opposite piezoelectric distortion, and that the overall piezoelectricity
is modified by changing the volume fraction of domains by applying electric fields.. In
the present case, the domains have been preferentially poled during the thin film growth
due to the SrRuO; bottom electrode, with a polarization component parallel with the
applied electric fields we used [26]. As a result, no domain switching is expected. In
addition, no lattice contraction is observed in the time-resolved x-ray diffraction patterns,

indicating that the domains opposite to electric fields have negligible volume fraction.
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Figure 5.8 Schematic showing relationship of the observed lattice softening to the predicted
field-induced phase transition.

The picture of the softened phonon modes is also supported by the x-ray diffuse
scattering observations. The intensity of the diffuse scattering is inversely proportional to
the frequency of the phonon mode, and consequently x-ray diffuse scattering is
particularly sensitive to low-frequency phonons [27]. In the proximity of a ferroelectric
phase transition, the soft mode with the lowest optical frequency is further softened and
becomes a crucial contribution to the diffuse scattering. Increased x-ray diffuse scattering
has been previously observed near phase transitions in SrTiOs3 [28] and TiSe; [29]. In the

case of rhombohedral-to-tetragonal phase transition in BiFeOs thin films, unstable soft
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modes are zone-center phonon modes that can be expected to contribute to the diffuse

scattering in the range shown in Fig. 5.6.

We propose here that the BiFeO; thin film was driven to the boundary of the
predicted phase transition where the softening of phonon modes occurs. The range of the
electric fields in this model is schematically shown in Fig. 5.8. The completion of the
transition to the tetragonal phase would require electric fields higher than what we have
probed. In the event of a rhombohedral-to-tetragonal phase transition, a diffraction peak

associated with the tetragonal phase is expected to appear.

The tetragonal phase can be alternatively stabilized in BiFeO; thin films under
biaxial strain larger than 4%, where an axial ratio of 1.25 has been reported for the
tetragonal phase. [15, 30]. This ratio is much larger than what is observed in bulk
rhombohedral phase or in the monoclinically distorted phase in epitaxial thin films. The
tetragonal phase would produce an x-ray reflection outside the diffraction patterns we
have shown. We have performed a detailed reciprocal space mapping in the region of
reciprocal space where the diffraction signature of the tetragonal phase is predicted to
occur. No diffraction peak was found above the experimental background level at a field

of 230 MV/m, and we thus conclude that the system did not reach the tetragonal phase.

In BiFeOs; thin films where a mixture of tetragonal and rhombohedral structures
coexist, a tetragonality of 1.07 is measured for the rhombohedral phase [15]. Expanding
the BiFeO; thin film on SrTiO; to this point requires an out-of-plane strain of 2.5%. By
slightly extrapolating our measurements, we predict that this 2.5% strain will be reached

at an electric field of 340 MV/m. The attempts to apply higher electric fields beyond the



97

maximum 281 MV/m shown in Figs. 5.5 and 5.7 resulted in significant sample
degradation, including visible changes in top electrodes and electrical breakdown. Based
on this estimate, however, we find that the electric fields we have already reached are
close to the phase transition and that the fields required for the transformation are within

the range of present experimental tools.

Further evidence for the role a phase transition comes from comparing BiFeOs to
other ferroelectric materials. We have previously probed the piezoelectricity of tetragonal
Pb(Zry,Tipg)Os in a similar experiment [17]. Because the rhombohedral-to-tetragonal
transition was not available via a tensile expansion in this Pb(Zry,Tios)Os system neither
the decrease in the peak intensity of the Bragg reflection nor the large increase in

piezoelectricity was observed for electric fields up to 500 MV/m.

5.7 Conclusions

The high-field structure of an epitaxial BiFeO; thin film, with a zero-field
structure on the rhombohedral side of phase diagram, was studied with time-resolved x-
ray microdiffraction. Increases in the piezoelectric strain and in the relative intensity of x-
ray diffuse scattering in comparison with the Bragg reflection were observed at electric
fields higher than 150 MV/m. These observations are consistent with the softening of
phonons near the predicted rhombohedral-to-tetragonal phase transition in this system.
The appearance of the tetragonal phase would require larger electric fields than what we
have probed. We have demonstrated, however, high electric fields provides means to tune
and test the properties of BiFeOs under a wide range of structural configuration without

artifacts associated with the sample fabrications on different substrates.
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6 Ultrafast Structural Modification in Epitaxial BiFeO3;

Thin Films under Femtosecond Optical Excitation

6.1 Introduction

The interplay between structural, electronic and magnetic properties of
multiferroic complex oxides creates the potential to manipulate functional properties
using a variety of applied fields [1, 2]. Changes in the crystallographic structure of the
prototypical multiferroic BiFeO; have been studied with respect to a number of
experimental variables including chemical doping [3], epitaxial stress [4], and applied
electric fields [5]. The recent discovery of a bulk photovoltaic effect in BiFeO; has led to
efforts to understand the effects of optical fields on the ferroelectric, magnetic, and
structural degrees of freedom [6, 7]. A static lattice expansion of BiFeOs, for example,
has been reported under continuous optical illumination [8]. These studies of lattice
deformation and symmetry transitions in illuminated BiFeOs, however, have been limited
to quasi-equilibrium structural properties and have lacked crystallographic information.
The dynamics of the photoinduced structural modification have not yet been determined.
This chapter focuses on the mechanisms of the generation and relaxation of photoinduced

structural changes in BiFeOs and on the timescales of the associated physical processes.

Femtosecond optical excitation can rapidly drive a material into a state far from
equilibrium and hence provides a way to excite a wide range of ultrafast structural
phenomena [9]. Such photoinduced structural phenomena include optical, electronic and
thermal effects, each with different characteristic timescales, as summarized in Fig.

6.1(a). For polar materials including multiferroics, the shift current is often the



102

dominating structural effect among other second-order optical effects including the
injection current and optical rectification [10, 11]. The shift current occurs when the
centers of positive and negative charges are offset along a polar direction. Above-
bandgap optical excitation modifies the carrier distribution in valence and conduction
bands, leading to an instantaneous change of the center of carriers [11]. This
instantaneous electric field, termed as the shift current, deforms the lattice structure of
ferroelectrics due to the polarization-structure coupling. The timescale of the shift current

effect is approximately 5 ps, depending on the duration of optical pulses [12].

(a)

Pulse Duration: < 100 fs

Shift Current: 5 ps
Carrier Recombination: 0.1-5 ns

Thermalization: 1 ps —
Thermal Diffusion: 1-50 ns
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Figure 6.1 (a) Characteristic timescales of various optical, electronic and thermal effects. (b)
Schematic of carrier excitation and thermalization due to carrier-phonon scattering (left
panel). Effect of the depolarization field on photoinduced free carriers (right panel).
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The polarization-structure coupling drives further structural effects as the
photoinduced carriers are displaced by the internal electric field of ferroelectrics. One
widely accepted model in ferroelectric thin films is that the strain arises due to the
screening of the depolarization field by the mobile charge carriers, as schematically
shown in Fig. 6.1(b) [12, 13]. This effect is particularly important in ultrathin films,
where the internal field can have a magnitude on the order of 100 MV/m [14]. The
process of electron-hole recombination defines the timescale of this carrier effect. The

typical value is 0.1 to 5 ns.

A deformation of the lattice can also be induced by an increase in the temperature
due to the energy deposited by optical pulses. After the initial carrier excitation, the
excess photon energy above the bandgap is rapidly transferred from hot electrons to
lattice as a result of a thermalization process involving the carrier-phonon scattering (Fig.
6.1(b)) [15]. The thermalization occurs as a timescale of approximately 1 ps. The lattice
could gain additional energy as the subsequent carrier recombination occurs via non-
radiative processes, including Auger process and defect-mediated recombination [16]. In
thin films, the thermal energy is dissipated via thermal diffusion into the substrate.
Typically the temperature increase induced by the optical pulse has decreased to less than
1 K over at time on the order of 1-50 ns, much longer than the optical and electronic

effects (Fig. 6.1).

The structural changes induced by optical excitation also produce a spatially
inhomogeneous strain. Experimental understanding of the optical structural modification
has been so far limited to a macroscopic scale, which has not provided insight into the

local variation of the magnitude of the photoexcited strain. The local structural variation
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is important, however, in a series of properties. Ferroelectric polarization switching, for
example, can be induced by a large strain gradient, as reported in a BaTiOs film [17]. The
structural sensitivity of x-ray probe makes it possible to resolve the spatial variation of

the strain developed in multiferroics in response to optical excitation.

In this chapter, the evolution of the photoinduced lattice distortion is
systematically studied in a series of BiFeOs; thin films using in-situ x-ray
microdiffraction. We found that above-bandgap optical pulses lead to a large structural
expansion in BiFeOs; that develops over a period of time less than the 100-ps time
resolution of the diffraction measurement. The magnitude of the peak strain following the
optical excitation is proportional to surface-transmitted fluence, reaching 0.5% at 6.1
mJ/cm?®. The characteristic timescale for the strain relaxation is on the order of 1 ns, and
increases to longer times as the film thickness increases. The fluence-dependence and the
characteristic times of the lattice expansion are consistent with a model that includes both
the screening of the depolarization field in the presence of photon-induced carriers and a
relatively weak thermal component. We also found that at a surface-transmitted fluence
higher than 4.5 mlJ/cm®, the Bragg reflection is broadened along the surface normal
direction. A kinematical x-ray simulation supports a structural model in which the Bragg

peak broadening arises from a large in-plane strain inhomogeneity.

6.2 Experimental Arrangement

BiFeO; thin films with thickness of 4 nm, 8 nm, 20 nm and 35 nm were prepared
on 001-orientated SrTiO; substrates by reactive molecular-beam epitaxy by Prof. Darrell
Schlom’s group at Cornell University [18]. Control of the stoichiometry of the BiFeOs

layer is achieved using an adsorption-controlled codeposition procedure, by supplying an
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overpressure of bismuth and utilizing the differential vapor pressures between bismuth
oxides and BiFeOs;. Distilled ozone was used to create a background oxidant pressure of
1 x 10° Torr and the substrate was maintained at a constant temperature of 610 °C.
Unlike the samples used in the applied electric field discussed in previous chapters, no
oxide or metal electrodes are integrated in these BiFeOs thin films, in order to minimize

the thermal artifacts arising from the optical absorption at the electrodes.

Time-resolved x-ray diffraction studies were conducted at station 7ID-C of the
Advanced Photon Source (APS) at Argonne National Laboratory. The 50-fs duration
optical pulses were provided by a Ti:sapphire laser at a fundamental wavelength of 800
nm [19]. The repetition rate of the oscillator is 88 MHz, phase locked to a frequency-
divided radio frequency signal derived from the accelerator cavities of the APS storage
ring. The laser pulses were amplified via a chirp-pulsed amplifier with a maximum
average power of 2.5 W at a repetition rate of 5 kHz. These pulses were subsequently
frequency doubled to a wavelength of 400 nm so that the photon energy was larger than
the 2.6 eV bandgap of BiFeOs; [20]. The laser pulses were delivered to a 0.67 x 1 mm®

FWHM spot on the BiFeOs surface at an incident angle of 15° off the surface normal.

We define the surface-transmitted fluence to be the total optical energy per unit
area in each pulse that is transmitted through the BiFeOs/air interface. This definition
allows us to discuss samples with different thicknesses or optical reflectivities without
ambiguity. The fluences given in this chapter uniformly follow this definition. The

surface-transmitted fluence F; is computed following

F=PA=R 6.1)

t f;'ep A
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where P and f., are the average incident power and repetition rate of laser pulses,
respectively. A is the optically illuminated area. R is reflectivity, found to be 0.57 for
these experiments. We observe that there was negligible variation of the reflectivity as a
function of the film thickness. The fluence absorbed by the BiFeOs layer F, is related to
transmitted fluence by

F =F(-exp(-d/L)). (6.2)
The exponential term accounts for the optical transmission, with d and L being the
thickness of the film and absorption length, respectively. The optical absorption length
for BiFeOs is 32 nm at a wavelength of 400 nm [20]. As a result, the energy absorbed by

thinner samples will be far less than the total transmitted fluence.

X-ray pulses with a photon energy of 12 keV were focused by Kirkpatrick-Baez
mirrors to a 50 um diameter spot at the center of the area illuminated by the laser.
Diffracted x-rays were collected with a gated two-dimensional detector. In the gated
mode, the detector records only the signals from x-rays with appropriate time delay with
respect to the laser pulses. Each x-ray diffraction pattern is accumulated over a series of
either 5000 or 10000 repetitions of laser excitation to achieve a sufficient counting
statistics. The larger number of pulses was required for the thinnest 4 nm-thick samples.
The time resolution of the x-ray diffraction is set by the 100-ps FWHM of the x-ray

pulses.

The synchronization of x-ray pulses to laser pulses was achieved via two stages
with electronically adjustable delays. The strategy was slightly different than the methods
employed with electric-field excitation that were discussed in Chapter 3 and 4. With

optical excitation, a generator is used to delay the radio frequency signal to which the
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laser oscillator is phase locked. The delay of the phase-lock signal can vary the overall
delay within a range of 11 ns, the fundamental repetition period of the laser oscillator. A
second delay generator is used in synchronization with the chirp-pulsed amplifier to
achieve a larger delay range. The second delay generator is used to pick an adjacent 5

kHz subset of the 88 MHz laser pulses.

The thermal expansion of the BiFeOs; films was studied using a separate
temperature-dependent diffraction measurement, conducted with a laboratory x-ray
diffractometer. A resistive heating stage was constructed and used to heat the 35-nm-
thick BiFeOs layer. The temperature was monitored using a thermocouple connected to
the heater. This arrangement allowed precise variation of the sample temperature between
room temperature to 450 K. The experimental high-temperature limit was set by heat
transfer from the heating stage to surrounding ambient environment. X-ray reflections
from the BiFeO; film and SrTiO; substrate were measured at each temperature step

during the study.

6.3 Area-Averaged Photoinduced Strain and its Relaxation

The femtosecond laser pulses induce an expansion of the BiFeOjs lattice along the
surface normal. Fig. 6.2(a) shows the optically induced shift of the (002) Bragg reflection
for the 35-nm BiFeO; thin film. The maximum shift of the Bragg peak occurs 100 ps
after laser pulse. The strain averaged over the probed area is estimated from the shift of
the center of mass of the Bragg reflection. The photoinduced strain is 0.42% at the
maximum surface-transmitted laser fluence of 6.1 mJ/cm®. This strain is two orders of

magnitude larger than the strain reported in BiFeOs single crystals under continuous light
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illumination [8]. At a later time, as for 0.5 ns shown in Fig. 6.2(a), the Bragg peak shifts

back toward the laser-off position in reciprocal space.
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Figure 6.2 Time-resolved diffraction patterns for 35-nm BiFeO; thin film under 50-fs
optical laser pulses with a wavelength of 400 nm. (a) (002) Bragg reflections at times before
(square) and 0.1 ns (circle) and 0.5 ns (triangle) after laser pulses with a transmitted fluence
of 6.1 mJ/cm’. (b) Reciprocal space maps near (113) Bragg reflections at times 0.1 ns before
and 0.1 ns after laser pulses, at a transmitted fluence of 3.4 mJ/cm’.

The in-plane lattice parameter is unchanged by optical excitation. The (113)
BiFeO; Bragg reflections of the 35-nm-thick BiFeOj; layer were studied at times 100 ps
before and 100 ps after the laser pulses, as shown in Fig 6.2(b). The (113) reflections are
split along both Q. and Q,, as a result of the presence of ferroelastic domains. Each
domain has a My-type monoclinic distortion within 110-family planes. After the optical
excitation, all of the (113) peaks shift to lower Q., indicating an out-of-plane expansion
of lattice with the same magnitude for all ferroelastic domains. The elastic constraint
provided by the SrTiO; substrate, however, is sufficiently strong to clamp the in-plane
lattice parameter of BiFeOs, and no change of Q,, is observed. We thus focus on only the

out-of-plane structural changes in the following discussion.
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Figure 6.3 (a) The strain of the 35-nm BiFeO; thin film as a function of time after the laser
excitation at a surface-transmitted fluence of 6.1 mJ/cm” at time 0. The line is the result of
an exponential fit with a constant offset. (b) The strain of the 35-nm BiFeO; thin film as a
function of transmitted fluence acquired at 100 ps after the 50-fs laser pulses. A linear fit is
shown together with the data points as a solid line.

The photoinduced strain relaxes as time elapses, as is evident from the
comparison of Bragg reflections at different times in Fig. 6.2(a). The detailed relaxation
process is captured by the plot of the measured strain as a function of time curve in Fig.
6.3(a). During the first 5 ns after the optical excitation, the magnitude of strain drops to
0.14%, a third of the maximum value. At times longer than 5 ns, the strain relaxes at a
much slower rate. We therefore adopt an empirical exponential fit with a constant offset
at long times to approximate the relaxation of photoinduced strain. The characteristic
time from the best fit is 2.3 ns for the initial fast relaxation process. The maximum strain
is proportional to the surface-transmitted fluence in the regime we probed. The

dependence of the strain on the fluence is plotted in Fig. 6.3(b).

The photoinduced strain originates from both electronic and thermal effects.
Optical effects, including the shift current [11], have a timescale on the order of a few
picoseconds and therefore can be neglected over the nanosecond time regime studied

here. In order to study the remaining possible origins of the optically induced strain, we
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first consider the contribution of the laser heating. Heat is initially deposited into the
BiFeO; thin film via the carrier thermalization process, and is subsequently dissipated
through thermal diffusion into SrTiO; substrate. The temperature rise A7 of the BiFeOs
thin film can be estimated by assuming that only excess photon energy above the
bandgap E, available to heat BiFeOs layer. The temperature rise is

E -E
BB B (6.3)
E d-c, p

p

AT

where E, is the photon energy, 3.1 eV. ¢, and p are the specific heat and density of
BiFeOs3, respectively, with values of 0.3 J/(g'K) and 8.34 g/cm’ [21]. The temperature

rise estimated in this way 74 K at a transmitted fluence of 6.1 mJ/cm”.

A separate x-ray diffraction measurement was conducted to quantify the thermal
expansion of BiFeOs. In this experiment, the BiFeOj; thin film was heated together with
the SrTiOs substrate. The change in the lattice parameter was measured using the shifts of
the (001) and (002) Bragg reflections as a function of temperature in the range from 300
to 430 K (Fig. 6.4). The linear thermal expansion coefficients of BiFeOs; and SrTiOs;
determined from the linear fit to Fig. 6.4 are 1.18 x 10° K" and 0.64 x 10° K,
respectively. The value for SrTiO; single-crystal substrate is slighter smaller with 0.7-1.1
x 10° K found in SrTiO; ceramics [22]. The linear thermal expansion coefficient of
BiFeOj; is within the range of values found in BiFeOs ceramics [23].

In the optical-excitation experiment, however, only the BiFeO; film was heated so
the coefficients of thermal expansion derived from Fig. 6.4 must be adjusted to account
for the different mechanical boundary conditions. The mechanical constraint imparted by

the room-temperature SrTiO; substrate on the hot BiFeO; film leads to an additional out-
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of-plane expansion following the Hooke’s law under biaxial stress
(6.4)

where &, €m and v are the out-of-plane strain, in-plane strain and Poisson’s ratio. Using
Poisson’s ratio of 0.34 for BiFeO; [24], the effective thermal expansion coefficient along

out-of-plane direction is 1.82 x 10 K.
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Figure 6.4 Lattice parameters along c-axis of BiFeO; (a) and SrTiO; (b) in the 35-nm
BiFeOj; thin film on SrTiO; substrate as a function of temperature. The lattice parameters
are estimated from both (001) and (002) Bragg reflections. Results of linear fit to lattice
parameter vs. temperature curves are shown as lines.

The heating due to the few-picosecond thermalization of the excited electrons
leads to a temperature rise of 74 K and a corresponding thermal expansion of 0.13%. This
thermal effect accounts for only one third of the peak strain of 0.42%. The thermal
expansion decays from 0.13% to 0.08% by 15 ns after the laser pulse. After this

timescale, electronic effect can be ignored.

Attempts to model the decay of thermal expansion considering only thermal
diffusion between BiFeO; and SrTiOs;, however, require that the interfacial thermal
conductance be varied as an adjustable fitting parameter. The values of the fit give

interfacial thermal conductance that is two orders of magnitude lower than similar
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interfaces. We therefore hypothesize that other processes are responsible for supplying

additional heat to BiFeOs lattice, including non-radiative carrier recombination.

A major part of the peak strain under optical excitation arises from a piezoelectric
effect associated with photon-induced carriers. The drift of excited carriers in the
depolarization field creates a time-dependent electric field that drives the c-axis
piezoelectric expansion. The magnitude of the transient electric field 4E can be estimated
using the change of the polarization as in

AE_AP _N-q-Az , (6.5)
£,€ £,€

where &) and ¢ are the vacuum permittivity and relative permittivity of BiFeOs,
respectively. The change of the polarization 4P is a product of carrier concentration N,

electric charge of a single electron ¢ and electron-hole displacement 4z.

Equation (6.5) has two important implications. First, the strain is proportional to
overall carrier density and therefore the pump fluence, which could explain the linear
fluence scaling of the strain shown in Fig. 6.3(b). Second, the timescale of the strain is
expected to follow the timescale of the carrier recombination. In the plot of strain as a
function of time shown in Fig. 6.3(a), the timescale of the strain relaxation is 2.3 ns for
35-nm BiFeO; thin film, consistent with the lifetime of charge carriers measured in a

separate experiment using optical absorption spectroscopy [25].

Further insight into the model of carrier-mediated photoinduced strain is provided
by a quantitative analysis. After subtracting the thermal component, the carrier
contribution to the maximum strain of 0.42% is approximately 0.29%. Using a

piezoelectric coefficient of 54 pm/V [5], we can estimate that the corresponding transient
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electric field is 54 MV/m, within the range of the depolarization field found in
ferroelectric thin films [14]. We can expect that at high fluence, the photoinduced strain
would saturate after the depolarization field is completely screened, similar to the study
in PbTiO; thin film [12]. This saturation, however, is not observed in the fluence range

we have probed.

We can also estimate the electron-hole separation. Using a dielectric constant of
100 [26], the polarization due to optical excitation is approximately 5 pC/cm?, 8% of the
spontaneous polarization of 60 pC/cm” [27]. This carrier density is approximately 2.3 x
10*' cm™ at a transmitted fluence of 6.1 mJ/cm? under the assumption that each photon
generates an electron-hole pair in BiFeOs. Substituting these parameters into Eq. 6.5, the
associated separation of electrons and holes separation is found to be only 1.2 A. The
short electron-hole separation indicates that the photoinduced strain can occur at a much

faster timescale beyond the temporal resolution we have in the present case.

6.4 Thickness Dependence of Strain Relaxation

More details of the carrier dynamics can be determined from a systematic study of
a series of BiFeO; thin film with thickness ranging from 4 to 35 nm. Fig. 6.5 shows the
time-dependence of the optically induced strain in four BiFeOs thin films for a wide
range of laser fluences. For each film thickness, the maximum strain at the highest
transmitted fluence is approximately 0.5%, despite that the thickness is varied by one
order of magnitude. This weak thickness dependence of strain is consistent with the
proportionality of strain to carrier density. The absorption length of BiFeO; under 400-

nm wavelength laser is 32 nm, comparable or larger than the film thickness. As a result,
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for the same transmitted fluence, the absorbed fluence is larger in thicker films. The
larger absorbed photon energy, however, is offset by the larger thickness when
computing the carrier density. Considering each photon generating an electron-hole pair,
the upper bound for the carrier concentration is 2.3 x 10*' cm™ for 35-nm film, and 50%
larger in 4-nm film at the highest fluence. The photoinduced strain is therefore expected

to be on the same order, as we observed.
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Figure 6.5 Strain vs. time curves for BiFeQO; thin films with thickness of 35 nm, 20 nm, 8 nm
and 4 nm. In each film, four sets of data are shown, acquired at different transmitted
fluence, from 1.6 (downward triangles), 2.8 (upward triangles), 4.9 (circles) to 6.1 mJ/cm’
(squares). Data points acquired after laser excitation are fit with exponential decay function
(lines).

The timescale of the strain relaxation exhibits a strong dependence on the film

thickness. Using a procedure similar to the analysis of the data shown in Fig. 6.3(a), we
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have extracted the characteristic time associated with the decay strain using the strain vs.
time curves shown in Fig. 6.5 using an exponential fit plus a constant offset. The
characteristic time for relaxation depends weakly on the transmitted fluence for each thin
film, but increases with the increase of the thickness of the BiFeO; thin film. The
characteristic time for the 35-nm film was found to be 2.3 ns. In contrast, the 4-nm film

has a characteristic time of 0.25 ns, one order of magnitude smaller.
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Figure 6.6 Characteristic time of the relaxation of strain (squares) and peak broadening
(circles) as a function of the film thickness. Guide lines are shown together with data points.

Thermal contribution is unlikely the main source of the thickness dependence of
the strain relaxation. The driving force for thermal dissipation, the thermal gradient at the
film/substrate interface, is similar for all the films, since the temperature rise of BiFeO; is
determined by the thermal energy per volume with weak thickness dependence. The
initial thermal energy deposited into the BiFeO; film, however, is proportional to the
absorbed photon power, and hence smaller for thinner film. Together we expect the
thermal relaxation is more rapid in thinner film, a trend we have observed. However, the

maximum thermal energy only contributes to a third of the total lattice strain as we
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estimated in the early section. We therefore hypothesize that the thickness dependence of

the strain relaxation has a non-thermal origin.

The thickness dependence of the strain relaxation observed here indicates that
there is a thickness dependence of the carrier recombination. The relaxation of excess
carriers in semiconductors is given by the solution of a diffusion equation. In practice, the
decay of the details is dominated by the diffusion solution with the longest time, the
principle mode [28]. Due to the large defect concentration at the surface, the surface
recombination is often the major contribution to the principle mode in comparison with
the bulk recombination, particular in thin films. We consider a model here in which the

carrier diffusion limits the recombination process at the surfaces, the timescale is then

1_Dx (6.6)

Here  and D are the timescale of the recombination and the diffusion coefficient,

respectively [29]. Fitting the characteristic time shown in Fig. 6.6 with Eq. 6.6, we can
estimate the diffusion coefficient to be 6 x10™ cm?/s. This value, however, is a factor of
2000 smaller than the 1 cm?/s found in (Pb,Sr)(Ti,Zr)Os ferroelectric thin films [30],

indicating that a more sophisticate model need to be considered.

The preliminary model described above ignores the effect of domain walls on
carrier recombination. Electronic and optical properties at domain walls are different
from than in the bulk. Among the relevant electronic phenomena at domain walls is that
the oxygen vacancies accumulate near domain walls and could lower the energy band gap
and lead to a local enhancement of carrier density [31]. A high carrier recombination rate

is expected due to the high carrier density and high defect density at domain walls. The
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domain walls, however, have a complex relationship to film thickness in the thickness
regime we have probed. In addition to the change of relative volume fraction of
ferroelastic domains, a tetragonal symmetry has been reported and no domains are
resolved using piezoresponse force microscopy in BiFeOs thin film with a thickness of 12
nm [32]. The thickness dependence of the domain-wall-mediated carrier recombination is

therefore difficult to be modeled quantitatively.

6.5 Photoinduced Peak Broadening

Femtosecond laser pulses induce structural changes of BiFeOs thin films beyond
the average lattice expansion discussed in previous sections. These structural changes are
apparent in the change of the distribution of diffracted intensity near the Bragg
reflections. We will focus on the width change of the (002) Bragg reflection due to the
intensity redistribution and discuss in detail a structural model considering the in-plane

structural inhomogeneity.

Fig. 6.7 shows the FWHM of the BiFeO; (002) Bragg reflection, estimated using
a Gaussian fit to the distribution of intensity, as a function of time for a series of
transmitted fluence. The FWHMs before the optical pulses vary with film thickness. The
laser-off FWHMs are 0.018 A™ and 0.14 A™' for films with thicknesses of 35 and 4 nm,
respectively, as expected due to the smaller number of lattice planes in the 4-nm film.
The key observation is that optical pulses induce a significant peak broadening with
respect to the laser-off width at high fluence. For example, the maximum peak width
increases to 0.025 A™! for the 35-nm film at the highest transmitted fluence of 6.1 mJ/cm®

used in our measurement.
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Figure 6.7 FWHM of the BiFeO; (002) Bragg peak as a function of time for films with
different thicknesses. The symbols represent different magnitudes of transmitted fluence,
ranging from 1.6 (downward triangles), 2.8 (upward triangles), 4.9 (circles) to 6.1 mJ/cm’
(squares). The data points acquired at high transmitted fluence are fit with exponential
decay function (lines).

Similar to photoinduced strain, the peak broadening relaxes as time elapses. We
have extracted the characteristic time using an empirically exponential decay function, as
shown with solid lines in Fig. 6.7 and as a function of film thickness in Fig. 6.6. The
characteristic time of the relaxation of two different aspects of the structural effect
induced by optical excitation share the same thickness dependence. For each film
thickness, however, the characteristic time of the relaxation of peak broadening is a factor

of two smaller than that for photoinduced strain.

The fluence dependence of the peak width is shown in Fig. 6.8 for BiFeOs thin

films with thickness ranging from 4 to 35 nm. The diffraction patterns were acquired at
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0.1 ns after the optical excitation where the maximum strain is observed. The 4-nm film
has the largest laser-off width and lowest diffraction signal and no photoinduced change
in peak width is resolved. For films thicker than 4 nm, the peak broadening is apparent at
transmitted fluence higher than 4 ml/cm?®, as pointed out in Fig. 6.7. This nonlinear

fluence dependence of peak width explains the relatively small characteristic time of the

relaxation of peak broadening in comparison with that of strain relaxation.
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Figure 6.8 FWHM of the BiFeO; (002) Bragg peak as a function of the transmitted fluence
ranging from 0 (before laser) to 6.1 mJ/cm’ for 35- (a), 20- (b), 8- (¢) and 4-nm (d) thin
films. The absorbed fluence is shown as the top axis for reference.
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To understand the origin of the nonlinear fluence dependence of peak width, we
consider a model in which effects of extrinsic factors on peak width are described with an

“extrinsic width”. The effective peak width can then be expressed as in

Wer =N Wi + Wer (6.7)

where weg, Wiy and we, are the effective, intrinsic and extrinsic peak width, respectively.
This quadratic relationship indicates that the extrinsic width is only important when its
magnitude is comparable or larger than the intrinsic width, in our case the laser-off width,
of the Bragg reflection. The key assumption of our model is that the extrinsic width
associated with optical excitation is proportional to laser fluence, similar to photoinduced

strain. Following the Eq. 6.7, a peak broadening can be expected at high fluence.

The experimentally observed peak broadening is related to the photoinduced local
structural changes. The evolution of lattice structure can be captured with a kinematical
x-ray simulation. We have built a 1D simulation super cell consisting of BiFeOs thin film
and SrTiO; substrate. Bulk centrosymmetric SrTiO; lattice parameters are used for
simulated SrTiOs; unit cells. The in-plane SrTiO; lattice parameter is extended into
BiFeO; unit cells as required by the film epitaxy. We have assumed a tetragonal
symmetry for BiFeO; and ignored fractional atomic displacements resulting from the
spontaneous polarization. The out-of-plane lattice parameter of BiFeOs; was chosen to
allow the simulation to produce Bragg reflections at angles that match the experimental
values. Fig. 6.9(a) compares the diffraction patterns near the (002) Bragg peak for the 35-
nm BiFeOj thin film acquired before the arrival of laser pulses with the kinematical x-ray

simulation. The structural model considering a uniform strain, shown as the dotted line,
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reproduces the reciprocal-space positions of the Bragg reflection and the thickness

fringes, but underestimates the width of the Bragg reflection.
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Figure 6.9 Comparison of simulated diffraction patterns with measured BiFeO; (002) Bragg
peaks (circle) acquired before laser pulses with strain of 0% (a), and after laser pulses with
strain of 0.17% (b), 0.30% (c) and 0.42% (d). Two structural models are considered: 1) a
uniformly strained BiFeO; (dotted line) and 2) two blocks of BiFeO;with different strain
(solid line). The two-block model was schematically shown in the inset.

We have examined two factors that could broaden the Bragg reflection of the
BiFeOs; thin film: 1) an out-of-plane variation of the lattice constant and 2) an in-plane
strain inhomogeneity. For the first case, we vary the out-of-plane lattice constant of the
BiFeOj; according an arbitrary strain gradient model. Origins of strain gradient along the
film-thickness direction include a depth-dependent carrier concentration and non-uniform
thermal expansion. In our simulation, the out-of-plane strain gradient affects the relative

intensity among thickness fringes and the Bragg reflection, and induces an asymmetry in
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the intensities of thickness fringes on opposite sides of the Bragg reflection. The
reciprocal-space width of the central Bragg reflection, however, is not sensitive to out-of-

plane strain gradient.

We have considered a series of arbitrary strain gradient models to reproduce a
peak broadening of 25%, the experimental value we have observed. The required strain
variation is 0.75% in the model considering a step distribution of strain, and as large as a
few percent in other strain gradient models. This strain variation is unreasonably large
because the maximum photoinduced strain is only 0.6% at the highest fluence. We
therefore conclude that the out-of-plane strain gradient is not the primary source of the

optically induced change in the width of the Bragg reflection.

The peak width is more sensitive to a variation of the strain along the in-plane
direction. We simplified the strain inhomogeneity by computing the lattice sum of two
BiFeO; blocks. Each block is assumed to have a uniform out-of-plane lattice constant and
a thickness matching the experimental value. The key consideration here is that the lattice
constant is different for each block. A peak broadening can be simulated as we increase
the strain difference between the two blocks. For example, the two-block simulation is
able to match the width of the laser-off Bragg reflection of the 35-nm BiFeOs thin film
when a strain difference between the two blocks 0.29% is assumed, as shown in Fig.
6.9(a). This strain difference has taken into account artificial peak broadening due to
finite measurement resolution, and therefore overestimates the experimental structural

variation without the optical excitation.

We have extended the two-block model to interpret the diffraction patterns

acquired after optical excitation. The measured Bragg peak width can be matched with
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the two-block simulation by adjusting only one parameter, the strain difference.
Examples are shown in Fig. 6.9(b)-(d) for times at which the photoinduced peak
broadening is observed. Similar to the trend we observed in photoinduced peak
broadening, the strain difference in the two-block model increases within the initial 0.1
ns, and relaxes to the zero-strain value over a few nanoseconds, as shown in Fig. 6.10(a).
The maximum in-plane strain difference reaches 0.36% in the two-block model for 35-
nm BiFeOj; films. This value is smaller than the maximum photoinduced strain, and much
smaller than the required strain variation in out-of-plane strain gradient model. The
model considering in-plane strain inhomogeneity is therefore a more plausible structural

model for photoinduced peak broadening.
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Figure 6.10 (a) The extracted difference of strain in the two-block model as a function of
time. (b) The maximum extrinsic width as a function of film thickness.

We now focus on the thickness dependence of the strain inhomogeneity. The
fractional increase of the peak width is smaller for thinner film, as evident and Fig. 6.8.
However, due to the thickness-dependent intrinsic width, the extrinsic width causing the
peak broadening is in fact increased by a factor of three while the thickness is reduced
from 35 to 8 nm, as shown in Fig. 6.10(b). We have applied the two-block model to films

thinner 35 nm. The maximum peak broadening in 8-nm film, for example, can be fitted
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with an in-plane strain difference as large as 1%, indicating a much larger photoinduced
strain inhomogeneity in 8-nm film than in 35-nm film. The large strain variation in thin
films also suggests that a model more sophisticated than the two-block model is required

to fully understand the photoinduced peak broadening.

The photoinduced in-plane strain inhomogeneity can arise from two factors. One
is the non-uniform distribution of surface defects. The surface defect serves as a
recombination site for carriers and defines the lateral distribution of carriers as the
recombination process occurs. Due to the lack of defect characterization, a quantitative
analysis of this effect is currently unavailable. The second factor is the optical anisotropy
of ferroelastic domains that leads to an initial non-uniform distribution of carriers right
after the optical excitation. The optical birefringence of BiFeO; [33], for example, can
lead to a difference in reflectivity and result in 10% variation of transmitted photon
energy for different domains in our setup. The difference in absorption, however, would

require theoretical input for a quantitative estimation.

6.6 Conclusions

In conclusion, the photoinduced structural modification has been studied in detail
in multiferroic BiFeO; epitaxial thin films. With the structural information provided by
time-resolved x-ray diffraction, we have obtained insight to disentangle the relationship
of photoinduced carriers, laser heating, depolarization field and lattice deformation at a
sub-nanosecond timescale. The lattice expansion along surface normal arises mainly from
a carrier-mediated piezoelectric effect, with a minor thermal component. The thickness-
dependence of the strain relaxation suggests that the photoinduced carriers recombine at

the surfaces and interfaces. We have also identified a strain inhomogeneity from the
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detailed analysis of the intensity distribution of Bragg reflections. Understanding the
origin of the ultrafast strain and strain inhomogeneity provides a new degree of freedom

to optically tune the structure of electronic materials.
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