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Abstract

Ferroelectric materials have attracted considerable scientific attention because
of their switchable polarization, ferroelasticity, piezoelectricity, and pyroelec-
tricity, which are crucial for numerous technological applications including
ferroelectric transistors, photovoltaic cells, and photostrictive actuators. The
prototypical ferroelectric material, BaTiO3, exhibits a spontaneous polarization
resulting from the relative displacement of cations and anions within its unit
cell. The strain gradient in a ferroelectric thin film, resulting from the lattice
mismatch with the substrate on which it is epitaxially grown, makes the in-
teraction between lattice structure and spontaneous polarization a fascinating
and important topic for both fundamental research and practical applications.
This thesis is dedicated to employing spectroscopic techniques to probe the
lattice structure and spontaneous polarization profile of strained ferroelectric
thin films, both at equilibrium and under above-bandgap optical excitation.

At equilibrium, the ferroelectric polarization state can be stabilized through
surface charge compensation, which can cause significant differences between
the surface and bulk ferroelectric polarization in terms of amplitude and orien-
tation. Understanding the mechanisms behind a stable surface polarization in
terroelectric thin films is crucial for actively controlling the surface polarization
itself. X-ray standing waves and photoelectron spectroscopy are employed here
to map the near-surface polarization profile of differently strained BaTiO3 thin
tilms. This information elucidates how bulk polarization, as well as the type,
amount, and spatial distribution of surface adsorbates, affects the amplitude
and orientation of local ferroelectric polarization near the surface.

We employ above-bandgap excitation to transiently modify both electronic
and lattice structures in a BaTiO;3 thin film. Understanding how intense optical
pulses perturb the electron distribution and the resulting lattice deformation
provides a means of controlling at ultrafast timescales both strain and ferro-
electric polarization. To achieve this, time-resolved X-ray diffraction, second
harmonic generation, and optical reflectance are combined to investigate the
dynamics of lattice structure and ferroelectric polarization upon absorption
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Abstract

of above-bandgap optical pulses. Time-resolved X-ray diffraction monitors
transient lattice modifications and measures the average strain achieved at dif-
ferent laser fluences. To model our data, we combine two-temperature model
and one-dimensional strain wave equation. We see that the maximum average
strain of the ferroelectric thin film can be controlled by varying the incident
laser fluence and the film thickness. In addition, by controlling the fluence, we
can reach up to 30 % reversible change of the ferroelectric polarization, and
tine tune the relaxation times of both photoexcited carriers and spontaneous
polarization. The different dynamics observed in the nonlinear optical suscepti-
bility tensor elements upon optical excitation suggests a non-thermal transient
symmetry change in our sample. This is attributed to the highly directional
light-induced polarization instability, predicted also by theory. Finally, our
data show that the photoinduced variations of the ferroelectric polarization are
the result of both lattice and electron dynamics.
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Kurzfassung

Ferroelektrische Materialien haben aufgrund ihrer schaltbaren Polarisation,
Ferroelastizitit, Piezoelektrizitdt und Pyroelektrizitdt grofSe wissenschaftliche
Aufmerksamkeit auf sich gezogen. Diese Eigenschaften sind fiir zahlreiche
technologische Anwendungen von entscheidender Bedeutung, darunter ferro-
elektrische Transistoren, photovoltaische Zellen und photostriktive Aktoren.
Der Prototyp eines ferroelektrischen Materials, BaTiO3, zeigt eine spontane
Polarisation, die aus der relativen Verschiebung von Kationen und Anionen
innerhalb seiner FEinheitszelle resultiert. Der Verzerrungsgradient in einem
terroelektrischen Diinnfilm, der aus der Gitteranpassung an das Substrat re-
sultiert, auf dem er epitaktisch gewachsen ist, macht die Wechselwirkung
zwischen Gitterstruktur und spontaner Polarisation zu einem faszinierenden
und wichtigen Thema sowohl fiir die Grundlagenforschung als auch fiir prak-
tische Anwendungen. Diese Dissertation befasst sich mit der Anwendung
spektroskopischer Techniken zur Untersuchung der Gitterstruktur und des
spontanen Polarisationsprofils von gespannten ferroelektrischen Diinnschich-
ten, sowohl im Gleichgewicht als auch unter optischer Anregung oberhalb der
Bandliicke.

Im Gleichgewicht kann der ferroelektrische Polarisationszustand durch
Oberflachenladungsausgleich stabilisiert werden, was zu signifikanten Un-
terschieden in Amplitude und Orientierung zwischen der Oberflachen- und
der Volumen-Ferroelektrik fithren kann. Das Verstindnis der Mechanismen,
die einer stabilen Oberflichenpolarisation in ferroelektrischen Diinnschichten
zugrunde liegen, ist entscheidend fiir die aktive Kontrolle der Oberfldachen-
polarisation selbst. Stehende Rontgenwellen und Photoelektronenspektrosko-
pie werden verwendet, um das Oberflachenpolarisationsprofil von BaTiO3-
Diinnfilmen mit unterschiedlichen Spannungen zu kartieren. Diese Informa-
tionen geben Aufschluss dartiber, wie die Volumen-Polarisation sowie die
Art, Menge und rdumliche Verteilung von Oberflichenadsorbaten die Am-
plitude und Orientierung der lokalen ferroelektrischen Polarisation nahe der
Oberfldache beeinflussen.
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Kurzfassung

Wir nutzen die Anregung oberhalb der Bandliicke, um sowohl die elek-
tronische als auch die Gitterstruktur in einem BaTiO3-Diinnfilm transient
zu verdndern. Das Verstdndnis, wie intensive optische Pulse die Elektronen-
verteilung und die daraus resultierende Gitterverzerrung storen, bietet die
Moglichkeit, sowohl die Verzerrung als auch die ferroelektrische Polarisati-
on auf ultrakurzen Zeitskalen zu kontrollieren. Dazu werden zeitaufgeloste
Rontgenbeugung, Frequenzverdopplung und optische Reflexion kombiniert,
um die Dynamik der Gitterstruktur und der ferroelektrischen Polarisation bei
der Absorption optischer Pulse oberhalb der Bandliicke zu untersuchen. Mit
zeitaufgeldster Rontgenbeugung werden transiente Gitterainderungen beobach-
tet und die mittlere Verzerrung bei verschiedenen Laserfluenzen gemessen. Um
unsere Daten zu modellieren, kombinieren wir das Zwei-Temperatur-Modell
mit der eindimensionalen Dehnungswellengleichung. Wir sehen, dass die ma-
ximale durchschnittliche Verzerrung des ferroelektrischen Diinnfilms durch
Variation der einfallenden Laserfluenz und der Filmdicke kontrolliert werden
kann. Dartiiber hinaus konnen wir durch die Kontrolle der Fluenz eine bis zu
30 % reversible Anderung der ferroelektrischen Polarisation erreichen und die
Relaxationszeiten sowohl der photoangeregten Ladungstrager als auch der
spontanen Polarisation fein abstimmen. Die unterschiedlichen Dynamiken, die
in den nichtlinearen optischen Suszeptibilitdtstensoren bei optischer Anregung
beobachtet werden, deuten auf eine nicht-thermische transiente Symmetriedn-
derung in unserer Probe hin. Dies wird auf eine stark gerichtete lichtinduzierte
Polarisationsinstabilitdt zuriickgefiihrt, die auch theoretisch vorhergesagt wird.
Schliefilich zeigen unsere Daten, dass die photoinduzierten Variationen der
terroelektrischen Polarisation sowohl das Ergebnis von Gitter- als auch von
Elektronendynamik sind.
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1. Introduction

Ferroelectric thin films have garnered significant scientific interest due to their
switchable polarization, ferroelasticity, piezoelectricity, and pyroelectricity, all
of which are essential for various technological applications such as storage
disks, ferroelectric transistors, photovoltaic cells, and photostrictive actuators
[1-4]. Displacive ferroelectrics like BaTiO3 possess an intrinsic spontaneous
polarization arising from the relative displacement of cations and anions within
the unit cell [5]. This polarization can be manipulated by altering the lattice
parameters of the ferroelectric materials [6, 7]. To achieve this, ferroelectric
thin films are often grown on substrates with different lattice constants, where
the resulting lattice mismatch can induce uniform strain or strain gradients in
the films [8].

At equilibrium, the distribution of ferroelectric polarization at the surface
can differ from the bulk and has been investigated theoretically, exploring
parameters such as surface termination and adsorbates [9, 10]. However, there
is still a lack of experimental methods that can simultaneously probe both the
surface ferroelectric polarization and the chemical composition of adsorbates
at the film surface. Determining the surface polarization is significant for two
main reasons. Firstly, from a fundamental perspective, uncompensated charges
on the surface of a ferroelectric thin film can be screened through various
mechanisms, such as external charges from adsorbates [11-15] or reconstruc-
tion of the top unit cells to minimize surface energy [16-18]. This can affect
the polarization of deeper layers and, in very thin films, the one of the entire
sample [19]. Thus, probing and understanding the stabilization mechanisms
near the surface are crucial for controlling the ferroelectric polarization in thin
tilms. Secondly, from an application standpoint, ferroelectrics are proposed
as catalysts with switchable chemical activity, alternating between reducing
and oxidizing surfaces depending on the polarization direction [20-25]. There-
fore, determining the surface polarization is essential for developing efficient
terroelectric catalysts.

In addition to the equilibrium state, the non-equilibrium state of BaTiO3 thin
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films presents several intriguing aspects. Under above-bandgap optical excita-
tion, recent time-dependent density functional theory (TD-DFT) calculations by
Lian and coworkers [26] on BaTiO3 indicate that an electronic transition occurs
from O 2p to Ti 3d orbitals. This transition reduces the asymmetric electron
distribution and displaces ions from their equilibrium positions, resulting in
a switch of the ferroelectric polarization. In systems with broken inversion
symmetry, the bulk photovoltaic and inverse piezoelectric effects are the pri-
mary mechanisms explaining lattice deformation and polarization dynamics
under optical excitation [27-29]. However, thermal lattice deformation can also
play a significant role. Choi and his colleagues [6] demonstrated that heating
a strained BaTiOj3 thin film induces a phase transition from ferroelectric, at
room temperature, to paraelectric, above the Curie temperature (T¢) at few
100s °C, with the exact value depending on the strain of the film. In this
work [6], it was also realized that the linear expansion coefficient of a strained
BaTiOj3 thin film is positive at room temperature, it becomes negative near
T¢, and then again positive above T.. Despite these insights, experimental
studies that simultaneously investigate photoinduced lattice deformation and
polarization changes are still lacking. Various mechanisms could drive varia-
tions of ferroelectric polarization and lattice structure upon optical excitation,
including bulk photovoltaic effects, inverse piezoelectric effect, photoexcited
carrier separation at the Schottky interface, domain wall rearrangement, and
heating effects [27-33]. To achieve controllable optomechanical deformation
and light-induced control of the ferroelectric polarization, it is crucial to probe
and understand these driving mechanisms. Moreover, gaining full control
over light-induced mechanical and electronic processes holds great promise
for wireless and remote optomechanical applications, such as photostrictive
microsensors [29] and energy storage devices [34, 35]. Therefore, determining
the transient changes in lattice deformation and ferroelectric polarization upon
optical excitation is a vital step towards developing efficient optomechanical
and optoelectronic devices.

Synchrotrons and free-electron lasers have proven highly effective in inves-
tigating the complex dynamics of various materials under different external
conditions, owing to their exceptional time and energy resolution [36]. To study
solid lattice structures, X-ray diffraction and X-ray standing waves techniques
are employed. X-ray diffraction, which uses X-ray wavelengths comparable
to the size of a single crystal unit cell, can detect minute changes in lattice
parameters and atomic displacements on a picosecond timescale. The X-ray
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standing waves synchrotron technique combines X-ray diffraction and X-ray
spectroscopy, allowing for precise determination of atomic positions with pi-
cometer accuracy along a given direction and chemical specificity. This method
has been extensively employed for accurately determining atomic positions in
single crystals and adsorbates on crystal surfaces [37-41]. Additionally, the
X-ray standing waves technique has been effectively used to measure the aver-
age polarity of non-centrosymmetric single crystals and thin films, including
ferroelectric thin films [42-46]. However, combining X-ray standing waves with
X-ray photoelectron spectroscopy to probe atomic positions and spontaneous
polarization near the surface of ferroelectric thin films has not yet been realized.

In optics, the development of ultrashort monochromatic laser pulses, ranging
from femtoseconds to picoseconds and with extremely high field strengths,
represents a significant advancement in electromagnetic spectroscopy. These
high field strengths are comparable to the electromagnetic forces that bind
electrons and atoms, making the strong incident field a major driver of non-
linear processes in materials. These processes induce oscillations at the same
frequency as the incident laser pulse, as well as at linear combinations of this
frequency, leading to high harmonic generation [47]. In optical reflectance
and second harmonic generation spectroscopy, the linear and second-order
responses of a material to monochromatic light pulses are measured. Po-
larimetry measurements enable selective probing of different components of
the nonlinear susceptibility tensor, allowing for characterization of the ma-
terial’s symmetry. Second-order nonlinear measurements can uncover more
symmetries than linear measurements because they probe a greater number of
symmetry tensor elements [48, 49]. However, time-resolved optical reflectance
provides information about the electronic distribution near the Fermi level
[50, 51], which cannot be disentangled by time-resolved second harmonic
generation alone. Importantly, a detailed understanding of the dynamics of
lattice structure, ferroelectric polarization, and electronic structure near the
Fermi level, as well as their correlations upon optical excitation, has yet to
be achieved by combining time-resolved X-ray diffraction, second harmonic
generation, and optical reflectance techniques.

In this thesis, we present the integration of several spectroscopic techniques,
based on synchrotrons, free-electron lasers, and optical lasers, to investigate
the surface polarization profile and the transient changes in lattice structure,
electronic structure, and ferroelectric polarization in BaTiOj3 ferroelectric thin
tilms upon above-bandgap optical excitation. This research employs these




1. Introduction

spectroscopic methods to study specific properties of a prototypical ferroelectric
material, grounded in a comprehensive understanding of its fundamental
properties and the operating principles of the methods applied. We hope that
the findings of this thesis will not only enhance knowledge about the surface
polarization and structural dynamics of ferroelectric thin films, but also serve
as a template for future studies to combine different spectroscopic methods
to resolve the complex dynamics of other materials relevant for technological
applications, such as multiferroics.




1. Introduction

Outline of the thesis

The thesis covers the following topics in 5 chapters:

1. Understanding Spectroscopic Techniques and Ferroelectric BaTiO3 Thin
Films: This includes the working principles of X-ray diffraction, X-ray
photoelectron spectroscopy, X-ray standing waves, and optical second har-
monic generation, along with the fundamental properties of ferroelectric
BaTiO3 thin films.

2. Surface Polarization Profile in Ferroelectric BaTiO3 Thin Films: Investi-
gating the surface polarization profile by combining X-ray standing waves
and photoelectron spectroscopy.

3. Light-Induced Lattice Deformation and Polarization Modification: Ex-
amining lattice deformation and polarization changes upon above-bandgap
excitation and their applications.

Chapter 2 discusses the theoretical principles of the experimental techniques,
such as X-ray diffraction, X-ray photoelectron spectroscopy, X-ray standing
waves, and optical second harmonic generation.

Chapter 3 provides an overview of material properties, details of sample
growth, and characterization techniques for ferroelectric thin films. The char-
acterization techniques include grazing X-ray reflectivity and lab-based X-ray
diffraction for thickness determination, reciprocal lattice mapping for lattice
constant determination, and piezoresponse force microscopy for measuring
the average polarization of thin films.

Chapter 4 describes the experimental setups in detail. It begins with the
X-ray standing waves setup at the Diamond Light Source facility, followed by
the optical setup for static and time-resolved second harmonic generation at
the SCS instrument of the European XFEL, and the experimental scheme for
time-resolved X-ray diffraction at SCS.

Chapter 5 investigates the surface polarization profile in ferroelectric BaTiO3
thin films using X-ray standing waves and photoelectron spectroscopy. The X-
ray standing wave technique enables direct probing of the surface polarization
profile, as opposed to the average film polarity, with picometer accuracy. It
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determines the positions of Ti and Ba atoms near the surface of three differ-
ently strained BaTiOj3 thin films grown on scandate substrates, with a SrRuO3
(SRO) bottom electrode. X-ray photoelectron spectroscopy provides detailed
information on oxygen-containing species adsorbed on the surface under am-
bient conditions. Combining structural and spectroscopic data, the chapter
concludes on the mechanisms stabilizing surface polarization in the studied
samples, linking the local ferroelectric polarizations to surface charges from
oxygen-containing adsorbates.

Chapter 6 explores the dynamics of lattice structure and ferroelectric po-
larization in a ferroelectric BaTiO3 (001) thin film grown on a GdScO3 substrate
with a SrRuO3 bottom electrode. The techniques employed are: time-resolved
X-ray diffraction, optical second harmonic generation, and optical reflectance.
This chapter discusses the manipulation of the strain profile by tuning the inci-
dent laser fluence and film thickness, revealing that photoinduced polarization
modification is driven by both lattice and electronic changes. An analytical
platform is established for calculating the strain profile within a thin film
induced by intense optical excitation.




2. Experimental techniques

In this chapter, we provide the theoretical principles of the experimental tech-
niques employed to study the lattice structure and polarization of ferroelectric
thin films. The techniques we employed are: X-ray standing waves, X-ray
diffraction, X-ray photoelectron spectroscopy, optical second harmonic gen-
eration polarimetry, and optical reflectance. In addition, we have performed
X-ray diffraction, optical second harmonic generation polarimetry, and optical
reflectance in a pump-probe scheme.

2.1. X-ray standing waves from thin films

The X-ray standing waves (XSW) technique is highly effective for identifying
atomic positions within crystals, surfaces, and their adsorbates [37—41]. In a
perfect crystal, the interference between incident and Bragg-diffracted X-ray
plane waves generates an X-ray standing wave field, characterized by the
following sinusoidal modulation of the X-ray intensity Ixsy (Figures 3.1a-b):
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where h = 2mH, and H represents the reciprocal lattice vector. In Equation
(2.1), the three terms correspond to the incident, Bragg-diffracted, and interfer-
ence X-ray waves, respectively. As the incident photon energy E, traverses the
(hkl) Bragg reflection, the phase a(E,) between the Bragg-diffracted &, and
incident & electric field amplitudes shifts by 7r. This causes the XSW field
to move along H by dyy/2, where dpyq = |H| ! is the distance between two
adjacent (hkl) atomic planes (Figure 3.1b). Atoms located at different positions
within the unit cell experience varying levels of X-ray absorption, resulting in
different photoelectron (PE) yields as a function of the photon energy E,.

In ferroelectric thin films grown on substrates, lattice mismatches often
result in strain gradients within the epitaxial layers [8]. As a result, these thin
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films are described by a deformation field u(z), which indicates the actual
displacement of atoms from their ideal positions in a perfect crystal, and a
static Debye-Waller factor e ="V(?), accounting for random atomic displacements
along the z direction. Unlike in a perfect crystal, the XSW in a thin film
is influenced by the deformation phase ¢(z) = h - u(z) due to the crystal
deformation field. The intensity of the XSW in a typical ferroelectric thin film
is expressed as follows:

- —W(z)
Ixsw (Ev,z) = 1+ R (Ey, z) +2C1/R (Ey, 2)e 0
cos (a(Ey,z) + @ (z) + 27mtz/dna) ,

where Ryo(E,) = R(E,,0) represents the observable X-ray diffracted intensity at
the sample surface (z = 0), with the parameter C being dependent on the X-ray
polarization (Section 2.2). Analyzing the XSW generated in a ferroelectric thin
film, the PE yield curve is expressed as follows:

tr
S (Ey) = 10—1/0 * dzpyi (v 2,7) |T (Euy2) P14 R (v, 2)

+2C4/R (Ey,z)e_W0F§,7 cos (oc(EU,z) + o + 27'(P§/7) ]

From this analytical expression, we can determine the average position and
distribution of atoms s, referred to as the coherent position P¢, and coherent
fraction F¢,, respectively. These parameters correspond to the phase and am-
plitude of the structure factor §j =} exp(ihr?) = |S;,] exp(igy, . ), with atoms
— W

(2.3)

located at positions rj. Specifically, P2, = ¢}/ (27m) and F¢, = |S}le
where e~"s accounts for thermal and static atomic displacements through the
Debye-Waller factor. Thus, the absolute average position of atoms s within the
unit cell along H is z5 = P dpy, and their spatial distribution is represented
by F; .. The values range between 0 < P7, <land 0 < F{, <1, with F/, =1
indicating all atoms are at the same z position, and Fg/7 = 0 indicating a
uniform distribution of two or more atomic positions within the unit cell.

In Equation (2.3), the PE yield function «%,(E,) represents the sum of yield
contributions from atoms in the top layer Ly at positions 0 < z < ftp,
weighted by pyi(Ey, z,7), the XSW transmission T (E,, z), and normalized by

IO — fOtLO dzpyi(EV, z, ’)’) The function pyi(EV/ zZ, ’)/) = exp (_Z/Al,’y) provides
the probability of detecting a PE from the atomic core level [ at depth z, with
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an exit angle 7 from the sample surface. The parameter A;, = A;(Ey)siny
represents the electron escape depth [52], and A; (E,) indicates the inelastic
mean free path (IMFP), or more accurately, the effective attenuation length
(EAL) that includes elastic scattering effects [53]. By adjusting vy, surface sen-
sitivity can be varied, providing average atomic positions at different depths.
To determine the average distribution of atoms s at a given exit angle v, the
measured PE yield curve is fitted with Equation (2.3) using P, and F?, as
titting parameters. All other quantities in Equation (2.3) can be calculated
from known sample properties (Section 2.2) or derived from fitting Bragg
reflectivity data, such as the average amorphization e~"o of layer Ly and the
corresponding deformation phase ¢y.

An example of PE yields from a BaTiO3; (BTO) thin film is given in Figure
2.1. The standing wave Ixsw (Ey, z) is formed with the periodicity dy equal
to the distance between two consecutive Ba planes in (001) direction (Figures
2.1a-b). In the unit cell of BTO, the distance between Ti atom and Ba plane is
around half of dy,,;. When Ti atoms are at the maxima of Ixsw (Ey, z), Ba atoms
are at the minima of Ixsw (Ey, z). Therefore, the phase difference between
the PE yields «5(Ey) of Ti and Ba is approximately 180° (Figure 2.1c). The
phase sensitivity of the XSW allows the atomic positions to be determined with
picometer spatial resolution by monitoring the corresponding PE yields.

(@)  o(b) ()

‘—
Isw ) 1.02] i
B A —— Ba
R 1.01
i % 1,00
dooi| =~ © ° 0.99
AT T 0.981
Y T T T
Z 1520 1540 1560
o Ba @ Ti ¢ O Photon energy (eV)

Figure 2.1.: Sketch of the XSW technique. (a) XSW intensity of BTO (001) Bragg
reflection and z axis orientation, with z = 0 at the sample surface. (b) Side view of the
top two BTO unit cells. (c) The PE yields from Ti (green) and Ba (blue).
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2.2. X-ray diffraction from thin films

In general, the X-ray diffraction (XRD) is the technique used to characterize
the lattice parameters of crystalline systems [54-56]. In Section 2.1, the XSW
intensity is dependent of the X-ray diffracted intensity Ro(E,) at the sample
surface (z = 0). In this section, we will derive the mathematical expression of
R(Ey,z) using the X-ray dynamical theory of diffraction. The X-ray dynamical
theory of diffraction is based on the elastic scattering between the X-rays and
electrons within the periodic lattice [37]. To begin with, the following Takagi-
Taupin equation [57-59] is used to derive the reflection amplitude of X-rays
r(Ey,z) from a thin film:

—M@ = 2[—y(Ey) —iyo + Yo(2)]r(Ev,2) + C1[1 + 17 (Ev,2)],  (24)

where B is the geometry factor and Y is the parameter related to the crystal
susceptibility. C; is a factor related to the incident polarization of X-rays. In
Equation (2.4), the dimensionless parameter

v — Ep 14+
y(Ey) _2\/_ sm 93 EpX, +x OrZ\/—X (2.5)

indicates the energy deviation from the exact Bragg energy Ep over the incident
photon energy scan. The parameter

2,/BX;

represents the attenuation of X-ray intensity due to photoelectric absorption,
and

Lexdo(z)
Yolz) = -4 (27)
indicates the shift of diffraction planes due to lattice deformation and the defor-
mation phase ¢ (z) (Section 2.1). Here, the extinction length L, represents the
penetration depth of the XSW field and is defined as Loy = (Aglo)/ (711/BXx)
[60].
Now, we consider a thin film with total thickness t;,;,; which is divided
into n sublayers L; (with i = 0,...,n — 1) of equal thickness t; (Figure 2.2).
The sublayers are numbered from the top to the bottom of the thin film.

10
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Accordingly, the top sublayer is labeled as Ly and the bottom L,,_;. The X-ray
diffracted intensity at the depth z; from the sample surface at photon energy
E, is calculated as:

R(Ey,zi) = BIY|*|r(Ev, 2)]%, (2.8)
where o ox
r(Ev, zi) = —11 — x23 3 (2.9)

is the local reflection amplitude at the depth z; from the sample surface at

photon energy E, with
¥ = — (b /b2 c%) /Cy, (2.10)

X = — (b - c%) /Cy, 2.11)

x3 = (x1 — 1) exp(ct;) / (x2 = 11,), (2.12)

and
0 = 2iy/b2 — C?/Ley, (2.13)
b= —y(Ev) —iyo + ye(2). (2.14)

The reflection amplitude at the bottom of L; is defined as r, = r(E,, z; + t;),
and at the top of L; is defined as r; = r(Ey, z;), which is then treated as the
reflection at the bottom of layer L; 1 (r; = rt, ) (Figure 2.2). The reflection
amplitude at the top of L; is a function of the reflection amplitude at the
bottom of L; (Equation (2.9) and (2.12)). Starting from the reflection amplitude
Tty = T (Ev, tiorar) at the bottom of the lowest layer, we can iteratively calculate
the reflection Ry(E,) at the surface by means of Equations (2.8-2.12). In the
case that the thickness of the sample is much larger than the penetration depth
of X-rays, which is on the same order of magnitude as the extinction length L,y
(ttota1 >> Lex), the boundary condition at the bottom of the sample of 74, , , = 0
is valid. Starting from this boundary condition, Equation (2.8) is employed
recursively to calculate the diffracted intensity at the top of Ly (zg = 0), i.e.,
R(E,,0) (Section 2.1). The full analytical expression of R(E,,z) is given in
Section A.1. This analytical solution of Takagi-Taupin equation will be used to
model the experimental XRD data in Section 3.3.

We calculate the X-ray diffracted intensity from a multilayer system by
applying the steps described above. For example, when we have a BTO thin

11



2. Experimental techniques

ttotal

4

Figure 2.2.: Schematic illustration of the X-ray diffraction from a thin film. The
illustrated thin film, with total thickness t;,;, includes n sublayers L; (with i =
0,...,n — 1) of equal thickness t;. The depth z; from the surface with zg = 0 is denoted.
The local reflection amplitude at the interface between sublayers L; 1 and L; is r;. The
local reflection amplitude at the bottom of the sublayer L; is r,. The Bragg-diffracted
and incident electric field amplitudes are indicated as &}, and &, respectively. The
incident and Bragg-diffracted wave vectors are indicated as kg and ky,, respectively.

film grown on a GdScO3 (GSO) substrate with SRO in between as a bottom
electrode, the X-ray-diffracted intensity is computed from the bottom of the
substrate to the top of the thin film (Figure 2.3a). In this example, we assume
that the lattice parameters in each layer remain the same along the thickness
(BTO: a =b =3.967 A, c = 4.083A, SRO: a = b = 3.967 A, c = 3.943 A, GSO:
a=b=23967A, c =3973 A). In this calculation, the thicknesses of BTO,
SRO, and GSO are tgrp = 34.5 nm, tggp = 47 nm, and tggp = 0.5 mm,
respectively. In addition, the incident angle of X-ray beam is 86° relative to
the sample surface. Because the thickness of GSO is 0.5 mm which is much
larger than the extinction length (2 ym), the reflection amplitude at the bottom
of the substrate is r(E,, tgro + tsro + tgso) = 0. This value is utilized to
calculate the amplitude r(E,, tgro + fsro) at the interface between GSO and
SRO layers with GSO parameters (x1G50, X2G50, X3G50, 0Gso, bgso). Similarly,
the reflection amplitude r(E,, fgro + tsro) at the bottom of SRO electrode is
used to calculate the reflection amplitude r(E,, tgro) at the interface between
SRO and BTO layers. Eventually, the reflection amplitude r(E,, tgro) at the
bottom of BTO thin film is employed to calculate the reflection amplitude

12
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r(Ey,0) and intensity R(E,,0) at the top of BTO thin film applying Equation
(2.8). As a result, the simulated intensity R(E,,0) around the BTO diffraction
peak at (001) crystal orientation is calculated and shown in Figure 2.3b.

(a) r(,00  (b)
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Figure 2.3.: X-ray diffraction from a multilayer: sketch and simulation. (a) Sketch of
a multilayer sample. (b) Simulation of the (001) Bragg diffraction peak of a BTO thin
film. The simulation is performed using the following thicknesses of BTO, SRO, and
GSO: tgro = 34.5 nm, tsgp = 47 nm, and fgso = 0.5 mm.
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2.3. X-ray photoelectron spectroscopy

The X-ray photoelectron spectroscopy (XPS) is an analytical method with
surface sensitivity and chemical specificity [61-65]. The physical principle
of XPS is the photoelectric effect [66, 67] which is the energy transfer from
X-ray photons to core level electrons when the sample surface is illuminated by
X-rays photons. The result of X-ray absorption is the photoionization of atoms,
which is described in Figure 2.4. In the photoionization process, the ejection
of the core electron (primary electron) upon X-ray photon absorption leads
to a core vacancy (Figure 2.4a). The vacancy is then occupied by an electron
from an upper level. The energy released during this relaxation is converted to
either photon emission (X-ray fluorescence, Figure 2.4b) [68] or the emission of
an Auger electron (secondary electron, Figure 2.4c) [69].

(a) (b) (c)

JPhotoeIectron Auger J
electron

M
@

Figure 2.4.: Schematic illustration of photoelectrons, fluorescence photons and Auger
electrons. (a) An electron from core level is ejected, leaving behind a vacancy. (b) An
electron from outer shell fills up the vacancy, leading to X-ray fluorescence emission
or (c) ejection of another electron in outer shell (Auger electron).

We focus here on the photoelectrons (Figure 2.4a). The basic formulation of
photoelectric effect is the following:

BE - EV - KE - ®SPEC1 (2.15)

where E, = hv is the X-ray photon energy, BE is the binding energy of the
electron tightly bound to the nucleus, KE is the kinetic energy of the emitted
electron, which is measured by the spectrometer, and ®sy.. is the work function
of the spectrometer. The energy level diagram of an XPS measurement is shown

14
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in Figure 2.5. The binding energy of a photoelectron is independent of the X-ray
photon energy. Only the kinetic energy will change with different X-ray photon
energies (Equation (2.15)). Photoelectrons from atoms in different chemical
states have different binding energies, thus XPS has chemical specificity.

Sample Spectrometer
Free electron energy —
Vacuum level — KEmeasurea
Cbsam h (‘D E'UCI,C
. v t spec
Fermi level —¢ Er
BE
Core level — N P

Figure 2.5.: Energy levels scheme of an XPS experiment. The work function ®,
of the sample varies according to different materials. In case of @z > Dspec, the
X-ray photon energy needs to be larger than ®;, to eject the photoelectrons over
the vacuum level Eygc. For @ggp < Pspec, the X-ray photon energy needs to be larger
than @y, for the photoelectrons to enter the spectrometer. The binding energy BE is
defined by the atomic core level and the Fermi level Ef.

Another important property of XPS is the surface sensitivity, which results
from the IMFP A;(E, ), which is typically less than 1 nm. This parameter is
defined as the mean distance that photoelectrons with a specified energy can
travel along their paths between inelastic collisions within a material [52]. The
IMFP mostly depends on the kinetic energy of the photoelectrons. The details
of the IMFP calculation are given in Section A.3. Another relevant parameter to
the surface sensitivity is the electron escape depth, which is A;, = A;(E,) sin,
where 7 is the exit angle of photoelectrons from the sample surface. Different
7 provides the different electron escape depth and thus the depth selectivity of
PE spectra. Analytically, the relative contribution of photoelectrons of atom s
emitted from a region between the surface zp = 0 and the depth z;, within the
exit angle range (7, v;,) is

Zi [ Th
— -1
IEZO/Zi)/'Yj - (I;r’rj) /Zo /n Pyi (Ev,z,77) dydz, (2.16)
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where 7; and 7}, are the lower and upper limit of exit angle from the sample
surface and If,om, calculated as:

007] /20 / oyi (Ev,z,7v) dydz, (2.17)

and py; (Ey,z,7) = exp (—z/A;,) represents the probability of finding a pho-
toelectron from the atomic core level [ at depth z, with exit angle v (Section
2.1). This formulation can be used to design a setup with the specific angle
ranges of detection which provides the desired depth sensitivity.

16
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2.4. Optical second harmonic generation polarimetry

The optical second harmonic generation (SHG) is a two-photon sum frequency
process in which the absorption of two incident photons from the identical
light field at the frequency w leads to the emission of a photon at the double
frequency 2w [47, 70]. This technique is proposed to characterize the variation
in the spontaneous polarization of ferroelectric thin films [6, 47, 70]. The
basis of this method lies on the nonlinear interaction between a light wave
and a crystal. When a light wave is traveling through a crystal, it gives rise
to multipolar moments which can be classified as electric dipole moment,
magnetic dipole moment, and quadrupolar moment [71, 72]. In general, the
contribution of electric dipoles is significantly larger than that of magnetic
dipoles and electric quadrupoles by a factor A/a, with the wavelength A of
the incident light and the lattice parameter a of the crystal [48]. For example,
the incident wavelength of 800 nm and the typical lattice parameter of BTO
of 4 A provide a contribution ratio of electric dipoles over magnetic dipoles
and electric quadrupoles of 2000. In addition, the electric dipole mechanism is
active only in a noncentrosymmetric materials (like ferroelectrics) [49] which
is the material of interest in this thesis. The electric dipoles are oscillating at
the integer number of frequencies of the incident light waves (w, 2w, 3w,...,
nw) and radiate the electromagnetic waves at the corresponding frequencies.
In this optical measurement, we aim to probe the radiation at frequencies 2w
(SHG) and w (optical reflectance).

The amplitude of the electric dipoles at 2w can be written as a quadratic
function of incident light field

Pi(2w) = ) xiEj(w)Ex(w), (2.18)
ik

where Ej(w) and E(w) are the incident electromagnetic field components. The
optical second-order susceptibility yx;j is the third-rank tensor which dictates
the crystallographic symmetries of the crystal [47, 70]. The amplitude of this
second-order susceptibility is generally around 12 orders of magnitude smaller
than that of the first-order susceptibility, which represents the amplitude of
optical reflectance at w [47]. Conversely, it is approximately 12 orders of
magnitude larger than the third-order susceptibility, which corresponds to the
amplitude of third harmonic generation (THG) at 3w [47]. Indices j and k
represent the polarization of two incident photons, while i is the polarization
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of the outgoing SHG photon. The amplitude of the tensor element yx;j; can be
written as [73]

mAeO

Nz 2 (2w) = 1) (n3(w) = 1) (nf(w) — 1), (2.19)

Xijk =
where 1;(2w), nj(w) and ny(w) are the refractive indices at the frequencies 2w
and w corresponding to the light polarization i, j, and k. The constant A repre-
sents the strength of the nonlinearity, m is the electron mass, N,; is the electric
dipole density, e is the elementary charge, and ¢ is the vacuum permittivity.
This relation points out that the amplitude of the tensor element is determined
by the refractive indices of a material, i.e., the electronic polarizability [47, 73].

In the Cartesian coordinate of the laboratory, the z axis is perpendicular to the
sample surface while the yz plane lies on the incident plane, which is defined by
the incident beam and the outgoing beam (Figure 2.6a). The angle of incidence
6 is defined by the z axis and the incident beam direction. The rotation angle ¢
of incident polarization is the angle between the incident polarization vector
and the yz incident plane. In a SHG polarimetry measurement, the SHG
intensity is measured as a function of incident light polarization which is
rotated by an angle ¢ about the optical axis, while the outgoing polarization is
fixed either at 0° (P-out configuration) or 90° (S-out configuration) with respect
to the yz incident plane (Figure 2.6). According to Equation (2.18), the incident
polarization component along x is:

Py (2w) = XxxxEx(w)Ex(w) + XxxyEx(w) Ey(w) + XxxzEx(w) Ez (w)
+XxyxEy(w) Ex(w) + XxyyEy(w)Ey(w) + XxyzEy(w)Ez(w)  (2.20)
+Xxzx Bz (W) Ex (W) + Xxzy Bz (W) Ey (W) + XxzzEz(w) Ez (w).

Because Ey(w)Ey(w) = Ey(w)Ex(w), Ey(w)E;(w) = E;(w)Ey(w), Ex(w)E;(w) =
E;(w)Ex(w), and xijx = xirj (Kleinman symmetry condition [47]), Equation
(2.20) becomes

Py(2w) = XxxxEx(w)Ex(w) + XayyEy(w)Ey(w) + XxzzEz(w) Ez (w)

2.21
+2XxxyEx(w)Ey(w) + 2xXxxzEx (W) Ez (W) + 2xxyz Ey (W) Ez (w). (221)

Applying the equalities above also for polarization components along y and
z, the SHG polarization components P;(2w) can be written in the following
matrix form
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)

Py (2w) Xxxx Xxyy Xxzz Xxyz Xxxz Xxxy E (w;

Py(zw) = | Xyxx Xyyy Xyzz Xyyz Xyxz Xyxy z (2.22)
2E E;(w

Xzxx  Xzyy Xzzz Xzyz Xzxz Xzxy

In our measurement geometry, the incident light field components are E,(w),
Ey(w) and E;(w). The component E, is the projection of the field vector E(w)
on x axis Ex(w) = E(w)sin¢g. The component E, is the projection of the
field vector E(w) on y axis E,(w) = E(w)cos¢cosf. The component E; is
the projection of the field vector E(w) on z axis E;(w) = —E(w) cos ¢ sin 6.
Regarding the SHG polarization, the P-out polarization amplitude is the sum
of the projections of components Py, Py, and P, along p direction P,(2w) =
Py(2w) cos 4 P;(2w) sin §. The S-out SHG polarization amplitude is the sum
of the projections of components Py, py, and P, along s direction P;(2w) =
Py(2w). Assuming that the incident light w has penetrated a distance / into
the material, the SHG intensity is given as [73]

3/2 2,2 12 .1 2
1o W= Xijk 5 [ sin 5 Akl
[2w) =2 — I , 2.23
(2w) <80> ni(2w)nj(w)ng(w) () ( TNk (2.29)

where Ak = k(2w) — k(w), with the wave vector k(w) = w/cjigp, the light
speed ¢jjg and the vacuum permeability p. Equation (2.23) points out that the
SHG intensity is proportional to X?jk as well as I(w)?. In addition, since P,(2w)
and Ps(2w) are proportional to Xijk (Equation (2.18)), the SHG intensities at
P-out I,(2w) and S-out Is(2w) configurations are proportional to P,%(Zw) and
P2(2w), respectively.

In case of the tetragonal BTO, it is a ferroelectric system with broken in-
version symmetry which has the symmetry point group of 4mm. The electric
dipole tensor yx;j for this point group is [74]

0 0 0 0 jXw: O
Xik=1 0 0 0 Xwz O OF, (2.24)

Xzxx Xzxx Xzzz 0 0 0
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with 3 nonzero independent elements Xyxz, Xzxx, and Xzzz. The mathematical
expressions of the SHG intensity in P-out and S-out configuration coming from
a BTO thin film in our measurement geometry (Figure 2.6a) are:

I/(2w) o()zxx sin 0 cos ¢

. : (2.25)
+(2) xxz COt 6% + Xzxx cOt B2 + X222) sin 6% sin ¢?)?,

I5(2w) o (2Xxxz Sin B sin ¢ cos ¢)>. (2.26)

According to these analytical expressions, the SHG polar patterns of BTO in
P-out and S-out configurations, at & = 50° shown in Figure 2.6b are calculated
according to Equations (2.25) and (2.26).

In the measurement geometry shown in Figure 2.6, an additional optical
beam can be introduced to perform pump-probe experiments (Section 3.2).
In Chapter 6, a THG beam at the frequency of 3w is used to pump our
materials, allowing for the measurement of transient changes in the SHG and
optical reflectance. This approach enables the investigation of the dynamics of
tferroelectric polarization and the electronic structure near the Fermi level of
the material of interest.
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Figure 2.6.: Sketch of optical second harmonic generation polarimetry and simulated
polar patterns. Schematic illustration of optical second harmonic generation polarime-
try (a) and simulated SHG patterns in P-out and S-out configurations (b). The incident
beam at w and the SHG beam at 2w are marked as red and blue, respectively. The
sample surface and incident plane are indicated as green and light green, respectively.
xyz is the Cartesian coordinates of the laboratory in which z is perpendicular to the
sample surface and plane yz lies on the incident plane. The angle of incidence is ¢
defined by the z axis and the incident beam direction. The angular rotation ¢ of the
incident polarization is with respect to the incident plane yz. E(w) is the incident light
field, Es(2w) is the projection of the outgoing SHG light field along the s direction,
and E,(2w) is the projection of the outgoing SHG light field along the p direction.
The SHG beam and the reflectance of the incident beam are separated by an dichroic
mirror. A THG beam at 3w (marked as violet), which is normally incident to the
sample surface, plays a role of an above-bandgap optical excitation. This beam is used
in the time-resolved SHG and optical reflectance measurements (Section 3.2).
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3.1. X-ray standing waves setup at Diamond Light
Source

The static XSW measurement were conducted at the 109 beamline of the
synchrotron Diamond Light Source. A soft X-ray beam of around 300 pm X
200 um was delivered through a plane grating monochromator to the sample.
During an XSW measurement, Bragg reflections and photoelectron spectra of
the sample were collected simultaneously at a given incident photon energy
E,. The incident angle of the X-ray beam was fixed at 6 = 87° (Figure 3.1).
A Si photodiode with a central through hole was employed to measure the
intensity of the diffracted X-ray beam (Figure 3.1). This measurement geometry
allowed for recording the (001) Bragg diffractions of the BTO and SRO layers
and the substrates in the range of incident photon energy E, from 1400 eV to
1700 eV. A Scienta EW4000 electron analyzer equipped with a microchannel
plate (MCP) and a charged-coupled device (CCD) was utilized to measure XPS
spectra. The overall spectral energy resolution, limited by the X-ray bandwidth,
was approximately 400 meV.

As explained in Section 2.3, increasing the exit angle ranges provide increas-
ing depth selectivity. In this XSW setup, the photoelectrons were collected
over three different exit angle ranges: 1 (7.8° £5.4°), 2 (18.5° £5.4°) and 73
(27.4° £ 3.6°). Applying the formulation given in Equation (2.16), we calculate
the relative contribution of photoelectrons from Ba and Ti atom within the
depth ranging from cprp to 3cpro to the surface, where cprp is the average
out-of-plane lattice constant. The result is given in Table 3.1. In each angle
range, the relative contribution of photoelectrons within the specified depth is
considerably larger than that within the remaining portion of the thin film. In
addition, the ratios of PE contribution from the specified depth over that from
the remaining portion of the thin film are nearly the same over three different
exit angle ranges. For Ba atom, the specified PE contribution is in the range
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between 64 and 66 %. These values are slightly smaller than those from Ti
atom which has the PE contribution within the specified depth ranging from
72 to 73 %, since the IMFP of Ba atom is, in general, longer than that of Ti atom.

Table 3.1.: Relative contributions of Ba and Ti PE intensity at different exit angle
ranges. Exit angle range 7}, depth z range and corresponding relative contribution to
the total Ba and Ti PE intensity.

il O ] Gz (el 12 (i T | T[] )
1| 24,131) | (0, csro) [(Crr0, )] 66 [34] 73 [27]
2| (13.1,23.9) | (0, 2¢570) [(2¢5T0, )] 64 [36] 72 [28]
3 (23.8, 31) (0, 3¢gTo) [(BCBTO, )] 65 [35] 73 [27]
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Figure 3.1.: Sketch of the XSW setup at the 109 beamline of the Diamond Light
Source. (a) XSW intensity of the BTO (001) Bragg reflection along the z axis, where
z = 0 represents the sample surface. (b) Side view of the top two BTO unit cells
displaying ferroelectric polarizations PT and P}, along with the Bragg spacing dog;. (c)
Diagram of the experimental setup (top view) utilized at beamline 109 of the Diamond
Light Source, showing the sample, electron analyzer, and photodiode. The photodiode,
positioned 10 mm from the sample, featured an Al mask in front to reduce fluorescence
background. The Bragg angle 6 and the photoelectron exit angle -y are illustrated,
along with the photoelectron exit angle ranges 71, 72, and 73, the incident X-ray
wavevector ko, and the Bragg-diffracted X-ray wavevector kg = ko + H.
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3.2. Static and time-resolved second harmonic
generation setup

A time-resolved SHG setup was developed to study the dynamical changes
of the spontaneous polarization of our ferroelectric thin films. The schematic
illustration of the time-resolved SHG setup in the SCS Instrument Laser Hutch
is given in Figure 3.2. The laser source is a home-built non-colinear optical
parametric amplifier (NOPA) with a central wavelength of 800 nm. We pump
our samples with 266 nm optical pulses and probe them with 800 nm optical
pulses.

In our setup, the beam is split into two parts by a beam splitter with a
splitting ratio of 8:92 (Figure 3.2a). The probe arm accounts for 8 % and the
pump arm for 92 % of the incoming laser intensity, respectively. The probe
beam propagates through an attenuator which is used to adjust the beam
intensity. The attenuator contains a half-wave plate which rotates the incident
polarization and two thin-film polarizers which transmit p-polarized light
and reflect s-polarized light. In our setup, the outgoing polarization from
the attenuator is always s-polarized. In the next step, the beam is reflected
by two mirrors on a linear translation stage that is used to adjust the time
delay between pump and probe. In order to change the polarization of the
probe, we use a 800 nm half-wave plate. The probe is finally focused onto
the sample surface at oblique incidence with 8 = 50° using a focusing lens.
After the sample, the reflectance at 800 nm and SHG at 400 nm are separated
by a dichroic mirror which allows the simultaneous measurement of the two
beams. Either s or p polarization component of the SHG signal is selected
using an analyzing Glan polarizer (analyzer) corresponding to S-out and P-out
configurations (Section 2.4). Next, the beam goes through a bandpass filter
around 400 nm and reaches the photomultiplier (PMT), which measures the
SHG intensity. Simultaneously, the probe reflectance is measured by a Si
photodiode.

The pump beam is also sent through an attenuator to adjust its intensity.
The outgoing polarization is s-polarized. The conversion from 800 nm to 266
nm is conducted inside a third harmonic generation setup which includes
two Beta Barium Borate (BBO) crystals. The first BBO crystal (SHG BBO) is
used to generate 400 nm beam from incident 800 nm. The input polarization
to this SHG BBO should be s and the SHG BBO generates p-polarized SHG
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which is later turned back to s-polarization by a 400 nm half wave plate. The
second BBO crystal (THG BBO) is used to combine s-polarized 400 nm and
s-polarized 800 nm to generate p-polarized 266 nm. A translational stage is
utilized to temporally overlap 400 nm and 800 nm pulses at the THG BBO
for the optimal THG conversion. A Si photodiode is installed to monitor the
incident intensity of the pump beam. A 266 nm shutter is used to block the
pump during static measurements, as well as mechanically chop the pump
during pump-probe measurements, in order to halve the pump repetition
rate and collect alternatevely pumped and unpumped data. The incident
polarization of 266 nm beam is rotated by means of a half-wave plate and the
beam is focused at normal incidence on the sample. The spatial overlap at the
sample is done by steering a mirror to move the probe spot onto the pump
one. A series of cameras are installed to monitor the beam alignment.

The thin film sample is mounted on the sample holder using silver paste.
The sample holder can be moved in two orthogonal directions x and y of
the Cartesian coordinates of the laboratory (Figure 2.6) by motorized linear
stages. In addition, the sample holder can turn around the x axis. The multiple
degrees of freedom of the sample holder support the alignment of the sample
such that the SHG beam reaches the center of the PMT detector. The beam
size is measured by knife-edge measurements at the sample position. The
probe spot size at focus is 55 um x 46 pym and the pump spot size is 165 pm x
311 pm, as measured by knife-edge scans (Section A.8). The spot size of both
pump and probe on the sample surface can be adjusted by the translation of
focusing lenses along beam axis by linear stages. The knowledge of the beam
size is pivotal to determine the incident fluence of the pump (Section A.8) as
well as adjust the relative ratio of the pump over probe beam size.

The setup allows us to perform the SHG polar scans in the static regime
(without pump) and the pump-probe regime (with pump) at different time
delay positions. The beam patterns are illustrated in Figure 3.2b. Laser pulse
trains have a repetition rate of 10 Hz. Each train has 35 pulses. We use 113 kHz
intratrain repetition rate for the SHG experiment. The pulse durations for the
800 nm probe and 266 nm pump beams are about 50 fs and 70 fs, respectively,
resulting in a time resolution of approximately 86 fs. For data acquisition, the
optical signals reaching the photodiodes and PMT are converted to voltage
signals and digitized. An individual intensity value is calculated as the baseline-
subtracted peak integration of all pulses in a train. All mentioned movements
of optical apparatuses and sample are motorized using multiple linear stages
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and rotation stages. All motors can be remotely controlled via a commercial
Beckhoff system and Python-based Karabo framework. To verify the nonlinear
characteristics of the signal detected by the PMT, the SHG intensity is measured
as a function of the 800 nm probe pulse energy, and the data is well-represented
by a quadratic function (Figure 3.3).

In static measurements, the 266 nm shutter is closed to block the 266 nm
pump. The 800 nm half-wave plate is rotated with the speed of 2° per second,
while the SHG intensity is measured continuously. For the S-out configuration,
the Glan polarizer axis is set to 90° relative to the incident plane to measure
the s-polarized SHG signal. For the P-out configuration, the Glan polarizer
axis is set to 0° with respect to the incident plane to measure the p-polarized
SHG signal. The typical duration of one static scan is 12 minutes.

In addition, simultaneous time-resolved measurement of SHG and optical
reflectance can be performed with this setup. The pump-probe SHG mea-
surement is employed to investigate the change in SHG intensity at a specific
point of the polar patterns, as well as the change of the entire polar pattern
over time upon the incidence of 266 nm pump. In the pump-probe reflectance
measurement, the photoinduced change of 800 nm reflectance as a function of
time is measured. In a pump-probe measurement, the 266 nm shutter operates
at the frequency of 5 Hz. This allows a half of the probe trains to be pumped
and another half to be unpumped (Figure 3.2b). The linear stage at the probe
arm is translated at the speed of 0.02 mm/s to tune the time delay between
the pump and probe pulse. During the translation of the linear stage, the SHG
intensity and 800 nm reflectance are measured continuously.

The 400 nm light that is not converted to 266 nm at the THG BBO may
contribute to the SHG background measured by the PMT. This background
overlaps with the pure SHG signal. To overcome this limitation, we cover the
area around the PMT and the Si photodiode with black fabric curtains and
black coated aluminum sheets. Furthermore, the level of background SHG
is measured after every pump-probe scan. In this background measurement,
the 800 nm probe is blocked by the 800 nm shutter, while the 266 nm shutter
operates at 5 Hz. The pumped and unpumped background is measured for 1
minute and their average values are calculated. The pure SHG intensity Isyg

from the sample is the subtraction between measured SHG intensity [ S’”ﬁ“g“red

during pump-probe measurement and the average background SHG I I;ngm””d

. . back d .
during the background measurement, i.e., Isgc = I?ﬁ“g””d - ISCIZJCGgm”" . Quick
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static SHG polar patterns are measured before and after every pump-probe
measurement to monitor the occurrence of possible sample damage (Section
A.14). The fact that two polar patterns are overlapped indicates the absence of
sample damage. These measurements typically last 3 minutes.
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Figure 3.2.: Scheme of time-resolved SHG and optical reflectance setup. (a) Sketch of
the experimental setup. BS: Beam splitter, HWP: Half-wave plate, LF: Longpass filter,
DM: Dichroic mirror, BF: Bandpass filter. (b) Laser pulses sequence. The red lines
indicate the probe pulses. The violet lines indicate the pump pulses. The intratrain
repetition rate is 113 kHz, corresponding to the temporal interval of 8.8 us between
two consecutive pulses. The train repetition rate of the probe is 10 Hz, corresponding
to the time interval of 100 ms between two consecutive trains. Because the train
repetition rate of the pump is reduced to 5 Hz by the 266 nm shutter, only half of the
probe pulses is pumped, while the other half is not pumped.
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3.3. Time-resolved X-ray diffraction setup at SCS

Time-resolved X-ray diffraction measurements of ferroelectric thin films were
performed at the Spectroscopy and Coherent Scattering instrument (SCS) of
the European XFEL (EuXFEL). The experiments employ the same 266 nm
optical laser mentioned in Section 3.2 as pump and the free electron laser (FEL)
as probe. The FEL has the same pulse pattern as the optical pump (Figure
3.2b). The generation of the FEL radiation is achieved using the undulator in
the self-amplified spontaneous emission (SASE) 3 tunnel. In this section, we
describe how the FEL beam is transported to the sample from the source and
how the experiment is performed.

The scheme of the FEL beam transport in the SASE3 tunnel and SCS in-
strument in monochromatic mode is given in Figure 3.4. The initial pulse
energy is 1.5 m]. The FEL pulses are attenuated by a nitrogen (N3) gas volume
with variable pressure (GATT). The transmission of the GATT is adjusted to
be around 0.5%. Next, the beam transport is carried out by multiple X-ray
optics at grazing incidence and under ultra-high vacuum conditions. The first
two mirrors M1 and M2 are used to remove the spontaneous radiation and
filter higher harmonics of FEL radiation by adjusting the grazing incident
angle between 6 and 20 mrad depending on the photon energy. Specifically,
M2 is a deformable mirror which can minimize the horizontal beam size at
the horizontal slits (HS). The elliptic cylindrical pre-mirror M3 provides a
vertical beam focus at the exit slits (ES). The monochromatization of the beam
is performed using a variable line spacing grating (G) with 50 lines/mm in
first diffraction order and the ES gap of 100 pm. The FEL beam is horizontally
steered to the SCS hutch using the distribution mirror M5 with a grazing
incident angle of 9 mrad. An X-ray gas monitor detector (XGM) after the ES is
employed to measure the FEL pulse energy based on atomic photoionization
processes. An electric field is used to accelerate the produced ions from the
FEL induced ionization of rare gas atoms in the XGM chamber. The collision
of these ions with a large Faraday cup electrode generates a current which
is proportional to the FEL pulse energy [75]. These photo-ion currents are
amplified and measured with avalanche multiplication using a huge aperture
open multiplier (HAMP). In our experiment, the FEL pulse energy after the ES
is 15 nJ, as measured by the XGM. The Kirkpatrick-Baez (KB) mirror system,
which includes a horizontal (HFM) and a vertical (VEM) focusing mirror after
the XGM, is utilized to adjust the beam size at the first interaction point (IP1),
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where the target sample is located, in both horizontal and vertical directions
independently [76]. A flat vertical deflecting mirror (VDM) is located between
HFM and VEM to keep the beam horizontal after the KB mirrors.

GATT M1 M2 M3 M5 HS ES XGM HFM VDM VFM 1IP1

Figure 3.4.: Scheme of SASE3 and SCS beam transport. Schematic illustration (not in
scale) of the optics in SASE3 tunnel and SCS Instrument in monochromatic mode, as
well as gas attenuator (GATT) and X-ray gas monitor detector (XGM).

In the time-resolved X-ray diffraction experiment, the FEL beam is incident to
the sample at around 86° and with a focal size of 140 um x 100 pm (measured
by knife-edge scans, Section A.8). The FEL beam has 25 fs nominal pulse
duration and 650 meV energy resolution [77, 78]. The (001) Bragg diffraction
of the FEL beam from the sample is collected in the energy range from 1.5
to 1.6 keV using a Si avalanche photodiode (APD, model SAR3000G1X, Laser
Components). Experiments are performed in the X-ray resonant diffraction
(XRD) endstation (Figure 3.5). The APD signal is converted to a voltage signal
and digitized. Similar to the calculation of measured optical intensity in a
train, the average diffracted intensity of the FEL is computed as the baseline-
subtracted peak integration of all pulses per train. The APD is protected from
the pump laser using a filter composed of 400 nm Ti, deposited on 200 nm
polyimide. The above-bandgap optical excitation is provided by femtosecond
266 nm laser pulses which is generated by the THG from 800 nm that is used in
the time-resolved SHG and optical reflectance measurement (Section 3.2). The
incident laser beam is at the angle of 85° relative to the sample surface with p
polarization. The incident pump fluences of 1.4 and 2.7 mJ/cm? at the sample
are chosen. The optical beam size at the sample is 330 um x 240 um. The
time delay between the FEL and the optical pump is corrected by the bunch
arrival monitors (BAM) values (Section A.10). Two types of time-resolved X-ray
diffraction experiment are conducted. The first one is the time delay scan at a
tixed photon energy E,. The second one is the photon energy scan from 1.5
keV to 1.6 keV at a fixed pump-probe delay ¢. In the energy scan, the peak of
the FEL spectrum remains at the desired photon energy by a simultaneous
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movement of the monochromator grating and the undulators gap. The energy
scans at different t measure the average out-of-plane lattice parameter c as the
function of time which is calculated as the center-of-mass of BTO diffraction
peak (Section A 4).

Optical pump (266nm)

Figure 3.5.: Sketch of time-resolved XRD setup at the SCS Instrument. CAD repre-
sentation of the inner experimental chamber used for tr-XRD experiments. The blue
arrow indicates the FEL beam impinging on the sample and diffracted to the APD.
The violet arrow indicates the optical pump beam.
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4. BaTiOj thin films: Fundamentals
and characterization

4.1. Ferroelectric BaTiO; - Basic properties

4.1.1. From dielectric to ferroelectric materials

Dielectrics are insulators with significantly low density of free charge carrier.
In these materials, an external electric field can induce the spatial separation
of the positive and negative charges. As a result, these materials can be
polarized. This property of dielectrics plays an important role in charge storage
devices [79, 80]. Dielectric materials can be piezoelectric, pyroelectric, and
terroelectric (Figure 4.1). Piezoelectric materials are dielectric materials where
mechanical stress and electric polarization are coupled. In these materials, a
mechanical deformation gives rise to an electric polarization and vice versa
[81]. Piezoelectrics with the permanent polarization are pyroelectrics. If this
permanent polarization is reversible under external electric field, the material is
a ferroelectric [5, 82]. Thus, ferroelectrics have both switchable polarization as
well as the coupling of mechanical deformation and electric polarization. From
the symmetry point of view, all ferroelectrics have broken inversion symmetry,
which is characterized by the non-centrosymmetric point groups [47, 70].

In ferroelectrics, the dependence of electric polarization and external electric
tield is characterized by a hysteresis loop (Figure 4.2). A ferroelectric material
can reverse its polarization direction when the external electric field, applied
in the antiparallel direction, overcomes a certain threshold. This threshold
amplitude of applied electric field is called the coercive field E.. The polar-
ization does not go to zero when the applied electric field decreases to zero,
but stays at a certain amplitude called remanent polarization P, at zero field.
The polarization only disappears when the external electric field decreases
further to a certain negative values. The linear extrapolation to zero field
of the polarization at high fields is governed by P = Ps + egxE where P is
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Dielectric

Pyroelectric

Figure 4.1.: Classification of dielectric materials. Dielectric materials are insulators
that exhibit electrical polarizability. Piezoelectric materials are dielectrics that couple
mechanical stress with electric polarization. Pyroelectric materials are piezoelectrics
that possess permanent polarization. Ferroelectric materials are pyroelectrics with
switchable polarization. While all ferroelectrics are dielectrics, not all dielectric materi-
als are ferroelectric.

the spontaneous polarization, € is the permittivity of vacuum and x is the
dielectric susceptibility. The difference between P, and P; is large in polycrys-
tals but negligible in single crystals. In addition, a typical characteristic of
ferroelectric materials is the possible formation of domains [83]. These are the
regions of the crystal where homogeneously oriented order parameter such as
electric polarization and strain exists. These domains are separated from each
other by a boundary called domain wall. They are labeled by the difference in
polarization orientation between two adjacent domains. For instance, a 180°
domain wall splits two domains with opposite polarization.

4.1.2. Structural and electronic properties of BaTiO3 single
crystal

BaTiOs (BTO) is a perovskite ferroelectric material with three structural phase
transitions [5]. The first transition from cubic to tetragonal structure happens
at 120°C (393K) which is known as the Curie point of the BTO single crystal.
The second one from tetragonal to orthorhombic at 5°C (278K), and the last
one from orthorhombic to rhombohedral at -90°C (183K) (Figure 4.3). In the
unit cell of BTO, the position of each atom is defined by its coordinates with
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Figure 4.2.: Typical P-E hysteresis loop of ferroelectric materials. The external electric
tield amplitude is denoted as E. P is the induced polarization of the ferroelectric
material exposed to the external field E. E. is the coercive field defined by the
intersection between the hysteresis loop and the E axis. P, is the remnant polarization
defined by the intersection between the hysteresis loop and the P axis. Ps is the
spontaneous polarization determined by the linear extrapolation to E = 0 of P at high
E.

respect to the origin of the unit cell. The origin of the unit cell (0, 0, 0) is
typically chosen as a Ba atom. In the cubic phase, BTO is paraelectric with
the simple cubic structure (a2 = b = ¢ ~ 4 A), which is centrosymmetric (space
group Pm3m). In this phase, Ba atoms are located at the eight vertices of the
unit cell, the Ti atom is located at the body center and O atoms are located at
the six face centers of the unit cell. When the BTO single crystal transitions
from the cubic phase to the tetragonal phase, the out-of-plane lattice parameter
c is lengthened, while in-plane lattice parameters a and b are reduced. In the
tetragonal phase, the structure is non-centrosymmetric (space group P4mm)
with lattice parameters ¢ = 4.036 Aanda=b=3992A (Figure 4.4b) [5]. In this
phase, according to neutron scattering data, the displacements of individual
atoms relative to the symmetrical positions z*¥" in the cubic phase along the
c-axis is given in Table 4.1 for the upward polarization state [5].

In this material, ferroelectricity originates from the hybridization between
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Figure 4.3.: Structural phase transitions of the BTO single crystal. The first transition
from cubic to tetragonal structure occurs at 120°C (393K), which is known as the
Curie temperature of the BTO single crystal. The second transition from tetragonal
to orthorhombic occurs at 5°C (278K), and the final transition from orthorhombic to
rhombohedral occurs at -90°C (183K). This figure is adapted from [84].

the empty 3d states of the Ti*" cation and the occupied 2p states of the
O?~ anion. In this case, the spontaneous polarization is associated with the
displacement of Ti** atoms relative to the center of the oxygen octahedra. This
atomic displacement leads to inversion symmetry breaking and asymmetric
charge distribution, which stabilizes ferroelectric state according to the pseudo-
Jahn-Teller effect [85]. Real-time time-dependent density functional theory
(RT-TDDEFT) predicts the band structure of BTO as a function of time upon
above-bandgap optical excitation [26]. The difference in band structure between
ground and excited state is illustrated in Figure 4.5. In the ground state, the
valence band mainly consists of occupied O 2p levels, while the conduction
band consists of unoccupied Ti 3d levels. Upon above-bandgap excitation,
electrons are transferred from the valence band to the conduction band. This
carrier excitation process introduces directional forces on the Ti and O atoms
and forces them to move opposite to the original ferroelectric displacement
[86]. This leads to the formation of opposite ferroelectric polarization within a
few hundred femtoseconds, if a sufficient number of carriers are excited to the
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Figure 4.4.: The unit cells of a BTO single crystal in the cubic and tetragonal phase.
Comparison between the centrosymmetric unit cell in the cubic (paraelectric) phase (a)

and the non-centrosymmetric unit cell in the tetragonal (ferroelectric) phase (b). The
atomic displacements are not in scale.

conduction band. This transient state of ferroelectric polarization eventually
relaxes upon the recombination of the photoexcited carriers (electrons and
holes) in much longer timescale (beyond the RT-TDDFT calculation time) [26].
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Figure 4.5.: DFT calculations of BTO band structure in the ground and excited state.
(a): The blue solid dots indicate Ti 3d orbitals, the orange and green solid dots indicate
O 2p orbitals in the ground state. The O denotes the equatorial O atoms of the unit
cell and the O denotes the O atoms lying along the ¢ axis. (b): BTO band structure
150 fs after optical excitation. The blue solid dots indicate the excited holes and the
orange solid dots indicate the excited electrons in the excited state. This figure is
adapted from [26].

Table 4.1.: Atomic positions within the unit cell of a BTO single crystal in the
tetragonal phase. The coordinates of atoms i (atomic positions) within the unit cell of
tetragonal BTO single crystal with lattice parameters ¢ = 4.036 A and a = b = 3.992 A
[5]. The displacement of atoms relative to the symmetrical positions along the in-plane
directions is 0 (x; = xf-’ym and y; = y?ym)

Elementi | x; (A) | y; (A) | z (A) | 2" (A) | Az; (A)
Ba 0.0 | 0.0 0.0 0.0 0.0
Ti 0.5a 0.5a | 0.513c 0.5¢ 0.013c
O 0.0 | 05a | 0487c | 0.5c | -0.013c
O 05a | 0.0 | 0487c | 05c |-0.013c
O 0.5a | 0.5a |-0.023c| 0.0 |-0.023c
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4.1.3. BaTiOs epitaxial thin films

In Section 4.1.2, we provide an overview of the fundamental properties of BTO
single crystals. Now, we move to the unique properties of BTO thin films. A
thin film of BTO when epitaxially deposited on a specific substrate can exhibit
a given strain due to the mismatch of the in-plane crystal lattice parameters.
This in-plane strain is defined as the following

e = ), (4.1)

b

where 4y is the in-plane lattice parameter of the strained thin film and a4y, is
the lattice parameter of the bulk crystal. A negative strain refers to in-plane
compressive strain, whereas a positive strain indicates in-plane tensile strain.
The strain induced by the substrate to the thin film provides unique properties
that are not intrinsic to the corresponding bulk material. A negative strain
increases the transition temperature between the ferroelectric and paraelectric
phase (Curie temperature T¢), and the remanent polarization of BTO thin films
[6]. The changes in the physical properties of strained BTO thin films around
ferroelectric transition can be described by the phenomenological Landau
theory [87]. This theory predicts the dependence of T; on the in-plane strain €,

2
T. = 0+ 20,0 2212

€a, 4.2
s11+s12 #2)

where ¢ is the permittivity of vacuum, C is the Curie constant and ¢ is the
Curie temperature of strain-free ferroelectric crystal. The second rank tensor
elements Q;; are the electrostrictive coefficients which stand for the mechanical
deformation of materials along i direction under the application of an external
electric field along j direction. The second rank tensor elements s;; are the elastic
compliances which are the strain along i direction induced in a unit of applied
stress along j direction in piezoelectric materials. In Equation (4.2),i =1,2,3 is
representative of the three orthogonal directions x, y, z, thus, the plane 12 is
parallel to the surface of the thin film. It can be seen that, the transition point
is shifted to higher temperature as the absolute value of in-plane compressive
strain €, increases. In the case of BTO, the coefficients in Equation (4.2) are:
Qi = —0.034m*/C? [88]; s11 = 9.1 x 107 2m?/N, 51, = =32 x 10~ 2m?/N
[87,89]; C = 1.37 x 10° [6]; ¢ = 120°C [5].

Figure 4.6 shows the changes of out-of-plane and in-plane lattice parameters
of BTO thin films grown on DyScOs; (DSO) and GSO substrates as a function
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of temperature [6]. The Curie temperature is different in the thin films grown
on different substrates because of the different in-plane strain (Equation (4.2)).
The thin film grown on DSO has T, ~ 680°C and that grown on GSO has
T; =~ 420°C. In the ferroelectric phase, as the temperature increases, the out-of-
plane lattice parameter c initially shows a slight increase, followed by a rapid
decrease near the Curie point, and finally a significant increase above the Curie
point. In contrast, the in-plane parameters increase monotonically with rising
temperature (Figure 4.6). The increase [decrease] of ¢ with increasing temper-
ature indicates a positive [negative] out-of-plane linear expansion coefficient.
The concept also applies to the in-plane parameters and the corresponding
in-plane linear expansion coefficients. The tetragonality c/a remains larger
than 1 above the Curie temperature. Therefore, we do not have a perfect cubic
phase (a2 = b = c) even above the Curie temperature.
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Figure 4.6.: Temperature dependence of the lattice parameters of BTO single crystal
and differently strained BTO thin films. The red solid triangles indicate the out-
of-plane lattice constant of BTO grown on DSO substrate, the blue solid triangles
indicate the out-of-plane lattice constant of BTO grown on GSO substrate and black
solid triangles indicate the out-of-plane lattice constant of BTO single crystals. The
empty squares and circles indicates the in-plane parameters of BTO grown on DSO
substrate (red) and BTO grown on GSO substrate (blue). The figure is adapted from

[6].
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4.2. Sample overview

Four different BTO ferroelectric thin films were grown on three different sub-
strates DSO, GSO, and SmScO3 (SSO) with (001) orientation according to the
pseudocubic notation [90]. A SRO thin film is grown in between BTO and sub-
strate serving as the bottom electrode. The BTO thin films grown on DSO and
SSO substrates are named as BTO/SRO/DSO and BTO/SRO/SSO, respectively.
In addition, there are two BTO thin films grown on GSO substrate which are
labeled as BTO/SRO/GSO and BTO/SRO*/GSO. The summary of our thin
film samples and their acronyms is given in Table 4.2. The thickness of BTO
and SRO thin films in BTO/SRO/DSO, BTO/SRO/GSO, and BTO/SRO/SSO
samples were measured using grazing x-ray reflectivity, while theta-2-theta
diffraction measurement was used to determine the thickness of BTO and
SRO thin films in the BTO/SRO*/GSO sample. The average in-plane strain
of thin films was determined by reciprocal space mapping (RSM) around the
(-103) substrate Bragg peak. The average polarization orientation of as-grown
BTO thin films was determined by piezoresponse force microscopy (PFM).
This technique was also employed to verify that all samples were electrically
switchable. Lastly, the AFM image analysis reveals a root mean square surface
roughness (Srms). In the next sections, the working principle of each technique
and characterization results are presented.

Table 4.2.: Film thickness, surface rougness and polarization of the samples under
study. Table of acronyms, thicknesses of BTO and SRO layers, the root mean square
surface roughness, and the average polarization direction P of BTO thin film of all
samples investigated in this work.

Acronym Sample tgto (nm) | Srms (nm) | tsro (nm) | P
BTO/SRO/DSO BaTiO3/SrRuO3/DyScOs 20 0.95 26 l
BTO/SRO/GSO | BaTiO3/24 nm SrRuO3/GdScO; 37 0.77 24 0
BTO/SRO/SSO BaTiO3 /SrRuO3/SmScO5 35.5 0.81 20 0
BTO/SRO*/GSO | BaTiO3/47 nm SrRuQO3/GdScO3 34.5 1.57 47 T
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4.3. Sample growth

Epitaxial BTO thin films were synthesized using pulsed laser deposition. Ce-
ramic targets of SRO and BTO, positioned 8 cm from the substrates, were
ablated with a KrF excimer laser (A = 248 nm, fluence 5.4 ] cm ™2, 2Hz repeti-
tion rate). The deposition occured in an O, atmosphere with an oxygen partial
pressure of pO; = 100 mTorr, at temperatures of 908 K for SRO and 973K for
BTO. The samples were cooled at a rate of 3Kmin~! in an environment of
saturated O, (pO, = 10* mTorr) to prevent oxygen vacancy formation.

Our rare earth (RE = Dy, Gd, Sm) scandate substrates (REScO3) were not
etched, leading to a mixed termination of REO and ScO, [91, 92]. Despite the
substrate termination, the SRO layer is expected to terminate with SrO due to
the high volatility of RuO, [92, 93]. The termination of the top BTO layer is
influenced by the oxygen partial pressure during deposition [94, 95]. In our
samples, deposited at 973K and pO, = 100 mTorr, the BTO thin films exhibit a
mixed termination of BaO and TiO, [94].

4.4. Thickness and roughness measurements

The thickness of the BTO and SRO thin films was determined by grazing X-ray
reflectivity [96] and theta-2-theta diffraction measurement [60, 97, 98] using a
PANalytical X'Pert Pro diffractometer.

The measured reflectivity Rq(q), shown in Figure 4.7, can be expressed as

1 1% dp.(z) . 2
p—S/OOTexp( igz)dz| , (4.3)

Rg(q) = Re(q)

where Rr and p, are the Fresnel reflectivity and the electron density of the
substrate, respectively [99]. In Equation (4.3) R is given as a function of the
wavevector transfer g = (47rsinf)/A , where 0 is the incident angle of X-ray
and A = 1.54 A is the wavelength of Cu Ka incident radiation. In practice,
thin film thicknesses are calculated as follows. First, Rr is computed using
the Parratt formalism [96]. Second, the Fourier inversion of R/ RF offers the
autocorrelation of the derivative of the electron density p, as a function of
z. This function shows peaks in correspondence of the interfaces, where p,,
is largest, thereby offering the thicknesses of layers above the substrate. In
the BTO/SRO/DSO, BTO/SRO/GSO and BTO/SRO/SSO samples, BTO has
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Figure 4.7.: Grazing X-ray reflectivity of BTO thin films. Grazing X-ray reflectivity
data of as-grown samples employed to derive the thickness of the BTO and SRO thin
tilms in BTO/SRO/DSO, BTO/SRO/GSO, and BTO/SRO/SSO samples.

thickness 20 nm, 37 nm, 35.5 nm and SRO has thickness 26 nm, 24 nm, 20
nm, respectively (Table 4.2). In addition, based on AFM images taken over
an area of 3.9 x 3.9um?, the root mean square surface roughness (Srys) of
the BTO/SRO/DSO, BTO/SRO/GSO, and BTO/SRO/SSO samples was on
average 0.84(8) nm (Table 4.2). The Sgrys of the BTO/SRO*/GSO was measured
to be around 1.57 nm (Table 4.2).
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Figure 4.8.: (002) Bragg reflections of the BTO/SRO*/GSO sample. (002) Bragg reflec-
tions (blue points) and corresponding fit curves (red solid line) of as-grown samples
used to determine the thickness of the BTO and SRO thin films in BTO/SRO*/GSO

sample.

To determine the thickness of BTO/SRO*/GSO sample, theta-2-theta mea-
surements, using PANalytical X'Pert Pro diffractometer, were performed. The
(002) Bragg peaks of the BTO, SRO, and substrate are shown in Figure 4.8.
The mathematical model of energy dependent X-ray intensity R(E,, z) given in
Section 2.2 can be expressed as R(0,z), as a function of the angle 6 [100]. The
resulting model can be used to fit the experimental diffraction peaks assuming
that each layer has a unique out-of-plane lattice constant with the thicknesses
of BTO and SRO as fit parameters. The reasonably good fit of the experimental
Bragg peaks in Figure 4.8 provides the thickness of BTO and SRO to be 34.5
nm and 47 nm, respectively (Table 4.2).
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4.5. Reciprocal lattice mapping

Reciprocal lattice mapping is an X-ray scattering method that provides infor-
mation about both in-plane and out-of-plane lattice parameters of the thin
films and their substrates [101-104]. The goal is to fully map the diffraction
intensity in the reciprocal lattice space (Q space). The scheme of this technique
is shown in Figure 4.9. The incident X-ray beam k;,, making an angle w with
the sample surface, fulfills the Bragg condition corresponding to the aforemen-
tioned diffracting planes and leads to the outgoing X-ray beam ko that makes
an angle 77 — 20 with the incident beam. The coincidence between Ewald
sphere around the starting point of k;, and a reciprocal lattice point indicates
the fulfillment of Bragg condition. In this measurement, the Bragg reflection
is obtained in series of one dimensional radial scans. The 20 — w scans are
performed such that only the amplitude of the momentum transfer vector
AK = Kkout — kin, is varied, whereas its direction stays unchanged. Conversely,
the w scans are conducted such that only the direction is scanned, but the
amplitude stays constant. Obviously, w scans involve only the rotation of thin
tilm, while 26 — w scans require the rotation of the thin film and the detector
simultaneously in which the rotation of the detector doubles that of thin film.
The combination of these scans provides the 2D map of X-ray reflection in the
extended reciprocal space. The projection of the reciprocal lattice vector along
the out-of-plane and in-plane directions are

Q: = 2|ko| - sin(0) - cos (w — 0), (4.4)

Qx = 2|ko| - sin (0) - sin (w — ), (4.5)
with |ko| = 27t/A, where A is the wavelength of X-ray beam.
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Figure 4.9.: Schematic illustration of reciprocal lattice mapping. 26 is the angle
between the incident wave vector kj, and the outgoing wave vector koyt. w is the
angle between the incident wave vector k;, and the in-plane axis Ky. § = 6 — w is the
angle between the momentum transfer vector AK and the normal axis K.
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Figure 4.10 shows X-ray reciprocal lattice maps of the BTO thin films around
the (-103) substrate Bragg peak, measured by a PANalytical X'Pert Pro diffrac-
tometer. The diffraction peaks of the substrates have narrow intensity dis-
tribution with high intensity peak, while the intensity distributions of BTO
and SRO layers are weaker and broader. This is because the substrates have
larger thickness and higher crystalinity than BTO and SRO layers. Reciprocal
lattice parameters Q, and Q, of the intensity peaks are related to the real space
in-plane and out-of-plane lattice parameters, a and c, by the following relations
[103]:

a= _A/(ZGX)/ (4.6)

c= (31)/(2Q,). 4.7)

The values Q, and Q, of each diffraction peak are obtained by fitting the
intensity distribution with a pseudo-Voigt function [105]. Results reported
in Figure 4.10 show that all BTO and SRO thin films are coherently strained
to their underlying substrates, without any relaxation of the in-plane lattice
parameter. The indication of this is that the peak positions share the same
Q, value. In addition, the absence of side peaks indicates the presence of
mono-domain in the BTO thin film.

The measured values of in- and out-of-plane lattice parameters of each
layer in all samples are shown in Table 4.3. The in-plane strain applied by a
substrate to the BTO thin film is calculated as ef;o = (2810 — b,BT0) /b BTO
(Section 4.1.3), by comparing the measured in-plane lattice parameter of the
thin film agyo with the respective bulk value a0 = 3.992A [5]. As a
result, the in-plane compressive strain in our BTO thin films is the smallest
on the SSO substrate (—0.38%, a,550 = 3.977 A [106]), it increases on the
GSO substrate (—0.63%, a Gso = 3.967 A [106]) for both BTO/SRO/GSO and
BTO/SRO*/GSO samples, and is the largest on the DSO substrate (—1.23%,
ap pso = 3.943 A [106]) (Table 4.3). Similar to the BTO thin film, the in-plane
strain applied by a substrate to the SRO thin film is calculated as €3z =
(asrRo — ap,srRO) /b SRO, Y comparing the measured in-plane lattice parameter
of the thin film agrpo with the respective bulk value of the pseudocubic cell
with parameter a,sro X CpsRO = 3.923 A [107]. As a result, the DSO, GSO,
and SSO substrates impose an in-plane tensile strain on the SRO films of 0.51%,
1.12%, and 1.38%, respectively (Table 4.3).
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Table 4.3.: In-plane lattice constants and in-plane strains of the samples under study.
The in-plane lattice constants acquired from RSM and calculated compressive in-plane
strain of each layer in all samples.

Sample Layer | a (A) | €* (%)
BTO | 3.946 | -1.23
BTO/SRO/DSO | SRO |3.943 | 0.51

DSO | 3.943
BTO | 3.970 | -0.63
BTO/SRO/GSO | SRO | 3.967 | 1.12
GSO | 3.967
BTO |3.976 | -0.38
BTO/SRO/SSO | SRO |3.977 | 1.38
SSO | 3.977
BTO | 3.967 | -0.63
BTO/SRO*/GSO | SRO | 3.967 | 1.12
GSO | 3.967

(a) BTO/SRO/DSO (b) BTO/SRO/GSO (c) BTO/SRO/SSO (d) BTO/SRO*/GSO
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Figure 4.10.: Reciprocal space maps of the samples under study. Reciprocal space
maps around the (-103) substrate Bragg peak for the BTO/SRO/DSO (a), BTO/S-
RO/GSO (b), BTO/SRO/SSO (c), and BTO/SRO*/GSO (d) samples. The gray vertical
dashed lines denote the reciprocal lattice parameter Q, common to the substrate, BTO,
and SRO thin films in each sample.
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4.6. Piezoresponse force microscopy

Piezoresponse force microscopy (PFM) is the technique that employs electrome-
chanical contact between a tip mounted on one end of a cantilever and the
sample [108, 109]. This technique is employed to characterize the orientation of
the spontaneous polarization of BTO thin films. Because it is an electromechan-
ical technique, both tip and cantilever need to be conductive. The cantilever is
able to scan over the surface of the sample. In the normal setting of PFM, an
AC voltage is applied to the cantilever through a lock-in amplifier and a DC
voltage is applied to the sample. By doing this, an oscillating electrostatic force
is induced between the tip and sample and it gives rise to an oscillation of the
cantilever. The oscillation amplitude of cantilever is written as the following

Az = d33Vsc + Z%VDCVAO (4.8)

where d33 is the piezoelectric coefficient, Q333 is the electrostrictive component
of the sample, t is the thickness, V¢ is the applied AC voltage and Vpc is
the applied DC voltage. To track this oscillation, a laser reflection from the
cantilever is detected on a Photosensitive Detector (PSD). The detector converts
the offset of the reflection spot from the detector center to a voltage signal.
This signal acquired in the PSD is compared to the AC voltage input signal
to extract the electromechanical signal including the phase and amplitude.
Typically, if the spontaneous polarization of the sample is aligned with the
applied DC field, driving voltage and electromechnical signal have zero phase
difference. Conversely, if the spontaneous polarization and applied field are
opposite, there is a phase difference of 180° (Figure 4.11).
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Figure 4.11.: Schematic illustration of piezoresponse force microscopy. The cantilever
is oscillating on the same phase (phase difference of 0°) as its applied AC voltage
when the spontaneous polarization of the sample is parallel to its applied DC voltage.
Reversely, the phase difference between cantilever oscillation and applied AC voltage
is 180° when the spontaneous polarization of the sample is opposite to the applied
DC voltage.
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PFM in Dual AC Resonance Tracking (DART) mode [110] was used to probe
the polarization of as-grown samples and to prove that the ferroelectric po-
larization can be switched by the application of positive or negative voltage
between the PFM tip and the SRO electrode. Figures 4.12a-c show the PFM
phase image of each sample after the application of a voltage to switch the po-
larization inside the marked gray boxes. The polarization state of our samples
is indicated by symbols P+ and PT. The symbol P+ [P'] indicates a polarization
pointing toward [away from] the substrate, where the Ti atom is below [above]
the oxygen octahedra. A positive [negative] voltage with the amplitude of 8
V forces the polarization to be Pt [PT], with the corresponding PFM phase
0° [180°]. The PEM phase outside the gray boxes indicates the polarization
of the as-grown sample (Figure 4.12). Therefore, Figure 4.12a shows an av-
erage downward polarization P+ in the BTO/SRO/DSO sample, while an
average upward polarization P! in the BTO/SRO/GSO, BTO/SRO/SSO, and
BTO/SRO*/GSO samples (Figures 4.12b-d). The average polarization direction
of our samples is summarized in the Table 4.2. The different average polariza-
tion direction of the three BTO samples results from the complex interplay of
the electronic structure and the chemistry of the surface and the interface to the
bottom layer [9, 111, 112]. Finally, the fact that a homogeneous as-grown phase
measured by PFM confirms the presence of a single domain in our samples
ensures that atomic positions of the same structural phase are measured by
XSW measurements.

We use switching spectroscopy PFM (S5-PFM) to measure hysteresis loops
on the BTO/SRO/DSO, BTO/SRO/GSO, and BTO/SRO/SSO samples (Figure
4.13). In these measurements, the phase response loop of the sample is recorded
while the tip voltage V4c is changing and the sample is biased by a DC voltage
Vp,. Similar to the typical P-E loop of ferroelectrics, the threshold amplitude of
the tip voltage, when the phase of the sample is reversed, is the coercive voltage
V.. The bias voltage V}, indicates the shift of the center of the hysteresis loop
along the tip voltage axis. The results show that we measure a coercive voltage
of V. = 1.1V, with a negative DC bias V;, = —0.9V, in the BTO/SRO/DSO
sample. In contrast, the coercive voltage of BTO/SRO/GSO sample is V, =
1.6V, with a positive DC bias V}, = 0.7 V. Finally, the unbiased hysteresis loop
of the BTO/SRO/SSO sample (V;, = 0V) has a coercive voltage V. = 1.1 V.
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Figure 4.12.: PFM phase images of BTO thin films. PFM phase images of the
BTO/SRO/DSO (a), BTO/SRO/GSO (b), BTO/SRO/SSO (c), and BTO/SRO*/GSO
(d) samples. Each panel shows the sign of the applied tip voltage (V) within the
gray boxes and the resulting average polarization direction PT (®) or P* (®) in the
examined areas. The voltage applied was 8 V. The PFM phase outside the gray boxes
reveals the average polarization direction of the as-grown samples.
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Figure 4.13.: Hysteresis loops of BTO thin films. The hysteresis loops measured by
SS-PFM on the BTO/SRO/DSO, BTO/SRO/GSO, and BTO/SRO/SSO samples.
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5. Surface polarization profile of
ferroelectric thin films

Ferroelectric materials with mono-domain or uniform polarization tend to
accumulate surface charges that create a depolarization field opposing the
spontaneous polarization. This accumulation of uncompensated charges can
destabilize the ferroelectric phase. Several mechanisms can mitigate the ac-
cumulation of surface charges. For instance, external charges provided by
adsorbates can help compensate for these surface charges [11-15]. Additionally,
surface charges can be neutralized through the reconstruction of the top unit
cells [16-18]. Understanding these mechanisms is crucial for controlling surface
polarization in ferroelectric thin films. In this chapter, we demonstrate that
the XSW method can be used to directly investigate the surface polarization
profile of ferroelectric thin films. Using XSW, we achieve picometer precision
in determining the atomic positions of Ti and Ba near the surface of our BTO
thin films along the out-of-plane direction. This technique offers direct insight
into the local ferroelectric polarization at and below the surface by providing
precise atomic positioning. Additionally, XPS enables us to acquire detailed
information about the oxygen-containing species adsorbed on the surface after
exposure to ambient conditions. By integrating structural and spectroscopic
data, we identify the most likely mechanisms that stabilize the surface polar-
ization in the three samples under examination. The surface charges, which
depend on the type, quantity, and spatial distribution of the oxygen-containing
adsorbates, are linked to variations in the amplitude and direction of the local
terroelectric polarizations.
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5.1. Results

5.1.1. (001) Bragg reflections

As described by the theory of X-ray standing waves generated in thin films
(Section 2.1), we need a model of X-ray diffracted intensity R(E,, z) to construct
the mathematical formula for the PE yield fit function % (E,). This model
is based on the fit of experimental X-ray diffraction curves to obtain the
lattice parameter profile. The reflectivity curves around the (001) diffractions
of the BTO, SRO, and substrates are shown in Figure 5.1. The diffraction
intensities of the substrate are stronger than those of the thin layers by two
orders of magnitude. In addition, the widths of substrate Bragg peaks are
much narrower than those of thin layers peaks. The weak intensity and the
broad width of the thin film diffraction peaks stem from two factors: the finite
tilm thickness and the inhomogeneous strain. Particularly, the reflectivity in
the range of 0.03% — 0.05% [0.01% — 0.02%] belongs to BTO [SRO] thin films,
while reflectivity of up to 10% is meaured for the substrate. Owing to the
decreasing trend of the bulk out-of-plane lattice parameters of the substrates
(Figure 5.1), there is a gradual shift of the substrate diffraction peak to higher
photon energies going from SSO, to GSO, and then to DSO. This trend implies
that BTO films experience an in-plane compressive strain, while SRO films
experience an in-plane tensile strain in the same substrate order. Consequently,
the average ¢ parameters of BTO (Section A.4) increase as cppo = 4.055(22) A,
4.063(23) A, 4.070(45) A from the SSO to the DSO sample. For the BTO thin
films, an average out-of-plane strain €gro = (cgro — ¢y BTO) /C8,BTO Of 0.48%,
0.68% and 0.84% is calculated, corresponding to the measured cgro parameters
for SSO, GSO, and DSO, respectively, and given the bulk out-of-plane lattice
parameter c; o = 4.036 A [5]. In terms of SRO films, the average c parameters
decrease as Tsro = 3.885(19) A, 3.876(24) A, 3.866(23) A from the DSO to the
SSO sample. These measured ¢ parameters correspond to an average out-of-
plane compressive strain €5z = (Csro — Cp,srR0) / ChsrO Of —0.96%, —1.20%,
and —1.45%, respectively.
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Figure 5.1.: (001) Bragg reflections: fit and out-of-plane lattice parameters. (a) (001)
Bragg reflectivity Ro(E,) (dots) and corresponding fit curves (solid lines) of samples
BTO/SRO/DSO (pink), BTO/SRO/GSO (cyan) and BTO/SRO/SSO (green). (b) BTO
out-of-plane lattice parameter c; (solid lines) in sublayers L; and ¢(z) (dotted lines)
based on Equation (5.1). The average BTO out-of-plane lattice parameters cgrp are
denoted by black stars. (c) SRO out-of-plane lattice parameters c; (solid lines) in
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sublayers L; and c¢(z) (dotted lines) according to Equation (5.1).
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As aforementioned, an epitaxial thin film can exhibit an inhomogeneous
out-of-plane strain. Based on the general strain profile model outlined in
previous studies [8, 13], the strain gradient is anticipated to be proportional
to the strain, de“/0z « €°, regardless of the specific relaxation mechanism.
Accordingly, the distribution of the out-of-plane parameter ¢ can be expressed
as an exponential dependence on z:

c(z) = ¢ (1 + efnte_(t_z)/‘s) , (5.1)

where €, = (Cint — Cp)/cp is the strain at the interface with the underlying
layer (or substrate), and ¢ is the penetration depth of strain that is inversely
proportional to the strain gradient. The validity of this model has been demon-
strated in ferroelectric thin films of several hundreds nm [8, 113]. A recent
study on 50nm thick PbTiOj3 films, with high crystalline quality and no ev-
idence of in-plane relaxation, reveals an exponential profile of ¢ parameters
which is later confirmed by TEM images [114, 115]. In this case [115], a compo-
sitional gradient of lead oxide dipolar vacancies leads to the strain gradient.
The presence of strain gradients in our samples may also origin from a similar
distribution of vacancies. In fact, the assumption of constant ¢ in modelling
BTO and SRO thin films fails to achieve satisfactory fit results. To fit the
experimental reflectivity curves in Figure 5.1, BTO and SRO layers are divided
in n sublayers L; (with i = 0, ..., n — 1) of equal thickness ¢; with an out-of-plane
lattice parameter c¢; changing exponentially with i as depicted by Equation
(5.1). In addition, different sublayers L; have different Debye-Waller factors
e Wi and deformation phases ¢; = 27t(c; — ¢)t;/c*. In our samples, n = 5 is
the minimum common number of sublayers necessary to precisely describe
them. Larger number of sublayers n does not improve the fit.

Furthermore, both the exponential ¢ distribution of Equation (5.1) and the
linear ¢ distribution c(z) = c;, (1 + €5,,61i, (t — z)) were utilized and compared
in Section A.5 for the BTO thin film of the BTO/SRO/DSO sample. In the linear
c distribution, the rate of strain change along z is denoted as J;;;,. It is observed
that, for the 20 nm BTO layer in BTO/SRO/DSO, a linear c distribution can
represent the experimental data more accurately than an exponential one.
According to TEM research, a similar finding was documented for films with
thickness < 20 nm [116, 117]. It is also worth noting that applying the linear
distribution to the bottom SRO layers or the thicker BTO layers did not result
in a better fit. Experimental data in Figure 5.1a are fitted with the reflectivity
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Ro(Ey) using the fitting parameters e ™"Vi (i =0, ..., 4), €, and & (or J};,) for the
BTO and SRO layer (Table 5.1 and 5.2).

The reasonably good fit of the experimental data shown in Figure 5.1a
validates the proposed assumption of strain gradient employed to model
these samples, with deviations < 5 x 1073%. Relatively simple strain models
with only two fit structural factors (ef, and J or J;;,), however, are unable
to replicate some details of the strain distribution, as suggested by the slight
differences between fit curves and experimental data. The obtained out-of-
plane parameters c; of BTO and SRO films in different sublayers L; are indicated
in Figures 5.1b-c. For BTO, ¢; increases as a function of depth, corresponding
to the increasing in-plane compressive strain. Meanwhile, for SRO, c¢; decreases
as we go further away from the interface between BTO and SRO, in agreement
with the increasing in-plane tensile strain.

Table 5.1.: Debye-Waller factors. BTO and SRO Debye-Waller factors e™""i of sublayers
L; (i =0,...,4) resulting from the fits of (001) Bragg reflection data in the three samples
under study (Figure 5.1).

Layer | Sublayer | Fit parameters | BTO/SRO/DSO | BTO/SRO/GSO | BTO/SRO/SSO
Lo e Mo 1 0.9 1
L e M 1 1 1

BTO | L, e M2 1 1 0.9
Ls e Vs 1 1 1
Ly e s 1 0.1 0.5
Lo e Mo 0.5 0.7 0.9
Ly e M 1 0.7 1

SRO | L, e M2 1 0.9 0.6
Ls e s 0.01 1 0.5
Ly e W 0 0 0.7

The Debye-Waller factors e™""i of larger than 0.9 are obtained in almost all
BTO sublayers except the sublayer at the interface to SRO. The Debye-Waller
factors of SRO at the interface to BTO and GSO are small (less than 0.9) in
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5. Surface polarization profile of ferroelectric thin films

Table 5.2.: Interface strains and penetration depths of strain. BTO and SRO interface
strain €j,; and penetration depth of strain ¢ resulting from the fits of (001) Bragg

reflection data in the three samples under study (Figure 5.1).

Layer | fit parameters | BTO/SRO/DSO | BTO/SRO/GSO | BTO/SRO/SSO
BTO €int 0.02 0.03 0.01

8 1.5x10°* 139 237
SRO €int -0.01 -0.05 -0.04

) 124 57 78

general. The significant structural disorder of BTO at the interface to the layer
underneath has been evidenced by other transmission electron microscopy
(TEM) studies [116-118].

The fit parameters €;,, and ¢ of BTO, in the BTO/SRO/GSO and BTO/S-
RO/SSO samples, are directly and inversely proportional to the in-plane
compressive strain €y, respectively (Table 5.2). The strain at the interface
with the substrate €], of SRO, for the BTO/SRO/DSO sample with the least
tensile strain (Table 4.3), is the smallest. In addition, a larger tensile strain leads
to smaller obtained out-of-plane strain penetration depth ¢ for SRO.

In fact, for BTO, a larger in-plane compressive strain egrq is associated with
larger average out-of-plane strain €51 and thus, a larger strain gradient. TEM
and CTR scattering measurements on BTO thin films [13, 116] and other ferro-
electrics [115, 117, 118] provide comparable and even larger strain gradients,
compared with de°/9z = 1.5 x 10~*nm~! in BTO/SRO/DSO. Surprisingly,
the strain gradients cause similar out-of-plane lattice parameters cg at the top
sublayer Lg: 4.02 A, 4.046 A, 4.045 A, in spite of the different in-plane compres-
sive strains in the three samples (Table 4.3). For SRO, a larger in-plane tensile
strain €, (Table 4.3) leads to a larger out-of-plane strain gradient and to
larger average out-of-plane compressive strain €5z (Figure 5.1c). For example,
the BTO/SRO/GSO [BTO/SRO/DSO] sample with an in-plane tensile strain
of SRO of 1.38 % [0.51 %] (Table 4.3) exhibits an out-of-plane strain gradient of
9e/9z =1 x 107 3nm~! [1 x 10~*nm~!] and an average out-of-plane strain
€sro = —1.45% [—0.96%] (Figure 5.1c).

At this point, the fit of the experimental diffraction curves in Figure 5.1
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5. Surface polarization profile of ferroelectric thin films

provides the depth dependent distribution of ¢ in both BTO and SRO. These
c distributions help to construct the PE yield fit function %, (E,) in Equation
(2.3). We now move to determine the experimental PE yield from XPS spectra.

5.1.2. Ba, Ti, O and C XPS

The PE yield «5 (Ey) of atomic species s, measured at exit angle range y and
photon energy E,, is calculated as the background-subtracted integral of the
corresponding PE peak. Ba 4d and Ti 2p PE spectra were measured over the
three exit angle ranges (1, 72, and 73) in order to determine the PE yield of
Ba and Ti atoms in the BTO thin films. The results are shown in Figure 5.2.
The 2p doublet is visible in the Ti spectra in Figure 5.2a at 458.8 and 464.5¢eV.
The same spectral shape can be seen in spectra taken at various exit angles
(Figure 5.2a). This suggests that the formation of the nominal Ti** state occurs
both at Ti atoms below the surface, and also at surface Ti atoms attached to
oxygen-containing adsorbates [12, 119, 120]. Furthermore, the lack of a peak
at 1.7 eV beneath the primary Ti 2p3/, peak indicates that there are no oxygen
vacancies that would cause Ti®T to form close to the BTO surface [12, 119].
On the other hand, Ba 4d spectra reveal at least two different types of atomic
species (Figure 5.2b). The bulk component (Bay, ) is the result of the spin-
orbit split levels Ba 4ds5,, and Ba 4dj3,, at 88.8€eV and at 91.4 €V, respectively,
originating from the Ba atoms below the surface. With respect to the bulk
component, the Bag,,t peaks show twice the FWHM and a binding energy shift
ABE = +1.2eV. According to earlier research [121, 122], the increase of Bag,¢
in the most surface sensitive spectrum (Ba(y1)) demonstrates its relationship to
Ba atoms at the BTO surface. The correlation with oxygen components suggests
that the larger FWHM is consistent with a continuity of chemical environments
surrounding Ba atoms at the surface [122]. These environments could be
related to different species, like OH™, at different adsorption sites [9, 10], and
O, species [121]. Therefore, to include both Ba atoms at the surface and just
below it, the PE yield with the largest contribution from the surface unit cell
(71) is given by the sum of the two components (Bag,,f + Bapyx). Meanwhile,
the Ba PE yield of the deeper unit cells (at 7, and <3) is only provided by
the Bapx component. Conversely, for all exit angle ranges, the Ti PE yield
is determined by the entire area of the Ti doublet. As demonstrated above,
the XSW approach allows for the selective determination of the positions of
distinct chemical species within the same element due to the ability of XPS to
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distinguish between atoms in different chemical environments.

Ti(y1) Ba(ya)
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Figure 5.2.: PE spectra of the Ti 2p and Ba 4d core levels of the BTO/SRO/DSO
sample. PE spectra of the Ti 2p (a) and Ba 4d (b) core levels on the BTO/SRO/DSO
sample, measured at the exit angle ranges <1, 2, and y3 using E, = 1420€V. Every
spectrum is normalized to the corresponding maximal PE intensity. The spectra
measured at the exit angle range y3 are indicated by the shaded component areas.
The Ba atoms at [below] the top BaO atomic plane are denoted by the Bag,¢ [Bapyk]
component. Figure 5.3 gives similar PE spectra measured on the BTO/SRO/GSO and
BTO/SRO/SSO samples.
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Typical PE spectra Ti 2p, Ba 4d, and C 1s core levels of the BTO/SRO/GSO
and BTO/SRO/SSO samples are displayed in Figure 5.3. The features of the
Ti and Ba PE spectra are comparable to those in Figure 5.2. Because there are
more C and O species on the BTO/SRO/SSO surface, the PE intensity is lower,
which results in higher noise of the PE spectra in Figures 5.3d-e. As shown in
Figure 5.3c, the corresponding C 1s spectrum is almost three times larger than
the one from the BTO/SRO/GSO sample. Particularly, Figure 5.3f displays
a typical C 1s spectrum that consists of four components. The adventitious
carbon component C(1) at 284.6 €V is attributed to hydrocarbons that adsorbed
on the sample surface after being exposed to the ambient environment. With BE
shifts of 1.5eV and 3 eV, components C(2) and C(3) denote C atoms connected
to an O atom by a single (C-O) or double (C=0) bond [121, 123]. With a BE
shift of 4.4eV, component C(4) can be associated with C atoms in ester or
carboxyl groups [C-(C=0)-O] or carbonate compounds [121, 123].
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Figure 5.3.: Ti 2p, Ba 4d, and C 1s PE spectra of the BTO/SRO/GSO and BTO/S-
RO/SSO samples. The Ti 2p, Ba 4d, and C 1s PE spectra of the BTO/SRO/GSO
sample (a, b, c) and the BTO/SRO/SSO sample (d, e, f), respectively. The Ti 2p and
Ba 4d spectra are displayed at the 71, 72, and 3 exit angle ranges. The total of the
C 1s spectra for the BTO/SRO/GSO and BTO/SRO/SSO samples over all measured
exit angle ranges is displayed in Panel (c). It should be noted that to highlight the
differences in the carbon species composition of the two samples, both C 1s spectra are
normalized to the peak intensity of the C 1s spectrum of the BTO/SRO/SSO sample.
A typical C 1s spectrum fitted with four components is displayed in Panel (f).
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A comprehensive picture of oxygen-related species at the BTO surface is
provided by O 1s PE spectra recorded at various exit angle ranges y (Figures
5.4a-c). First, let us consider the most bulk sensitive O(y3) spectra. In this
instance, the most noticeable peak at 529.8 eV, O(1), corresponds to O atoms
within the BTO lattice (Op). The remaining O components originate from
COy species (O(3)) and H,O dissociation (O(2) and O(4)). In general, the
molecular physisorption with ABE ~ 3.9 eV may result from the adsorption
of HyO on BTO [120, 121]. The O 1s spectra presented in Figures 5.4a-c
demonstrate the presence of physorbed water molecules exclusively in the
more surface sensitive 1 and 7y, exit angle ranges, and their contributions to
the total spectral area are negligible (less than 3%). While both molecular and
dissociated water may occur on the TiO, termination [10, 120], water on the
BaO termination upon adsorption dissociates into OH~ and H™ [10, 11, 124].
H™ binds to Oy, at the BTO surface or diffuses within the film to create Oy H™
[12-14, 119], whereas OH™ chemisorbs on top of cations (Ba or Ti) or at O
vacancies O(2) [10-13]. HT is assigned to component O(2) with the binding
energy shift ABE = 1eV, while OH™ is assigned to component O(4) with
larger binding energy shift ABE = 2.7 eV. Furthermore, component O(4) may
be enhanced by other species that arise from O, adsorption, such as peroxo
complexes (e.g., BaO,, Ti-O-O-Ti, Ti=0, ) [120]. In this case, O, is present at
the surface as a result of oxidation of Ti-OH or BaO-terminated surfaces. Lastly,
COx species, such as carbonates COzf, C = O bonds, ester (C-(C=0)-OR) or
carboxylic acid (C-(C=0)-OH) compounds are assigned to component O(3) at
ABE = 1.8€V.

The contribution of component O(3) to the y-integrated spectral area is ~ 0%,
3%, and 6% in the BTO/SRO/DSO, BTO/SRO/GSO, and BTO/SRO/SSO
samples, respectively. Component O(2) [O(4)] represents 15% [32%], 19%
[30%], and 13% [53%] of the y-integrated spectral area, assuming the same
substrate order. A correlation between the PE area of the Bag,s component and
the total of the PE areas of the O(2) and O(4) components is depicted in Figure
5.5. The fact that the sample BTO/SRO/DSO has a Bag,, component (Figure
5.2b), despite the O(3) component not being present in the corresponding O
1s PE spectrum (Figure 5.4a), indicates that component O(3) has a weaker
correlation with Bag.
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Figure 5.4.: O 1s PE spectra of the BTO/SRO/DSO, BTO/SRO/GSO, and BTO/S-
RO/SSO samples. The O 1s PE spectra of the BTO/SRO/DSO (a), BTO/SRO/GSO
(b), and BTO/SRO/SSO (c) samples are O(71), O(72) and O(+y3) integrated over the
corresponding exit angle ranges. Every spectrum is normalized to the corresponding
maximum intensity of PE. O(+y3) spectra are indicated by the shaded component areas
0(1), O(2), O(3), and O(4). O atoms in the lattice (Or), OL H™ species, COy species, and
OH™ and/or O, species are represented by components O(1), O(2), O(3), and O(4),
respectively. Panel (d) [(e)] shows the ratio of component O(2)[O(4)] over component
O(1) for the three samples as a function of exit angle range -.
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Figure 5.5.: Relation between the areas of Bay,, and O(2)+O(4) components. PE area

of Bag,f component, with a linear fit curve, as a function of the sum of PE areas of
O(2) and O(4) components.
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A quantitative analysis of O(2) and O(4) relative spectral area as a function
of exit angle range y was carried out to obtain information on the depth dis-
tribution of the various oxygen spec1es The spectral area ratio of O(2) [O(4)]
over O(1) is computed as Ry = A ] 7] [R4 = A5 ] / Ag ] ] measured
at the exit angle range y; (j = 1,2, 3) R2 and Ry at Varlous 'y] are displayed
in Figures 5.4d-e with the corresponding fits. According to the model used
to fit these data [125], adsorbates create a patched overlayer of thickness fq )
(k = 2,4) and coverage I' (0 < I' < 1), which shows the fraction of surface
covered by the overlayer. The fitting parameter I' is applied to the R, and
R4 data in Figures 5.4d-e. The tq(y is changed in 1 A steps to produce the

best fit with R?> ~ 1. A superficial layer with a thickness of ~ 4 A, corre-
sponding to one monolayer [120], is formed by the adsorbates represented
by component O(4) on all samples. On the other hand, component O(2) is
concentrated near the surface with thickness ~ 6 A in the BTO/SRO/SSO and
BTO/SRO/GSO samples, while it is distributed below the BTO surface with
thickness =~ 15 A in the BTO/SRO/DSO sample. A thicker overlayer of Oy H™
species above the BTO surface cannot account for the increased thickness tg )
in the BTO/SRO/DSO sample since the molecules in the overlayer would
appear at a different binding energy due to their different chemical environ-
ment. Alternatively, as previously suggested in other publications [13, 14], our
experimental findings imply a situation where H atoms are spread below the
BTO surface to create O_H™ species (Figure 5.7b).

5.1.3. Ba and Ti XSW

The normalized PE yields of Ti and Ba, denoted as KE(EU) and K,Ea(EV), are
displayed in Figure 5.6. These yields were measured over the exit angle
ranges 71, 72, and <3, around the BTO (001) Bragg peak of the three samples
under study. The average and standard deviation of N photoelectron yield
profiles (5 < N < 10) taken under identical conditions provide each «2 (E,)
and associated error bar o,. The intensity of the incident X-ray beam and the
corresponding photoionization cross section over the recorded photon energy
range are used to normalize each PE yield curve in Figure 5.6 (Section A.6). The
KE(EV) curves have a peak corresponding to the BTO reflectivity maximum,
whereas K,Ea( E,) profiles have a dip-like shape. This can be interpreted as the
following. The Ba atomic planes [45, 126] (dashed lines in Figure 3.1b) are
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close to the Bragg diffraction planes for the BTO (001) reflection. A sinusoidal
modulation of the X-ray intensity Ixsw and period dgg; along H results in
the formation of the XSW when the incoming X-ray photon energy meets the
Bragg condition (E, ~ Ep) from the low-energy side. As shown in Figures
3.1a-b, the standing wave antinodes and nodes are located between and at
the diffraction planes, respectively. As a result, Ba atoms, which are aligned
with the nodes and near the diffraction planes, experience a decrease in Ixsw
and thus have lower Ksa(Ev), whereas Ti atoms, which are more aligned with
the antinodes and almost halfway between two adjacent diffraction planes,
exhibit an increase in KIYi(EU). The nodes and antinodes shift by dyg; /2 along
H as the photon energy is modulated through the Bragg condition (E, > Ep),
and the XSW intensity modulation disappears. The reflectivity maxima of our
samples vary from 0.02% to 0.05% due to the thin film’s weak diffraction of
the incident X-ray wave. As a result, a low XSW intensity modulation with
an amplitude of less than 4% is produced by the interference between the
incoming and Bragg-diffracted X-ray waves. This modulation is proportional
to 24/Ro(Ey). However, as illustrated below, this contrast is sufficient to
determine the average atomic distribution within the unit cell with picometer
spatial accuracy using the data encoded in the PE yield profiles.
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Figure 5.6.: Ti and Ba PE yield data and fits. Ti and Ba PE yield (green and blue points),
and their corresponding fit curves (solid lines), obtained at the exit angle ranges 1,
72, and 3 on BTO/SRO/DSO (a), BTO/SRO/GSO (b), and BTO/SRO/SSO (c). At
the bottom of each panel: reflectivities Ry(Ev) and their fit curves around the (001)
BTO Bragg energies Ep = 1524 €V (a), 1527.2€V (b), 1530.4 eV (c) (indicated by vertical
dashed lines). There is only one error bar displayed for K% (Ey) of BTO/SRO/SSO.
This error bar represents the average error bar of all the K%(Ey) data points. The
curves above Ba(v3) are vertically displaced from the one below by 0.08. All PE yield
curves are normalized (Section A.6).
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Table 5.3.: Fit results of coherent position P, and coherent fraction F; ,. Coherent
position I, and coherent fraction F;, of Ba and Ti PE yield fits (Figure 5.6) at the
exit angle ranges 71, 72, and 73, in the three samples under study. Coherent position
offset of Ti atoms from the center of the unit cell defined by Ba atoms, APgiY =

PCTI7 — (PE% - 0.5) , and absolute off-center displacement of Ti atoms, AZIYi = AP

expressed in picometer.

c,y’

Sample Angle range | P2 F2 P FLL APIL Az (pm)
0! 1.10(1) 0.50(7) | 0.64(3) 0.35(9) | 0.04(4) 16
BTO/SRO/DSO 72 1.11(1) 0.88(6) | 0.64(2) 0.56(7) | 0.03(3) 12
73 1.11(1) 0.87(8) | 0.63(2) 0.48(8) | 0.02(3) 8
0! 1.05(1) 0.46(4) | 0.54(3) 0.29(6) | -0.01(4) -4
BTO/SRO/GSO 72 1.06(1) 0.88(3) | 0.55(2) 0.32(5) | -0.01(3) -4
73 1.04(1) 0.78(3) | 0.56(1) 0.54(5) | 0.02(2) 8
0! 1.08(2) 0.42(7) | 0.63(6) 0.44(19) | 0.05(8) 20
BTO/SRO/SSO 72 1.02(1) 1.00(3) | 0.55(4) 0.41(12) | 0.03(5) 12
73 1.02(1) 0.99(7) | 0.56(2) 0.58(9) | 0.04(3) 16
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The XSW analysis presented here employs the computation of the reflectivity
Ro(E,) with the assumption of either upward or downward average polariza-
tion of the BTO film, which is derived from PFM data (Section 4.6 and Table
4.2). For the reflectivity calculations, the positions of the Ba, Ti, and O atoms
in the unit cell are taken from the known BTO bulk values [5]. The validity
of the used model is demonstrated by the fact that both the reflectivity and
yield data are well fitted. Indeed, Equation (2.3) provides a good fit for the
experimental PE yields displayed in Figure 5.6, yielding P;, and F;,, which
are summarized in Table 5.3. PEE; ~ 1 for Ba atoms and P;rlr ~ 0.5 for Ti
atoms are obtained, as predicted from the atomic coordinates used to build the
structural model in the XSW analysis. Their precise atomic positions change
with sample and depth by nearly few tens of picometer with an error bar (av-
eraged over 7y) of 4 pm for Ba and 12 pm for Ti (Section A.7). The key physical
quantity, for a displacive ferroelectric like BTO [127], is the displacement of Ti
atoms from the center of the unit cell, denoted by PE?;. This displacement is
directly related to the ferroelectric polarization [128]. As a result, we compute

APgiY = PCTl7 - (PE?Y - 0.5) and the corresponding absolute central offset (in

picometer) of Ti atoms Azgi = COAP;%.

The Ti atomic displacements at various depths z from the BTO surface are
obtained from XSW data at different exit angle ranges «y. The escape depths, for
71, 72, and 3, are Ay, = 3.4A,8.0A, 11.6A [2.7A, 64 A, 9.2 A] for Ba 4d [Ti
2p] photoelectrons at the (001) BTO Bragg energy Ep, respectively (Section 2.3).
The corresponding probability yield functions py;(z) (Section 3.1), which are
integrated over the three exit angle ranges 7y, 2 and 3 (Figure 5.7a), show that

AZIYi1 relates primarily (= 70%) to atoms within the first unit cell, while Azsi2

[AZ%] mostly comes from py;(z)-weighted average of atomic positions within
the top 2 [3] unit cells. The remaining (=~ 30%) contribution is accounted for the
pyi(z)-weighted average of atomic positions from lower unit cells (Section 2.3).
The depth-dependence of Ti atomic displacements Azgi (Table 5.3) is illustrated
in Figures 5.7b-d by mapping them to the top three BTO unit cells. Particularly,
the XSW fit outcomes of the BTO/SRO/DSO sample show positive AZIYi values
which decrease as -y increases. This is consistent with an upward ferroelectric
polarization PT with a decreasing amplitude from the surface to the bulk. On
the other hand, the minimal offsets of Azgi < 0 for 1 and 7, and Azy3 > (0, are
revealed for the BTO/SRO/GSO sample. This suggests an upward polarization
PT at larger depths, which almost disappears with a gentle flip just below the
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5. Surface polarization profile of ferroelectric thin films

surface. Lastly, Azgi > 0, corresponding to an upward polarization (PT), is
found for every -y in the BTO/SRO/SSO sample.

We now turn our attention to the atomic coherent fractions. In all samples,
the coherent fraction for Ba in the exit angle ranges of 7y, and -3 is quite high
(FEE‘Y > 0.8), suggesting a good structural order. Particularly, 1—“332 and PC]?%
are 1 in BTO/SRO/SSO, where no flip of ferroelectric polarization with depth
is detected. The latter values are overestimated because, even in a perfectly
ordered atomic layer, atomic vibrations at ambient temperature result in F, < 1.
There are two reasons why F; can be overestimated. First, greater F. are
predicted without accounting for non-dipole effects because our XSW analysis
does not include non-dipolar parameters, which are not available for p, d,
and f initial states at this time [129]. Second, the count rate, XSW modulation
amplitude, and resulting F. may be overestimated as a result of the MCP’s
nonlinear behavior. On the other hand, depending on sample and 7, FCB,’%Z and
FC]?% values in BTO/SRO/DSO and BTO/SRO/GSO are around 0.88 and 0.78,
respectively. The generally smaller coherent fraction of Ti atoms in the range of
0.3 — 0.6 is also a result of the averaging over atoms in unit cells with varying
polarizations. Moreover, both Ba and Ti atoms have a smaller coherent fraction
of 0.3 to 0.5 for the most surface sensitive measurements at ;. The increased
structural disorder caused by the interactions of atoms at the uppermost oxide
plane with adsorbates is responsible for the generally lower F?, at the surface.
In addition, we realize that the X-ray standing wave, that forms in the thin
film, is the source of the structural accuracy of the XSW method and the small
surface roughness of ~ 0.84(8)nm, which accounts for around 2 - 4 % of the
film thickness has no impact on it. Greater surface roughness generally offers a
wider surface area for different species to adsorb on compared to an atomically
flat surface. The surface roughness cannot be the origin of differences in atomic
positions in our samples because Srys is roughly constant across all samples
(Table 4.2).

In addition, we tried applying the XSW analysis on O 1s components as
well (data not shown), but, given the short time available for the experiments,
only on the BTO/SRO/DSO sample. The lower photoionization cross section
[130, 131] and the low statistics, however, caused a low signal level and large
error bars in the PE yield profiles, which made it impossible to determine the
corresponding structural parameters (P, F¢,) with any degree of reliability.

Finally, the overall trend of the experimental yield profiles can be well
described by the XSW vyield fit curves, given the structural model that is
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5. Surface polarization profile of ferroelectric thin films

derived from the fit of the reflectivity data. Upon carefully examining the yield
curves, oscillations with a periodicity of approximately 10 eV are detected
(Figure 5.6). In the Ti(v3) data of the BTO/SRO/DSO and BTO/SRO/GSO
samples, they are relatively evident. The potential origin of these features is
now discussed. First, as explained in Section A.6, each data point is normalized
by the corresponding X-ray intensity Iy, so oscillations of the incident X-ray
intensity can be ruled out. Furthermore, Figure A.2b shows a few typical I
profiles without any oscillations. Second, intensity oscillations as a function of
photon energy are typically observed in photoelectron diffraction and extended
X-ray absorption fine structure (EXAFS). Nonetheless, it is reasonable to rule
out these effects at this point because the oscillation period of about 10 eV
would lead to unphysically large bond lengths [132]. Third, the reflectivity and
yield curve oscillations that arise from beam interferences caused by a thin
sample have the same periodicity. Therefore, the additional minor periodicity
shown in part of our data cannot be explained by this. Fourth, oscillations in the
reflectivity and yield curves are known to occur as a result of the deformation
field in a crystal [100]. This is true when the deformation permeates the entire
sample, as it happens, for example, when a sample bends [133]. On the other
hand, the reflectivity is unaffected if the deformation field only affects a small
part of the sample. However, the photoelectron yield can probe the deformed
near-surface region with oscillations at a higher frequency than the ones of the
reflectivity. As a result, we attribute the effect of a deformation field near the
surface to the evident oscillations in the yield curves, which do not appear in
the reflectivity. This is probably the result of a more intricate strain distribution,
which is outside the scope of our basic structural models that only fully capture
the major feature of the diffraction data. Furthermore, since the current models
are based on reflectivity data, which obscures the higher frequency oscillations,
it is not surprising that such minute oscillations in the yield curves are not
replicated by them.

5.2. Discussion

The XSW data show that the absolute displacements of Ti atoms from the unit
cell center (Azg) decrease from BTO/SRO/SSO, through BTO/SRO/DSO, to
BTO/SRO/GSO. This trend does not correspond with the in-plane compressive
strain ego. Alternatively, we interpret the observed off-center displacements
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5. Surface polarization profile of ferroelectric thin films

of Ti atoms in terms of oxygen-containing adsorbates near the surface. Water
adsorbs on the BTO surface upon exposure to ambient conditions and splits into
OH™ and H'. H* binds to a lattice oxygen atom (Or) at or below the surface to
form O H™ [12-14, 119], while OH™ chemisorbs on top of cations (Ba or Ti) or
at O vacancies [10-13]. To summarize, the depth-dependent O 1s XPS spectra
(Section 5.1.2) indicate the presence of: (i) negatively charged chemisorbed O
species, such as OH™ (hydroxyl groups) or O, (peroxo groups), represented
by the component O(4); and (ii) O_LH~ species, which originate from a H"
ion bound to a Or, or a hydroxyl group adsorbed at an oxygen-vacancy site,
represented by the component O(2). According to DFT calculations on the
similar ferroelectric PbTiOj3 [9], positively charged HT atoms of O_H™ species
favor the downward polarization P}, whereas negatively charged OH™ or
O, molecules favor the upward polarization P', regardless of the surface
termination.

The BTO film in the BTO/SRO/DSO sample displays upward polarization PT
in the uppermost unit cells (Figure 5.7b) and downward average polarization
Pt (Section 4.6). As seen by component O(4) in Figure 5.4a, the upward
polarization P! in the topmost unit cells is favored by negatively charged
OH™ or O, molecules adsorbed on the surface. Specifically, the off-center
displacement of Ti atoms decreases as they go from the surface into the
bulk. This trend is consistent with a flip of the ferroelectric polarization
below the top three unit cells, though it is beyond our XSW depth sensitivity.
We conclude that there must be a concentration of positive charges at the
polarization reversal interface for this configuration to be stable. Crucially, the
depth dependence of component O(2) in this sample is in agreement with a
distribution of O H™ species over approximately 4 unit cells (=~ 15 A) below
the surface (Figure 5.4d). This suggests that HT atoms are accumulating as
a potential charge compensation mechanism for the polarization flip below
the surface (Figure 5.7b). A similar scenario has been proposed by Lee and
colleagues [13]. Their work utilized synchrotron X-ray crystal truncation rod
experiments to determine the atomic positions throughout the BTO thin film.
The existence of HT or defects was attributed to the rise in component O(2)
upon water adsorption. Combining depth-dependent XSW, XPS, and PFM,
we present the additional experimental evidence for the existence of a H*-
mediated polarization switching below the BTO surface in our investigation.

The BTO film in the BTO/SRO/GSO sample, in the most bulk-sensitive data
(AZ% > (), shows an upward average polarization PT (Section 4.6), which is
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5. Surface polarization profile of ferroelectric thin films

consistent with a positive displacement of Ti atoms. On the other hand, a small
polarization flip at the upper unit cells is indicated by the slightly negative
displacement of Ti atomic positions observed in the more surface-sensitive data
(Figure 5.7c). Figures 5.4b-d illustrate that, in contrast to the previous sample,
O 1s XPS data in the BTO/SRO/GSO sample reveal that O H™ species are
restricted at the surface with concentrations comparable to those of OH™ or
O, species. The interplay between positively charged H atoms of O H™~
species that favor downward polarization P+ and negatively charged OH™ or
O, molecules that favor upward polarization P is responsible for the small
displacement of Ti atoms from the center of the unit cells at the surface, which
results in a diminishing net polarization.

The BTO film in the BTO/SRO/SSO sample exhibits an upward average
polarization PT (Section 4.6). Figure 5.7d shows a positive off-center displace-
ment of Ti atoms throughout the top BTO unit cells. Under this situation, there
would be an accumulation of positive bound charge near the surface, resulting
in an upward polarization PT. A compensatory negative screening charge at
the surface is needed to stabilize this configuration. Large concentrations of
negatively charged O species (OH™ and/or O, ™) are visible in the O 1s XPS
spectra (Figure 5.4c). According to DFT calculations [9], an upward polar-
ization PT is favored by OH™ adsorbates and O, adatoms, which causes a
greater offset of Ti atoms in the uppermost atomic plane. In comparison to
deeper unit cells, our XSW data reveal a greater displacement of Ti atoms at
the surface (20 pm), providing clear experimental support for this anticipated
behavior.

At room temperature, single-domain BTO bulk crystals, with upward PT
[downward P*] polarization, have the displacement of Ti atoms of 5pm above
[below] the center of the unit cell, according to a neutron diffraction analysis [5].
In contrast, larger Ti atomic displacements are seen in the most bulk-sensitive
XSW data AZ%. Residual strain at the top sublayer can be used to explain
this, since it results in larger out-of-plane lattice parameters ¢y compared to
the bulk value ¢j g0, and thus larger atomic displacements. Furthermore,
as demonstrated above, adsorbates have an impact on atomic positions near
the surface. Depending on their kind and concentration, this might result in
smaller (BTO/SRO/GSO) or higher (BTO/SRO/DSO and BTO/SRO/SSO)
atomic displacements.

To sum up, the three samples under investigation differ in terms of thickness
and in-plane compressive strain. However, the corresponding strain gradients
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result in an average out-of-plane lattice parameter ¢y that is similar in the top
sublayer of the BTO/SRO/GSO and BTO/SRO/SSO samples, and marginally
smaller in the BTO/SRO/DSO sample. With the common outcome of screening
the bulk polarization and stabilizing the ferroelectric thin film surface, each
sample exhibits a unique distribution of ferroelectric polarization near the
surface when exposed to ambient conditions. The available data indicates that
the kind and concentration of adsorbates on the surface are correlated with the
polarization profile at the top unit cells. The distribution of local polarization
near the surface is the result of the interaction between bulk ferroelectric
polarization and present adsorbates. Further research is needed to determine
how much the adsorption of external species influences or is impacted by the
polarization below the surface.

77



5. Surface polarization profile of ferroelectric thin films

(a) (b) () (d)
BTO/SRO/DSO BTO/SRO/GSO BTO/SRO/SSO

0 oO——0 O0———0 O0—0O
R + +
1 I 0 ] O
\\\\\ O\ _ Y+ 0 O Basunc
\ -
W\ \
S E— ;\\;_\___ _\\____ H H o=o O Bapui
+ + \
N\ \ 5 = I (-] " o T _____ [ QT
3 WY v 8 - ) 3
= [S 3 TR —— _\\. _\\____ ‘\_ s z OH
N W 5 050 H H
\ 1 -
+ H
\ \\‘ ‘u f+ . T+ o T o I O,
— Bayn \\\\ I3 -I t - _
— Ba(y2) \‘ \\ I
2=tiANY 0—0 0—6 06—
== Tiya) " 1= 1At 1A i
-= Tity2) HE b P P I
== Tilys) HH Y+ . . :

Figure 5.7.: Probability yield functions and schematic illustration of the top three
unit cells of the samples under study. (a) Probability yield functions py;(z) of Ba 4d
and Ti 2p photoelectrons at Eg = 1525V integrated over the three exit angle ranges
Y1, 72 and y3. Schematic illustration of the top three unit cells of BTO/SRO/DSO (b),
BTO/SRO/GSO (c), and BTO/SRO/SSO (d). The Ti atomic displacements AZIYi shown
in the scheme relate to the py;(z)-weighted average of atomic positions in various unit
cells, with contributions determined in Section 2.3, rather than the atomic positions
at the corresponding unit cell. Ti atomic displacements A.z;rri are twice as large as
values in Table 5.3. The associated Az£i is proportional to the length of polarization
vectors (solid arrows). Below the third unit cell, dashed arrows indicate the direction

of the average ferroelectric polarization of BTO films as determined by PFM. The only
external species that are sketched are OH™ and O H™; O, species and O, atoms
are not shown. As an illustration, the current scheme shows just BaO termination;

however, our samples show mixed termination (BaO and TiO,) (Section 4.3), and a
similar scheme is valid also for TiO, termination.
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6. Lattice and polarization dynamics
in a ferroelectric thin film

When excited by optical pulses above the bandgap, both the electronic and
lattice structures of a ferroelectric thin film undergo instantaneous changes.
Understanding how intense optical pulses alter the photoexcited carrier density,
leading to lattice distortion, enables precise control over strain and ferroelectric
polarization at ultrafast timescales using light. To achieve this, we combine
time-resolved XRD, SHG, and optical reflectance measurements to analyze
the dynamics of lattice structure and ferroelectric polarization following the
absorption of above-bandgap photons.

6.1. Results

6.1.1. Ultrafast photoinduced structural dynamics

The above-bandgap dynamics of the lattice structure in our ferroelectric thin
tilm is probed by time-resolved XRD at the SCS Instrument of the European
XFEL (Section 3.3). Our target sample is BTO/SRO*/GSO (Section 4.2), where
the BTO thin film exhibits an in-plane compressive strain of —0.63 % applied by
the GSO substrate (Section 4.5), and has the ferroelectric polarization pointing
outward from the sample surface. The incident X-ray photon energy is tuned
between 1.5 and 1.6 keV to cover the (001) Bragg peak positions of BTO, SRO,
and GSO. The (001) diffraction peaks of BTO (in the lower energy side), GSO
(in the middle), and SRO (in the higher energy side) at different pump-probe
delays t are shown in Figure 6.1a. Qualitatively, at larger pump-probe delays,
there is an overall shift of the BTO peak to the lower energy direction, while
the GSO and SRO peaks exhibit small fluctuations around their equilibrium
positions.

Next, we turn our attention to the time evolution of the diffraction intensity

79



6. Lattice and polarization dynamics in a ferroelectric thin film

Ixrp around the BTO Bragg peak at the photon energy E, = 1525 €V. Overall,
the comparison between Ixgrp(t > 2.6 ps) and Ixgp(t < 2.6 ps) reveals a shift
toward lower photon energy, indicating an increase of the out-of-plane lattice
parameter c. To clarify this observation, we calculate the average out-of-plane
strain 7(t) across the film thickness as a function of t. Specifically, 77(t) is
determined by the formula 7(t) = [c(t) — o] /Co, where ¢(t) and ¢ are the
lattice parameters derived from the center of mass of the (001) BTO Bragg
peak (Section A.4). These parameters represent the average c at t > 0 and
t <0, respectively. Figure 6.1b illustrates the time evolution of 7(¢) for two
incident fluences of 1.4 and 2.7mJcm™2. At both fluences, 7(t) exhibits a
similar qualitative behavior. Initially, 77(¢) experiences a small decrease and
reaches —0.024 % at around 2.6 ps for incident fluence 2.7 mJ cm~2 and —0.01 %
at around 2.9 ps for incident fluence 1.4m]Jcm~2. Second, there is a linear
increase with a speed of 0.04 %/ps for 2.7mJcm~2 and 0.02 %/ps for 1.4
m] /cm? between 4 ps and 10 ps. Lastly, the saturation of 77(t) at 0.34 % and
0.2 % are observed for the incident fluences of 2.7mJcm ™2 and 1.4mJcm 2,
respectively. The energy shifts of the SRO and GSO (001) Bragg peaks are
significantly weaker than those of the BTO (001) Bragg peak. These energy
shifts correspond to variations of average strain smaller than 0.05 % and 0.02
% for SRO and GSO, respectively.

We now focus on the dynamics of the BTO diffraction peaks. This behavior
is characterized by variations in Ixgp near the peak and the shift of the
peak’s center of mass, which corresponds to changes in the lattice parameter
c. To quantify this structural dynamics at the early timescale, we monitor the
time evolution of AIXRD = [IXRD(t > 0) — TXRD(t < O)]/TXRD(t < 0), with
Ixrp(t > 0) measured at the BTO peak photon energy E, = 1525 eV (Figure
6.1c). In the expression of Alxrp, Ixrp(t < 0) is the average value of Ixgrp
measured before the arrival of the pump pulse, with Alxgp = 0 at equilibrium.
In the delay range between 0 ps and 2.6 ps, two notable features are: (i) a drop
of Ixrp near the peak, and (ii) a shift to higher photon energy, implying a
decrease in ¢, which indicates out-of-plane lattice compression (Figure 6.2a). In
the delay range from 2.6 ps to 4.9 ps, a recovery of Ixrp toward the equilibrium
value and the onset of the out-of-plane lattice expansion are observed (Figure
6.2b). At incident fluence of 2.7 mJ cm 2, a maximum drop of Ixrp of around
4 % (AIxrp = —4%) is recorded at 3.18 ps. The diffraction intensity then
recovers back to around 99 % (AIxrp = —1%) at 7 ps. After 7 ps, the shift of
the diffraction peak to lower photon energies leads to another decrease of Ixrp.
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Upon the lower incident fluence of 1.4m] cm 2, the maximum drop of Ixrp
of around 1 % (Alxrp = —1%) at 3.53 ps and the subsequent full recovery of
Ixgrp at around 7 ps are observed.

The initial decrease of 4 % and recovery in Ixrp are attributed to the dis-
placements of atoms within the BTO unit cell (Figure 6.2c). Particularly, the
dynamical theory of diffraction (Section 2.2) is employed to show that the de-
crease of experimental Ixgrp at E, = 1525 eV can be obtained by the reduction
of 8 pm in the distance between the Ti atom and the center of the O octahedron,
which is associated with the reduction in ferroelectric polarization (Figure 6.2a).
The thermal disorder, indicated by the Debye-Waller factor, plays a negligible
contribution to the decrease of Ixgp even at the maximum lattice temperature
reached in these experiments (669 K, Section 6.1.2) (Figure 6.3). In addition, the
non-monotonic decrease and increase in Ixgp between 0 ps and 7 ps cannot
be explained by the monotonic increase of the lattice temperature due to the
absorption of the optical pump energy.
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Figure 6.1.: Time-resolved XRD results of the BTO/SRO*/GSO sample. (a): Time-
resolved (001) Bragg peaks of the BTO/SRO*/GSO sample at different time delays.
The dashed orange line corresponds to E, = 1525eV. (b): Average BTO out-of-plane
strain 77(t) as a function of pump-probe delay at the incident fluences of 1.4 mJ cm 2
(blue) and 2.7 mJ cm 2 (orange). The solid lines are fit curves based on the strain
model discussed in Section 6.1.2. (c): Relative change of BTO peak diffraction intensity
Alxrp at E, = 1525 €V, with respect to the equilibrium value, measured at the incident
fluences of 1.4mJ cm~2 (blue) and 2.7 mJ cm 2 (orange). The dashed vertical lines refer
to t = 3.18 ps and t = 3.53 ps, while the solid lines are fit curves to the data.
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Figure 6.2.: Comparison between experimental and simulated diffraction curves
with different atomic positions. (a-b): Experimental Ixgp(E,) curves at fixed time
delays t = —14ps,2.6pps, and 4.9ps. (c): XRD simulations of BTO/SRO/GSO for
Ati_g = 16 pm and 8 pm.
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Figure 6.3.: Comparison between experimental and simulated diffraction curves at
different temperatures. (a): BTO (001) diffraction peak of observed at —14 ps and
2.6 ps. (b): Simulated diffraction intensities illustrating the reduction in peak intensity
with Atj_o = 16pm and A0 = 8pm at T = 300K (b) and T = 669K (c). Note
the minimal difference between the diffraction profiles in panels b and ¢, indicating
that the DW factor does not account for the changes in diffraction intensity shown in
Figure 6.1c.
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6.1.2. Strain model

To summarize, time-resolved XRD revealed an initial slight lattice compression,
followed by a larger lattice expansion, which reaches the saturation after
about 20ps. This lattice dynamics is reminiscent of the change of ¢ due
to the static heating on a similar strained BTO/SRO*/GSO sample (Section
4.1.3 and [6]). In the latter experiment, the non-monotonic decrease and
increase of c is associated with a sharp sign reversal of the out-of-plane linear
expansion coefficient between negative Bt and positive 1~ 1. near the Curie
temperature. Therefore, we wonder whether the photoinduced temperature
increase of the lattice can explain the non-monotonic dynamics of lattice
structure in our strained thin film.

When a material with bandgap E, is exposed to an incident photon with
energy E > Eg, this photon energy is first absorbed by the valence electrons.
Subsequently, electrons are excited from the valence band to the conduction
band. The electronic energy is then partially transferred to the phonon system
by intraband electron-phonon coupling and partially converted to photon
energy via a radiative decay process which takes a few hundred picoseconds
or nanoseconds [134, 135]. The ultrafast energy transfer from electrons leads
to an increase of the phonon temperature at the picosecond timescale. The
mentioned energy exchange between the electron and phonon systems upon
the absorption of optical laser pulses can be described by the two-temperature
model (2TM), comprising of the following coupled differential equations:

CeaTe = _g(Te - Tp) + S(Z, t)/

F
oT, 6.1)

CPW = g(Te — Tp).

In these coupled equations, T, and T, are the temperatures of electron and
phonon subsystems; C, and C,, are volumetric heat capacities of electron and
phonon subsystems; and ¢ is the electron-phonon coupling constant. The
source term S(z, t) is proportional to the absorbed fluence of the pump laser.
The solution of Equation (6.1) consists of the electron and phonon temperatures
as a function of space and time denoted by T,(z,t) and T,(z,t). The detailed
mathematical expressions of T,(z,t) and Ty(z,t), as well as all used constants
and parameters are reported in Section A.12.

We discuss now the validity of the two-temperature model employed here.
The original coupled differential equations of the 2TM [136] contains also the
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diffusion terms K,92T,/9z% and KpaZ T,/ 0z2, where K, = C,D, and Ky, = CyDy
are carrier and thermal conductivity, with D, and D, carrier and thermal
diffusivity, respectively. These diffusion terms are negligible in the specific case
of BTO because the parameters D,/ (végr0) = 2.5 x 107> and D,/ (vépro) =
1.1 x 102 are much smaller than unity [136]. The electron diffusion coefficient
is computed from the Einstein relation D, = ukpT/e = 2.6 X 107" m2s 1,
where y = 0.1 cm? V1571 is the electron mobility in BTO [137], kp is the
Boltzmann constant, T is the sample temperature and e is the elemental charge.
In addition, the thermal diffusivity of BTO is D, =111 mm?s—1 [138]. Next,
we discuss the volumetric heat capacities. The electron and phonon volumetric
heat capacities of SRO and GSO are taken from [139, 140], assuming T = 300 K.
This assumption is valid because GSO has nearly 0% transmittance for the
266 nm beam, and only 12% of the incident fluence is absorbed in the SRO thin
film. For an absorbed fluence F,,; = 0.33 mJ cm ™2, the maximum temperature
increase [50] in SRO is AT = F3RO/ ((5SROC2RO) = 55K, resulting in only a
2% increase in Cp. On the other hand, C, increases by 18%, but its absolute
value remains significantly smaller than C,. The volumetric heat capacity C,
of BTO as a function of T is reported in [141]. Given its weak temperature

dependence for T > 300K, we use CETO =28 x 10°Jm3K~! and compute
AT = F50/(610Cp'°) = 369K and AT = 192K, for F5'© = 1.88mJcm 2

abs abs

and FaBbTSO = 0.98 mJ cm 2, respectively. Averaging CETO between 300K and

300K + AT yields a consistent result of C?TO =28 x 10°Jm—3K~1 [141]. To
estimate C, of BTO, we use data from similar titanates, e.g. SrTiO3; [142] and
CaTiOg3 [143], which show an average ratio C,/C, = 0.015 for the T ranges
considered here. This results in CET© = 4.2 x 10*Jm~3K~1. All other physical
constants used in solving the 2TM, i.e., Equation (6.1)), are detailed in Section
A.12 (Table A.2).

The photon absorption may modify the electronic system, which influences
the interatomic potential, leading atomic movement and modification of E,.
The influence of the photon absorption on the lattice and electronic structure
is characterized by the photoinduced stress o with two sources: thermoelastic
(TE) org and deformation potential (DP) opp, respectively. The total stress
experienced by the material can be written as:

— o0 oEg
U =po1 +(TTE(Tp//3) +opp | T, ) (6.2)
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where p is the mass density, v is the longitudinal speed of sound, and 7 is
the mechanical strain of the material induced by the stress (7 In Equation

(6.2), the dependence of the stress components on Ty, Te, p and ? is reported.

The pressure coefficient of bandgap a ; £ denotes the modlflcatlons induced
by the electronic pressure p on the bandgap E,. In a thin film material, the
propagation of strain wave, which is generated by the stress ¢, along the entire
thickness is governed by the following one-dimensional lattice strain wave
equation:
*u(z,t)  9o(zt)
oz 9z
where u is the atomic displacement and the relation between u and 7 is
n(z,t) = %. With the analytical solutions of T,(z,t) and T,(z,t) from
Equation (6.1), Equation (6.3) provides the analytical solution of #(z, t) (Section
A.13)
In the next step, the average stram of the BTO layer 7(t fo B9 4 (z,t)dz / tgro,

(6.3)

with fit parameters g, By -1, and W’ is utilized to fit the experlmental data

shown in Figure 6.1b, with fixed Br-1, =1.4 X 1072 calculated from Ref. [6].
Here, B 1, is defined as the average p at T < T¢. The high quality of the fit
in Figure 6.1b indicates that the structural dynamics observed experimentally
at two different incident fluences by time-resolved XRD is well-represented

by our proposed model. The full list of obtained fit parameters is reported in
Table 6.1.

Table 6.1.: Results of the average strain fit. Results of the fit of the experimen-
tal 7(t), measured at two different incident fluences F;,, with the strain model

7(t, 8, 90E¢/9p, Bro1,.)-

Fn (mJem2) | g Wm K1) [ 9Eg/0p JPa™ ) | Broq (K1)
2.7mJcm 2 1.2 x 1016 —3.6x107%1 | 3.0x107°
1.4mJcm 2 5.3 x 10P° —6.1x107%1 | 87x10°°

We now turn our attention to the resulting fit parameters. First, regarding
the absolute values, the obtained coupling factors g are of a similar order of
magnitude to those of metals [144]. In the ground state, BTO is an insulator
with E; = 3.4 €V, but laser absorption leads to charge transfer from the valence
to the conduction band. The largest density of photoexcited carriers in the
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conduction band N, (Section A.13), corresponding to the obtained g factors
(Table 6.1), are approximately 3.3 x 102 m~3 and 1.7 x 10?’ m~3, for incident
fluences 2.7 mJ cm~2 and 1.4 m]J cm 2, respectively (Figure 6.4). These transient
electron densities are one order of magnitude smaller than those of metals.
The electron density in metal is calculated as Né”eml = n,o0N4 /M [145] where
p is the mass density, 7, is the number of conduction electrons per atom, N4 =
6.022 x 102 atoms/mol is the Avogadro’s number [146], and M is the atomic
mass. As an example, for Cu (p = 8.96gm_3 [147], M = 63.55gmol_1 [147],
and 71, = 1 [147]), the electron density is NS* =8.49 x 102 m 3. Additionally,
a simple approximation suggests a linear dependence of the g factor on the
electron number density [144], which is proportional to the incident fluence. In
fact, the fit results show similar ratios between the g factors and the incident
fluences. Concerning the pressure coefficient of the bandgap, dE;/dp, the
negative sign indicates a decrease in the bandgap with increasing electronic
pressure, resulting from the increase in photoexcited carrier population [51].
This decrease in the band gap exposed to optical illumination is actually
predicted by a recent RI-TDDFT computation by Chen and coworkers [148].
These fit results for dE; /dp are validated by the fluence dependence of the fast
relaxation time, which is discussed later in Section 6.1.3.

Regarding the average out-of-plane linear expansion coefficient below T,
ie, Br -1, the fit of the data at the two incident fluences provides positive
values, both smaller than Br-T1.. To interpret this, we refer to the results of
the static heating of a similar thin film performed by Choi and his colleagues
[6]. Below T, = 420° C, the temperature evolution of ¢ is not monotonic and
can be divided into two stages: an increase in ¢ from room temperature to
T* = 260° C and a decrease in ¢ from T* to T, (Figure 6.5a). Figures 6.5b-c
show the lattice temperature ranges of our BTO thin film as a function of
time for incident fluences of 2.7 mJ cm 2 and 1.4 m]J cm ™2, respectively. These
temperature regions extend between the lattice temperatures at the BTO surface
(z = 0) and at the BTO/SRO interface (z = tgto). Because the temperature
is not linearly distributed in the thickness, Figures 6.5b-c display curves that
indicate the lattice temperatures at evenly spaced depths between z = 0 and
z = 1B10O-

For incident fluence 1.4 m] cm 2, the sample does not reach T, and more
than 4/5 of the sample is in the temperature range below T* characterized by
Br<1. > 0. As expected, our fit results provide a positive value of B 1, for

1.4m]J cm~2. For incident fluence 2.7 mJ cm~2, at time delays corresponding to
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Figure 6.4.: Density of photoexcited carriers. The densities of photoexcited carriers,

averaged over the BTO film thickness, at the incident fluences of 2.7 mJcm~2 and

1.4mJem—2.

the strain saturation, i.e., t > 20 ps, only about 1/5 of the sample is above T,
1/5atT* < T < Trand 3/5at T < T*. Obviously, the temperature region with
Br<t, > 0 is still larger than that with Br-1. < 0, but the difference between
these two regions in the 2.7m]J cm ™2 case is smaller than the corresponding
value in the 1.4 mJ cm~2 case. This explains why we obtain a positive average
Br -1, for 2.7m] cm~2. However, since it results from an average over positive
and negative f, its magnitude is smaller than B ~r.atl.4m] cm 2, where only
a minor contribution of negative 8 plays a role.
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Figure 6.5.: Temperature dependence of the c parameter of a BaTiO3/SrRuO3/GdScO3
sample and simulated lattice temperature profiles at the different incident fluences.
(a): Temperature dependence of the ¢ parameter of the BaTiO3/SrRuQO3/GdScO;
sample. This figure is re-adapted from [6]. The light blue, pink, and yellow bars
indicate the temperature regions with the positive fr.1,, the negative fr-1., and
the positive Br~r1., respectively. (b): The lattice temperature range of the BTO thin
film for incident fluence 2.7 mJ cm~2 (orange). The brown curves indicate the lattice
temperature at different depths z = 0, tgr0/5, 2tgT0/5, 3tBT0 /5, 4tBTO/ 5, tBTO, from
the top to the bottom. (c): The lattice temperature range of the BTO thin film for
incident fluence 1.4 mJ cm~2 (blue). The purple curves indicate the lattice temperature
at different depths z = 0, tg10/5, 2tgT0/5, 3tBTO /5, 4tBTO /5, tBTO, from the top to the
bottom. The red and gray dashed lines indicate T* and T. in all panels, respectively.
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The obtained fit parameters are employed to calculate the lattice temperature
Ty(z,t) using Equation (6.1). Figures 6.8a and 6.9a indicate the spatial profile
of the lattice temperature of the BTO layer as a function of the time delay upon
the optical pump fluences of 2.7 mJ cm~2 and 1.4 m]J cm ™2, respectively. After
the arrival of the pump (¢t > 0), the lattice temperature increases gradually in
time and space. For F;;, = 2.7m] cm 2, part of the BTO film near the surface
hits T, at around 5 ps, indicated by the white curve. A larger portion of the
thin film reaches T. at larger time delays. After around 20 ps, the thermal
penetration saturates. At this point, 17 % of the BTO thin film is above T,
(Figure 6.8a). For F;, = 1.4m] cm~2, the entire sample is heated up gradually
but there is no portion of the thin film reaching T, (Figure 6.9a).

We proceed to calculate the spatial strain profile #(z,t) as a function of the
time delay for both the fluences employed in this work (Figures 6.8b and 6.9b).
As previously mentioned, the average thermal expansion coefficients below
and above T, used to calculate #(z,t), are both positive. This is because the
majority of the sample resides in the temperature region where the thermal
expansion coefficient is positive for both incident fluences [6].

(a) ON

2 1 1
0.00 : e
<l I £ -0.021 ; . ;
= 0.11 —— TE, 2.7 mJ/cm? = j‘ i i
= / —— DP, 2.7 mj/cm? i< —0.041 ; | — TE 27 mjjem?
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Figure 6.6.: Strain contributions from TE and DP mechanisms at different incident
fluences. (a): Strain contributions from TE (red lines) and DP (green lines) mechanisms
at fluences of F, = 2.7mJcm ™2 (solid lines) and F, = 1.4mJ cm ™2 (dashed lines). (b):
The same plot as in panel (a), but focusing on the strain range —0.02% < 7(t) < 0.01%
and delay range —1ps < t < 25ps. The gray dashed lines at 6.4 ps, 12.8 ps, and 19.2 ps
indicate discontinuities in the DP strain profile caused by reflections of the DP strain
wave at the BTO/SRO, BTO/air, and BTO/SRO interfaces, respectively. The time
constants are derived from the speed of sound in BTO (A.2) and the distances traveled,
corresponding to times ¢, 2t, and 3t.
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At the incident fluence of 2.7 mJ cm 2, the entire sample experiences a weak
tensile strain 77 > 0 up to 5 ps due to the small positive B 1. (Figure 6.8b).
Around 5 ps, the near-surface part of the BTO film that crosses T, is under
higher tensile strain # > 0, resulting from the high positive Br~1., while the
deeper part of the film remains on average under weak tensile strain. The
expansion of the sample region under larger tensile strain saturates after 20 ps,
at which 6 nm thickness of BTO from the surface (z = 0) is above T. Figure
6.8c shows the individual strain profiles along the thickness of the BTO film at
different pump-probe delays for the pump fluence of 2.7 mJ cm 2. The sample
region with high tensile strain is confined within the depth of 6 nm from the
film surface due to the saturation of the thermal expansion. The maximum
tensile strain at this fluence is around 1.6 %. Figure 6.6 indicates the simulated
contributions from TE and DP to the average strain 7(t) at fluences 2.7 mJ cm 2
and 1.4m] cm~2. Due to the positive thermal expansion coefficients both below
and above T, obtained from the fit (Table 6.1), the contribution from TE is
always positive. Conversely, the negative pressure coefficient of the bandgap
dEy/dp results in the negative contribution from DP.

At the incident fluence of 1.4mJcm ™2, the entire thin film remains in a
weak tensile strain regime (Figure 6.9b). Figure 6.9c shows the individual
strain profiles along the thickness of the BTO film at different pump-probe
delays for the pump fluence of 1.4m]Jcm 2. The maximum tensile strain of
0.4 % achieved at this fluence is approximately a quarter of that achieved at
2.7mJ cm 2 (Figures 6.8c and 6.9c). Regarding the simulated contributions
from TE and DP to the average strain 7(t), similar to the case of 2.7 mJcm 2,
there are the positive contribution from TE and the negative contribution from
DP for 1.4mJcm ™2 (Figure 6.6). In addition, the contribution from DP for
1.4mJem™2 is slightly larger than that for 2.7 mJ cm 2 (Figure 6.6a). This is
attributed to a larger absolute value of 0E;/dp for 1.4mJcm ™2 than that for
2.7m] cm 2 (Table 6.1). In particular, the discontinuities at 6.4 ps, 12.8 ps, and
19.2 ps in the DP strain profile are due to reflections of the DP strain wave at
the BTO/SRO, BTO/air, and BTO/SRO interfaces, respectively (Figure 6.6b).

Most importantly, it is evident that by adjusting the incident fluence and
the thickness of the thin film, we can control the optomechanical strain profile,
influencing both the maximum average strain and the strain distribution within
the ferroelectric thin film. For example, Figure 6.7 indicates the average strain
77 as a function of the BTO thickness tgto for an incident fluence of 2.7 m] cm 2.
A smaller thickness leads to a larger average strain.
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Figure 6.7.: Relation between average strain and BTO film thickness. Average strain
77 as a function of the BTO thickness tgto for the incident fluence of 2.7 mJ cm 2.

The last step consists of comparing experimental diffraction curves with
the simulated ones derived from the strain profiles presented above. The
out-of-plane lattice constant c(z,t) of each unit cell can be determined from
#(z,t). From this, the dynamical theory of diffraction (Section 2.2) is employed
to calculate the individual diffraction patterns at different time delays t, as well
as the time evolution of diffraction patterns Ixgp(Ey, t) in a 2D map between
0 ps and 20 ps, at both incident fluences (Figures 6.8e-f and 6.9e-f). These
simulated diffraction curves are then compared with the experimental ones at
the corresponding time delay t (Figures 6.8d and 6.9d). The following features
are well reproduced by the simulated diffraction curves: (i) the peak shift to
lower photon energies, (ii) the relative modulation of Ixzrp on the low and high
energy sides of the diffraction peaks, and (iii) the ratio of the peak shift over
the incident fluence (Figures 6.8e and 6.9¢e). These are further evidences that
corroborate the validity of our proposed model.
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Figure 6.8.: Simulation results of T,(z,t), 7(z,t), and Ixgp(E,, t) at the incident
fluence of 2.7 m] cm~2 based on the fit results of 77(t). (a) Simulated time evolution
of Ty(z, t) displayed in a 2-dimensional map. The color indicates the amplitude of the
lattice temperature and the white curve indicates T;. (b) Simulated time evolution of
1(z,t) displayed in a 2-dimensional map. The color indicates the amplitude of the
strain. (c) The individual strain curves at different pump-probe delays of 1 ps, 2 ps, 3
ps, 4 ps, 5 ps, 8 ps, 10 ps, 15 ps, and 19 ps corresponding to the terminated dashed
lines in (b). (d) The experimental XRD intensity around the (001) Bragg peaks of the
BTO film measured at different pump-probe delays including -7.2 ps, 0.9 ps, 2 ps,
2.6 ps,3ps, 4ps, 49 ps, 58 ps, 6.3 ps, 7.7 ps, 9 ps, 10 ps, 12.4 ps, 14.6 ps, and 19.3
ps. (e) The simulated XRD intensity around the (001) Bragg peaks of the BTO film
measured at the corresponding pump-probe delays. (f) Simulated time evolution of
the XRD patterns around the (001) Bragg peaks of the BTO film Ixrp(E,, t) displayed
in a 2-dimensional map. The color indicates the XRD intensity.
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Figure 6.9.: Simulation results of T,(z,t), 7(z,t), and Ixgp(E,, t) at the incident
fluence of 1.4mJcm 2 based on the fit results of 7(t). (a) Simulated time evolution
of T,(z,t) displayed in a 2-dimensional map. The color indicates the amplitude of the
lattice temperature. (b) Simulated time evolution of 7(z, t) displayed in a 2-dimensional
map. The color indicates the amplitude of the strain. (c) The individual strain curves
at different pump-probe delays of 1 ps, 2 ps, 3 ps, 4 ps, 5 ps, 8 ps, 10 ps, 15 ps,
and 19 ps corresponding to the terminated dashed lines in (b). (d) The experimental
XRD intensity around the (001) Bragg peaks of the BTO film measured at different
pump-probe delays including -4.7 ps, 1.9 ps, 2.9 ps, 3.5 ps, 5.1 ps, 6.8 ps, 8.4 ps, 10.4
ps, 12.3 ps, 14.3 ps, 16.3 ps, and 18.3 ps. (e) The simulated XRD intensity around the
(001) Bragg peaks of the BTO film measured at the corresponding pump-probe delays.
(f) Simulated time evolution of the XRD patterns around the (001) Bragg peaks of the
BTO film Ixgrp(Ey,t) displayed in a 2-dimensional map. The color indicates the XRD
intensity.
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Although the experimental average strain 77 as a function of delay is ac-
curately captured by our strain model (Figure 6.1), our simulations do not
perfectly match the experimental data regarding the curve broadening (Figures
6.8d-e and 6.9d-e). The broadening of the diffraction curve Ixgp, which is
associated with the strain gradient in the sample, is estimated by cqy4, i.e., the
standard deviation of ¢ parameters (Section A.4). Because the exact strain
gradient profile of our sample in the ground state is unknown, an exact match
of csq between experiments and simulations is not anticipated. Our simula-
tions assume no strain gradient in the ground state, i.e., (z,t = 0ps) = 0,
while the broader experimental Ixgrp curve indicates an existing strain gradient
profile (z,t = 0ps) # 0 (Figure 6.10). Specifically, prior to the arrival of the
pump laser, cz,if = 1.80pm for the experimental curve and ¢ = 1.65pm
for the simulated curve (Figure 6.10). Furthermore, the differences between
experimental and simulated cgy, i.e., Acgg = ch{f — czigl, is typically less than
0.2pm and 0.1 pm for F, = 2.7mJecm ™2 and F, = 1.4mJcm ™2, respectively.
These minor differences, coupled with the similar qualitative behavior of Acgq
over time, confirm the validity of our strain model.
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Figure 6.10.: Comparison of simulated and experimental diffraction curves before

laser excitation. The broadening of Ixgp curves is represented by cgq. In this case,
Cstd = 1.80 pm and 1.65 pm for the experimental (solid line) and simulated (dashed
line) curves, respectively. This results from a slightly greater broadening of the
experimental Ixgrp curve due to the presence of an initial strain profile 77 # 0, whereas
77 = 0 for the simulated Ixgp curve.
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6.1.3. Photoinduced dynamics of electronic structure and
ferroelectric polarization

The photoinduced dynamics of the lattice structure upon the 4.66 eV optical
excitation has been presented in Section 6.1.1 with XRD as a probe. We now
use optical reflectance and SHG as probes to characterize the dynamics of the
electronic system near the Fermi level and the ferroelectric polarization. The
setup of the time-resolved optical reflectance and SHG is described in details
in Section 3.2. In this setup, optical reflectance and SHG can be measured
simultaneously utilizing the same pump laser used in the time-resolved XRD
experiments.

The transient change in the optical reflectance is calculated as AR/R =
[R(t) — Rg]/Rg, where R(t) and Ry are the optical reflectance at t > 0 and t <0,
respectively (Figures 6.11a-b). In addition, the polar SHG patterns in P-out
and S-out configuration IgHG and I3 are measured at different pump-probe
delays to reveal the potential symmetry changes upon pumping. Subsequently,
the transient change in the SHG intensity is calculated as AlSy./ I3 =
[Euc(t) — Bpgl/ Iug o where [ (f) and &  are the S-out SHG intensity
att > 0 and t < 0, respectively, at the incident polarization rotation ¢ = 45°
(defined in Section 2.4). The time traces of both AR/R and Al /I are
titted by the same function (Section A.9) characterized by one rise time 7y, and
two recovery times 77 and 1.

We first present the photoinduced dynamics of the electronic system probed
by the optical reflectance. The absorption of above-bandgap optical pulses
increases the photoexcited carrier density, resulting in the increase in the optical
reflectance. The maximum AR/R of around 6 % is achieved after 150 fs at
the incident fluence of 2.7 mJ cm 2 (Figure 6.11a). The photoexcited electrons,
which are located high above the conduction band, are thermalized via electron-
electron scattering within tens of femtoseconds and exchange their energy with
the phonon subsystem via electron-phonon coupling in the timescale of a few
hundred femtoseconds up to a few picoseconds. Consequently, these electrons
experience an intraband relaxation to the bottom of the conduction band. This
non-radiative relaxation is characterized by the first recovery time constant
71 = 5.5 ps (Figure 6.11a). Subsequently, the energy transferred from the
electron to the phonon subsystem during the intraband relaxation, which is
equal to or smaller than the excess energy of photoexcited electrons, E — E; <
1.26 eV [149], causes the increase of the lattice temperature. The accumulation
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of photoexcited carriers near the gap edges and lattice temperature increase
lead to the photoinduced stress ¢ characterized by the deformation potential
(cpp) and thermoelastic (c7g) terms, respectively (Section 6.1.2). In other
words, these instantaneous sources of stress lead to the conversion of pump
photon energy into mechanical energy, generating acoustic strain waves. The
propagation of acoustic pulses along the film thickness modifies the refractive
index of the lattice which may cause changes and coherent oscillations in
AR/R [50]. In the following, we discuss how these aspects relate to our data.

There have been several studies on the variation of the transient optical
reflectance due to the propagation of the acoustic waves within the materi-
als [51, 150-152]. As the acoustic pulse is partially reflected from thin film
surface and interface, there may be successive echo pulses on the time trace
of AR/R, if there is a considerable acoustic reflection coefficient Ry between
two consecutive layers [50, 51] (Section A.13). However, these echoes are not
observed in our case because the acoustic impedances of BTO and SRO films
are very similar, with the reflection coefficient RETO/ 5RO~ 10% (Section A.13).
In addition, the optical reflectance may experience periodic modulation, i.e.,
coherent oscillations, as a result of the interference between the probe light
reflected from the surface of the sample and the light reflected from the strain
pulse as it propagates [50, 150]. These coherent oscillations may be visible if
the traveling time of the acoustic pulse within the thin film is larger than the
oscillation period Tosc = Aprope/ (211 (Aprope)UBTO ). HOWever, in our thin film, it
takes around 6.4 ps for the strain pulse to leave the BTO film which is even less
than quarter an oscillation period of the acoustic coherent phonon Tjsc = 31 ps
[50]. Here, A,op. = 800 nm is the probe wavelength, n(Ap,p) = 2.4 is the
refractive index at A,pp [153], and vpro = 5399 m s lis the longitudinal sound
speed in BTO film (Section A.12).

In the next step, the light induced dynamics of the ferroelectric polarization
probed by SHG is presented (Figure 6.11c-d). To interpret the time evolution
of Isyg, we employ the relation Isyg(t) o X%jk(t) « |Ps(t)|? (Section 2.4), with

P(1) = 3 L ai0)Az(e), (6.4

where V is the volume of the unit cell, g;() is the Born effective charge and
Az;(t) is the out-of-plane displacement of atom i.

Within the pulse duration of approximately 70 fs, the above-bandgap pho-
toexcitation transfers electrons from occupied O 2p orbitals to unoccupied Ti

98



6. Lattice and polarization dynamics in a ferroelectric thin film

3d orbitals. This charge transfer results in the reduction in the effective charge
gi(t) at both O and Ti sites. In this femtosecond timescale, the atoms have not
moved yet and thus the out-of-plane atomic displacement remains unchanged.
As a result, the rise time 1) of AR/R and Al /&y are almost identical
because those are both driven by the electronic redistribution. The maximum
drop of Algs/ I3 of 10 % is achieved after 170 fs (Figure 6.11c). After the
charge transfer, photoexcited electrons experience the initial relaxation from the
Ti 3d to the O 2p orbitals, revealed by the decrease of AR/R. This is associated
with an increase in g;(t) in the first 2 ps. The fact that Ti and O atoms move
toward each other revealed by the drop in Ixgp leads to the decrease in Az;(t).
The competition between the increase in g;(t) and the decrease in Az;(t) leads
to the inceptive recovery of I3y and the overall slight increase in Ps. From
2.6 ps to 7 ps, the partial restoration of the atomic displacement, revealed by
the partial recovery of Ixgp near the peak, and the ongoing electron relaxation
result in the increase of both Az;(t) and g;(t), respectively. This increase is
associated with the continuous increase of I5;;; and P;. From a few hundred
femtoseconds up to 7 ps, the optical reflectance is mainly contributed by the
carrier population on the conduction band which is inversely proportional to
g;(t), while the SHG intensity is driven by the interplay of the increase in g;(t)
and the non-monotonic changes in atomic displacements Az;(t). The latter have
in general slower dynamics compared to charges. This may explain why the
optical reflectance with 71 = 5.5 ps recovers faster than the SHG intensity with
71 = 7.3 ps (Figure 6.11c). Between 7 ps and 20 ps, the persistent out-of-plane
lattice expansion further displaces the atoms from each other within the unit
cell, leading to an average increase of Az;(t). Simultaneously, the electrons are
in the transition between the faster non-radiative intraband relaxation and the
slower radiative interband relaxation, resulting in the reduction of the ¢;(t)
increasing rate. After 20 ps, the lattice expansion saturates and the atomic
displacement Az;(t) stays constant. The electronic relaxation after 20 ps is as-
signed to the radiative recombination (Figure 6.11d). The significant difference
in the slow recovery time 1, (30 ps for AR/R and 220 ps for Al&;;/ IS;;) may
be due to the expected longer relaxation time of the atomic displacements
Az;(t). In fact, Figure 6.1c shows that the initial atomic displacements may
not recover within a few picoseconds, in particular at larger incident fluences.
While the transient changes in AR/R mainly come from the photoexcited
carriers, the transient changes in A5/ I5; originate from both the varying
ionic charges and the atomic displacements.
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We now focus on the transient change in the symmetry of our material upon
optical excitation. Figures 6.11e-f show the SHG polar patterns IgHG and I&;5
att < 0 ps and t = 250 fs. The polar patterns obtained before the arrival
of the pump confirm the symmetry point group of 4mm, indicated by the
good fit of the experimental polar patterns with Equations (2.25) and (2.26)
(Section 2.4). The minor discrepancies between the data and the fit model
might be attributed to the coherent strain of our BTO thin film to the substrate
(Section 4.5), which results in the emergence of additional minor nonzero
tensor elements [154]. The change of the symmetry of the unit cell upon
photoexcitation can be revealed through the deformation of the polar SHG
patterns at different time delays. At first glance, there is no evident change
in the symmetry shortly after pump excitation. The patterns can always be
fitted by applying a same scaling factor to all susceptibility tensor elements x;j.
However, a closer examination reveals a laser-induced change in symmetry. To
visualize this, IgHG and [ polar plots were measured at time delays from
-1 ps to 3 ps in 80 fs steps. Fitting each pair of polar plots using Equations
(2.25) and (2.26) yielded the tensor elements X,xx, Xxxz, and Xzzz as a function
of time. The transient change in x;j is calculated as Ax/x = [x(t) — xo]/ Xo,
where x(t) and xo are x;jx at t > 0 and ¢ < 0, respectively (Figure 6.12). As
shown in Figure 6.12a, xzxx(t) exhibits dynamics similar to I3, (t) (Figure
6.12a), as expected. In contrast, xzxx(t) and xzzz(t) experience a 0.5 % larger
drop compared to xxxz(t) (Figure 6.12b). The different dynamics of the various
Xijk components suggest a time-dependent, non-thermal transient change in
symmetry of our sample for the following reasons. First, according to the
theoretical calculation by Murgan and colleagues [155], a purely thermal effect
leads to a uniform variation of all tensor elements x;j, which is not observed
in our case. Second, tensor elements X;xr and Xz, represent the amplitude of
electric dipole oscillation along z axis induced by the incident light field, while
Xxxz represents that along x axis (in-plane direction) induced by the incident
light field (Section 2.4). According to RT-TDDFT calculations in BTO [26, 148],
the Ti-O bonds parallel to the spontaneous polarization (z axis) are significantly
weaker than those perpendicular to the spontaneous polarization. In other
words, the probability of ionic movement along the z axis is much higher than
that in the xy plane. Consequently, one would expect a larger change in the
electric dipole amplitude along the z axis compared to the x axis upon above-
bandgap excitation. The larger changes in X;xy and x;,; compared to Xz,
demonstrate experimentally the predicted high directionality of ligh-induced
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polarization changes [26].
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Figure 6.11.: Time evolution of AR/R and Al /I3y, and polar plots at fixed
delays. (a) and (b) show the time evolution of AR/R in the short and long timescale,
respectively. (c) and (d) show the time evolution of Al / IS in the short and long
timescale, respectively. The time traces of both AR/R and Al&y;/ [y are fitted by
the same function characterized by one rise time 7, and two recovery times 7; and
7. (e) The polar SHG pattern in P-out configuration measured at t < 0 ps (blue) and
t = 0.25 ps (orange). (f) The polar SHG pattern in S-out configuration measured at
t < 0 ps (blue) and t = 0.25 ps (orange). The fit of both patterns are performed using
Equation (2.25) and (2.26) assuming the symmetry point group of 4mm.
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Figure 6.12.: Transient changes of the BTO tensor elements. (a): The transient changes
of Xxxz (purple), xzxx (0live), and Xz (cyan) as a function of the pump-probe delay.
(b): The average transient change of the difference (Xzxx + Xzzz)/2 — Xxxz-
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All the dynamics of SHG and optical reflectance described above is upon an
incident pump fluence of 2.7 mJ cm~2. A fluence dependence of the maximum
increase in AR/ R and maximum drop in Al / I displays a linear regime
up to the fluence around 12.5m]J cm~2 (Figure 6.13a). Beyond this fluence, we
observe the indication of sample damage which is indicated by the ratio of
the polar patterns measured after and before the delay measurement, that is
smaller than 0.9, described in Section A.14 (Figure A.6). Figure 6.13b shows
the ratio of the polar patterns following and preceding each delay scan, from
which data in Figure 6.13a, c and d are extracted. The fact that this ratio is
0.97 £ 0.05 indicates a nearly perfect overlapping of two polar patterns before
and after a pumping cycle and is representative of an undamaged sample.
The rise time 1y remains nearly the same between 100 fs and 200 fs for all
the incident fluences reported here (Figure 6.13c). The fluctuation of 1) by
around =+ 50 fs is comparable to the time resolution of ~86 fs (Section 3.2).
The ultrashort rise time at all fluences further confirms the fast nature of the
carrier avalanche induced by above-bandgap optical pump.

Regarding the fast relaxation time 7y of AR/R, it maintains the same level
at around 9 ps from 1.4 to 4 mJ cm~? before experiencing a decrease to about
4 ps at the incident fluence of 12.5m]cm 2 (Figure 6.13d). Young and his
colleagues observed the similar effect on GaAs exposed to the 400 nm above-
bandgap optical excitation [156]. In this study, the decrease in nonradiative
relaxation time with increasing photoexcited density was evidenced. They
assigned the increase in this non-radiative recombination rate, i.e., a shorter
recovery time, to the increase of electron-hole plasma concentration upon the
increasing excitation fluence. Another study on the light-induced dynamics of
excitonic insulator Tap,NiSes reveals the relationship between the fast relaxation
time and the electronic bandgap [157]. In this study, the decrease in the fast
relaxation time is assigned to the partial closing of the bandgap, resulted from
the electron-phonon scattering. Therefore, the change of 7, in our case, can be
assigned to the bandgap deformation due to the electronic pressure generated
by the accumulation of carriers near the gap edge [51]. The decrease in T is
consistent with the decrease in E; upon increasing the incident fluence and

further validates the negative sign of the coefficient aa% obtained from the fit

of the average strain 7/(¢) (Section A.13).
We turn now to the fast relaxation time 7 of Alg-/ I35 We observe that
T) experiences an overall increase from 8 ps to 14 ps corresponding to the
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incident fluence between 1.4 and 4 m]J cm~?2 (Figure 6.13d). Subsequently, there
is a saturation of 7y from 4 to 12.5mJcm 2. While the relaxation dynamics
of optical reflectance only involves the relaxation of ionic charge g;(f), the
dynamics of SHG is the competition among the recoveries of g;(t) and Az;(t)
(Equation (6.1.3)). Thus, we should not expect the same behaviour of 77 in both
data sets. An additional observation is that the sudden changes in 7; of AR/R
and ALf./IS5c occur at the same pump fluence of 4mJcm™2. According
to the relative change in the BTO peak diffraction intensity Alxgp, it takes
longer to recover to the ground state at higher fluences (Figure 6.1c). This
indicates that Az;(f) has a longer recovery time at higher fluences. Meanwhile,
we observe that the recovery time of ¢;(t), represented by the recovery time of
AR/R, remains unchanged for incident fluences from 1.4 to 4m]J cm 2 (Figure
6.13d). Consequently, the increase in the recovery time of Az;(t) and the
unchanged recovery time of g;(¢) result in the monotonic increase of 7; for
AL/ Iy at incident fluences from 1.4 to 4mJcm 2. At fluences greater
than 4 m]J cm 2, the decrease in 7y of AR/R implies a reduction in the recovery
time of g;(t), while the recovery time of Az;(t) continues to increase. This
interplay between g;(t) and Az;(t) could result in the approximately constant

Ty for Algy s/ I3 at the incident fluences larger than 4 m] cm 2.
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Figure 6.13.: Fluence dependence of AR, Al and the time constants 75 and 1.
(a): Fluence dependence of the maximum increase of AR/R (red) and the maximum
decrease of Al&5/ I3 (blue) and their corresponding linear fits (light red for AR/R
and light blue for Al / I3yc)- (b): The ratio of the polar patterns measured after and
before the delay scan measurement (black). The blue dashed line indicates the average
of all data points 0.97 £ 0.05. (c): Fluence dependence of the rise time 7y of AR/R (red)
and Algy/ I (blue). The red and blue solid lines indicate the average values of the
rise times of AR/R and Al / I3, respectively. (d): Fluence dependence of the fast
recovery time 71 of AR/R (red) and Al / &y (blue) and their corresponding fits
(light red for AR/R and light blue for A&/ Ig;)- The vertical dashed line indicates
the fluence at which the trend of 73 shows a discontinuity.

106



6. Lattice and polarization dynamics in a ferroelectric thin film

6.2. Discussion

The combination of time-resolved XRD, SHG, and optical reflectance reveals
the dynamics of lattice structure and ferroelectric polarization under above-
bandgap optical excitation. The dynamics can be divided into four stages,
along with the equilibrium stage before the arrival of the pump t < 0ps (Figure
6.14a). In the first few hundred femtoseconds, the charge transfer from the
occupied O 2p to the unoccupied Ti 3d orbitals leads to: (i) a reduction in
ionic charge g;(t) (Equation (6.1.3)), which causes a reduction in ferroelectric
polarization, resulting in the reduction of the SHG intensity, and (ii) an increase
in photoexcited carrier density, which increases the optical reflectance (Figure
6.14b). Up to 3 ps from the arrival of the pump, a decrease of ~ 8 pm in the
relative displacement between Ti atom and the center of the O octahedron
is revealed by the drop in the diffraction intensity Ixgp near the peak (Fig-
ure 6.14c). In addition, the pump energy, that is initially transferred to the
electrons, is exchanged to the lattice via electron-phonon coupling during the
intraband relaxation of photoexcited electrons from the top to the bottom of
the conduction band. This energy heats the lattice, resulting in a deformation
of the c parameter. This deformation is influenced by the out-of-plane linear
thermal expansion coefficient, which is dependent on the lattice temperature,
and the deformation potential of the electronic structure near the Fermi level,
which depends on the electron temperature (Section 6.1.2). At time delays
3ps <t < 7ps, the relative displacement of atoms within the unit cell recovers
to its initial state, as the diffraction intensity Ixgrp near the peak partially recov-
ers (Figure 6.14d). At time delays t > 7 ps, we observe the partial recovery of
SHG intensity and optical reflectance as the result of the non-radiative recom-
bination of photoexcited carriers associated with the intraband relaxation up
to t = 20 ps (Figure 6.14e). More importantly, while the SHG intensity does not
return to the ground state after a few tens of picoseconds, as indicated by the
second relaxation time 1, = 220 ps, the out-of-plane strain initially decreases
over the first few picoseconds and then increases beyond its ground state,
eventually stabilizing around 20 ps. This demonstrates that the dynamics of
SHG intensity, i.e., ferroelectric polarization, is not solely driven by the lattice,
but also by the electron dynamics.

In this study, we demonstrate that the observed lattice deformation can be
accurately described by the combination of ultrafast heating of the lattice and
deformation potential, both induced by the above-bandgap optical excitation.
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t~3ps
(b) (c)

Figure 6.14.: Summary sketch of the BTO c parameter and charge distribution
resulting from time-resolved XRD, SHG and optical reflectance data. This process
includes an equilibrium stage and four stages of non-equilibrium dynamics. (a): At
t <0, the system is at equilibrium before the arrival of the pump. (b): At t ~ 170 fs,
charge transfer occurs, resulting in a decrease of the net charges at Ti and O sites, thus
a decrease in polarization. (c): At t ~ 3 ps, there is partial recovery of the electronic
distribution and compression of the c parameter, due to the dominance of the DP
contribution over the TE contribution. (d): Att ~ 7 ps, further but incomplete recovery
of the electronic distribution is observed, along with expansion of the c parameter,
because the TE contribution becomes dominant over the DP contribution. (e): At
t ~ 20 ps, the electronic distribution is not yet completely relaxed to the ground state,
and lattice expansion saturates. The light blue arrow denotes the orientation of the
spontaneous polarization. The green plus and red minus signs represent the ionic
charges of Ti and O atoms, respectively. For clarity, charges are shown only around
one O atom. The gray dashed lines indicate the bottom and top (001) lattice planes of
the unit cell at equilibrium.

However, there are other mechanisms that may drive the lattice deformation
[27-29]. Among these mechanisms, the bulk photovoltaic effect is well-known
to be the main driving forces for the photoinduced lattice deformation in a
terroelectric system. The bulk photovoltaic effect is defined as a high voltage,
significantly larger than the band gap energy, which is generated when a
material with broken inversion symmetry is illuminated [158]. This photo-
voltage results in the mechanical strain within the material due to the inverse
piezoelectric effect [5, 51]. We now discuss the negligible contribution of the
bulk photovoltaic effect to the observed lattice deformation in our BTO thin
film, under our experimental conditions.
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First, the bulk photovoltaic effect within the BTO thin film is negligibly
small at the pump energy (4.66 eV) employed in this experiment. According to
the first principle calculation of the shift current in ferroelectrics, the current
density response from transverse light field with the wavelength of 266 nm is
minimal in BTO [159]. In the same material, the shift current amplitude induced
by a transverse 266 nm pump is of the order of 10~!3 A in both experiment
and calculation [159, 160]. In addition, a similar calculation is employed to
determine the ballistic current, which is another dominant mechanism for the
bulk photovoltaic effect in BTO [161]. The ballistic current response to the
either transverse or longitudinal light field with the wavelength of 266 nm is
minimal at around 10~ A/V? for the tetragonal BTO.

Moreover, the bulk photovoltaic effects can be revealed through the light
polarization dependence of the photovoltaic signal. In the study conducted by
Ref. [158], the bulk photovoltaic currents were both experimentally measured
and theoretically calculated as a function of incident light polarization, demon-
strating the dependence of these currents on the light polarization. However,
this phenomenon is not observed in our study. In our particular setup, the
incident polarization of the pump pulse is nearly perpendicular to the out-of-
plane polarization. We measure the maximum drop in the SHG intensity as a
function of incident polarization (Figure 6.15a). As a result, the SHG drop, i.e.,
the decrease in ferroelectric polarization, remains unchanged regardless of the
rotation of the linear pump polarization (Figure 6.15b). This observation con-
tradicts the theoretical calculations by Ref. [158], which revealed a dependence
of bulk photovoltaic currents on the polarization of the incident light.

Now, we are going to compare our results with other studies relevant to
our research. The dynamics of lattice structure and ferroelectric polarization
under optical excitation have been studied extensively. Time-resolved XRD
experiments, as documented in several works [151, 162-169], have particularly
revealed lattice deformation resulting from the propagation of acoustic waves.
The materials investigated are primarily ferroelectrics, multiferroics and semi-
conductors, including PbTiO3, SrTiO3, BiFeOs3, SrRuO3, PbZr,Ti;_,O3, and
GaAs. In particular, Daranciang and his colleagues [162] employed femtosec-
ond time-resolved XRD to investigate the interaction between light and PbTiO3
terroelectric thin films, grown on DyScO3; and SrTiO3 substrates, which are
very similar to our thin film. They assigned the large-amplitude structural
changes in PbTiOj3 thin films to the direct coupling of light to the bulk photo-
voltaic response of the ferroelectrics. The key difference between our study and
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Figure 6.15.: Dependence of the SHG intensity drop on the pump polarization. (a):
Time evolution of the differential SHG intensity Al /IS, measured at ¢ = 45°
in a short timescale. Gray horizontal and vertical dashed lines indicate 0 in the
corresponding axes. Blue dashed line indicates the time delay where the differential
SHG intensity is measured as a function of the incident polarization. (b): Dependence
of the maximum decrease in Al / I3 measured at t = 0.25 ps on the polarization
of 266 nm optical pulses.

theirs is the pump photon energy. While our incident photon energy (4.66 eV)
is far larger than the bandgap of the target material (3.4 eV), their excitation
energy (3.1 eV) was quite close to but below the bandgap of PbTiO3 (3.6 eV)
[170]. As a result, the our photoexcited carrier density (=~ 1 X 107 m~3) (Figure
6.4) is an order of magnitude larger than their calculated carrier density (=~
1 x 102 m—3). In addition, their calculated temperature increase in PbTiO3 thin
tilm was about 50 K which was around one fourth of our lattice temperature
jump (192 K) at the fluence of 1.4m]Jcm ™2 (Section 6.1.2). Lastly, their XRD
performed with 266nm optical excitation resulted in the similar maximum
structural change as with 400 nm optical excitation, but at a very low fluence
around 10 pJ cm 2, which was more than two orders of magnitude lower than
our fluences.

Another recent study conducted by Sarott and his coworkers [30] used the
continuous-wave UV light to transiently enhance or suppress the ferroelec-
tric polarization, depending on the initial polarization direction, of epitaxial
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PbZr,Ti;_,O3 thin film. This phenomenon was linked to the separation of
photoexcited charge carriers at the Schottky interface between the ferroelectric
tilm and the bottom electrode. As mentioned previously, they also excluded
the dominant contribution of the bulk photovoltaic effect based on the in-
dependence of the light-induced polarization change of the thin film on the
incident polarization direction of the continuous-wave UV laser [30]. In this
study, the peak power was a few tens of mW cm 2 and the transient SHG
variation was independent of the UV-laser power. In our case, we used the
pulsed laser with extremely higher peak power around 20 GW cm 2, at the
lower fluence of 1.4m]J cm 2, and observed a linear fluence dependence of the
SHG decrease (Figure 6.13). This striking difference in the dependence of the
ferroelectric polarization on different types of the pump pulses shows that, in
our experimental conditions, ultrafast heating cannot be ignored and has a
significant contribution to the observed structural changes.

In previous studies, polarization dynamics were often inferred directly from
lattice dynamics without a direct measurement [151, 162, 169]. On the other
hand, other studies directly measured the dynamics of ferroelectric polarization
[30, 171], without probing the structural dynamics of the same sample [171]. In
our study, by performing the time-resolved XRD, SHG, and optical refectance,
we measure both lattice deformations and polarization, closely examining
their relationship out of equilibrium. Additionally, the time-resolved SHG
polarimetry reveals transient changes not only in the spontaneous polarization
but also in the symmetry of the material.
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In this thesis, we have achieved significant progress in understanding the struc-
tural and polarization properties of ferroelectric thin films and in employing a
range of spectroscopic techniques to elucidate these properties in both static
and optically excited regimes.

First, the XSW technique has been effectively applied to BTO thin films to
determine the displacement profile of Ti atoms near the surface, relative to the
Ba atomic positions that define the center of the unit cell. Previous research
has utilized the XSW technique in combination with XPS to ascertain the
polarization orientation of the entire film (PT or P+) [43, 44, 46, 91, 172-175]. In
our work, we measured the photoelectron yield to independently determine the
near-surface displacement of Ti atoms. Initially, modeling of XRD data revealed
the distribution of out-of-plane lattice parameters due to epitaxial strain in
our thin films. The structural sensitivity of the XSW technique, along with the
chemical specificity, surface sensitivity, and depth selectivity of XPS, allowed
us to determine the positions of Ti and Ba atoms at various depths along the
out-of-plane direction with picometer spatial resolution. Since the Ba position
defines the unit cell center, measuring the Ti position provides direct access to
the local ferroelectric polarization. To understand the ferroelectric polarization
profiles at the surface of our BTO samples, we analyzed the distribution of O
adsorbates using depth-dependent O 1s XPS spectra.

A detailed examination of oxygen species adsorbed on the surface suggested
possible charge compensation mechanisms consistent with the ferroelectric
polarization distributions derived from XSW data. We identified three dis-
tinct scenarios: (i) a polarization reversal from downward P to upward PT,
resulting in a tail-to-tail polarization configuration near the third unit cell,
possibly stabilized by H' atoms diffused below the surface (Figure 5.7b); (ii) a
minor polarization reversal from upward P! to downward P+ above the third
unit cell, leading to vanishing polarization due to the competing presence of
OpH~ favoring downward polarization P+ and OH™ or O, favoring upward
polarization Pt (Figure 5.7¢); (iii) a uniform upward polarization Pt through-
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out the BTO film up to the surface, accompanied by a high concentration of
compensating negatively charged chemisorbed oxygen species (Figure 5.7d).

The diversity of observed ferroelectric configurations highlights the com-
plexity of these systems and underscores the importance of studying them
from multiple perspectives to better understand the mechanisms shaping the
ferroelectric polarization profile at the surface. This work is novel in combining
structural and spectroscopic information provided by the XSW technique to
offer a comprehensive picture of the surface ferroelectric polarization profile.
Such studies can be extended to other interesting oxides and technologically
relevant materials, including multiferroics [175]. Furthermore, in the context of
catalytic reactions at ferroelectric surfaces, understanding and controlling the
surface polarization and its interaction with adsorbates is crucial. In operando
XSW investigations can guide material engineering toward more efficient cat-
alysts [21, 22]. Notably, the few-picometer structural accuracy of the XSW
technique offers a rigorous benchmark for testing theoretical models, thereby
enhancing their predictive power [9, 10].

Second, we combine time-resolved XRD, SHG, and optical reflectance to
investigate the light-induced dynamics of lattice structure and ferroelectric
polarization in BTO ferroelectric thin films. Previous studies have employed
femtosecond time-resolved XRD and optical reflectance to examine the tran-
sient structural transformation upon optical excitation [51, 150-152, 156, 162-
169] and deduced the dynamics of the spontaneous polarization without a
direct measurement. Conversely, there have been works that directly mea-
sured the dynamics of the ferroelectric polarization [30, 171], but failed to
interpret it due to the lack of data on the structural dynamics [171]. In our
research, we investigate both lattice deformations and polarization, thoroughly
analyzing their interrelation. By applying the two-temperature model and
the one-dimensional strain wave equation to fit the average strain 7(t), we
gain a detailed understanding of the contributions from electronic and lattice
subsystems to the lattice deformation. In the initial few hundred femtosec-
onds after the absorption of above-bandgap optical pulses, charge transfer
from the occupied O 2p to the unoccupied Ti 3d orbitals leads to two main
effects: (i) a reduction in ionic charge ¢;(t), resulting in a decreased amplitude
of the ferroelectric polarization, and (ii) an increase in photoexcited carrier
density. The instantaneous change in electronic distribution drives the atomic
movements of Ti and O towards higher symmetry positions, reducing the
distance between the Ti atom and the center of the O octahedron. Additionally,
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the pump energy initially transferred to electrons is subsequently transferred
to the lattice through electron-phonon coupling, during the intraband relax-
ation of photoexcited electrons from the top to the bottom of the conduction
band. This causes the lattice to heat up, leading to a deformation in the c
parameter. After the first few hundred femtoseconds, a partial recovery of the
ferroelectric polarization is observed due to the non-radiative recombination of
photoexcited carriers associated with intraband relaxation. However, while the
ferroelectric polarization does not fully return to the ground state within a few
tens of picoseconds, the out-of-plane strain first decreases in a few picoseconds
and then continues increasing past its ground state until it saturates after
around 20 ps. This observation confirms that the dynamics of the ferroelectric
polarization is not simply proportional to the lattice dynamics; instead, it is
influenced by both lattice and electronic dynamics. Furthermore, the observed
changes in the nonlinear optical susceptibility tensor elements upon optical
excitation indicate a non-thermal transient change of the sample symmetry,
which is linked to a highly directional instability in light-induced polarization.
The variation in lattice and polarization dynamics with different incident
fluences highlights the importance of simultaneously measuring these parame-
ters to better understand the physical mechanisms driving the transformation
of electronic distribution near the Fermi level, which results in the lattice defor-
mation and spontaneous polarization modification. While light-induced lattice
deformation is generally attributed to the bulk photovoltaic effect and inverse
piezoelectricity, it is crucial to also account for thermal effects at relatively
high pump fluences and above-bandgap excitation. Our findings demonstrate
that tuning the incident fluence allows for control over changes in ferroelectric
polarization, mechanical strain, and strain distribution within the ferroelectric
thin film, as well as electronic and polarization recovery times. As noted
in the introduction, this is particularly significant for remote and wireless
optomechanical and optoelectronic applications based on ferroelectrics [27-29].
We anticipate that the combination of multiple pump-probe techniques (XSW,
XPS, SHG, and optical reflectance) at X-ray free-electron laser facilities will be
crucial to investigate the dynamics of the ferroelectric polarization and track
simultaneously atomic displacements and electronic changes in real-time.
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A.1. Solution of Takagi-Taupin equation

In this section, we present the solution of Takagi-Taupin Equation (2.4) given in
Section 2.2. The X-ray diffracted intensity from the sublayer L; with thickness
t; at photon energy E, and z; < z < z; + t; is calculated as [100]:

x1 — Xpx3exp(—oAz;)
1 —xzexp(—oAz;)

where x| = —(b—l-\/bz—c%)/cp Xp = —(b— \/bz_c%)/clr and x3 =

(x1 —ry,) exp(ot;)/(xp — 11,), 0 = 2iy/b> = C3/Ley, and Az; = z —z;. The
geometry factor B is defined as B = I'g/|T},|, where Tg = ko, /K and T, = ky,, /K
are the direction parameters with K = 271/Ap and Ap is the Bragg wavelength.

The parameter C; is expressed as C; = C(1 —ip) exp(—W(z)), where p =
—X;/X; and C is the polarization factor, which equals 1 for ¢ polarization
and cos 20p for 7t polarization, with 83 being the Bragg angle. The parameters

Y = /xu/x; = |Y|exp(i®y), X, = Re[,/)(hxﬁ], and X; = Im [, /thi:} are
derived from the crystal susceptibilities xo, xp, X, corresponding to the vectors
0 h, h, and —h with h = 27tH. The crystal susceptibility xj is in general a

R(Ey,z) = BIY[*|r(Ev, 2)|* = B|Y]? , (A1)

complex number, given by xj, = Xpr + ixpi, where xpr = — (ez)x%; / mcan) Fi;

represents X-ray elastic scattering, and xj; = (ez)\% / mczer) F; accounts

for X-ray absorption. The structure factor K, = }; fjexp(—W;) exp(—ihpj)
is computed from the atomic scattering factor f; of the jth atom at position
vector p; in the unit cell. The atomic scattering factor f; = fo(0p, A, Z) —Z +
f1(0,AB, Z) +1if2(0,Ap, Z) describes the interaction between X-rays and atoms,
where Z is the atomic number, and fy, f1, and f, are tabulated in [176, 177]. In
addition to the reflection amplitude, solving the Takagi-Taupin equations also
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provides the transmission amplitude through the sublayer L; [100]:

T(E,,z) = exp[i®(E,)Az;/2] <1 — % pri_‘mzi) ) (A.2)
— A3

where CD(EV) = (27‘(}(0)/()\31})) — 2C1X1/Lex.

A.2. Deformation phase calculation

The deformation phase ¢y in Equation (2.3), originates from the bicrystal
model [100] and is expressed as ¢ = 27(co — ¢)to/c%. The bicrystal model
presumes a crystal, where the XSW is generated, along with a deformed
overlayer of thickness t; that causes a shift in the diffraction planes, given
by ¢o = 27t(c; — ¢ )t;/c2, with ¢; and ¢, representing the out-of-plane lattice
parameters of the deformed layer and the crystal, respectively. In our samples,
the XSW is generated within the BTO film itself, experiencing deformation
due to inhomogeneous strain. Consequently, the deformation phase cannot be
associated with the c parameter of an underlying single crystal. Alternatively,
@o corresponds to the average out-of-plane lattice parameter ¢, which is deter-
mined from the experimental diffraction curves (Section 5.1.1). This approach
is akin to modeling the thin film as a crystal with an average out-of-plane
parameter ¢ and a deformation phase that increases towards the interface with
SRO and decreases towards the surface. This choice is validated by the coherent
position of the Ba atoms (Table 5.3), which is close to 1, indicating proximity
to the diffraction planes. In contrast, if the deformation phase were instead
referenced to the bottom sublayer L,,_1, it would result in the Ba atoms in
the top unit cells being positioned unphysically 1A away from the diffraction
planes.

A.3. Calculation of the inelastic mean free path

The mathematical expression of the inelastic mean free path A;(E,), according
to Ref. [178], is:

A(E)(E, — BE)

~ E2{B[In(YA(E,)(E, - BE))] - C/(E, — BE) + D/(E, — BE)?}’
(A3)

A (Ey)
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In Equation (A.3): A(E,) = [1+ (E, — BE)/(2m.c?)] / [1 + (E, — BE)/(mecz)]z,
B = -1.0+9.44/(E; + E3)* +0.690%1, C = 19.7 — 9.1, D = 534 — 208U,
Y =0.191p7%°, and U = Nyp/M. In these equations, BE is the binding energy
of photoelectrons from core level [, m, is the rest mass of electron, c is the
speed of light, N, is the total number of valence electrons per molecule, p
is bulk density, M is the molecular weight, E, = 28.816(N,.0/ M)?> is the
free-electron plasmon energy and Ej is the band gap energy in eV. In the case
of BTO: N, = 24, M = 233.19 gmol ! [179], p = 6.02gcm 3 [179] and E; =
3.76 eV [180]. For Ba and Ti we use BE close to the center of the Ba 4d and
Ti 2p PE spectra (Figure 5.2), which are 90eV and 461 eV, respectively. The
incident photon energy considered is E, = 1527 eV, near the Bragg energy Ep
of BTO. Therefore, Equation (A.3) yields values of Apaq(1527eV) = 25.3 A and
Atiop (1527 €V) = 20.1 A.

A.4. Calculation of the average out-of-plane lattice
parameter and its standard deviation

The average out-of-plane parameters ¢ of BTO and SRO layers are computed
from the positions of their respective (001) Bragg peaks using the Bragg
condition ¢ = (12400eV A)/(2E,sinfg). E, represents the weighted av-
erage of the energy values E, around the (001) Bragg peak, with weights
proportional to the diffraction intensity at each corresponding energy E,.
The broadening of the diffraction curves is determined using the formula
cstd = (1240000eV)/(2E, 4q sin ), where E, o4 represents the standard devia-
tion of the energy values around the (001) BTO peak, weighted by Ixgrp(Ey ).
The energy ranges for calculating E, of BTO and SRO are varied in the region
where the Rg(E,) has finite values. Table A.1 indicates the energy ranges for
calculating E, of BTO and SRO in the absence of optical pump and at the
negative delay.
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Table A.1.: The energy ranges for calculating E, of BTO and SRO.

Sample E, around BTO (eV) | E, around SRO (eV)
BTO/SRO/DSO 1510 - 1547.5 1587 - 1624
BTO/SRO/GSO 1510 - 1547.5 1587 - 1624
BTO/SRO/SSO 1510 - 1547.5 1587 - 1624
BTO/SRO*/GSO 1508.3 - 1545.5 1576.1 -1595.1

A.5. Comparison of fits based on different depth
distribution of the out-of-plane lattice
parameter

In this section, we compare the fits of (001) Bragg reflectivity Ro(E,) based on
the exponential and linear distribution of the out-of-plane lattice parameter
c of the BTO thin film in the BTO/SRO/DSO sample. A slightly better fit is
provided by the linear distribution of ¢ with residuals less than 5 x 1073%. The
central offsets of Ti atoms at y1, 2, and y3 obtained based on two models are:
Az$i = 20 pm, 16 pm, 8 pm (exponential model), and Azgi =16 pm, 12 pm, 8
pm (linear model). The same trend is reproduced by both models with the
difference of only 4 pm in the absolute value for 7y and 7,. This validates the
obtained XSW results and supports their robustness to slight modifications in
the structural model.
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Figure A.1.: Comparison of (001) Bragg reflectivity fits. The BTO/SRO/DSO sample’s
(001) Bragg reflectivity Ro(E,) (pink dots) and its fit curves based on the exponential
(gray) and linear (black) distributions of the out-of-plane lattice parameters c. (b) BTO
out-of-plane lattice parameter ¢; (solid bars) in sublayers L; and c(z) (dotted lines) in
the exponential (gray) and linear (black) model.
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A.6. Photoelectron yield normalization

The PE yield undergoes two stages of normalization: (i) normalization by the
incident X-ray intensity, and (ii) normalization by the photoionization cross
section.
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Figure A.2.: Photoelectron yield normalization. (a) Ba 4d PE yield raw data of the
BTO/SRO/DSO sample measured in 5 consecutive photon energy scan (run). (b)
Incident X-ray beam intensity Iy. (c) PE yield raw data normalized by Ij. (d) PE yield
raw data normalized by Iy and photoionization cross section.
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First, the incident X-ray intensity Iy is measured as the drain current from the
last mirror before the sample. The intensity Iy decreases by about 10 % in the
energy range from 1400 to 1700 eV (Figure A.2b) due to the reduced efficiency
of the monochromator grating. Additionally, the sawtooth pattern observed
in Iy between 1480 and 1620 eV is caused by top-up electron injection at the
Diamond Light Source. The PE yield data normalized by Iy are presented
in Figure A.2c. This normalization reveals a decrease in the PE yield by a
factor of approximately 1.8 across the entire photon energy range, attributed
to variations in the photoionization cross section [130, 131]. The second
normalization step involves dividing the PE yield data by a second-order
polynomial fitted to seven points at each end of the yield curve in Figure
A.2c, where no XSW effect is evident. An example of this fitting curve is
shown in Figure A.2c (blue solid line), and the normalized PE yield curves are
presented in Figure A.2d. Finally, for each photon energy Iy, the average and
standard deviation of the PE yield data (measured under identical conditions)
are computed to obtain the PE yield values and error bars reported in Figure
5.6.

A.7. The uncertainty of Ba and Ti atomic positions

The precision in determining the average atomic positions is ultimately limited
by the error bars of the PE yield profiles, which are governed by Poisson
statistics. We find that the error bars for the BTO/SRO/SSO sample (1% <
ox < 7%) are generally larger compared to those of the other two samples
(0x < 2%). This increased uncertainty arises from the higher amount of
adsorbates on the BTO/SRO/SSO surface, which reduces the measured PE
intensity (see Section 5.1.2). Additionally, lower PE intensity is also associated
with a decreasing <y or a smaller A; ., which accounts for the observed increase
in oy as 7y decreases and the greater uncertainty in Ti positions relative to Ba
(see Table 5.3). This greater uncertainty for Ti is further attributed to the lower
photoionization cross section of Ti 2p compared to Ba 4d core levels [130, 131].

A.8. Fluence characterization of optical laser

Fluence characterization is essential for a pump-probe experiment. To deter-
mine the incident fluences, knife-edge scans are performed to measure the
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beam sizes. From these scans, the laser intensity as a function of knife-edge
position is obtained and fitted to extract the beam radii, where the beam inten-
sity is 1/e? of the intensity at the beam axis, at the sample surface along the x
and y directions (with the xy plane representing the sample surface). The fit
function used to determine the beam radius along the x direction, for example,
is as follows:

I = Aerfe(V2(x — x9)/wo x) + B, (A.4)

where A, B, xg, and wy , are fit parameters. xy represents the position of
kinfe edge when it cuts through the center of beam spot, and wy , is defined
as the distance from the beam axis where the intensity drops to 1/¢* of
the value on the beam axis. Subsequently, the peak fluence is calculated as
Fy = 2E,/ (rtwg xwo,,) where Ey = P/ (firainNp) is the pulse energy with laser
power P; measured by a power meter, the pulse train repetition rate f,,;,, and
number of pulses per train N; wp , and wg, are the beam radii acquired from
the knife-edge measurement.

A.9. Time 0 determination

The time delay tg, which indicates the temporal overlap of the FEL and optical
laser during the tr-XRD measurements, was established by fitting Ixrp at
E, = 1525eV according to the following equation:

Ixgp(t) = 1 [—1 + erf (t — tO)] {cz + exp (t — to)] + c3. (A.5)

T T

In Eq. (A.5), 71 and 1, represent the time constants of the error function and
the exponential function, while ¢y, ¢ c3 are normalization factors and offsets.
The experimental data shown in Figure A.3 refer to Ixgp measurements with
high statistics around .

A.10. Bunch arrival time monitor and time
resolution of XFEL experiments
The bunch arrival time monitor (BAM) at the European XFEL tracks the

timing of electron bunches within each pulse train, offering critical information
to enhance the time resolution of pump-probe experiments [181, 182]. In

122



A. Appendix

1.00+

0.981

Ixrp(t — to) (arb. units)

0.96 1
-75 -50 -25 00 25 5.0
t—to (ps)

Figure A.3.: Time 0 determination. Ixgp data measured at E, = 1525¢€V in the delay
range —7ps <t —ty < 6.2ps.

our study, the standard deviation of the BAM within a single pulse train
was ~ 10fs, while the variation between different pulse trains was ~ 84 fs.
Notably, there were slow drifts in the arrival times of FEL pulses over hours, as
illustrated in Figure A.4 for each acquired run. Without BAM correction, the
time resolution of our experiments would be constrained to approximately ~
600 fs. To enhance the time resolution, we corrected the time delays in our data,
indicating the relative timing between FEL and optical laser pulses, by using
the average BAM value for each pulse train. Consequently, the improved time

resolution is expected to be At = \/ Ao + cthF _— A2 + UtzoL ~ 70fs. This

calculation assumes an FEL pulse duration of Atggp, = 30fs, which includes
a nominal pulse duration of 25 fs [77] plus 5fs due to pulse stretching at the
monochromator [78], a pulse-to-pulse jitter of oy, = 10fs, an optical laser
pulse duration of Afgr, = 50fs and a temporal jitter of 03, ~ 30fs.

A.11. Penetration depth, reflectance at interfaces and
transmittance profile

The absorption coefficient a of the 266 nm pump laser in our BTO thin film
was derived from the relationship between a and strain described in Ref.
[149]. For a compressive strain of —0.63%, the penetration depth is given
by dgro = 1/agro = 18.2nm. The penetration depths in the SRO thin film
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Figure A.4.: Beam arrival monitor data. Mean and standard deviation of the BAM
values of runs acquired within 60 h.

(dsro = 21.5nm) and in the GSO substrate (dgso = 26.1 nm) were obtained
using the dielectric constants €; and e reported in [183]. Particularly, the
penetration depth ¢ is calculated as 6 = 1/a = A/ (47tk), where A = 266 nm is
the wavelength of the pump laser, and k is the imaginary part of the complex
index of refraction n* = n + ik. Here, n and k are given by n = \/(|e*| +€1)/2

and k = /(|e*| — €1)/2 with |e*| = y/e? + €3.
The reflections at the air/BTO interface RETO = 0.178, at the BTO/SRO

interface RgRO = 0.022 and at the SRO/GSO interface RSSO = 0.018 were
computed employing Snell’s law 71 sin 0; = n; sin 6; and Fresnel equation for
p-polarized light R, = |(n1 cos 6; — n cos 0;) / (11 cos 6 + ny cos 6;)|. In this
context, 11 and n, represent the real parts of the complex refractive index
n* on either side of the interface, while 6; and 0; are the angles of incidence
and the transmission relative to the surface normal. The refractive indices
for SRO and GSO are derived from [183], as previously detailed, whereas
the refractive index of the BTO thin film was obtained from ellipsometry
measurements at 266 nm [149]. Specifically, the complex dielectric function
is given by €* = € + ie; = sin;*[1 + tan Giz(%)z], where p = tan ¥ exp(iA),
with ¥ and A provided in [149].

Using the parameters mentioned above, the transmittance of the 266 nm
beam through our sample, as shown in Figure A.5, is determined by the
following calculation:
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Z

TBT()(Z) = exp ( ) , 0<z<tgro, (A.6)

BTO
OBTO COS 0;

Tsro(z) = Tero(tBTO) (1 - R?:RO)

z — tg1O
xXexp | — , t <z<t + tsrO, A7
p ( —— QtSRO> BTO BTO + 3RO (A7)

Tgso(z) = Tsro(tprO + tsr0) (1 - RSSO)

z — (tgro + tsroO)
xXexp | — , z>t + tsroO- A8
p ( S €08 6550 BTO T fSRO (A.8)

As a result, the absorbed fluences in the BTO and SRO thin films are:

tBTO
FbeSO = Fn(1— RETO) <1 —oF <_ 9BTO>>
t

OBTO COS
= 0.7 Fp, (A9)
t
FSRO _ £ (1 _ RBTOY axp | — BTO
abs in( P ) exp OBTO COS G?TO
tsro
X |1l—exp | —

[ P ( 5SRO COSs GtSRO> ]
= 0.12 F;,. (A.10)
For Fj, = 2.7mJcm ™2, FbeSO = 1.88mJcm 2 and PaSlFsO = 0.33mJ cm 2, while

for Fy, = 1.4mJcm ™2, FbeSO = 0.98mJcm 2 and Faslfso =0.17mJ cm 2.
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Figure A.5.. Transmittance profile T(z) of the 266nm pump laser in the
BTO/SRO*/GSO sample. The dashed gray lines denote the BTO surface, the BTO/SRO
and the SRO/GSO interfaces.
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A.12. Analytical solutions of two-temperature model

In this section, we outline the parameters utilized in the 2TM model and then
proceed to the analytical solution. In Equation (6.1), the source term, which
denotes the absorbed fluence of the optical laser as a function of t and z and
is expressed as S(z,t) = Fypsexp (—z/(6cosby)) exp (—t2/(2At5; )/ (6AtoL).
We now turn our attention to solving the 2TM. The second equation in Equation
(6.1) can be formulated as follows:

G,

T, = TR T,, (A.11)

which is then substituted into the first equation of Equation (6.1), resulting in
the following second-order differential equation for T):

CcCp 9°T} 0T,
C el . )
. o + (Ce + Cp) 5 S(z,t) (A.12)
Using the initial and boundary conditions T,(z,0) = Tp(z,O) = Ty = 300K, aa%(o, t) =

T, : : .
0, aa—t”(z, 0) = 0, we can derive the lattice temperature T,(z,t) as the analytical

solution of Equation (A.12):

TP(Z’ t) = TO
N VTCAtor, exp AtZ; B2
V2B 2A2
BAtOL t Z B
x erf ( oA \/ENOL> exp ( 5) exp (_Zt>
VCAtor, z < t ) (A.13)
+ —— ) erf
3B exp ( 5) er NI
_ V/mCAtoL exp At B2
V2B 2A2

x erf (%) exp (—%) exp (—%t).

where A = C,.C,/g, B = Ce + Cp, and C = (1/6)F,. By inserting Equation
(A.13) into Equation (A.11), we derive the electron temperature T,(z, t):
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Te(z, t) — TO
_ V/1CAtoL Cp ox At B2
V2B Ce P 2

BAtQL t Z B
x erf ( JaA \/EAtOL> exp (—5) exp (—zt)

\/ECAtOL Z t (A.14)
+ 3B exp (—5) erf NI
| VTiCAtoL VTTICAtor Cp At2; B2
V2B G P\ T2

x erf (%) exp <_§) exp (—%t).

A.13. Analytical solution of the 1D strain wave
equation

The thermoelastic and deformation potential contributions to the stress in
Equation (6.2) can be expressed explicitly as:

OTE — —3B‘B(TP — To) (A15)

and
oE q

ap’
where E; = 3.4eV represents the equilibrium bandgap [149], N, = C.(T. —
To)/(E — Eg) denotes the carrier density (with unit m~3), E is the photon
energy of the optical laser, and 0E = N,(E — E;) indicates the total energy

imparted to the electronic subsystem [51]. By substituting Equation (A.15) and
A.16 into Equation (6.2), we derive:

Opp = —N.B (A16)

o(z,t) = pv*n(z,t) — 3BB(Ty(z,t) — To) — 5 (A.17)
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Table A.2.: Physical constants used in the calculations of the two-temperature model
and strain wave propagation. The film thicknesses t are obtained from theta-2-theta
measurements (Section 4.4). The penetration depth ¢ and the reflectance R, are detailed
in A.11. The volumetric heat capacities C, and C;, for SRO and GSO are derived from
[139] and [140], respectively, while for BTO, they are discussed in Section 6.1.2 . The
mass density p, the bulk modulus B, and the Poisson ratio v are sourced from [184].
The longitudinal sound velocity v is calculated using v = /3B(1 —v)/[p(1 + V)]
[50]. The linear expansion coefficient f of SRO and GSO is taken from [139] and

[185], respectively, while Bgro is determined as a fitting parameter as discussed in the
Section 6.1.2.

constants unit BTO SRO GSO
t nm 34.5 47 0.5 x 10°
) nm 18.2 21.5 26.1
Ry - 0.178 0.022 0.018
Cp JmPK™! | 28x10° | 28x10°[139] | 2.1 x 10° [140]
Ce Jm3K-! | 42x10* | 2.3 x10°[139] 9 x 10% [140]
g Wm3K! - 5 x 1017 5 x 1017
o [184] gem 3 5.93 6.46 6.6
m [186] | gmol ™! 233.19 236.69 250.2
B K1 - 1.03 x 107> [139] | 1.09 x 107> [187]
K, Wm 1K1 | 2.73[138] 5.72 [139] 2.53 [140]
D, mm?s~! | 1.11 [138] 2.05 [139] 1.22 [140]
B [184] GPa 107 166 163
v [184] - 0.3 0.31 0.29
v [50] ms~! 5399 6372 6386

Equation (6.3) can be reformulated in terms of 7(z,t) = du(z, t)/9z:
*y(z,t) laza(z,t)
o2 p 0922
By substituting Equation (A.17) into Equation A.18, we obtain:

?y(z,t)  ,9%n(z,t) 3BB Ce oE
az a2 052 (Ty(z 1) = To) = o(E — Eg)ézB op

(A.18)

(Te(z,t) = To).

(A.19)
With the initial conditions 7(z,0) = 0, %—’Z(z, 0) =0,0(0,t) = 0 [50], the out-of-
plane strain profile #(z, t) can be determined by solving the analytical integrals
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provided in Equation (A.19) [188]:

fO fzz+vvtt TT (¢, T)dddr, fort < 2
n(zt) =L e Zj”j Y 3(E T)dédT
+2v ft—% fZZJFUU((tt TT §(¢, t)dcdt +F(0 t—z/v)g—i, fort > Z,
(A.20)

where §(z,t) = —3BB(Ty(z,t) — To) / (06*) — C.BGE(T(2,t) — To) / (p(E — E)&).

For a strain pulse originating from the BTO surface, it undergoes par-
tial reflection at the BTO/SRO interface due to the difference in acoustic
impedance Z = p *v. The reflection coefficient is given by RETO/ SRO- —
(Zsro — Zpr0)/ (ZBTO + Zsro)- This reflected strain wave is subsequently
partially reflected at the BTO surface and then propagates back towards the
BTO/SRO interface. A similar process occurs for a strain pulse starting at
the BTO/SRO interface, which is partially reflected at the SRO/GSO inter-
face with a reflection coefficient RSRO/GSO (Zgso — Zsro)/ (Zsro + ZGso)-
This reflected wave is then partlally reflected at the SRO/BTO interface and
propagates forward towards the SRO/GSO interface. For strain pulses start-
ing at the SRO/GSO interface, they continue moving toward the bottom
of the system without reflecting within the time frame considered in this
study, due to the large thickness of 0.5 mm. The reflection coefficients are
RETO/SRO _ _ RSRO/BTO _ g 13 RETO/air _ 1 and RSRO/GSO — 1.

In general, W1th1n the time frame of our analysis, the total out-of-plane strain
in the BTO region is the sum of the following strain waves:

* a strain wave starting at the BTO surface, moving towards the BTO/SRO
interface: ngro(z, t);

* a strain wave starting at the BTO surface, reflected at the BTO/SRO inter-
face, and moving back towards the BTO surface: RETO/ SRO w npro(2,1);

* a strain wave starting at the BTO surface, reflected at the BTO/SRO
interface, reflected again at the BTO surface, and moving towards the
BTO/SRO interface: R%TO/W * RETO/SRO xNpro(z,1);

* a strain wave starting at the BTO surface, reflected at the BTO/SRO inter-
face, reflected at the BTO surface, and reflected once more at the BTO/SRO
interface before moving back towards the BTO surface: R?To/ SRO

RETO/air * RZTO/SRO " UBTO(Z/ t),’
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* astrain wave starting at the BTO/SRO interface, reflected at the SRO/GSO
interface, transmitted through the BTO/SRO interface, and moving to-
wards the BTO surface: (1 — R%RO/BTO) * R%RO/GSO *sro(z, 1).

In the SRO region, the total out-of-plane strain is the sum of the following
strain waves:

* a strain wave starting at the BTO/SRO interface, moving towards the
SRO/GSO interface: 17sro(z, t);

* astrain wave starting at the BTO/SRO interface, reflected at the SRO/GSO
interface, and moving back towards the BTO/SRO interface: R%RO/ G5O

nsro(z,t);

* astrain wave starting at the BTO surface, transmitted through the BTO/SRO
interface, and moving towards the SRO/GSO interface: (1 — R?TO/ SROY &

nero(z,t);

* astrain wave starting at the BTO surface, transmitted through the BTO/SRO
interface, reflected at the SRO/GSO interface, and moving back towards
the SRO/BTO interface: R;RO/GSO * (1 — R?TO/SRO) xNpro(z,t);

* a strain wave starting at the BTO surface, reflected at the BTO/SRO
interface, reflected again at the BTO surface, transmitted through the
BTO/SRO interface, and moving towards the SRO/GSO interface: (1 —
RETO/SRO) * RETO/QZT * RéTO/SRO * UBTO(Z; t)

In the GSO region, the total out-of-plane strain is the sum of the following
strain waves:

* a strain wave starting at the SRO/GSO interface, moving towards the
bottom: 7gs0(z, t);

* a strain wave starting at the BTO/SRO interface, transmitted through the
SRO/GSO interface, and moving towards the bottom: (1 — R%RO/ G50 &

11sro(z,t);
* astrain wave starting at the BTO surface, transmitted through the BTO/SRO

interface, transmitted through the SRO/GSO interface, and moving to-
wards the bottom: (1 — R%RO/GSO) * (1 — RETO/SRO) * Npro(2,1);
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* a strain wave starting at the BTO surface, reflected at the BTO/SRO
interface, reflected again at the BTO surface, transmitted through the
BTO/SRO interface, and transmitted through the SRO/GSO interface
before moving towards the bottom: (1 — R%RO/ G50 % (1 — R?To/ SROY
RETO/LU}’ N R?TO/SRO « g1 (2, 1)

When considering the superposition of multiple strain waves in a given
region, we disregard terms with the negligibly small product R;RO/ G50
R;RO/ BTO — 0.0009. Consequently, we use the piecewise function 74¢(z, t) to

simulate the propagation of strain pulses within the sample.

;

BTO/SR

nero(z,t) + R, O/5RO

BTO/air nBTO/SRO
+R7 R7

nero(z,t)

nero(z,t)
BTO/SRO o BTO/air pBTO/SRO
+RZ RZ lRZ

+(1 — RSRO/BTO) RSRO/GSO

npro(z,t)
nsro(z,1),
for 0 < z < tgro
nsro(z,t) + R3O/ “Cnspo(z, 1)
Mot (z, 1) = +(1s;olj§§2 /SRO)UBBTT(S)/(SZIQQ
+R7 (1-R7 )1BTO(2, 1)
4 (1 — RBTO/SRO\RBTO/air RBTO/SROy (o ).
for tgro < z < tgTo + tsrO
nGso(zt) + (1 — RPFV N ysro(z,t)

+(1 - R;RO/GSO)(l . RETO/SRO)”BTO(Z, t)

for tpro +tsro < z < tgro +tsro + tcso

A.14. Damage threshold of BaTiOj3 thin film

The damage of the sample is revealed by a decrease in the ratio of the polar
patterns, measured after and before a delay scan measurement, below 0.9
(Figure A.6b). Beyond the fluence threshold, the maximum increase in AR/R
and the maximum drop in Al&;;/ I3 deviate from the linear regime (Figure
A.6a).
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Figure A.6.: Fluence dependence of the changes in the optical reflectance and the
SHG intensity. (a): Fluence dependence of the maximum increase of AR/R (red) and
the maximum decrease of Al5;;/ I&; (blue) and their corresponding linear fits (light
red for AR/R and light blue for Alg;-/I3yc)- (b): The ratio of the polar patterns
measured after and before the delay scan measurement (black). The blue dashed line

indicates the average of all data points below 12.5m] cm 2.
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