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Résumé

Les oxides de pérovskite ferroélectriques sont largement utilisés dans des capteurs,
des actionneurs et des modulateurs optiques et, dans le méme temps, ils sont pro-
metteurs pour étre implémentés dans de futures applications comme le stockage
d’énergie ou des dispositifs de mémoire et de refroidissement. Aux balbutiements de
la découverte des ferroélectriques polycristallins, le BaTiO3 était considéré comme
un candidat pour diverses applications, mais la découverte capitale pour la commer-
cialisation des ferroélectriques arriva en 1952 quand le systeme de solution solide
ferroélectrique PbZrOs — PbTiO3 (PZT) fut découvert. Le PZT et d’autres oxides de
pérovskite contenant du plomb sont restés au premier plan des intéréts scientifiques
et industriels. Cependant, des inquiétudes relatives aux dangers environnementaux et
pour la santé posées par ces matériaux toxiques dans les équipements électroniques et
¢électriques ont induits un changement de législation. De nos jours, tous les produits
concernés en Europe doivent étre en conformité avec la directive RoHS (Restriction
of Hazardous Substances, aussi connu comme Directive 2002/95/EC). Ce change-
ment dans les standards industriels a alimenté une nouvelle fois la recherche dans
les matériaux ferroélectriques sans plomb. L’attention est actuellement portée sur les
matériaux a base de BaTiOs, BaZrOs, (Na/K)NbOs, Nay/9Bi; 2TiO3. Comme leurs
propriétés physiques sont faibles comparées au PZT, leurs applications a large échelle
est encore a réaliser. La miniaturisation des pérovskites polaires, pour lesquelles les
effets a 1’échelle nano- et microscopique deviennent dominants, inhibant ainsi leur
performance, posent encore des défis considérables.

Dans cette these, 'une des pérovskites ferroélectriques sans plomb les plus connues,
le BaTiOg, est étudiée par des techniques de microscopie électronique en transmission
(MET) combinées avec un contrdle in situ de la température et du champ électrique.
En détail, une préparation fiable a la sonde ionique focalisée d’échantillons pour des
polarisations électriques in situ en MET pour des ferroélectriques est établie. La
méthode est testée sur du BaTiO3 a température ambiante, pour lequel la réponse
électrique est observée aux valeurs de champ attendues, et confirmée par des calculs
d’éléments finis. Les zones des domaines (polarisation) — les boucles de polarisa-
tion électrique appliquées sont directement mesurées, révélant un fort attachement a
faibles champs, tandis que des champs plus forts décrochent les murs des domaines,
permettant des mouvements plus libres suivant la loi de Rayleigh.
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En augmentant la température, le BaTiO3 manifeste des transformations mor-
phologiques dans ses structures de domaines, d'un état ferroélectrique 180° (proche
de la température ambiante) a un état ferroélastique 90° (en-dessous de la tempé-
rature de Curie). Des expériences de polarisation électrique de domaines en aiguille
ferroélastique montrent deux mécanismes différents de croissance vers 'avant. Dans
un cas, les domaines en aiguille sont montrés bougeant librement, influencés prin-
cipalement par des potentiels ressemblant a ceux de Peierls, tandis que quand des
domaines perpendiculaires se rencontrent, leurs mouvements sont entravés par de
forts attachements entre domaines arbitrés par des champs électromécanique. Dans
ce dernier cas, des boucles P-E de forme carrée sont produites, avec des marches
distinctes, qui indiquent des sauts de Barkhausen.

Finalement, I'effet des transitions de phase ferroélectrique sur la structure élec-
tronique est étudié avec de la spectroscopie de perte d’énergie des électrons (EELS,
sigle pour electron energy loss spectroscopy) in situ et des calculs de théorie de la
fonctionnelle de la densité (DFT, sigle pour density functional theory). Les mesures
des pertes des couches internes par EELS montrent que les changements dans 1’état
électronique 3d du Ti sont qualitativement en accord avec les calculs DFT. Les me-
sures EELS a faible perte effectuée en dehors de I’axe permettent des mesures précises
de la bande interdite dans toutes les phases. Des méthodologies de traitement expé-
rimental et de traitement de données personnalisées sont développées pour extraire
les fonctions diélectriques déterminées par le moment, qui montrent des résultats
en adéquation avec ceux calculés par DFT a petit transfert de moment. Une voie
pour étudier les pérovskites déficientes en oxygene avec la EELS est théoriquement
démontrée avec la DFT.

Mots-clés : ferroélectriques, BaTiOgz, sonde ionique focalisée, microscopie électro-
nique en transmission ¢n situ, polarisation électrique, transitions de phase, mouve-
ment de domaines, spectroscopie de perte d’énergie des électrons, densité d’états
électroniques, théorie de la fonctionnelle de la densité.
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Abstract

Ferroelectric perovskite oxides are widely used in sensors, actuators and optical mod-
ulators and, at the same time, they show promise for implementation in future ap-
plications such as energy storage, memory and cooling devices. At the infancy of the
discovery of polycrystalline ferroelectrics, BaTiO3 was considered as a candidate for
various applications, but the breakthrough for the commercialization of ferroelectrics
came in 1952 when the ferroelectric PbZrO; - PbTiO3 (PZT) solid solution system
was discovered. PZT and other lead containing perovskite oxides remained on the
forefront of scientific and industrial interest. However, concerns over the environmen-
tal and health hazards posed by these toxic materials in the electronic and electrical
equipment created a legislation change. Nowadays, all applicable products in the
EU must pass RoHS (Restriction of Hazardous Substances also known as Directive
2002/95/EC) compliance. This change in the industrial standards fueled research
in lead-free ferroelectric materials once again. Attention is currently placed on ma-
terials based on BaTiOs, BaZrOs, (Na/K)NbOs, Naj/9Bi; 2 TiOs. Their widespread
application is yet to be realized as their physical properties pale in comparison to
PZT. Substantial challenges also lie in the miniaturization of polar perovskites where
effects at nano and microscopic scales become dominant, which inhibit their perfor-
mance.

In this thesis one of the most prominent lead-free ferroelectric perovskites BaTiO3
is studied by transmission electron microscopy (TEM) techniques in combination
with in situ temperature and electric field control. In detail, a reliable focused
ion beam sample preparation for in situ TEM electrical biasing for ferroelectrics
is established. The method is tested on BaTiO3 at room temperature, where the
electrical response is observed at the expected field values, further confirmed by finite
element calculations. Domain area (polarization) - applied bias loops are directly
measured revealing strong pinning at lower fields, while higher fields depin domain
walls allowing for more free movement following Rayleigh’s law.

Upon increasing the temperature, BaTiO3 exhibits morphological transforma-
tions in its domain structure from ferroelectric 180° (close to room temperature) to
ferroelastic 90° state (below the curie temperature). Electrical biasing experiments
of ferroelastic needle domains show two different forward growth mechanisms. In one
case, the needle domains are shown to move freely, influenced mainly by Peierls-like
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potentials, while when perpendicular domains meet, their movement is hindered by
strong domain-domain pinning mediated by electromechanical fields. The latter one
produces square shaped P-E like loops with distinct steps, indicative of Barkhausen
pulses.

Finally, the effect of ferroelectric phase transition on the electronic structure is
studied with in situ electron energy loss spectroscopy (EELS) and density functional
theory (DFT) calculations. Core-loss EELS measurements show that changes in
the Ti 3d states qualitatively agree with DFT calculations. Off-axis low-loss EELS
allows precise bandgap measurements in both phases. Custom experimental and data
treatment methodologies are developed to retrieve momentum resolved dielectric
functions, which show excellent fit with DFT calculated ones at small momentum
transfer. A pathway to study oxygen deficient perovskites with EELS is theoretically
demonstrated with DFT.

Keywords: ferroelectrics, BaTiOg, focused ion beam, in situ transmission electron
microscopy, biasing, phase transitions, domain motion, electron energy-loss spec-
troscopy, density of states, density functional theory.
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1 Introduction

Ferroelectricity was discovered by Joseph Valasek in 1920 with a subsequent publi-
cation in 1921, which has a historic statement that the dielectric displacement D,
electric intensity E, and the polarization P in Rochelle salt is analogous to mag-
netic flux B, magnetic field H, and magnetization I (nowadays the symbol M is
more prominent) in the case of magnetism [1]. However, speculations on the exis-
tence of ferroelectricity can be dated back to 1912, when Erwin Schrodinger used
German word "ferroelektrisch” in context of possible substances with spontaneous
polarization [2].

Analogous to ferromagnetic materials, ferroelectrics are defined by the appearance
of a spontaneous dielectric polarization Py, that is, a ferroelectric crystal exhibits an
electric dipole moment even in the absence of an external electric field [3].

The second ever ferroelectric material was potassium dihydrogen phosphate (KDP)
and it was discovered in 1935 by Paul Scherrer and Georg Busch [2, 4], which indi-
cates some difficulties in identification of ferroelectrics at that time.

Considerable breakthrough was made by Arthur R. von Hippel in 1946 with
the discovery of ferroelectricity in BaTiOj3 [2, 5]. BaTiOs was the first commercial
ferroelectric material that directed research to explore perovskite type oxides (ABOs,
where A and B are positively charged metal cations and O is oxygen anion). This
led to the discovery of the famous PbZrOs - PbTiO;3 (PZT) solid solution system
in 1952 [6]. PZT was developed at the Tokyo Institute of Technology with a large
input of Gen Shirane.

Discovery of robust oxide based ferroelectrics led to various practical applications.
Ferroelectrics, compared to normal dielectric materials, exhibit large relative dielec-
tric constant. For instance, the dielectric constant of BaTiO3 based materials at room
temperature can be several thousands, whereas for conventional dielectric materials
it is in the one to two digit range. Large dielectric response enables ferroelectrics
to be used in the energy storage applications as well as in high performance/small
form factor capacitor manufacturing [7]. If the material is ferroelectric, by definition
it must be also piezoelectric, meaning that the deformation of such material gener-
ates surface charges. The opposite is also true where application of electric potential
on the surfaces of a ferroelectric induces macroscopic deformation. For this reason,
ferroelectrics are used as sensors, transducers and actuators [7]. Excellent high fre-
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CHAPTER 1. INTRODUCTION

quency response of oxide based ferroelectrics enables their usage in the ultrasonic
acoustics. The applications ranges from medical ultrasonic imaging to sonar devices
for various sea vessels [7]. Spontaneous polarization is associated with the breakage
of the inversion symmetry within the material, which leads to anisotropic and non-
linear optical phenomena to appear in ferroelectrics [7]. Ferroelectrics are associeted
with optical second harmonic generation and electro-optical properties. A famous
example is lanthanum doped PZT (PLZT), which is used as ultra-fast (response in
the range of ~ 10 ns) electro-optical light switch [7, §].

Highly tunable PZT is still considered to be best suited for various sensors, actu-
ators and transducers utilizing ferroelectric effects [9]. On the other hand, BaTiO;
is widely used in research as a model ferroelectric due to its simple chemical compo-
sition and rich phase diagram (three ferroelectric phases and one paraelectric phase)
[10]. Many of the phenomena and the associated physical models found in BaTiOj
can be projected to other, more complex ferroelectric perovskite oxides.

A turning point in the field of ferroelectrics was the European Union’s directive
of "Restriction of Hazardous Substances" (RoHS), which came into force in 2000’s
9, 11]. As PZT contains lead, it falls under the class of hazardous materials, but
at that time (and even now) PZT was exempt from this directive as there simply
were no alternatives for it. RoHS reignited scientists to study materials beyond
PZT and its derivatives. However, up to this date, no system or material has come
close to fulfilling all the high standards set by PZT. [6, 9]. Nevertheless, lead-free
ferroelectrics start to find the niche applications in high temperature and high power
applications [12].

Lead-free ferroelectrics similarly to PZT are designed as solid solutions, which
is necessary in order to tune the desired physical properties. The most prominent
components in them are barium titanate, barium zirconate, sodium-bismuth titanate
(Nay /9Bi; /»TiO3) and potassium /sodium niobate. Formation of binary, tertiary and
sometimes even quaternary systems complicates the interpretation of the observed
effects due to the induced chemical disorder and highly sensitive phase diagrams [12,
13]. Rejuvenated interest in the lead-free ferroelectrics has also motivated researchers
to perform fundamental studies with modern experimental techniques on the plain
components of the lead-free materials. For example, it was understood that previous
limitations of the experimental methods mis-characterized Na;/Bi;/TiO3. As it
turns out, native ground state of this material contains at least two crystallographic
phases (there are still discussions on exactly which symmetries describe them), while
one distinct phase is only possible after the material has been subjected to the electric
field [14]. Such findings are enabled by modern equipment and facilities. Precise
and accurate characterization of the lead-free solid solution’s components is crucial
in the design of more complicated systems. This example illustrates the need for
modern fundamental research of even "simple' ferroelectrics, especially important
are in situ (temperature and electric field) studies of them, which shed light on
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the internal processes at operating conditions. Control of the material’s properties
with temperature and electric field is relevant for the possible future applications
such as silicon compatible ferroelectric memories (based on the ferroelectric HfOq -
ZrOs system), neuromorphic computing, as well as the still unrealized dream of the
practical electro-caloric refrigeration devices [2, 15, 16].

Transmission electron microscopy (TEM) in combination with in situ temper-
ature and electric field control offers a platform for imaging and characterization
capabilities from microscopic to atomic scale. Versatility of modern TEM instru-
mentation permits not only imaging, but also usage of the electrons as a probe
in generating secondary signals, which enable characterization of the chemical con-
stituents, bonding and electronic structure.

In this thesis a TEM sample preparation method is developed, which is suit-
able for silicon based micro electro-mechanical (MEMS) in situ heating and biasing
systems. The viability of the method is demonstrated in probing the classical ferro-
electric BaTiO3 at different stimuli.

In detail, chapter 2 introduces the fundamental physical concepts of the ferro-
electrics followed by the specifics of BaTiO3. Additionally, contrast origins at various
TEM imaging length-scales and imaging modes is discussed. Finally, a discussion on
various in situ TEM biasing and heating methods used for ferroelectrics is given.

Chapter 3 provides information on the experimental and theoretical methods
utilized in this thesis. First, I introduce the in situ TEM heating and biasing sys-
tem used in the experiments, followed by the description of the generalized sample
preparation method and the theoretical electrostatic characterization of the system
using finite elements method. Transmission electron microscopy imaging modes and
electron-matter interactions are also discussed, with special emphasis on the electron
energy loss spectroscopy. Experimental considerations, concepts behind the spectra
formation and description of density functional theoretical methods used to calculate
electron energy loss spectra of BaTiO3 are also provided.

Chapter 4 demonstrates the viability of the in situ sample preparation method
by analyzing the temperature and field induced effects in BaTiO3. The experimental
results are discussed in combination with finite element calculations. The results
reveal that biasing of the BaTiO3 at room temperature leads to strong pinning of
the domain walls at low electric fields and weak domain wall pinning at high fields.

Chapter 5 details the results of simultaneous heating and biasing of BaTiOs3.
Heating of BaTiO3 TEM specimen introduces domain wall morphological transforma-
tion from 180° to 90° state. Biasing of 90° needle domains at non-ambient conditions
reveals a new manifestation of Barkhausen noise, which hinders polarization switch-
ing and is responsible for so called crackles. Interestingly, the mechanism involves
strong mutual domain-domain interactions.

Chapter 6 is dedicated to the electron energy loss spectroscopy of cubic and
tetragonal BaTiOj5. Differences in the core loss spectra are analyzed with simple
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point charge model describing distortions of the oxygen octahedra. Additionally,
more involved first principle calculations are used to model the spectra. Theoretically
calculated spectra are compared to the experimental ones, revealing the impact of the
density of states. Low loss electron energy loss spectroscopy is used to measure the
bandgap of cubic and tetragonal BaTiO3 and aids in retrieving the dielectric function
in wide energy range (0 - 100 eV). Custom methodologies and measurements are
developed to retrieve the dielectric function in non-optical regime (with momentum
transfer).

Chapter 7 summarizes the results achieved herein and suggests future prospects
and possibilities of the in situ TEM methods for ferroelectrics.



2 Background

This chapter introduces key physical aspects to aid the understanding of the proper-
ties of ferroelectric materials and more specifically barium titanate. A discussion on
various TEM imaging modes followed by a small review of the most relevant in situ
transmission electron microscopy (TEM) techniques for ferroelectrics is also given.

2.1 Ferroelectric state and the structural changes

A ferroelectric materials are defined by the appearance of a spontaneous dielectric
polarization Py [17]. Usually for a ferroelectric phase F there exists a "parent' phase
G with a higher symmetry, which is not ferroelectric. From the group-theoretical
stand point it can be written like this:

F CG, (1)

where group G contains symmetry elements of the non-ferroelectric (paraelectric)
"parent" phase and F' contains symmetry elements of the ferroelectric phase. There-
fore, F'is a subgroup of G' [17]. A characteristic trait of the ferroelectric group F
is the lack of inversion symmetry, which is present in the group G. Although such
notion seems subtle, it implies the possibility to use second-order phase transition to
describe the evolution between states F' and G. For a second-order phase transition
the first derivatives of the Gibbs free energy [G(T, P, E, N), where T is temperature,
P is pressure, F is electrical field and N - number of moles| are continuous, which
reduces the complexity of the analysis.

Group-theoretical description of the ferroelectric/paraelectric state and the phase
transition between them is abstract and rather general. To better illustrate the dif-
ferences between the ferroelectric and paraelectric states, it is useful to inspect the
ferroelectric materials from an atomistic point of view. The spontaneous dipole mo-
ment implies a physical separation of positive and negative charge center of masses.
In general, in solid materials this can be achieved by two distinct phase transition
mechanisms - order-disorder and displacive.



2. BACKGROUND

2.1.1 Order-disorder mechanism

Figure 2.1: Crystallographic models of NaNO, at two different tempera-
tures. (a) Ordered - ferroelectric - phase at 20 °C characterized by asymmetric NOy
units pointing in the same direction, small red arrows show dipole moment associ-
ated within each NOy unit, black arrow indicates net spontaneous polarization. (b)
Disordered - paraelectric - phase at 205 °C. Thermally activated atomic jumps be-
tween equilibria positions are depicted with semi-transparency. At this temperature
NOs units do not have preferred direction, therefore there is zero net spontaneous
polarization.

If the atoms controlling the symmetry change at the transition perform thermally
activated jumps between two or more equilibria positions, the transition is classified
as order-disorder type [17]. A prototypical material exhibiting order-disorder phase
transition to a ferroelectric state is sodium nitrite (NaNO,), Fig. 2.1 [17-19]. Ferro-
electricity in NaNQOs originates from the asymmetric NOy units due to the bent NO,
molecule. From an ionic point of view, oxygen ions are negatively charged while the
nitrogen ion is positively charged, due to the non-180° angle between O-N-O bonds,
an electric dipole moment emerges in a NOy molecule. At room temperature NOq
molecules align themselves in the crystal as seen in Fig. 2.1(a), in turn giving rise
to a macroscopic spontaneous polarization.

If the temperature is increased, the phase transition occurs at 163 °C, leading to
a high temperature paraelectric phase. Now the NO, molecules become thermally
activated and lose their preferential direction, meaning that NO, units stochasti-
cally "flip" between up and down equilibria positions as schematically shown in Fig.
2.1(b). Although each NO5 molecule retains its dipole moment, their lack of ordering
prohibits the emergence of macroscopic spontaneous polarization.

When the transition is analyzed from the symmetry considerations, the ferroelec-
tric state F' is characterized by the space group Nr. 44 (Im2m), but the paraelectric
state G with the space group Nr. 71 (Immm). Indeed, group-subgroup relation
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2.1. FERROELECTRIC STATE AND THE STRUCTURAL CHANGES

holds, as the difference betwen F' and G is the transformation from simple two-fold
rotation axis along b in a ferroelectric state to two-fold rotation axis with addition
of inversion center (a mirror plane) in the paraelectric state [17, 20]. It may seem
counter-intuitive, but the disordered paraelectric phase has higher symmetry.

—p,.q(d i — P, —p,.,(d
(a) . P (b) P (C) Puuy(@)
s 5P L s —p,0) | S —p,(d
B U<32 —py(d) gl %72 P | 7 u>3 —Py(d)
c St c
=] . =]
g £ g
% 2u, = %
E n 3 E
-1 o a
d -distance (arb. units) d - distance (arb. units) d - distance (arb. units)

Figure 2.2: Schematic representation of probability density of two atoms
separated by distance ) assuming disordered high temperature phase with
different thermal displacement parameters. (a) Thermal displacements are
small and two distinct positions o« and [ are resolved, which is characteristic of
true disordered phase. (b) Larger thermal displacements, limit-case of disordered
phase, positions a and § are almost unresolvable. (c) Large thermal displacements,
assumption of two distinct positions a and [ is not valid, this case corresponds to
displacive mechanism.

A quantitative distinction of the order-disorder and displacive mechanisms follows
from the analysis of the atomic thermal motion. When the high temperature disor-
dered phase is considered, a single atom occupies two positions (« and /) separated
by a distance ¢ in a unit cell, where atoms stochastically hop in-between the two
positions. At each position an atom experiences natural thermal motion character-
ized by temperature dependent root-mean-squared atomic displacement parameter
wii (usually measured in nm or A). The probability density p(d) of finding an atom
around its mean position is characterized with a Gaussian distribution having full
width at half maximum (FWHM) of 2u,;, Fig. 2.2(a).

If root-mean-squared displacement is smaller than half of the separation distance,
then two positions of a single atom [p,(d) and pg(d)] can be distinguished as shown
in Fig. 2.2(a). That is, if:

i < o 2
wi < s &)

then the high temperature phase is disordered and the phase transition is order-
disorder type [18, 21].

Figure 2.2(b) represents the boundary case u; = 0/2, in which case the thermal
motion is large and it is almost impossible to distinguish two distinct positions since
the total probability density of finding an atom at some point [p,+s(d)] has only a
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small dimple.

Finally, if:
4]
5 ) (3)

it is unreasonable to assume two separate atomic positions and hopping in-between

Wis >

them, as effectively there exists only a single atomic position with probability density
Da+p(d) - see Fig. 2.2(c). This case corresponds to displacive transition mechanism
since the atom has moved from one distinct position to another within the unit cell
and does not exhibit thermally activated jumps [18, 21].

2.1.2 Displacive mechanism

Traditionally, the phase transitions in BaTiOj are attributed to displacive mecha-
nism, Fig. 2.3 [17]. The spontaneous polarization in BaTiOj3 originates from anti-
parallel displacement of the oxygen atoms with respect to the central titanium atom.
Assuming an ionic model, oxygen ions have -2 charge, while barium and titanium

RT Tc = E’1 26 °C

Figure 2.3: BaTiOj; crystallographic models at room temperature (RT)
and T > T¢. RT phase is associated with titanium and oxygen atom anti-parallel
displacement along c axis giving rise to spontaneous polarization and tetragonal unit
cell. Upon temperature increase, atoms move towards high symmetry points and at
T = 126 °C phase transition to high temperature - highly symmetric cubic phase
occurs. There are no polar cubic space groups, therefore spontaneous polarization is
lost.

ions have positive charges of +2 and +4 respectively. As seen in Fig. 2.3, in room
temperature, oxygen ions are displaced anti-parallel ¢ axis, whereas titanium ions are
displaced along the ¢ axis. Therefore positive and negative charge centres of masses
do not coincide (barium ions are not considered to be ferro-active, although they also
show displacement with respect to high symmetry parent phase) giving rise to elec-
tric dipole moment within the unit cell and macroscopic spontaneous polarization.



2.1. FERROELECTRIC STATE AND THE STRUCTURAL CHANGES

An increase in temperature leads to phase transition at the Curie temperature (T¢)
to the cubic phase, in which spontaneous polarization is lost as the atoms reside in
highly symmetric positions. The space groups of tetragonal and cubic phases are
P4mm and Pm3m respectively, therefore the group-subgroup relation is fulfilled.

T - increases

Potential energy (eV)

Distance - (arb. units)

Figure 2.4: Schematic representation of the evolution of Ti potential well
with respect to the temperature increase. At T < T¢ potential well has two
minima, the distance between global minimum and high symmetry point is depicted
with A. As T increases, A decreases, at T > T¢ Ti atom oscillates around central
high symmetry point (indicated by the dashed line) and the potential well has a
single minimum.

Physically, the symmetry change at the transition is controlled by displacements of
bottoms of the potential wells, where the atoms oscillate as shown in Fig. 2.4 [17]. As
the temperature increases, the minimum of the potential well, where T1i ions reside,
moves closer to the high symmetry point. It is noted that Ti displacement at room
temperature is small: A ~ 0.07 A, however, its impact on the overall macroscopic
properties of the material is substantial.

Additionally, ferroelectric phase transitions are not reconstructive, that is bonds
between atoms do not break [17]. Here both order-disorder and displacive mecha-
nisms are represented as two distinct possibilities. However, in reality, it is probably
more correct to think of them as boundary cases of a continuous spectrum. Hence,
a real ferroelectric phase transformation falls somewhere closer to the order-disorder
or displacive region (there are also suggestions on true mixed regime). It has been
shown, that traditional order-disorder ferroelectric NaNO, has displacive component
(with respect to Na atoms) and there are still discussions whether the ferroelectricity
in classical BaTiOg3 originates from displacive, order-disorder or mixed mechanism
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[18, 22-25].

2.2 Thermodynamics of the ferroelectric phase tran-

sition

As per Landau - Ginzburg approach, an order parameter is attributed to the ferro-
electric and paraelectric phases. The order parameter in the ordered, ferroelectric
phase takes a finite value, while in the disordered, paraelectric phase it is zero [17].
Conveniently for the ferroelectrics an order parameter can have the value of the spon-
taneous polarization. To analyze the behavior of the macroscopic properties in the
vicinity of T, the differential of Gibbs free energy in such form is used:

do = .EZ dPZ — &4 daij s (4)

where I is electric field in the direction ¢, F; is the polarization, o;; and ¢;; is the
stress and strain tensors respectively. The stress-strain part will be neglected to
simplify the analysis and only the electric part will be considered. The ferroelectric
is assumed to be uni-axial, meaning that the polarization vector can point only in
two anti-parallel directions.

Expansion of the Gibbs free energy is done with respect to the order parameter
with even powers since the parent phase is non-polar:

<1>:<I>0+;aPy2+iBP;+... (5)
Expansion until the fourth power is enough to analyze the transition within second
order phase transformation framework [17] since the simplified second order phase
transition mechanism already captures the essence of the macroscopic properties with
respect to temperature and electric field in the vicinity of 7,. The parameter « is
set to be temperature dependent, as per temperature driven transition, and beta is
a positive constant:

a=ay(T-T,),
Qg > Oa (6)
8> 0.

With such assumptions, the Gibbs free energy ® at T' < T, shows two minima,
corresponding to the two equivalent spontaneous polarization directions of uni-axial
ferroelectric, while at 7" > T, the energy minimum is located at P, = 0, which
corresponds to the expected behavior from the observations of real materials.

10



2.2. THERMODYNAMICS OF THE FERROELECTRIC PHASE TRANSITION

Figure 2.5: Gibbs free energy dependence on the temperature. Red arrow
indicates the direction of increasing temperature. At T" < T, potential is double-well,
with equivalent minima corresponding to +P; and —P,. At T' > T, only one stable
minimum remains, corresponding to P, = 0.

Following from the relation:

0P
(o7,), = g

The equation of state can be obtained:
E, = ay(T —T.)P, + 3P). (8)

As the characteristic of a ferroelectric is the appearance of macroscopic polarization
without external field, E, is set to zero and the solutions are sought. For the para-
electric phase (T' > T;) only one valid solution is obtained P, = 0. However, for a
ferroelectric phase (T' < T,) two temperature dependent solutions are found:

(ao(Te = T))
B

The dielectric susceptibility (x = 0P,/0E,) also follows from the Eq. 8 and the
solutions of P, at the temperatures over and under 7. For paraelectric phase (1" <
T.) Curie-Weiss law is fulfilled [17]:

P,=+P =+ (9)

1 800

X —T) " T—-T, (10)

11
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Similarly for the ferroelectric phase (1" < T):

1

= ST =T (11)

X
Fig. 2.6(a) shows the graphical representation of the solutions, which show singular-
ity of x at the transition point and onset of spontaneous polarization Pg oc /T, — T.
Similarly P; and x curves can be obtained for the first order phase transition, if
Eq. 5 is expanded to higher power. The main differences between second order and
the first order phase transition are the loss of singularity of y at the transition and
onset of the spontaneous polarization with a jump to a finite value. Additionally the
dielectric susceptibility in the ferroelectric regime obeys slightly different relationship.
However, in the paraelectric phase, Eq. 10 is still valid, that is the Curie-Weiss law
still applies. For a graphical representation see Fig 2.6(b). Additionally, as per first
order phase transitions, ferroelectric and paraelectric phase coexistence in the near
vicinity of T, is permitted.

O ot TaT

T T

c

Figure 2.6: Dielectric susceptibility of and spontaneous polarization in the
vicinity of T.. (a) T, is marked with a thin dashed line, red curves represent dielec-
tric susceptibility and the dark grey line represents spontaneous polarization. Region
of phase coexistence is marked with grey dashed lines with respect to spontaneous
polarization. (a) Second order phase transition. (b) First order phase transition.

2.3 Ferroelectric domain structures

A fictitious, infinite, ideal ferroelectric crystal at thermodynamic equilibrium would
exhibit a single macroscopic polarization direction through-out the whole medium
(a single domain state) [26]. However, real crystals are inherently imperfect. They
have finite dimensions and a surface (arguably the largest crystal defect possible, a
termination of a crystal).

12



2.3. FERROELECTRIC DOMAIN STRUCTURES

2.3.1 Free energy minimization of a finite size ferroelectric

The finite size of a real crystal gives rise to a depolarizing field of bound charges, Fig.
2.7(a), which points in the opposite direction of the spontaneous polarization [27].
The slabs in Fig. 2.7 have finite sizes in the direction of the spontaneous polarization

BT

z
Q0000000 000 Q0 0000000000000 0000/00000 200/00000/00000O
=7\ B\

X e

w

Figure 2.7: Cross-sections of ferroelectric slabs. The slabs are infinite in the
x and y directions, but have finite size d in the z direction. Positive and negative
bound charges are depicted as red and blue circles, direction of the spontaneous
polarization is shown with the arrows within the slabs. (a) Slab is in a single domain
state, which gives rise to a strong depolarization field (depicted as dark shading
within the slab). (b) The slab is split domains with opposite polarization directions,
the domain structure is highly periodic with the domain size w, such configuration
reduces overall depolarization fields within domains.

(z). Assuming a single domain state as shown in Fig. 2.7(a), a large depolarization
field is induced in the slab, which is also associated with high electrostatic energy.
The strength of the depolarization field can be reduced if the ferroelectric slab splits
in periodic domain structure with opposite polarization in each successive domain
with width w, as seen in Fig. 2.7(b) [26, 28]. Reduction of w by half, reduces
the electrostatic energy associated with the depolarization field by half (surrounding
domains compensate each others’ depolarization field). However, this increases the
density and the total surface area of the domain walls and, hence, it increases the
associated domain wall surface energy [3, 28, 29]. Nevertheless, there must be an
equilibrium state, with optimal electrostatic and domain wall surface energy. The
domain structure seen in Fig. 2.7(b) was theoretically studied by C. Kittel in the
ferromagnetic materials and later introduced to ferroelectrics under a similar the-
oretical approach by T. Mitsui [28, 29]. It is termed 180° domain structure or c-c
domain pattern.

Quantitatively, the description of the domain wall formation follows from the
minimization of the free energy. In the most simple case only the energy of the
electrostatic depolarization field and the surface energy of the domain walls are
considered. The other influences such as elastic effects, finite width of a domain
walls, screening charges, crystalline defects and external electric field are neglected
for simplicity. The full derivation of the expressions can be found in references

13
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[28, 30]. In short, the total free energy per unit area of the slab consists of two
terms:
F= Fdep + Fyals- (12)

The term Fy.ys is propotional to the thicknees of a slab d (the thicker the slab, the
larger the area of the domain walls) and inversely proportional to the domain width
w (1/w is essentially the density of the domain walls), therefore:

d
Foans = 7—. 1
11 7w ( 3)

The parameter 7 indicates the surface energy of the domain wall (measured in J/m?).
It can be both theoretically estimated and experimentally measured and it depends
on the material, domain wall type and configuration [26, 29, 31]. The expression for
the depolarization field energy per unit area is:

8.42 P?w
7 eo(l + \/EzE,)’

where P; is the spontaneous polarization, ¢, is the absolute value of the dielectric

(14)

Fdep:

permittivity of vacuum, €, and ¢, are the relative dielectric permittivities of a ferro-
electric material in the direction of the spontaneous polarization and orthogonal to
it (the same coordinate system as in Fig. 2.7).

To better illustrate the previous formulas, it is assumed that the slab in Fig.
2.7(b) corresponds to BaTiO3 at room temperature with the values of the physical
constants taken from reference [31], that is P, = 0.25 C/m?, e, = 200, &, = 4000,
v=1-10"? J/m? d = 1 mm). The resulting curves are shown in Fig. 2.8. For such
a slab the equilibrium domain width is 2 pm. The general equilibrium width (w,,)
dependency on the other parameters follows from 0F /0w = 0.

meoy(1 + \/€2E2)
= d. 1
Wea \l 8.42P2 vd (15)

The equilibrium domain width is proportional to the square root of the slabs thick-
NeSS, Weq X V/d. This proportionality seems to be fundamental to all ferroic materials
even if more complicated expressions of the free energy are analysed [31]. Addition-
ally, it indicates that the observable domain structure is highly dependent on the
dimensions and the shape of the ferroelectric material.

2.3.2 Non-180° domain walls

The 180° (c-¢) domain structure is one possibility for the polar domains to arrange
themselves, which is quite often found in the ferroelectric materials. However, it is

14
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Figure 2.8: Free energy dependency on the width of the domains in
BaTiO3, d = 1 mm. Energy is expressed per unit area, black line represents
total free energy F', red line - free energy associated with the depolarization field
and the blue line is the free energy of the domain walls. Red, dashed vertical line
corresponds to the equilibrium domain width.

not the only domain structure possible. One of the governing factors of the domain
structure is the electrical compatibility, which follows from the Poisson equation:

Pb = -V -P. (16)

If a ferroelectric domain wall is oriented arbitrary in the material, bound charge p,
would appear on its surface. However, such situation is energetically unfavourable,
but not impossible if there are free charge carriers, which can compensate the bound
charge [17]. If there are no free charge carriers and the elastic properties are neglected,
then the domain wall electric neutrality plays a major role in the formation of the
domain pattern according to the equation:

(PSA — PSB) ‘n = 0, (17)

where Psa and Pgg are the spontaneous polarization directions in the adjacent
domains and n is the normal vector of the domain wall’s surface. The possible
domain structures are governed by the crystallographic symmetry of the ferroelectric
material’s unit cell [17]. All ferroelectric materials form 180° domain walls (the angle
represents rotation of the polarization vector across the domain wall). Materials with
hexagonal and trigonal symmetry only form 180° walls whereas materials with lower
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symmetry, tetragonal for example, already have two possibilities to form 180° and
90° domain walls. Orthorhombic symmetry permits 180°, 90°, 120° and 60° domain
walls, Fig. 2.9 [26]. Monoclinic symmetry has 24 different domain wall types and the
lowest possibility symmetry, which corresponds to the triclinic structure, gives rise to
48 different domain wall types. In the non-180° cases, polarization across the domain

180° 90° 120° 60°
T —

2 ) / N P 8 /

Figure 2.9: Geometric representation of the 180°, 90°, 120° and 60° do-
main walls. Name of the specific domain wall originates from the angle of the
polarization vector (red arrow) change in the adjacent domains, the domain wall is
depicted as a light gray plane within a cube.

wall forms a head-to-tail pattern to keep the wall electrically neutral (polarization
component along the normal of the wall is continuous) [17].

Non-180° ferroelectric domain walls are associated with the minimization of the
mechanical stress fields originating upon the transition to the ferroelectric state. As
it was already discussed, the appearance of the spontaneous polarization implies a
loss of inversion center within the unit cell and physical movement of the atomic
equilibria positions, therefore the appearance of spontaneous strain is also expected
[17].

When the transition from the paraelectric parent phase G to the ferroelectric
phase F' involves a change in the crystal system, then the transition is also ferroe-
lastic. This is the necessary and sufficient condition for the ferroelastic transition
[32]. For example, NaNO, upon transition does not change the crystal system (ferro-
electric and paraelectric phases are both orthorhombic), while BaTiO3 changes the
crystal system from cubic to tetragonal.

Tetragonal BaTiO3 at room temperature can form 180° and 90° domain walls.
180° domain walls are mechanically compatible, however 90° domain walls need local
readjustment of the unit cells [17].

The high symmetry cubic phase of BaTiOg3, Fig. 2.10(a), is characterized by a
single unit cell parameter a, while the transition to a tetragonal phase [Fig. 2.10(b)]
leads to two distinct lattice parameters a; and ¢; with ¢;/a; > 1. Changes in the
crystal system give rise to a situation where spontaneous polarization can point to
six different directions in space. When two orthogonal polarization directions come
into contact, Fig. 2.10(b), the lattice must elastically deform to accommodate such
situation. It is mechanically advantageous for the unit cells to locally "rotate” into

16



2.3. FERROELECTRIC DOMAIN STRUCTURES

(b)
(a) Cr (cy ar " 110}

(110l Cr

dc ar

N/

dc AT| —

Cr

Figure 2.10: Formation of ferroelastic 90° domain wall. (a) Parent cubic
phase, with characteristic lattice parameter a., dashed line represents [110]. direc-
tion. (b) Upon transition to a ferroelectric tetragonal phase six different spontaneous
polarization directions are possible (here two of them are shown with red arrows).
(c) Formation of 90° ferroelastic domain boundary, it is mechanically advantageous
to form the boundary along previous [110]. direction with two unit cells "rotating”
to each other by an angle ¢.

each other by an angle ¢ (clapping angle), as shown in Fig. 2.10(c). A ferroelastic
domain wall then forms along the parent phase [110]. direction [17]. It is noted that
the clapping angles are usually small. For example, tetragonality of BaTiO3 at room
temperature is ¢;/a; = 1.004. That is the distortion from the ideal cubic phase is
just 0.4 %.

Similar considerations of free energy minimization lead to the conclusion that
ferroelastic domain walls also form periodic patterns with the same relationship as
in ferroelectric case, wy, o v/d [33]. While in the ferroelectric case the energy
of the electrostatic depolarization field is reduced by forming domain walls, in the
ferroelastic case the energy associated with the spontaneous elastic stress fields is
being reduced via the formation of ferroelastic domain walls [34]. Of course, this
also implies coupling of the mechanical and electrical properties of ferroelectrics.

2.3.3 Charged domain walls

The previously described domain wall configurations are all electro-neutral (polar-
ization vectors form head-to-tail pattern), however it has been theoretically and
experimentally confirmed that the polarization across the domain wall’s normal vec-
tor can also be discontinuous [35]. Such discontinuity leads to the appearance of
bound charges on the domain wall with the surface charge density:

(PSA — PSB) 11 = Op. (18)

Usually strongly charged and weakly charged domain walls are distinguished. In
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(a) (b) (c) (d)
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Figure 2.11: Schematic drawings of charged domain walls. Red and blue
spheres represent positive and negative charges, similarly red and blue shading rep-
resent weaker positive and negative charges. (a) Strongly positively charged domain
wall. (b) Weakly positively charged domain wall. (c) Strongly negatively charged
domain wall. (d) Weakly negatively charged domain wall.

the case of strongly charged domain walls, the polarization vectors of the adjacent
domains point directly along the normal vector of the wall, Fig. 2.11(a)/(c). In this
case, the bound charge density is equal to o, = 2P; (theoretically) and the domain
wall is positively charged if the polarization vectors meet head-to-head [Fig. 2.11(a)],
and negtively charged when they meet tail-to-tail [Fig. 2.11(c)]. The polarization
vectors in the adjacent domains in weakly charged cases are pointing head-to-head
or tail-to-tail, however the domain wall is inclined, as shown in Fig. 2.11(b)/(d).
In this case, the bound charge is dependent on the angle between the normal of the
wall and the direction of the spontaneous polarization, and it is greatly reduced when
compared with strongly charged walls [35]. In many cases, strongly charged domain
walls will be stabilized by transformation into weakly charged domain walls at the
expense of the domain wall’s surface energy [27].

Charged domain walls are almost always associated with the presence of screening
free charges, which stabilize electro-statically unfavourable conditions. This creates
a unique situation, where adjacent highly insulating domains are separated by a thin
conductive domain wall [35].

2.3.4 The local structure of domain walls

From theoretical and experimental studies, it is clear that domain walls have a local
polarization structure and a finite width.

The domain wall’s thickness, in simple terms, is conceived as the width of the
region where significant departures of the spontaneous polarization from its values
deep inside the two adjacent domains occur [17] (although the definition is somewhat
vague). Additionally, the polarization change across a domain wall may be fulfilled
in several ways, giving rise to distinct domain wall types, Fig. 2.12 [36]. The the-
oretically calculated 90° domain wall thickness for BaTiO3 at room temperature is
approximatelly 5 nm. This agrees with the experimental microscopic studies, which
estimate the thickness to be between 5 - 10 nm [17].
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Figure 2.12: Some of the domain wall types. Approximate wall width is
represented with the shaded region. (a) Ising wall - polarization smoothly decreases
across both sides of the wall, at the center being zero. (b) Bloch wall - polarization
rotates in 3D space across the wall. (c) Néel wall - polarization rotates across the
wall, but it is locked in two dimensions. Image adapted by permission from Springer
Nature Customer Service Centre GmbH: Springer Nature, Nature Review Physics,
from ref. [36], Copyright (2021).

2.4 Polarization switching

Hysteresis (memory effect of the material’s previous state) is a characteristic of ferroic
materials. For the ferroelectrics, as demonstrated by Joseph Valasek in 1921, it
concerns polarization - electric (P - E) field hysteresis loops [1]. Hysteresis in the
ferroelectrics is closely related to the previously discussed domain structure. When
the major part of a sample changes its domain state, a switching process takes place,
which is characterised by a hysteresis loop, Fig. 2.13 [17, 37].

Ferroelectrics in their native, non-poled state form domain patterns, where con-
tributions from each domain’s polarization cancel each other out, therefore their
macroscopic polarization is zero (Fig. 2.13 point A). Application of external electric
field induces domain wall movement, domain growth and coalescence. Domains with
polarization in the direction of the electric field grow, while the ones with opposite
polarization direction shrink. In a single crystal, a ferroelectric state similar to the
one shown in Fig. 2.13 point B can be achieved and they can exhibit a single domain
state. Point B is characterized by a saturation polarization Pp.x. Decrease of the
electric field brings the loop to point C, where the electric field is zero, however the
crystal is now poled, which is characterized with a remnant polarization Prep,. Only
when sufficient electric field is applied, polarization decreases to zero and point D is
characterized by the coercive field E.. Further, more "negative" electric field appli-
cation would induce a similar state as in point B, but with the opposite direction of
polarization. Of course, on the positive side of the loop, the magnitude of the E. is
the same, but the sign is opposite.

The coercive field E is the minimal field necessary to induce a poled state (albeit,
if E g E. the crystal may not be fully poled). Ppax is slightly larger than Prem
due to the conventional dielectric response of the material P = yeoE, where x is
the electric susceptibility of the material. Additionally, at high fields the non-linear
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Figure 2.13: Schematic of a P-E loop of a ferroelectrc single crystal. Re-
lationship of P - E is inherently non-linear in ferroelectrics, direction of the applied
electric field is indicated with blue arrow, red arrows represent the direction of spon-
taneous polarization in the domains. Several relevant points of the loop are marked.
A - polarization of a ferroelectric prior the application of the electric field is macro-
scopically zero, such state is associated with dense domain structure, where the
polarization of the domains cancel each other out. B - application of sufficiently
large field in the direction of the spontaneous polarization, single domain state can
be achieved, characterised by Pax. C - although the electric field is reduced to zero
the crystal retains polarization state with the value Prem. D - application of the
electric field in the opposite direction (negative side of the loop), leads to a situa-
tion, where polarization is zero with applied electric field E. - coercive field.

relationship between polarization and electric field may play a role. The spontaneous
polarization from the polarization loop (if it is saturated, the branches of the loop
will merge before the tip of the loop) of a single crystal can be estimated by the
intersection of the tangent taken at the tip of the loop with the axis at E = 0. For
example BaTiO3 at room temperature along the ¢ axis has Py &~ Ppax ~ Prem-
The area encapsulated by the loop is equal to the energy required to fully switch the
polarization twice.

Hysteresis loops can be approached also from a macroscopic, thermodynamic
point of view by plotting P — E relationship from Eq. 8 at T' < T, T = T, and
T > T, as shown in Fig. 2.14. In the case of T' = T, and T" > T, the response
corresponds to paraelectric material. However, in the case of T' < T, at £ = 0, the
polarization has non-zero value and therefore the response is indeed ferroelectric.
Dashed lines correspond to the critical field or thermodynamic coercive field, which
can be calculated via dE, /dP, = 0 from Eq. 8. At £F,, the unfavorable polarization
state loses its stability and the switching to the opposite state is inevitable, therefore
P values in the interval enclosed by —FE. and E, actually cannot be reached [17].
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Figure 2.14: P — E response around 7, if second order phase transition is
assumed. Blue line corresponds to classical paraelectric response at T" > T, red
curve is set at T" = T, increase in the polarization with respect to electric field is
seen. Dark grey line corresponds to ferroelectric state T < T, dashed lines show
thermodynamic coercive field.

2.5 Barium titanate

Barium titanate is a prototypical ferroelectric material. It is tetragonal and ferroelec-
tric at room temperature and heating to ~ 126 °C induces a phase transition to the
paraelectric cubic phase. It has overall four different phases, three of them are ferro-
electric. It is noted that there is an additional hexagonal phase, but it is not relevant
for the ferroelectric phase transitions, as the transformation is reconstructive [38].
The lower symmetry phases can be accessed by cooling the material bellow 0 °C. Its
ferroelectric properties, its rich phase diagram, the rigidness of the oxide structure
and the convenient phase transition temperatures have always attracted researchers
to BaTiOj3 for fundamental studies of ferroelectrics and phase transitions.
Crystallographic models of the perovskite BaTiO3 and their respective tempera-
ture intervals are shown in Fig. 2.15. The structural parameters are taken from Ref.
[39]. In all cases, except orthorhombic Amm?2, unit cell axis directions coincide with
the cubic, parent phase’s one (considering that the rhombohedral angle for R3m is
just ~ 89.5° &~ 90°, such approximation is valid). Also the magnitude of the unit
cell parameters is ~ 4 A. However, in the case of Amm2 at T = —83 °C, the lattice
parameters are a = 3.9828 A, b = 5.6745 A and ¢ = 5.6946 A and the unit cell
(black thin line in Fig. 2.15 Amm2 case) is 45° rotated with respect to the cubic
phase’s lattice basis vectors. For easier comparison with the other BaTiO3 phases,
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Figure 2.15: Crystallographic models of BaTiO3 phases. High temperature,
parent phase of BaTiOj is cubic, it is stable starting from 126 °C. Tetragonal phase
(space group P4mm is stable between 0 - 126 °C, polarization points along [001]
direction with respect to cubic phase. Orthorhombic phase (space group Amm2)
of BaTiOj is stable between -90 to 0 °C, polarization points along [011] direction
with respect to parent cubic phase. Ground state of BaTiOjz is rhombohedral (space
group R3m), it is stable bellow -90 °C, there are no indications of lower symmetry
phases at low temperatures.

the orthorhombic lattice parameters are recalculated with respect to pseudocubic
unit cell, marked with thin red line in Fig. 2.15 for the Amm2 case. As it turns out,
pseudocubic unit cell fragment in Amm2 can be considered to be monoclinic. The
relations to the orthorhombic lattice parameters are as follows [39]:

a = G, (19)
b = 2¢p, sin(a/2), (20)
¢ = 2¢, cos(a/2). (21)

The subscript m denotes the monoclinic parameter and « is the monoclinic angle.
This side note is important in understanding the reason that when the orthorhombic
parameters of BaTiOg3 are reported, only two lattice parameters are shown as seen
in Fig. 2.16(a) or even some non-90° angle is shown for the orthorhombic case as
seen in Fig 2.16(b), which actually is the angle a.

The lattice parameters shown in Fig. 2.16(a) reveal hysteresis with respect to
the temperature. That is, the phase transition temperature shows different values
whether it is approached from the high temperature phase or lower temperature
phase. At the phase transitions clear discontinuities in the unit cell volume [Fig
2.16(a)] and overall in the lattice parameters [Fig 2.16(b)] are seen, which is charac-
teristic of first order phase transitions.
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Figure 2.16: Unit cell parameters of BaTiO3 as a function of tempera-
ture. (a) Unit cell parameters for all phases, crosses represent cubic root of the unit
cell’s volume V/? reproduced by permission of Taylor & Francis from the ref. [40].
(b) Unit cell parameters and the angle a of the polar phases only, Reprinted with
permission from ref. [39]. Copyright (2021) American Chemical Society.

The drastic changes in the structure are also reflected in the dielectric properties
of BaTiO3. First, the appearance of the spontaneous polarization is signified by
the steep Py onset in Fig. 2.17(a) around ~ 120 °C. The form of the polarization
onset highly resembles the theoretically calculated one for the first order transition, as
shown in Fig. 2.6. At lower temperatures similarly as with the structural parameters,
thermal hysteresis is detected around the phase transition regions, Fig 2.17(a)/(b). It
is noted that the values reported in Fig. 2.17(a) are systematically underestimated.
Despite this, a distinct transition from paraelectric to ferroelectric state is visible
and the room temperature value of polarization P, ~ 25 pC/cm? reported in Fig.
2.17(b) is widely accepted for BaTiO3 [10, 17, 41].

The relative dielectric constant of BaTiOj3 is high across the whole temperature
interval and it is anisotropic with respect to the crystal orientation (Fig. 2.18). The
phase transition regions are signified with the characteristic jumps in the dielectric
constant. It follows from:

P = ¢oxE, (22)
oP
e =x+1 (24)

In the vicinity of the phase transition, the spontaneous polarization jumps AP are
large. If one considers E in the proportionality of Eq. 23 to be small measurement
field, then large AP is reflected as a sudden large jump in the x and e,., the dielectric
susceptibility and relative dielectric constant respectively.

Also the form of the dielectric constant dependence in the vicinity of T, ~ 120
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Figure 2.17: Spontaneous polarization of BaTiO3z as a function of tem-
perature. (a) Reprinted figure with permission from [10] Copyright (2021) by the
American Physical Society. (b) Reprinted figure with permission from [41]. Copy-
right (2021) by the American Physical Society.

°C resembles the theoretical one for the first order phase transition following De-
vonshire’s theory Theory of Barium Titanate, as shown in Fig. 2.6. Devonshire’s
approach can be thought as an extension of Landau-Ginzburg approach, which
only deals with the macroscopic properties of a feroelectric around the paraelectric-
ferroelectric transition. Sometimes it is called Landau-Ginzburg-Devevonshire the-
ory, although it seems that Devonshire created it independently from Landau and
Ginzburg. Devonshire’s theory successfully shows (Fig. 2.19) and analyses macro-
scopic properties of BaTiO3 across the full temperature range [42—44].

To switch the tetragonal BaTiO3 at room temperature, moderate electric fields
of E. = 0.5 kV/cm? are needed. Additionally, Py is 24 1C/cm? in the particular ex-
periment [45]. Optical imaging of switching process in BaTiOj3 involving 90° domain
walls as shown in Fig. 2.20, shows similar domain behavior as discussed with the
schematic in Fig. 2.13.
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Figure 2.20: P-E loops of BaTiOj; single crystals. (a) Loop of a pure BaTiOj
containing only 180° domain walls switched along ¢ axis in room temperature, Im-
age adapted by permission from Springer Nature Customer Service Centre GmbH:
Springer Nature, Nature Review Physics, from ref. [45], Copyright (2021). (b)
Slightly doped (0.3 mol % Mn doping with respect to Ti) BaTiOj3 single crystal con-
taining 90° domain walls, loop and optical images of the crystal at relevant points.
Reprinted figure with permission from [46]. Copyright (2021) by the American Phys-
ical Society.

2.6 In situ TEM methods for ferroelectrics

As established before, the two main stimuli influencing a ferroelectric material are
temperature and electric field. Usually these two stimuli are combined with experi-
mental methods to study relationships relevant for ferroelectrics.

Temperature and electric field control coupled with electron microscopy tech-
niques allows to study atomic and microscopic (domain) structure directly at rel-
evant conditions. Additionally, secondary signals originating from electron-matter
interactions can be used to retrieve information on the local chemical composition
and electronic structure.

2.6.1 Contrast origins in TEM of ferroelectrics

To better understand the changes observed in the in situ experiments, the origins of
TEM contrast associated with ferroelectrics are first discussed. Except for conven-
tional mass-thickness contrast (denser and/or thicker parts absorb more electrons
as compared to "lighter" and/or thinner parts), the ferroelectric materials also show
specific contrast associated with diffraction [47]. As the ferroelectric splits in do-
mains, regions with different crystallographic orientations appear in the material.
Electrons passing through the crystal diffract in them, however the distortion from
the "parent" high-symmetry phase is small and the formed diffraction pattern is in
close resemblance of the parent phase.
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Figure 2.21: Examples of various contrast origins in TEM of ferroelec-
tric materials. (a) TEM bright field micrograph of PZT ceramics showing a
herringbone-like ferroelectric domain configuration, viewed along [011] (see larger in-
set). The 400 reflection is enlarged to show the splitting of the spots (smaller inset).
Republished with permission of IOP Publishing Ltd, from [48]; permission conveyed
through Copyright Clearance Center, Inc. (b) HR-TEM micrograph of a 90° ferro-
electric domain wall in PbTiOj crystal, taken on a [010] zone axis, reproduced from
ref. [49] by permission of Ozford University Press. (c) Top, Cross-sectional dark-
field TEM image revealing the domain patterns of a 5 nm thick (001) BiFeOj film
grown on a (110) ThScOj3 substrate. Middle, a schematic of the observed domain
pattern. Bottom, Z-contrast STEM image of the rectangular highlighted part in the
top image. Arrows indicate Fe displacement with respect to the center of unit cell
formed by Bi atoms. Adapted with permission from [50]. Copyright 2021 American
Chemical Society. (d) Phase and (e) amplitude images of a BaTiO3 nano-cubes be-
low the Curie temperature. In (d) the phase image is color scaled to emphasize the
change of phase, inset shows displays a low-magnification image of the nano-cubes
under inspection marked by a dashed circle. The plots shown underneath are corre-
sponding phase and amplitude profiles along scan lines "i" and "ii". Reprinted figure
with permission from [51]. Copyright (2021) by the American Physical Society.

27



2. BACKGROUND

Still, if electron diffraction pattern is acquired from a large enough region, splitting
in the "parent" phase diffraction spots conveying distorted structure can be observed
[see the small inset in Fig 2.21(a)]. Under the bright field imaging conditions (im-
age formed by the directly transmitted electron beam and some diffracted beams,
depending on the size of the aperture used), Fig. 2.21(a), domain walls (i.e. twin
boundaries) can be probed [47].

Fig 2.21(a) (ceramic sample of PZT) also shows contrast differences in the bulk
part of the domains (some are brighter, some are darker) and not only on the domain
walls. This is associated with the breakage of Friedel’s law in polar materials, i.e.
diffraction spots in the direction of spontaneous polarization are brighter than in its
opposite (hkl # hkl) [47]. This contrast originates due to the strong dynamic scat-
tering of electrons in matter. The effect can be used to image domains containing
polarization in certain hkl direction. The top part of Fig 2.21 (thin film of BiFeO3)
shows dark-field TEM image, which is formed by selecting a specific diffracted beam
using an aperture. The domains containing polarization in that particular direc-
tion are considerably brighter when compared to other domains [for comparison use
domain orientation schematic seen in Fig. 2.21(c)].

Underneath the schematic in Fig. 2.21(c), a high angle annular dark field scanning
transmission electron microscopy (HAADF-STEM) image is appended. The image
is formed by incoherent electron scattering on the nuclei of the matter. Bright parts
correspond to atomic columns and brightness of the column is associated with the
atomic number Z (the theoretical intensity on an atomic column is proportional
to Z* [47]). HAADF-STEM allows direct interpretation of high resolution images,
which is demonstrated in 2.21(c). The arrows represent Fe atom displacement within
individual unit cells, revealing local polar ordering and nano-domains within the thin
film.

Figure 2.21(b) is a high resolution transmission electron microscopy (HR-TEM)
image of a 90° domain wall in PbTiO3 crystal. It shows similar features as seen in Fig.
2.21(c). However, the image formation mechanism and the interpretation is different.
In HR-TEM, the image is formed by interference of transmitted and diffracted beams.
It is essentially an interference pattern of the transmitted and diffracted electrons
on the periodic lattice potential. In many cases HR-TEM analysis require rigorous
image simulation and very thin specimens for quantitative interpretation [47].

Figure 2.21(d - e) depicts BaTiO3 nano-cubes probed with electron holography.
In short, as the electron wave is traveling through the medium, it experiences the
electrostatic potential of the atoms, in turn this potential induces phase phase shift
of the wave. Similarly, electron beam traveling through the ferroelectric medium
experiences local potential due to the spontaneous polarization. Relative phase dif-
ference between the beams traveling through vacuum and medium can be measured
with electron holography. The projected electric field due to the ferroelectric fields
is proportional to the negative gradient of the phase shift (Eppo; ~ —V¢), where
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Epro; is the electric field integrated along the thickness of the sample and ¢ is the
electron wave phase shift) [51, 52] . Electron wave phase map of such measurements
are shown in Fig. 2.21(d), while Fig. 2.21(e) depicts the amplitude of the interfering
beams (essentially it corresponds to pure bright field image). It can be shown that
the electron wave phase shift upon traveling through polar medium strongly influ-
ences the diffracted beams and is the main contribution in breaking the Friedel’s law
[52].

2.6.2 Furnace type heating

L] junn

500 nm

500 nm

Figure 2.22: Domain structure evolution in 0.885(Bi;/2Na;/2)TiO3 —
0.05(Bi1/2K1/2)T103 - 0.015(B11/2L11/2)Ti03 - 0.05B8T103 complex ce-
ramics wtih respect to temperature increase. Loss of long range order is
indicated by gradual disappearance of the macroscopic domains. White and black
lines show (101) and (011) domain walls. Images acquired in bright field TEM mode.
Reproduced from the ref. [53] by respecting Creative Commons Attribution License.

Specimen heating inside electron microscopes is a well established technique. The
first reports on using heating within the microscope dates back to 1960 [54]. The
furnace-type holder contains tantalum wire through which current is passed inducing
Joule heating. The use of tantalum allows to achieve ~ 1200 °C in situ due to its
high melting temperature [55]. The surroundings of the furnace are usually cooled
to prevent unnecessary heating of the components within the microscope and the
holder [55].

The main advantages of the furnace-type system is the capability to hold stan-
dard microscopy sample grids, therefore no specialized sample preparation is needed.
However, there are several disadvantages of this system. High resolution imaging may
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be hindered due to the furnace’s large thermal mass, which gives rise to temperature
instability (~ 0.1 °C/min), which in turn prompts movement at nano/micro scale
[54]. To mitigate the thermal drift, stabilization at wanted temperature is sometimes
needed for one to two hours [55]. Although furnace-type electron microscopy heating
holders are difficult to use for high resolution imaging, they are convenient for the
domain structure observation as shown in Fig. 2.22, where gradual increase of the
temperature destroys macroscopic domain structure and leaves only polar regions
with the size of ~ 30 nm (not shown here) [53].

2.6.3 Electrical biasing of mechanically polished samples

Figure 2.23: Bright-field TEM images showing the electric field-induced
fracture in a 0.65Pb(Mg;/3Nby,3)O3 — 0.35PbTiO;3 single crystal with
tetragonal structure. (a) The preexisting crack and the regular 90° domain stripes.
The in-plane (001) direction is indicated by the bright arrow. The domain wall is
parallel to the (101) plane. (b) Crack growth after the first application of a static
field of 20 kV /ecm. The field was applied along the (001) direction. (c¢) Crack growth
after the second application of the same field. Adapted by permission from Springer
Nature Customer Service Centre GmbH, Journal of Materials Research. [56]. Copy-
right (2021).

Traditionally, biasing experiments were performed on TEM holders that could
accommodate mechanically polished samples connected with electrodes far away from
the area of interest, which could be contacted in several ways (wire bonding, silver
paste, etc.) [56-58]. A thin disk of a ferroelectric material is first coated with gold in a
shape of half circles. Then the disk is mechanically polished until perforation appears
in the center and the final polishing is done with an Ar™ ion beam, which expands the
central hole and removes mechanically damaged layers [56]. The finished specimen
is loaded in a holder, which has electrical contacts and wires leading to a power
supply. The sample disk is wire-bonded to the electrical contacts of the specimen
holder. The main advantages of this method are that excellent TEM sample quality
can be achieved and reliable electrical contact between the dielectric material and
conductive layer is established. However, the resulting electric field in a mechanically
polished sample cannot be uniform and it is also difficult to control the geometry
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of the region of interest with respect to the direction of the electric field [57, 59].
Example images of this method are shown in Fig. 2.23. Interestingly, these images
may reveal another disadvantage of a mechanical disk polishing method, as not only
domain structure is modified with the field, but cracks propagate from the edge
of the perforation. Such behavior has previously been reported where this sample
preparation method was used [56, 58]. Undeniably, this may also be associated with
the material properties.

2.6.4 Probe based electrical biasing

Electrode

Figure 2.24: Probe based electrical biasing approach. (a) Schematic of
the formation of a downward polarized (Ppog.y)) region within an upward polar-
ized (Pjooy) film cross-section by the application of a local electric field via a sur-
face probe. Adapted by permission from Springer Nature Customer Service Cen-
tre GmbH, Springer Nature, Nature Communications. [60]. Copyright (2021). (b)
Schematic of a TEM specimen holder with nano-contacting probe, arrow denoting
micro-fabricated chip’s ferroelectric sample position. Reproduced from the ref. [54]
by respecting Creative Commons Attribution License.

The probe based technique is also used for biasing ferroelectric structures in the
TEM. It offers better control of the electric field as compared to the mechanical pol-
ishing method. In this case highly specialized TEM specimen holders are necessary.
The holders contain a sharp metallic probe driven by piezo motors (similarly as in
scanning tunnelling microscopy) as schematically shown in Fig. 2.24(b). Addition-
ally, the specimen must contain at least one counter-electrode layer [depicted in the
Fig. 2.24(a)]. The probe is pressed directly on the surface of a ferroelectric sample
and bias voltage is applied [Fig. 2.24(a)]. The achievable results of this approach are
shown in Fig. 2.25. Indeed, highly local switching can be induced in a ferroelectric,
which allows further analysis at atomic scale.
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The drawback of this biasing method is that it creates highly inhomogeneous
local electric field, which could hinder interpretation of the results. Additionally,
ferroelectrics are highly responsive to the applied external stress and pressing of a
needle to a surface easily modifies the domain structure as shown in Ref. [61]. These
issues can be mitigated by sandwiching the ferroelectric between conductive layers
and pressing the probe on the conductor far away from the region of observation [62].
Nevertheless, such configuration is viable for thin films [63], but not for samples with
larger areas such as single crystals or ceramics. Restrictions imposed on the sample
geometry with the addition of conductive layers can influence the inherent switching
properties of the ferroelectrics through interfacial effects.

-

2,034

Figure 2.25: Electrical biasing of PZT thin film with the probe based
method. (a) The PZT film undergoes cyclic switching using an 18 V peak-to-
peak triangle wave. Domain nucleation with negative applied voltage. Contour plots
depict domain size at given time intervals, scale bar is 100 nm. (b) Domain structure
after switching event (no field applied), scale bar is 100 nm. (c) Analysis of a 180°
domain wall showing Ti atoms shift downward in the nucleated domain and upward
shifts in the parent domain, scale bar is 1 nm. Adapted by permission from Springer
Nature Customer Service Centre GmbH, Springer Nature, Nature Communications.

[60).

2.6.5 Methods based on silicon micro-technology

Recent advances in TEM holder instrumentation enabled microelectromechanical
(MEMS) Si-based chips with patterned electrodes deposited on silicon nitride mem-
branes to be used for heating and biasing experiments.

Figure 2.26 depicts a MEMS based in situ heating/biasing system. The metallic
spiral acts as a heater and resistive thermometer and it is suspended on a comparably
large nitride membrane, Fig. 2.26(b). Therefore, it drastically reduces thermal mass
effects, which is the main drawback of the furnace-type heating systems. Small
thermal mass enables easier high-resolution measurements, low thermal drift and
precise thermal control [54]. Addition of several electrical lines for sample biasing is
possible.

Procedures to load a sample on a chip ranges from simple drop-casting to focused
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Figure 2.26: MEMS based in situ TEM heating system. (a) The tip of a
TEM specimen holder containing contacts, MEMS chip is being held by tweezers,
green, shiny layer on the chip is silicon nitride coating, backside of a chip is shown,
a small hole is seen in the chip - a place of suspended silicon nitride membrane.
(b) Front side of a chip, green square marks suspended silicon nitride membrane, x-
shaped cross feature marks four electrodes used to pass current through the central
heating spiral and also measure potential drop across it. Four electrodes connect-
ing the green marked region in the horizontal way are electrodes used for biasing.
(c) Magnified heating spiral, small holes are electron transparent windows, where a
sample can be deposited. (d) Magnified image of the electron transparent windows.
Reproduced by permission of Cambridge University Press from ref. [64].

ion beam milling [64]. If only heating is needed, then sample preparation methods
can follow Refs. [64, 65]. However, preparation of a sample for electrical biasing of a
ferroelectric is a more complex endeavor, which requires specialized and careful steps.
Similar MEMS-based system as well as specimen preparation for ferroelectric biasing
experiments that were used in this thesis will be discussed in the next chapter.
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Methods used within this thesis are described in this chapter. First, the in situ
heating and biasing system and the focused ion beam (FIB) procedure of preparing
samples are detailed. Further description of the finite element calculations of the
electric field of the biasing device are given. Followed by details of transmission
electron microscope working principles. Finally, electron energy loss spectroscopy
(EELS) is described along with the density functional theory calculations of the
spectra.

3.1 In situ heating and biasing system

The TEM heating and biasing specimen holder is shown in Fig. 3.1(a). The holder
has the capability to tilt the MEMS chip (/5 tilt) inserted in the carriage [Fig. 3.1(b)],
which is important for the alignment of the crystal axis with respect to incident elec-
tron beam. The temperature control is achieved via external power-supply, which
has a convenient computer interface control. The chips used in the study contain
six electrical lines as shown in Fig. 3.1(c). Four electric lines are used to power (ap-
ply potential) and measure the resistance of the metallic spiral heater/temperature
sensor. The temperature is determined using the Calendar-Van Dusen equation [66]:

R(T) = R(0)(1 + AT + BT?), (25)

where R(0) is the resistance of a platinum thermometer at 0 °C and 7' is the temper-
ature in °C. The constants A and B are determined experimentally at 0 °C and 100
°C respectively. In practice, B is extrapolated from the resistance measurement at
room temperature just before the experiment. Four point probe measurements allow
to determine the exact resistance of the heating loop, ensuring precise temperature
control. Proportional-integral-derivative (PID) loop is used to control the applied
potential to the thermometer /heating spiral. The potential applied to the heating
spiral can be adjusted three times per second with a resolution of up to 12 pV. The
maximum attainable temperature is 800 °C (specialized MEMS chips are available
with maximal achievable temperature of 1300 °C).
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Figure 3.1: In situ TEM double tilting heating and biasing system. (a)
Image of the TEM holder, one wire at the left hand side is used for the application
of the temperature and electrical bias stimuli, the other is used to control tilt angle
of the MEMS chip carriage (so called g tilt). (b) Magnified image of the tip region
of the holder, blue box corresponds to the chip carriage. The holder has six pins
available to deliver stimuli to the sample. (¢) Optical microscope image of the chip,
the pins are firmly pressed against large pads, the chip is fixed in the carriage with
a locking screw (black circular region on the bottom part), the chip in use has six
electrodes, four are used for the temperature control, the other two outer electrodes
(silver color) are used to apply electrical bias), red box corresponds to the heating
spiral region located on the suspended silicon-nitride membrane. (d) Heating spiral
region, the tiny dark area in the center is a very thin (~ 20 nm) silicon nitride
window, which is the optimal place for the specimen

The relative temperature stability is specified to be better than 0.3 °C with a
temperature accuracy better than 10 %. The heating spiral and bias electrode lines,
Fig. 3.1(d), are suspended on a thin (~ 50 - 100 nm) silicon-nitride membrane
ensuring very low thermal mass and fast temperature set time (under 5 s for a
temperature change of 300 °C). Low thermal mass radically reduces thermal drift as
compared to furnace-type holders. For a MEMS system it is less than 1 nm/min at
800 °C.

For the bias control an external power supply [Keithley 2450 source meter unit
(SMU)] is used with a maximal power output of 20 W and maximal voltage output
of £210 V at I < 100 mA range. The applied electrical bias can be either manually
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controlled or the control can be achieved via software by generating voltage wave-
shapes via Keithley’s native scripting language (Keithley Test Script Builder). The
custom made script used herein is shown in Appendix A. At relevant voltage ranges
for ferroelectric electrical biasing applications (20 V), the accuracy is 0.015 % + 2.4
mV.

3.2 Focused ion beam sample preparation

For a successful in situ TEM electrical biasing experiment of a ferroelectric material
strict requirements for the sample geometry mounted on the MEMS chip are im-
posed. The sample should not have any conductive channels, otherwise the applied
voltage bias would drop across it, therefore creating a short circuit. In this case,
consequences usually involve direct Joule heating of the lamella and complete fail-
ure of the experiment. Similarly, the MEMS chip should not allow for short circuit
in-between the bias lines.

SEM column
FE-Gun —'
LLYi]

Double Condenser

FIB column

o
2 Inlens EsB
2 detector
5 Filter Grid &
- )
P Inlens SE detector \ 4 >\\\ - Ga-Reservoir
N "\ Suppressor
\ . . Extractor
oot . \_\_ ‘-Condenser
Objective \ N . . :
) . Differential Pumping Aperture
& N Beam Defining Apertures
& Blanker Plates
ol T Octopoles
Specimen / h Objective

Nano-manipulator
Gas Injection System

Figure 3.2: SEM-FIB system’s construction. Electron optical column is ver-
tical, ion optical column is tilted at 54° angle with respect to the electron optics.
Reproduced from the Zeiss website [67].

For preparing the samples in this thesis, the Zeiss NVision 40 CrossBeam sys-
tem (see Fig. 3.2) was used. In this system, electrons for the scanning electron
microscope (SEM) column are electric field emitted (FE) and the microscope can be
operated between 0.1 - 30 kV accelerating voltage. Three detectors are routinely used
for imaging: a conventional Everhart-Thornley secondary electron detector (SE), an
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in-lens SE detector and an in-lens energy selective backscattered (EsB) electron de-
tector. The specimen is mounted on a stage, which can be tilted and rotated. The
achievable resolution at 20 kV is 1.1 nm and at 1 kV 2.5 nm.

The ion column uses a liquid Ga source, which can be operated between 1 - 30
kV. The achievable resolution at 30 kV accelerating voltage is 4 nm. The current of
the ion beam (from 1 pA to 45 nA) is managed via beam defining apertures and the
conventional SE and in-lens SE detectors are used to form an ion beam image.

The gas injection system (GIS) is used to pass gases inside the column. Tt is
essentially a tube connected with a reservoir that has gas precursors, which moves
close to the working surface of the ion beam. During specimen preparation, it is
used to form protective layers and to solder. The GIS injects the precursor gas of
the preferred material and the gas interaction with the ion beam breaks the precursor
molecules and deposits a layer of the material. Usually carbon or platinum layers
are deposited during TEM specimen preparation.

Figure 3.3: Triangular sample stage for a MEMS chip. (a) Overview of the
stage. (b) Side view of the stage, the stage has 52° angle.

A nano-manipulator (manufactured by Kleindiek Nanotechnik) is used to control a
tungsten needle, which is utilized for the lift-out of the prepared lamella.

Prior to any focused ion beam operations, the ferroelectric material and the
MEMS chip are coated with an electrically conducting carbon layer outside the mi-
croscope to avoid charging effects. For this purpose Cressington 108 series carbon
coater is used. BaTiOj single crystal samples were coated with 30 nm layer while
the MEMS chip was coated with ~ 7 - 8 nm since it needs to be removed by plasma
cleaning before the in situ biasing experiment.

The chip is mounted on a specialized "triangular" stage with metal clips pressing
against it, Fig. 3.3. The stage is angled slightly differently (52°) than the ion beam
column (54°) in the particular microscope. The MEMS chip must be slightly modified
before the lamella is mounted on it, Fig. 3.4. By trial and error it was found, that the
hole in the silicon nitride membrane is too small for successful biasing experiments,
therefore a simple cutting operation is done with FIB. The lamella mounting and
polishing procedures create residues, which tend to deposit around the lamella. The
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original hole is not long enough and the residues easily form a short circuit on the
chip. The extension of the hole allows for the residues to fall through.

Figure 3.4: Extension of a hole of a MEMS chip. (a) Original hole as chip
comes with is 23 pm in height. (b) The hole is extended to be 100 pm in length, inset
shows schematic of the triangular stage with MEMS chip on it during this cutting
operation.

3.2.1 Preparation of MEMS biasing device

The preparation of a MEMS biasing device involves non-conventional manipulations
in the FIB. The schematics of the process flow in the tables 1 and 2 are not to-scale,
however, they are made in such way that they preserve the angles observed during
the real preparation process.

The start of the procedure is conventional electron and ion deposition of protective
layers on the bulk of a material, steps one and two in the table 1. The width of the
lamella is dictated by the bias line distance on a chip which is about 20 pm. The
deposition width is chosen slightly larger, as during lamella transfer some parts of
the lamella are cut off.

In the step three the depth of the cut is chosen so the final lamella would be ~ 7
- 8 nm large. At step four the so-called undercut is made, which can be seen in the
step five SEM image. It is important to take out lamella of the crystal at 54° stage
tilt angle to successfully mount it on the MEMS chip.
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Table 1: Process flow of lamella mounting on a chip.

Schematics/images Step description

1. Deposition of protective layer
e with electrons. GIS is in, carbon or
@} platinum deposition (blue thin layer in the
schematic), stage tilt is 0°, target thickness
D ~ 100 - 200 nm, target width and height
is 21 pm and ~ 2 pm, 5 kV accelerating

voltage.

2. Deposition of protective layer
with ion beam. GIS in, carbon or plat-
inum deposition (thick blue layer in the
schematic), stage tilt is 54°, target thick-
ness ~ 1.5 pm, target width is 21 pm,
height - ~ 2 pm, ion beam parameters -
30 kV, 150 pA.

3. Etching of the trenches. Stage tilt is
54°. Trench height is ~ 13 pm. Ion beam
parameters - 30 kV, 27 nA for rough cut-
ting followed by 13, 6.5 and 0.7 nA, when
approaching the final width of lamella (~

1 pm).
y 4. Creati f th d t incision.
G>\ rga %onoo e un. ercu lIlClSl(?Il
> Stage tilt is 9°, undercut is performed with
ﬂ ion beam parameters - 30 kV, 1.5 nA in

/ deposition mode (all cutting region is ex-
posed at the same time).

5. Soldering the needle to the
lamella. Needle is in, GIS is in, carbon
or platinum deposition. Stage tilt is 54°,

ion beam parameters - 30 kV, 10 pA.

6. Lamella removal and stage switch.
Stage tilt is still 54°. Lamella is removed
with the needle by carefully moving it out
of the bulk of the material. Stage is then
switched to the specialized triangular chip
holding one.
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Table 2: Process flow of lamella mounting on a chip (continued).

Schematics/images Step description

7. Lamella docking on a chip. Needle
is in, GIS is in, conductive platinum de-
position. Chip is located on the triangular
holder, stage tilt is 24°, angle between cen-
tral line of the lamella and the chip is 8°,
however the sides of the lamella ar not par-
allel, the actual contact angle is estimated
to be ~ 9°. Platinum deposition is made
in such way that it fills the void under-
neath the lamella (yellow layer), ion beam
parameters - 30 kV, 40 pA.

8. Front side platinum deposition.

Stage tilt is 0°, GIS is in. Stage is ro-

tated, so the lamella faces ion column di-

rectly, the sides of the lamella are found in

such way, that the central part of it is not

& exposed to the ion beam. Platinum elec-
trodes are deposited on the face of lamella
(yellow layer) and contacted to the bias
lines on the chip, ion beam parameters -
30 kV, 40 pA.

During step six, while the lamella is still on the needle, the stage is switched to
the triangular one (see Fig. 3.3), which contains the already modified MEMS chip.
Step seven shows the geometry within the SEM-FIB chamber during the lamella
mounting on the chip. The lamella does not lay flat on the chip but on an angle.
This landing angle (in degrees) for the general case can be calculated from simple
geometry considerations:

alanding = (900 - acolumn) - (astage - atilt)- (26)

The angles used in Eq. 26 are shown in Fig. 3.5. While acorymn = 94° and agqge =
52° are fixed by the geometry of the system and the stage in use, ay;;; can be adjusted
freely.

Two considerations for the ay;;; are taken into account. The first is associated
with the safe operation of the FIB and in particular with the GIS system, which could
make a contact due to the non-conventional geometry during operation. The other
consideration is the visibility of the lamella during the polishing steps. At the last
step low voltage ion beam polishing is usually done at a few degree angle (typically
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3.2. FOCUSED ION BEAM SAMPLE PREPARATION

~ 2° - 7°) from both sides. It was found that ay;; = 24° fulfils these requirements
giving anding = 8°. The actual contact angle between the lamella and the chip is
slightly larger as depicted in Fig. 3.5 because FIB does not produce parallel sided
lamella without additional procedures. When the lamella is positioned as in step

i 7

Figure 3.5: Geometry of the stage with a chip and the lamella on the
needle during mounting procedure. Chip is the green rectangle, stage is light
blue, lamella and the needle are depicted grey, Pt filling the void underneath is
yellow. Electron and ion columns are depicted as blue and orange.

seven in Table 2, the void underneath is filled using platinum precursor gas. In the
following step eight, the stage tilt is set to zero and the triangular stage is rotated,
so the chip faces the ion column. Then, the front face of the lamella is covered with
platinum contact electrodes.

3.2.2 Isolating cuts and polishing

Isolating cuts ensure that the lamella stays electrically non-conductive. First, the
protective layer (made of either ion beam deposited carbon or platinum) is discon-
nected from the deposited electrodes on the sides. It is noted that the undercut
region has been found to become conductive due to excessive damage during step
four in the process flow (Table 1). The positions of the isolating cuts are shown in
Fig. 3.6. The cuts are made with ion beam settings of 30 kV and 80 pA.

As shown in Fig. 3.7(a), the ion beam forms a trapezoid shape cross-section of
the lamella, with the bottom part wider and the top part narrower. However, the
parallel sided samples are beneficial for the interpretation of the domain structure.

To create parallel sided sample, the polishing angle must be determined. Firstly,
the lamella is tilted so it faces the ion beam column directly and the faces of the
lamella are polished at 30 kV and 80 pA, Fig. 3.7(a). This forms a trapezoid of the
lamella. At this step the projected lamella height L, can be measured. The lamella
is tilted back, so it faces the electron column and careful measurements of the top
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and bottom widths w; and wy are performed. The angle « is the deviation angle.
From simple geometry it can be determined that:

B wy —wy\ (wy — wy) sin(54°)
a= atan( 5T ) = atan< oL , (27)

where L can be either directly measured by rotating the lamella at an appropriate
angle to the electron column or recalculated from L = L,,/sin(54°) (which gives
close value to the true L). If the lamella is tilted to an angle T = 54° + «, the

Figure 3.6: Isolating cuts of the lamella.Deposited electrodes are seen on the
sides of the lamella. Isolating cuts are depicted with orange rectangles, the top cuts
isolate protective layer from the bias lines, while bottom one removes highly damaged
undercut region. Inset in the right-bottom part depicts geometry of the stage while
making the cuts.

e YB

W2 —

Figure 3.7: Determination of polishing angle. (a) Lamella is tilted directly
against ion column (T = 54°), two cuts from both sides are made, which create
trapezoid shape. Projected lamella height L, can be also measured at this step. (b)
Lamella is tilted to a position directly facing electron column (T = 0°), measurements
of wy; and wy are made. (c) Lamella is tilted at an angle T = 54° + «, side facing
the electron beam is polished, forming the first parallel side.

same beam settings are used and the face visible by electron beam is polished, then
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the deviation angle is counteracted and parallel sides can be established (backside
polishing is done at T = 54° - «).

When a lamella is mounted on a chip (i.e. triangular stage is used) and 24°
stage tilt is used, then the polishing is done at T = 24° +«. For BaTiOj3 polished
at 30 kV and 80 pA, the deviation angle is o = 0.7°. Approximately 2 x 3 pm?
electron transparent window with parallel faces is polished with 30 kV 80 pA ion
beam settings followed by another isolation cut (red rectangle in Fig. 3.8) exactly
under the electron transparent window. This cut is made very carefully so the freshly
made thin window is not exposed to the ion beam. Finally, 5 kV and 30 pA polishing
is done at 24° 4+ 4° angle to reduce the thickness of the amorphized layer formed on
the faces by 30 kV Ga* ion beam. An example of the finished lamella on a MEMS
chip is shown in Fig. 3.8. A chip containing the lamella is then plasma cleaned to
remove the conductive layer formed by carbon coater on the MEMS chip as well as
for the general cleaning of the specimen.

Figure 3.8: False color SEM image of a finished BaTiO3; lamella on a
chip. Orange coloured rectangles depict isolation cuts, red small rectangle shows
the final isolation cut made directly underneath electron transparent window, which
is depicted with blue rectangle. Black area corresponds to the vacuum region, blue
to the silicon nitride membrane, pink to the Pt electrodes on the membrane, yellow
to the FIB deposited Pt contact electrodes, grey to the bulk part of BaTiOg3, light
grey to the electron transparent window, and dark grey to the protective carbon
layer. Scale bar is 5 pm.

3.3 Finite element calculations

The planar geometry of the electrodes, the varying thickness across the lamella and
the isolating cuts make it difficult to estimate the magnitude and the homogeneity
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of the electric field within the electron transparent region. Therefore, electrostatic
calculations of the lamella region were performed with finite element method (FEM).
The goal is to link the sample geometry and the dielectric constant of the specimen
to the magnitude of the electric field within the electron transparent region.

The electrostatic FEM model of the device was created with COMSOL MULTT-
PHYSICS 5.4 package. The governing equation involved is:

V - (g0e,VV) = p, (28)

where g¢ is dielectric permittivity of vacuum, ¢, is the relative dielectric constant of
the medium, p is the charge density and V' is the electric potential.
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Figure 3.9: Geometry and the tetrahedral mesh used for the FEM model
of the biasing MEMS device. The mesh in the electron transparent region is
very fine, that is the reason, why it looks black in the image.

As input for the electrostatic model, the dimensions of the device were measured
from SEM images. The dimensions of the simulation box were 40 pm width, 30 pm
height, and 30 pm in depth. A tetrahedral adaptive mesh was used for the simulation.
The general mesh element characteristics involved the electron transparent window
of 0.02 pm max and 0.008 pm min, the bulk part of the lamella of 0.05 pm max and
0.008 pm min, the surface of the electrodes of 2.2 pm max and 0.16 pm min, the
SiNx membrane of 0.2 pm max and 0.008 pm min, and the vacuum region around
the device 0.25 pm max and 0.008 pm min. The geometry and the resulting mesh
can be seen in Fig. 3.9. The bulk part of the lamella was set to 1 pm thick and the
thickness of the electron transparent region was varied in order to understand the
electric field’s dependency on it. The relative dielectric constant of silicon nitride was
used as per the COMSOL database (¢ = 9.7), while the relative dielectric constant
of the lamella was varied. The potential difference between the electrodes in the
calculations was set to 1 V and it was used as a boundary condition.
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3.4. TRANSMISSION ELECTRON MICROSCOPY

3.4 Transmission electron microscopy

Transmission electron microscopes use fast electrons to image and probe electron
transparent specimen. The electrons are manipulated by electric and magnetic lenses
within column of the microscope. TEMs are complex instruments and herein 1 will
describe some of their important elements.

Typical accelerating voltage of a laboratory TEM is between ~ 60 to 300 kV.
The electron column and specimen are kept under high vacuum, which is ensured by
mechanical, turbo-molecular and ion getter pumps.

The electron source that is prevalent in modern instruments is field emission
electron gun. A schematic of it is shown in Fig. 3.10. An extraction voltage is applied
to a sharp tungsten tip which creates a strong electric field at the sharp point. The
electric field is approximately E' = V/r, where V is the applied potential and r is the
tip radius (r < 0.1 pm). The strong electric field reduces the workfunction barrier of
the tungsten and allows electrons to tunnel out in free space. Free electrons are then
accelerated with high potential [47]. The gun crossover acts as an electron source for

Vil Vol

First ~ FEp

anode |

Second

anode —_—
Crossover

Figure 3.10: A schematic of a field emission gun (FEG). A sharp tungsten
tip (grey) is positioned on the axis with two anode plates (orange), which have round
holes. First anode is kept at voltage V; - extraction voltage - while the second anode
is used to accelerate electrons (blue lines) to the desired kinetic energy (Vo ~ 60 -
300 kV). After exiting the gun, electrons form the first crossover. Schematic based
on image from ref. [47].

the illumination system of the rest of the transmission electron microscope’s optical
system.

The illumination system consists of various magnetic lenses, apertures, scan coils
and electrostatic shutters. Two operating modes are used in the transmission elec-
tron microscope. In conventional transmission mode the sample is illuminated with
a comparably large, parallel electron beam, Fig. 3.11(a), whereas in scanning trans-
mission mode the electron beam is formed into a fine probe, which is raster scanned
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across the area of interest, Fig. 3.11(b). The two modes require different excitations
of the magnetic lenses as depicted in Fig. 3.11. In case of scanning TEM (STEM),
Fig. 3.11(b), the upper objective lens is not shown because it acts as a transfer lens
(or is turned off) and does not influence the ray diagram. In the case of conventional

(a) Optic Axis (b) Optic Axis

C1 Lens C1 Lens

C1 Crossover C1 Crossover

C2 Lens
Focused

C2 Lens
Focused

. . C2 Aperture
Front Objective

Upper Objective Focal Plane

Lens

Parallel

Beam Focused

Beam

Specimen Specimen

Figure 3.11: Illumination system of a transmission electron microscope.
Electron beam is depicted as blue lines, electromagnetic lenses are brown ovals, optic
axis is the red line. (a) Parallel beam formation in conventional TEM mode. (b) Fine
electron probe formation on the surface of a specimen in STEM mode. Schematic
based on image from ref. [47].

TEM mode, the imaging system can be used in two different ways, either to form
a magnified image of the area or to form an image in reciprocal space creating an
electron diffraction pattern of the imaged area. A schematic of the imaging system
in TEM mode is shown in Fig. 3.12. The magnetic field of the intermediate lens is
tuned to form an object as focal or image plane of the objective lens, which is then
further magnified via the projection lens system. When the objective focal plane is
used as an object for the projection system, electron diffraction patterns are formed,
while a magnified image of the specimen is seen on the detector when the objective
image plane is used as an object. The detector can be a fluorescent screen or a
digital camera based on CCD or CMOS technology, which is used to acquire images
in modern microscopes.
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(a) Specimen  (b)
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<< N/ /3= Objective Lens
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Projection Lens
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Detector

Figure 3.12: Imaging system of a transmission electron microscope in
conventional TEM mode. (a) Formation of an electron diffraction pattern. (b)
Formation of magnified image. The main differences between diffraction or imaging
mode is in the intermediate lens, which forms the object for the projection system.
SAED - selected area electron diffraction aperture is inserted in the image plane to
select a region of a specimen, from which an electron diffraction pattern is acquired.
Objective aperture is inserted in the back-focal plane of the objective lens. Schematic
based on image from ref. [47].

In STEM mode the image formation is serial. A finely focused electron probe is
scanned across the specimen usually in a raster pattern and the transmitted electrons
are detected with specialized semiconductor or photo-electron multiplier detectors,
Fig. 3.13. The fundamental difference between TEM and STEM modes is that in
TEM mode the image is magnified with the electromagnetic lenses, while in STEM
mode the magnification is achieved by scanning smaller and smaller areas with the
electron probe.

STEM images can be formed by detecting either directly transmitted electrons
by the bright field detector or by detecting scattered electrons by annular dark field
and high angle annular dark field (HAADF) detectors, Fig. 3.13(b). An advantage of
the STEM mode is that several signals can be acquired simultaneously, for example,
revealing weakly absorbing features by white contrast in the bright field detector and
highly scattering objects by white contrast in the annular detectors. It is noted that
collection angles of the STEM detectors can be changed by virtually changing the
distance (camera length) between the sample and the detectors. This is achieved by
manipulating electron beams via lenses in the imaging system.

To image electromagnetic fields within specimen in STEM mode, annular seg-
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mented detectors can be used. The most widespread segmented detector has four
segments and is usually called DF4 (dark field 4 segment detector). Electromagnetic
field imaging takes advantage of the charged nature of the electron. As the electron
passes through electromagnetic fields it experiences Lorentz forces: F = ¢(E+v X B)
[68]. Assuming that the fields in the specimen are pointing in the orthogonal direc-
tion of the incoming electrons’ velocity vector, then after the electrons have passed
through the sample, they will have acquired additional speed component orthogonal
to the initial velocity vector. That is, the internal electromagnetic fields deflect the
electron beam [68]. The segments of the annular detector allows for the center of
mass (COM) of the transmitted beam to be measured by the signal in each separate
segment. A schematic representation of the operation of DF4 detector, when scan-
ning a semiconductor p-n junction, is shown in Fig. 3.14 [68]. The beam deflection
in the x and y directions can be calculated using the following equations:

W, (k) = z%kmm(k) — Wel(k)), (29)
Wy (k) = —=kpr(W(k) — Wp(k)), (30)

2V/2

where W4 to Wp are the signals in the respective segments of the DF4 detector (as
depicted in Fig. 3.14), kpp represents the convergence angle of the STEM probe, W,
and W, are the differential phase contrast (DPC) signals in the x and y directions
(measured in radians) providing a measurement of the deflection angle [69]. The
electric field component perpendicular to the electron beam can then be calculated

with the equation:
2

Ymevg
E, =— , 31
+ et (31)
where v is the deflection angle, m? is the relativistic electron mass, vy is the initial
velocity of the incident electron, e is the electron charge and ¢ is the thickness of the

specimen [68].
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Figure 3.13: Scanning system in three condenser lens STEM system and
a schematic of the typical STEM detectors. (a) A system of scanning coils
is used to guide the electron probe across the specimen. In three condenser lens
system C2 lens is only transferring the beam, not modifying it. (b) Typical STEM
detectors - bright field (BF), annular dark field (ADF) and high angle annular dark
field (HAADF). ADF and HAADF detectors have circular hole in the center. Typical
angular values for the detectors are ¢#; > 50 mrad, 10 mrad < 6y < 50 mrad and
65 < 10 mrad with respect to optical axis. Schematic based on image from ref. [47].

(a) (b) (c)

B

Figure 3.14: Schematic of the operation of DF4 detector. (a) The beam
(green shading) is in the n-doped region of semiconductor, however there is no electric
field, therefore the beam passes through the sample without deflection - all of the
segments are illuminated evenly. (b) Electron beam is on the n-p junction, at this
point there is electric field within the region. Electric field is pointing from right to
left, consequently electrons are deflected to the right hand side and DF4 segments
are not illuminated evenly. (c) Beam is in the p-doped region of the semiconductor,
no internal electric field, the beam illuminates DF4 evenly. Reproduced from the ref.
[68], by respecting Creative Commons (CC-BY) license.
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Differential phase contrast microscopy has been validated on the p-n junctions
and magnetic fields, however interpretation of the DPC contrast of the ferroelectric
domain structure is not straightforward. Qualitative interpretation of the DPC signal
of a ferroelectric is possible, however for its quantitative evaluation diffraction effects
of the domain walls and the breakage of the Friedel’s law must be taken into account
(under kinematical diffraction conditions, the intensity of a reflection hkl is equal to
the intensity in its opposite hkl, which stays true for X-rays, but not for electrons due
to the strong dynamic scattering) [47, 70]. Minor misalignment and the presence of
a diffracted beam on the DF4 detector greatly complicates the quantitative analysis.

3.4.1 Relevant electron-matter interactions

In general, the interaction of fast electrons with matter generates a plethora of signals,
which can be acquired to study the physical properties of the specimen. The most
relevant physical processes are depicted in Fig. 3.15. Characteristic X-rays and

Primary high

. keV beam
Cathodluminescence Characteristic X-rays

Backscattered electrons

Auger electrons Secondary electrons

[ Specimen ]
Elastic scattering Bremsstrahlungung
Inelastic
scattering
Direct transmitted
beam

Figure 3.15: Physical processes induced by the fast incident electron
beam. Blue arrow indicates that the carrier of the signal is an electron, red ar-
row indicates a photon.

inelastically scattered electrons carry valuable information on chemical constituents
of the material and its electronic structure. The generation process of both signal
carriers is linked.

Considering the characteristic X-ray signal, a fast incoming electron inelastically
scatters on the electron laying in the deep K shell of the atom. During this process
the fast electron loses some part of its energy. The electron from the K shell gets
additional energy and is either ejected in the vacuum or is transferred to the empty
states above the Fermi level. Assuming the latter, as the hole in the K shell is
energetically unfavourable, an electron from either L3 or Ly shell transitions to lower
laying K shell in the process losing energy as a photon (there are other possibilities,
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but the selection rules show that the transitions from Lj 5 are most likely to happen).
As the deep energy levels of the atom are very well defined, the photon carries energy
characteristic to the particular element and the particular transition (Fig. 3.16).
Characteristic X-rays are routinely analyzed in the TEM with Si based semiconductor
detectors. The technique is called energy dispersive X-ray spectroscopy (EDS or
EDX) [47].

However, if we assume that the K shell electron got ejected to an empty state
within an atom, then the fast electron, which induced the X-ray emission, also carries
information. It has lost kinetic energy with exact amount necessary to transfer the
K shell electron to the conduction band. Such inelastically scattered electrons are
probed via electron energy loss spectroscopy (EELS).

A @ <—__Empty states
Er
Valence States
Atomic Eis
Energy E | o /@
L2
LEtEl EL ® ® Characteristic X-ray
L o
. ®Incoming electron
E /
K :/O
Nucleus o Energy loss electron

Figure 3.16: Electron scattering on the deep atomic electrons. Incoming
electron loses some of the energy in the scattering process to the K shell electron,
which gets transferred to the empty states above Fermi level. This induces cascade of
transitions within atom. As the energy levels deep in the nucleus potential are well
defined, emitted X-ray has characteristic wavelength for the particular transition for
the particular element. Schematic based on image from ref. [47]

3.4.2 Measurement of transmitted electron energy

In order to probe the inelastically scattered electrons, a method to measure their
kinetic energy is required. In other words, electrons must be sorted by their speed.
Fortunately there are several possibilities to achieve this with the help of magnetic
and electric fields.

One of the most widely used approach involves usage of so called 90° magnetic
prism [71]. This device can be conveniently added to the transmission electron
microscope. After the electrons have passed through the sample and some of them
have interacted with the specimen and lost some of their energy, they are gathered
at the last projector crossover as seen in Fig. 3.12. However, instead of being
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directly projected on a screen or camera, the electrons enter the 90° magnetic prism
(essentially an angled tube with constant magnetic field orthogonal to the velocity
vector of the incident electrons), Fig. 3.17 [71, 72]. Impacted by the magnetic field,
the electrons enter a circular trajectory with a radius of curvature given by the

R = (g)v, (32)

where v = 1/(1 — v?/c?)Y/? is the relativistic correction, my is the rest mass of the

expression:

electron, e is the electron charge, B is the magnitude of the magnetic field in the
prism and v is the speed of the electron. From this follows that slower electrons have
smaller radius of curvature, therefore they are deflected more by the action of the
magnetic field [71]. The magnetic prism also focuses the divergent electron beam as
can be seen in Fig. 3.17. Electrons, which enter the prism on the left hand side,
travel longer distance in the magnetic field as compared to ones which enter the
spectrometer on the right hand side.Therefore, the left hand side of the divergent
beam is deflected more, while the right hand side of the beam is deflected less. The
actual spectrometers have much more optical elements, but the core working principle
is as described herein.

Oo

Figure 3.17: A schematic of 90° magnetic prism. O is the last crossover
of the imaging system of the microscope, the electrons continue the path until they
encounter green region representing 90° magnetic prism, which has constant magnetic
field B pointing out of the page. The electrons experience magnetic Lorentz force and
are deflected. Faster electrons (blue) have larger radius of curvature, while electrons,
which have lost comparably more energy (red dashed lines) have a trajectory with
smaller radius of curvature and are deflected more. The spectrometer also focuses
the sorted electron beams on the camera (F; and F3), where the spectrum can be
recorded.
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3.5 General EELS features

A typical EELS spectrum representation with a schematic of the solid state electron
energy levels is shown in Fig. 3.18. The most intense feature in the EEL spectrum
(if specimen is sufficiently thin) is the zero loss peak which represents electrons that
have not lost any energy. The zero loss peak (ZLP) is located at 0 ¢V in the energy
loss scale and is used to calibrate the scale [71]. The lowest possible excitations in the
EELS spectrum are atomic lattice vibrations (phonons). However they are located
in the energy range of 10 - 100 meV, and specialized instruments are used to probe
them [71]. In most cases these excitations are hidden by the zero loss peak as the
typical full width half maximum (FWHM) of ZLP is ~ 0.1 - 1 eV, therefore they are
not discussed in Fig. 3.18.

Er Potential Energy (ev)

Conduction Band
Core-shell

Valence Band
enerqgy levels
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Figure 3.18: Schematic EELS spectrum (bottom) and representation of
the visible core loss transitions from the atomic potential wells. At 0 eV
ZLP is seen (not in full height), low loss region is dominated by the plasmon peak.
Upon increasing energy losses, the count rate drops, relevant absorption edges of the
oxygen and nickel atoms are seen at 532 eV and 855 eV. Schematic based on image
from ref. [47].
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The onset of the EEL spectrum right after the zero loss peak (shown by the
green vertical line in Fig. 3.18) represents the band-gap width (for insulators or
semiconductors). The onset originates from the transition between the highest band
in the valence zone to the lowest band in the conduction zone. In principle, there
should be no other transitions in the region between the ZLP and the bandgap onset
(if the material is defect free).

The next more prominent feature is the plasmon resonance peak [71, 72]. In Fig.
3.18 it is located between lines representing Er and M transitions. The plasmon
peak corresponds to the resonant oscillation of the valence band electrons. It is
noted that additional features may arise around the plasmon resonance peak due
to the interband transitions. Overall, the region between 0 to 50 eV in the EELS
spectrum is known as low loss region (albeit there is no strict definition as per [71]
the boundary of the low loss region is somewhere in between 50 - 100 eV).

The energy loss region above ~ 50 eV is known as the core loss region. The
first core loss feature in the example spectrum of Fig. 3.18 is nickel M3, transition
(located at 68 eV), where electrons are ejected from the 3p shell and transferred to
the empty states of partially filled 3d shell. Technically this would count as a core-
shell transition, however the absorption edge is located close to the plasmon peak,
which indicates that solid state effects may have also affected the 3p level. Although
this is the first observable feature in the core loss spectrum, it does not mean it is
the only one. For example there is also the transition M; of the nickel, located at
112 eV, but the absorption cross-section is small and the feature is very weak and
not represented in the figure.

As the energy loss becomes larger, the count-rate rapidly drops and for the next
features, the spectrum is magnified x100. At 532 eV the oxygen K transition occurs
where 1s electrons are transferred to empty density of states of 2p like orbitals. The
form of the absorption edge is square like. Although from an ionic point of view
the 2p shell of the oxygen atoms in a NiO compound is filled, from the perspective
of solids, they form bands and hybridized orbitals/states. In the case of oxygen in
NiO, there are 2p like empty states in the conduction band, which occur due to the
hybridization with nickel 3d (and other) states. Therefore, the oxygen K edge reveals
local electronic structure and bonding effects of the oxygen atoms. Under the oxygen
K edge, the red line represents the background which is approximated by fitting a
power law function (I = A- E~", where A and r are fitting parameters and E is the
energy) just before the absorption edge (end of the fitting range is usually 5 eV less
than the onset of the absorption edge) and extrapolating it further down the energy
scale [71]. Removal of the background is necessary for the quantitative elemental
analysis as well as for extracting fine features of the absorption edge.

The final absorption edge seen in Fig. 3.18 is nickel Lz » edge, which corresponds
to the transition from the core 2p to empty 3d states. This transition appears as
two sharp peaks followed by a smooth absorption onset. The two sharp lines (also
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called white lines) represent the localized empty 3d orbitals of Ni. The absorption
edge appears as a doublet due to the spin orbit splitting of the initial electron orbital
(2p orbital splits in to 2p; /2 and 2ps/,, where the first contains two electrons and the
latter one four). The L3 5 absorption edge contains rich information on the electronic
structure of the transition metal 3d orbitals. Analysis of the onset energy and relative
intensity ratio of L3 /Ly white lines reveals information on transition metal oxidation
state. Analysis of the white lines fine structure gives information on the coordination
environment of the transition metal ion and the 3d density of states [71].

ko

al| 4

Figure 3.19: Representation of electron wave vectors before and after
scattering event. As the energy is lost [magnitude of k, (grey) is larger than
k¢ (red)] the momentum is transferred to the specimen. As the scattering angle
(0) is usually small, Transferred momentum can be separated in to two orthogonal
components q || and q-L.

During these processes the electron is scattered inelastically and, hence, the mo-
mentum of the electron not only changes direction but also magnitude. The initial
wave-vector of the electron is kg = 27/Xg, where )\ is the initial wavelength of the
electron. The final wave-vector of the electron after suffering energy loss and being
scattered is k¢. The momentum transfer suffered by the incident electron q(h/27),
and the momentum received by the sample have opposite signs: -q(h/27), where h
is Planck’s constant and q = kg — k¢. A schematic representation of the scattering
by the wave vectors is shown in Fig. 3.19. For fast incident electrons, q is much
smaller than k¢ and using the approximation sin() ~ 6 it follows:

¢ =qf + ¢t = k(0% +6°), (33)

where 0 is the scattering angle and 6 is the characteristic angle of scattering corre-
sponding to the mean energy (E,,) loss: 0 = E,,/(ymev?), where v is the relativistic
correction for the rest mass mg of an electron travelling at the speed v [72]. From
Eq. 33 it follows that ¢ = ko0 and ¢, = ko0 (for small #). In most experiments,
electrons which have scattered close to ¢ are collected and the orthogonal component
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is neglected. However, measurement of EEL signal at higher scattering angles may
reveal information on the anisotropic properties of the specimen and directionality
of bonding (with a cost of even smaller count rates as the energy loss electrons are
highly forward scattered [71]).

3.5.1 Low loss EELS

The electrons undergoing scattering in a medium obey Poisson’s distribution. As-
suming independent scattering events, the electron integrated intensity is given by:

L,=1-P,=(I/n)(t/\)"exp(—t/N), (34)

where [, is the intensity of the n-th order scattering integrated over all energy loss, I
is the total integrated intensity (sum over all n scattering events), P, is the probabil-
ity of the electron scattering in the specimen n times, ¢ is the sample thickness and
A is the mean free path of the fast electrons in the specimen [71]. If n is set to zero,
then I corresponds to the integrated intensity in the non-scattered, ZLP beam. As
the mean free path (A ~ 100 nm) is on the same order as the usual specimen thick-
ness, then almost inevitably many electrons suffer two or more energy loss events.
It is better to avoid multiple scattering, by using thinner specimen or by increasing
the accelerating voltage of the incident electrons (i.e increasing the mean free path
of the electron in the medium). However, multiple scattering allows to measure the
relative thickness of the sample via the expression:

(-u(h)

where [ is the total integral intensity of the spectrum (including ZLP) and Ij is
the integral intensity of the ZLP only [71]. If A is calibrated on a sample of known
thickness or estimated from theoretical calculations, absolute thickness measurement
can be done.

The effect of the multiple scattering in the EEL spectrum is the increasing inten-
sity with increasing energy loss (blue shaded spectrum in Fig. 3.20). Precise analysis
of the low loss EEL spectrum, requires knowledge of the single scattering events. The
single scattering spectrum can be extracted from the raw, multiple scattering affected
data by Fourier log deconvolution:

s1(v) = 2(v) 1n<28>, (36)

where s;(v) is the single scattering distribution in Fourier space, z(v) is the Fourier
transformed ZLP and j(v) is the Fourier transformed EEL spectrum containing the
ZLP [71]. The units of v correspond to inverse energy. The single scattering EEL
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Figure 3.20: Low loss region of Ti alloy specimen. Effect of multiple scattering
is seen in the spectrum before deconvolution, after deconvolution ZLP is removed as
well as excess intensity at the high loss region giving single scattering distribution.
Based on image from ref.[72].

distribution [S(E)] is obtained by the inverse Fourier transform of s;(v) and taking
the real part of the result. After such operation, the spectrum containing only single
scattering is obtained (red-shaded spectrum of Fig. 3.20). Successful deconvolution
means zero intensity of the ZLP region as well as reduced intensity at high energy
loss. Simple Fourier log deconvolution is applicable to the case where ¢, ~ 0.

The features of the low loss EEL spectrum can be understood via Drude’s model,
which approximates the valence electrons as coupled oscillators interacting with each
other and with the transmitted electrons via electrostatic forces [71]. Although
developed for free electron gas, it describes well low loss EELS for metals and it gives
qualitative description of semiconductors and even dielectrics. Plasmons in Drude’s
model can be understood as collective resonance oscillation of the valance electrons.
It can also be shown that the single scattering distribution is proportional to the
imaginary part of the negative inverse dielectric function S(E) ~ Im{—1/¢(E)} [71].
In the general case, with q ~ 0:

S(E,q) ~Im{-1/e(E, q)}, (37)

with the complex dielectric function equal to € = &1 + ie9, which is dependent on
both energy and momentum.
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The dielectric response of Drude’s model is given by:

E2
S — 38
“1 B2+ (1) (38)
r B
E9 P (39)

T EE+ (1)

Where E is the oscillation energy (frequency), E, is the plasmon oscillation energy
and [' = 1/7 represents the damping of the oscillation and consequently FWHM of
the plasmon peak by AE, = %F [71, 73]. If interband transitions are present, then
additional terms must be appropriately added to the free electron dielectric response
(71, 73]:

E;
E —FE?—i-E-T}’

gy =1+ (40)

where Fj represents the energy at which the transition happens and I'; is the damp-
ing constant of the particular transition (I and I', may not be equal). Previously
mentioned Im{—1/¢(E)} is calculated by:

€2
Im{—-1/e(F)} = ——. 41
m{-1/e(B)} = 52 (41)
Similarly Re{1/e(F)} is calculated via:
Re{l/e(E)} = 5 (42)
el + e

To give a general representation of the dielectric response at the low loss regime, a
model was simulated with two transitions, one with energy (Ep = 10 eV) smaller
than the plasmon resonance (E, = 16 €V) and the other one with larger (Ey, = 30
eV). All the transitions and plasmon resonance have the same damping constant
['=4eV. In Fig. 3.21(a) the interband transitions appear as peaks in the imaginary
part of the dielectric response, while the plasmon resonance is located where the real
part crosses zero with a positive slope and the imaginary part does not show any
peaks [71]. On the other hand, Fig. 3.21(b) depicts the negative inverse imaginary
part which is proportional to the EELS low loss measurement. However, the plasmon
and interband transition peaks are not exactly at the transition energies set in the
model. When the transition occurs below the plasmon resonance, then the plasmon
resonance energy is increased (more electrons can participate in the oscillation), while
the opposite is true for the transitions at the energies larger than F),. In this case, the
electrons are bound and cannot participate in the oscillation, additionally damping
also influences the position of the plasmon peak in Im{—m} [71].

To obtain Im{—1/e} from single scattering events in EELS data, appropriate
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Figure 3.21: Dielectric response of a Drude’s model with two transitions
and a plasmon resonance. Two interband transitions are located at 10 eV and 30
eV, plasmon resonance is set at 16 eV. (a) Real and imaginary parts of the dielectric
function. (b) Real and imaginary parts of the inverse dielectric functions.

scaling of S(E) must be done. One option is to use Kramers-Kronig analysis, which
connects real and imaginary parts of the inverse dielectric response [71]. For a general
case:

1 } E'dF’ (43)

9 o0
Re{l/s(E.q)} =1 — ;P/O Im{—g(E,’ (TP
where P stands for the Cauchy principal value (necessary to deal with the singularity
at £’ = FE). In the optical limit (q ~ 0) and at at small energies (E ~ 0), the left
hand side approximates Re{1/£(0,0)} ~ 1/£1(0), where £1(0) is the square of the
refractive index for visible light or £1(0) ~ oo for a metal. Therefore, the left hand
side of Eq. 43 gives the scaling value, when the Im{—ﬁ} is substituted for the
measured single scattering spectrum S(E').
Appropriate scaling of S(E) allows to retrieve Re{1/¢(F)} via previously shown
Kramers-Kronig relation and also the complex dielectric function with:

Re{l/e(E)} +i-Im{-1/e(E)}
(Re{1/e(E)})? + (Im{—1/e(E)})?

(E)=e1(E)+1i-e9(F) = (44)

3.5.2 Core loss EELS

Core loss EELS probes the empty density of states of a substance with the electrons
ejected from the deep potential of the atomic levels as depicted in Fig. 3.22. For
small collection angles (i.e. electrons collected with a small component of q, ), the
EEL signal originating from the transitions between core level to the empty density
of states obeys the dipole selection rule, that is the change in the angular momentum
of the states is Al = £1. Thus, K type transitions (initial electron state is 1s orbital)
probe p-like empty orbitals, L; transitions (initial state of the electron is 2s orbital)
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Figure 3.22: Schematic diagram of core loss EELS formation ELNES repre-
sents empty density of states probed by the electrons ejected from the deep atomic
potential. EXELFS part represents interference of the ejected electrons on the neigh-
boring atoms (appears as oscillations in the loss signal). Based on image from ref.

7).

also probe p-like empty states, while Lg o reflect transitions from spin-orbit split 2p
core level, which probe d-like and s-like empty states [72].

Two regions of the core loss response can be isolated: the energy loss near edge
structure (ELNES), which span 30 - 40 eV above the absorption edge onset (E; in
Fig. 3.22) and the extended energy loss fine structure (EXELFS), which appears
at higher energy losses [72]. For the first row transition metals, ELNES of Lj,
transitions mostly reflect localized empty states of the 3d orbitals, which appear
as sharp peaks in the core loss EELS, while the empty 4s state (if the metal is in a
compound) is de-localized due to solid state effects and appears as broad background
on the sharp 3d response.

The transition metal L3, absorption edge gives rich information on the oxida-
tion state (i.e. filling of the 3d orbitals) and also coordination environment of the
metal atom, as the 3d states are much more localized as 4s states, while still highly
influenced by the ligands surrounding the transition metal atom [71]. For exam-
ple, tetrahedral and octahedral coordination of the transition metal with the same
oxidation state produce different ELNES shape of the Lj 5 transition.

EXELFS originates from the scattering of the ejected electron on the atoms
located in the closest two to three coordination spheres. Treatment of EXELFS
signal can give radial distribution function of the atoms surrounding the one that
suffered the absorption event [71].

Similarly as in the case of low-loss EELS, core-loss EELS also suffer from plural
scattering. For the core loss data Fourier ratio method is usually employed to remove
the excess intensity after the edge onset originating from the plural scattering effects

60



3.5. GENERAL EELS FEATURES

according to the relation:

Ji() = 2)l(v) /3 V)], (45)

where j} (v) is the single scattering spectrum of the background subtracted absorption
edge in Fourier space, z(v) is the Fourier transformed ZLP, ji(v) is the background
subtracted absorption edge (as measured) and j;(v) is the Fourier transformed low
loss EELS part (up to ~ 100 eV), v is measured in units of inverse energy [71]. To re-
trieve single scattering spectrum in direct space, ji(v) is inverse Fourier transformed

and then the real part of the result corresponds to the single scattering spectrum -
Je(E).

3.5.3 Low-loss EELS modelling with density function theory

As previously discussed, EELS represents transitions to the empty density of states
or the collective oscillation of the valence electrons. If the density of states for a
particular material is known, then transitions can be modelled with appropriate
methods.

Low-loss EELS of periodic solids can be effectively calculated with Quantum
Espresso code in combination with TurboEELS package [74-76].

Quantum espresso calculates the electronic structure of the materials with the
density functional theory (DFT) in reciprocal space employing plane wave self con-
sistent field approach (PWscf). Quantum espresso uses pseudo-potentials, that is the
electron DOS is calculated only for the valence and semi-core states, while the effects
of core state electrons (which do not participate in bonding or band formation of a
solid) are substituted with an effective potential. This readily reduces the number
of electrons involved in the calculations, therefore simplifying the problem.

TurboEELS package uses time dependent density functional theory (TDDFT)
to calculate low-loss EELS response of the material. The calculations involve the
Liouville-Lanczos iterative approach.

3.5.4 Core-loss EELS modelling with density function the-
ory

The EELS and x-ray absorption spectroscopy (XAS) spectral shape is given by the
Fermi golden rule. The core electron is excited to an empty state where, at the edge,
the lowest empty state (allowed by the selection rules) is reached. Therefore, the
simulation codes developed for the XAS can be used to calculate core-loss EELS.
However, effects such as very large collection angles during EELS acquisition which
can lead to higher order effects beyond dipole approximation, must be taken into
account when compared to simulations since they might influence the experimental
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spectrum [77, 78].

The FDMNES code is designed to calculate core level XAS absorption spectra
[79]. Calculations are done in real space where an atomic cluster is made from the
crystallographic unit cell model at desired cut-off range. The density of states is
calculated with Hedin—Lundquist density functional [79]. The calculated density of
states is then used for the desired transitions and absorption spectra. FDMNES can
be used in conjunction with TDDF'T, which helps to calculate more precise the Ls 5
edges of the transition metals.
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4 Biasing of 180° domain walls in
BaTiOj

The contents of this chapter are based on the published article [80]:

Local hard and soft pinning of 180° domain walls in BaTiO3 probed by in
situ transmission electron microscopy

Reinis Ignatans, Dragan Damjanovic and Vasiliki Tileli
Institute of Materials, Ecole Polytechnique Fédérale de Lausanne,
CH-1015 Lausanne, Switzerland

Phys. Rev. Materials 4, 104403 (2020)
DOI: 10.1103/PhysRevMaterials.4.104403

Contributions of R. Ignatans: performed sample preparation, in situ experiments,
data analysis, finite element calculations and wrote the manuscript with the contri-
butions from all authors.
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4.1 Introduction

Understanding the electrical response, polarization switching, and domain wall move-
ment processes in ferroelectric materials is important for the envisioned future ap-
plications such as field effect transistors for neuromorphic systems or the resurgence
and optimization of devices including ferroelectric random access memories (FeR-
AMs) [15, 81]. Particularly important is polarization switching through nucleation
and movement of ferroelectric 180° domain walls as they offer the least amount of
emerging strain during operation, thus minimizing issues associated with mechanical
failure and cracking [17]. The functionality of many ferroelectric devices depends
on the speed of switching of the polarization states or domains [82, 83] and this is
directly linked with the domain-wall movement. Understanding the dynamics of the
domains walls is highly relevant also to already commercially applied ferroelectrics
as domain wall movement contributes to the high dielectric permittivity, excellent
electromechanical response and associated electrical, dielectric and mechanical loss
mechanisms in ferroelectric Perovskite oxides [84, 85].

The origins of ferroelectricity at atomic scale can be understood via various
quantum-mechanical, order-disorder and displacive mechanisms [86-90]. Neglecting
the atomistic origins of ferroelectricity, Landau’s phenomenological theory and its
derivatives successfully deal with the phase transitions and the macroscopic physical
properties of the material and their dependencies on the external stimuli [42, 91-95].
Between the atomic and macroscopic scale lays the domain structure of the ferro-
electric that can be experimentally accessed via various microscopy and scattering
techniques [17]. Dynamic studies of the ferroelectric domain structure under external
electric field in the mesoscopic length-scale is relevant due to the strong influence on
the macroscopic properties of the material. The domain response on the electric field
is typically probed indirectly using dielectric spectroscopy, polarization- or strain- re-
sponse as a function of field, current response during switching or in situ diffraction
techniques [96, 97]. These methods reveal mostly the average behaviour of the sys-
tem. Studies of the local domain response usually involve piezo-force microscopy
(PFM) or in situ transmission electron microscopy (TEM) [61, 98, 99]. With PFM,
quantitative measurements are difficult and the electric field is inherently inhomo-
geneous [100]. Technical requirements for interpretable in situ electric-field biasing
results in the TEM also make the experiments challenging. For instance, specimen
preparation is required to result in a sample with high electrical resistivity otherwise
the current would flow across the conductive channels and the actual electric field
would be smaller than the nominal (applied) field. In that case, the observed re-
sponse would be dominated by Joule heating instead of the applied electric field. In
most cases localized Joule heating leads to sample failure (cracking, electrode delam-
ination due to the current surge, or complete sample disintegration). In all cases, it
is necessary for the applied electric field to be homogeneous across the probed area
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in order to reduce complexity in interpretation of the observed dynamic processes.
To perform in situ electrical biasing experiments in the TEM, several methods are
available. Traditionally, biasing experiments were performed on TEM holders that
could accommodate mechanically polished samples connected with electrodes far
away from the area of interest, which could be contacted in several ways (wire bond-
ing, silver paste, etc.). The main advantage of this method is the excellent TEM
sample quality, [56, 58, 59, 101] however, the resulting electric field in a mechanically
polished sample cannot be uniform and it is also difficult to control the geometry of
the region of interest with respect to the direction of the electric field [57, 59].

For better control of the applied voltage, the probe technique is used for bias-
ing ferroelectric structures in the TEM. In this case, a metallic probe is pressed
against the ferroelectric material to apply the potential [102-104]. However, since
ferroelectrics are highly responsive to the applied external stress, pressing the probe
against the material can adversely influence the formation and switching of the do-
mains. Additionally, this method creates a highly inhomogeneous local electrical
field, which hinders interpretation of the results. These issues can be mitigated by
sandwiching the ferroelectric between conductive layers and pressing the probe on
the conductor far away from the region of observation [62]. Nevertheless, such con-
figuration is viable for thin films [63], but not for samples with larger areas such as
single crystals or ceramics and restrictions imposed on the sample geometry with
the addition of conductive layers can influence the inherent switching properties of
the ferroelectrics through interfacial effects. More recently, advances in TEM holder
instrumentation enabled microelectromechanical (MEMS) Si-based chips with pat-
terned electrodes deposited on silicon nitride membranes to be used for heating and
biasing experiments. The sample is transferred on such chips using focused ion beam
(FIB) lamella-making protocols [65]. The advantages of this method involve the abil-
ity to control the sample orientation and, consequently, to control the desired electric
field direction with respect to the crystallographic orientation. However, ferroelec-
tric sample preparation is especially challenging due to possible strain fields and
emerging conduction channels due to ion implantation, surface amorphization, and
redeposition of residuals while polishing the lamella [105-107].

Herein, we use MEMS-based microchip TEM holder technology to systematically
bias a single-crystal BaTiO3 sample along the pseudocubic [100]p¢ direction. In
particular, we use an optimized sample geometry that enables us to precisely control
the applied voltage and, in consequence, the electric-field distribution in the probed
area. The electrical performance of the device is confirmed with simulations using
finite element methods. To quantitatively evaluate our results, we focused on the
motion of 180° domain walls at room temperature. Local physical phenomena such
as weakly charged zigzag domain walls and domain-wall pinning as a function of the
applied voltage are directly probed.
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4.2 Methods

4.2.1 Sample preparation

Single crystalline BaTiO3 (001) (MTI Corporation) was used for the device fabrica-
tion. The largest facets of the crystal were already polished to optical grade. For the
preparation of the lamella, the top surface was sputter-coated with a 30-nm-thick
carbon layer (Cressington 108 series carbon coater). This step is required to dis-
sipate the charges during electron imaging and to protect the surface from Ga ion
implantation during ion-beam milling.

Inside the focused ion beam (FIB) milling instrument (Zeiss NVision 40, Ga™
source), two site-specific carbon protective layers were additionally deposited. A
thin electronbeam deposited (thickness in the range of ~ 100 nm at 5 kV) was
followed by a thicker ion-beam deposited protective layer (1.5 pm thickness at 30 kV
and 150 pA current). Trenches around the protected area were etched consecutively
with 27, 13, 6.5, and 0.7 nA ion beam currents at 30 kV. The lamella was thinned to
about 1 pm prior to its transfer with a micromanipulator (Kleindiek Nanotechnik)
to a four heating and two-biasing MEMS chip (DENSsolutions). Complete details
of the final steps of the device fabrication and the measurement of the thickness of
the final lamella can be found in the Methodology (Chapter 3).

Finally, the temperature on the heating element of the heating/biasing TEM
holder was precalibrated using its electrical resistance and the electrical bias to the
sample was applied with a source meter (Keithley SMU-2450) using a script to gen-
erate a triangular voltage wave shape (see Appendix A).

4.2.2 Finite element calculations

The electrostatic finite element model (FEM) of the device was created with COM-
SOL MULTIPHYSICS 5.4 package. Dimensions for the electrostatic model were
measured from scanning electron microscopy (SEM) images. The dimensions of the
simulation box were 40 pm width, 30 pm height, and 30 pm in depth. Tetrahedral
adaptive mesh was used for the simulation. The general mesh element characteristics
for the simulations involved the electron transparent window of 0.02 pm max and
0.008 pm min, the bulk part of the lamella of 0.05 pm max and 0.008 pm min, the
surface of the electrodes of 2.2 pm max and 0.16 pm min, the SiNx membrane of
0.2 pm max and 0.008 pm min, and the vacuum region around the device 0.25 pm
max and 0.008 pm min. The bulk part of the lamella was set to 1 pm thick and the
electron transparent region to a thickness of 268 nm. The potential difference be-
tween the electrodes in the calculations was set to 1 V and it was used as a boundary
condition.

66



4.3. RESULTS AND DISCUSSION

4.2.3 Electron microscopy

Bright-field scanning transmission electron microscopy (BF-STEM) was performed
on a double spherical aberration (Cs) corrected Titan Themis 60-300 (ThermoFis-
cher Scientific) operated at 300 kV. A beam current of 100 pA was used, the beam
convergence angle was 28 mrad, and the collection angle was 79 mrad. Serial STEM
imaging was done with a pixel scan area of 1024 x 1024 (3.204 nm/pixel) and 2.0 ps
dwell time resulting in 2.98 s/frame. The images were then cropped to 764 x 764 or
760 x 1024 pixel size. Images were cropped to remove completely dark parts from
the sides of the electron transparent window. Postprocessing was performed using
IMAGEJ software to enhance the domain-wall contrast. It involved the following
steps: Fourier filtering to reduce the horizontal scan noise from the images, subtrac-
tion of the background (50 pixel rolling ball radius), and contrast and brightness
adjustment.

The thickness of the lamella was measured using low loss electron energy-loss
spectroscopy (EELS) on the same instrument. An electron-beam current of 100 pA
was used. Operating conditions included 70 pm C2 aperture, beam convergence angle
of 28 mrad, and collection angle of 19.8 mrad. The spectrometer dispersion was set
to 0.25 eV /channel. First, a controlled experiment was performed. A BaTiO3 lamella
sample with known thickness was spectrally mapped at the low-loss energy region.
From the acquired map, the ¢/ calculation was done (where ¢ is the thickness of the
lamella and A is the mean free path of the electrons in the specimen). The thickness
of the lamella was measured with the SEM and the mean free path, at the specific
conditions, was calculated to be A = 156 & 3 nm. Second, the sample used in biasing
experiments was mapped at the same conditions, giving ¢/ measurements across the
whole lamella and, by using the mean free path calculated from the control sample,
the thickness map of the imaged area was measured.

4.3 Results and discussion

A six-contact MEMS chip [Fig. 4.1(a)] was used that utilizes four of the contacts
for heating and precise temperature control and two for biasing [Fig 4.1(b)]. The
BaTiO3 lamella was FIB prepared and planar Pt contacts were ion-deposited on the
two sides of the lamella as depicted by the SEM image in Fig. 4.1(c). The sample
was then thinned to a final thickness of 268 nm - the thickness map is shown in Fig.
4.2. To mitigate conductive paths caused by the contaminants introduced by the
ion-beam preparation method, site specific etching was performed around the area
of interest [green boxes in Fig. 4.1(c)].
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Figure 4.1: In situ heating/biasing MEMS chip and the results of FEM
calculations. (a) Optical microscope image of the in situ biasing/heating TEM
MEMS chip. Scale bar is 500 pm and red rectangle corresponds to the area depicted
in (b). (b) SiNy membrane region with the heating spiral and two biasing electrodes
(bright vertical features). Scale bar is 100 pm and small green rectangle corresponds
to the location of the lamella. (c) False color SEM image of BaTiO3 sample mounted
on the MEMS chip (black area corresponds to the vacuum region, blue to the silicon
nitride membrane, pink to the Pt electrodes on the membrane, yellow to the FIB
deposited Pt contact electrodes, grey to the bulk part of BaTiOg, light grey to the
electron transparent window, and dark grey to the protective carbon layer). Scale bar
is 5 pm. Green boxes represent the etched-out areas, dark blue rectangle represents
the area for domain area—voltage loops measurements and light square shows the
area imaged in Fig. 4.4. (d) Color map of the electric-field distribution within the
device as calculated by finite element methods, white arrows indicate width and
length directions. (e) Plot showing the dependence of the calculated electric field
on the thickness and width of the electron transparent area (¢ = 1250, for varying
thickness, the width was fixed at 2.275 pm; for varying width, the thickness was fixed
at 100 nm), black arrow shows the calculated electric field for the actual lamella
thickness (268 nm). (f) Plot showing the dependence of the calculated electric field
on the lamella’s dielectric constant. In both (e) and (f) the electric field is plotted
along the central part of the electron transparent region [white vertical arrow in
(d)]. Reprinted figure with permission from [80]. Copyright (2021) by the American
Physical Society

Figure 4.1(d) shows FEM calculations of the field distribution for the final geom-
etry of the device. The resulting electric field E in the central part of the lamella is
calculated to be ~ 1.65 kV/cm for 1 V applied to the electrodes. This value is the
upper bound of the electric field magnitude since the simulation does not consider
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leakage currents and effects of the interfaces.
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Figure 4.2: Thickness map of BaTiOj; lamella used for the biasing ex-
periments. (a) Annular dark field (ADF) STEM image annotated with a white
rectangle which represents the low-loss EELS mapping area. (b) ADF image with
overlayed thickness map. Scale bar in both images is 750 nm. Reprinted figure with
permission from [80]. Copyright (2021) by the American Physical Society.

Figure 4.3: Still frames of the BaTiO3; heating experiment video. Scale
bar is 500 nm, the temperature of each frame is shown at the lower right corner. At
around 50 °C morphological transition to pure 90° domain state happens. Paraelec-
tric state signified by the lack of domain walls is achieved around 150 °C (nominal
temperature). Cooling down to room temperature (bottom row) reintroduces 180°
domain walls. Crystallographic axis are as depicted in the Fig. 4.1.

These effects might alter the magnitude of the applied field, however, the overall
characteristics of the electric field distribution remain the same. The calculations
predict a difference in the electric field of ~ 0.4 kV /cm field across the vertical direc-
tion of the lamella [white arrow in Fig. 4.1(d)]. Figure 4.1(f) depicts the magnitude
of the electric field along the arrow line and its dependence on the dielectric constant
of the sample. The inhomogeneity of the electric field and small gradient across the
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lamella results from the etched-out regions. This inhomogeneity can be reduced by
more conservative isolating cuts, however, this increases the probability of failure of
the device during biasing.

Applied bias voltage
-3.5V -1.75V oV +1.75V +3.5V

"red" domain shrinkage

red" domain growth

"red" domain shrinkag

Figure 4.4: BF-STEM micrographs showing the domain structure evolu-
tion during cyclic electrical biasing. In the image, the field is oriented along
the [010]pc and black arrows indicate the direction of the electric field. (a) Initial
domain structure at 0 V bias. (b) Domain structure at +1.75 V bias with increasing
electric-field strength. (c) Domain structure at maximum of +3.5 V bias. Red arrows
indicate the polarization direction in the two domains. (d) Domain structure at 1.75
V with decreasing field strength. (e) Domain structure at 0 V in the middle of the
cycle. (f) Domain structure at -1.75 V with increasing field strength. (g) Domain
structure at minimal voltage -3.5 V. u(z) represents the magnitude of domain-wall
bending from the equilibrium position, which is marked with the dashed line (g). (h)
Domain structure at -1.75 V with decreasing field strength. (i) Final domain con-
figuration at the end of the cycle with 0 V.White indication lines depict the double
domain that shows sideways growth and it is hysteric to the domain in (a). Red
false color superimposed on all images corresponds to the domains with polarization
pointing to the right. Scale bar is 500 nm [shown in (a)]. Reprinted figure with
permission from [80]. Copyright (2021) by the American Physical Society.

Considering the geometry of the lamella, for a given applied voltage the magni-
tude of the electric field in the sample is mainly influenced by the width [horizontal
white arrows in Fig. 4.1(d)] and thickness of the probed area. If the width of the
probed area decreases [Fig. 4.1(e)], the magnitude of the electric field increases,
which is similar to decreasing the plate distance in a parallel plate capacitor config-
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uration. Reduction of the thickness of the lamella would also result in an increase in
the magnitude of the applicable electric field [Fig. 4.1(e)] as the equipotential lines
get “squeezed” together in the smaller volume. The overall electric-field distribution
is also dependent on the dielectric permittivity of the sample. Figure 4.1(f) shows
the dependence of E on the average dielectric constant of the probed material along
the central part of the lamella [white vertical arrow in Fig. 4.1(d)]. For low values of
the relative dielectric permittivity (below 100), the resulting electric field is highly
dependent on the permittivity of the material. When the dielectric permittivity ap-
proaches the values corresponding to perovskite ferroelectrics (dielectric permittivity
ranging between hundreds to several thousand), the dependence of the field on the
permittivity becomes minimal. Thus, the dielectric properties of BaTiO3 do not
influence the magnitude of the electric field along the probed area.

Prior to biasing the sample, annealing above the Curie temperature (T¢) was
performed inside the TEM. Heating is required to release most of the strain due to
the FIB preparation process [105]. The sample was heated to 200 °C, held at this
temperature for 1 min, then the temperature was lowered to 25 °C in 20 min (the
heating profile and respective image sequence are shown in Supplemental Video 1 of
ref. [80], still frames from the video are shown in the Fig. 4.3).

The biasing experiments were performed at room temperature where the sample
is dominated by unusually stable 180° walls [108]. Figure 4.4(a) depicts bright-field
scanning TEM (BF-STEM) images of the domain structure at room temperature
(the full image sequence during electrical biasing is shown in Supplemental Video 2,
of ref. [80]). The dark contrast in the images corresponds to the domain walls. To
improve this contrast without interference due to diffraction effects, the sample was
mistitled by ~ 10 mrad from the [001]p¢c zone axis. The sample was then biased with
a triangular wave form starting from the positive direction to the maximum of the
positive voltage [3.5 V, Fig. 4.4(c)], continuing to negative applied voltage [-3.5 V,
Fig. 4.4(g)] before completing the loop at 0 V [Fig. 4.4(i)]. We note that the applied
voltage of 3.5 V corresponds to electric field values of about 5.8 kV /cm, based on
the FEM simulation. Considering the coercive field of BaTiO3 (approximately 0.5
kV /cm), by studying the domain response we conclude that the actual applied field
is within one order of magnitude of the FEM calculated one [109]. This discrepancy
is attributed to the sample-electrode interface and leakage current effects, which are
difficult to eliminate due to the microscopic size of the device and which are not
included in the calculations of the electric field.

A schematic illustrating an equivalent circuit of the microdevice fabricated for the
biasing experiments is used to comprehend the expected electron transport behavior
across the biased BaTiO3 sample and explain the discrepancies between the applied
voltage and expected electric field as calculated with finite element methods. R1 is
the electric resistance of the wires leading to the chip in addition with the resistance
of the platinum electric lines of the MEMS chip - R1 = 40 2. Part of the system

71



4. BIASING OF 180° DOMAIN WALLS IN BaTiO3

+3.5V

[ |

| |

c

| R1 %
|

R2
- Wn—!

R3

M

Figure 4.5: Equivalent circuit of in situ biasing system. RI1 represents
the resistance of the wires and Pt lines on the chip leading to the lamella. R2 is the
resistance of the FIB deposited Pt contacting layers between the BaTiO3 lamella and
the Pt electric lines on the chip. C represents the insulating lamella as a capacitor
and R3 is equivalent to conducting channels within this lamella. Reprinted figure
with permission from [80]. Copyright (2021) by the American Physical Society.

consisting of R2, R3 and C is equivalent to the lamella with FIB deposited contacting
layers. R2 is the electric resistance of the deposited contact layers between the MEMS
Pt lines and the BaTiO3 lamella. R3 is the resistance of the conductive channels
within the BaTiO3 lamella. Good preparation of a device should lead to a large R3
value and small R2 value. In that case, the voltage drop on C and R3 should be the
same since the conductive channels can be imagined to be in a parallel geometry to
a lamella (depicted as capacitor C). If R3 is large, then the applied potential drop at
the lamella C is equivalent to the nominally applied potential (as in schematic +3.5
V). On the other hand, if R3 is small, comparably large current flows through the
circuit and most of the potential drops within R1 and R2. Therefore, the voltage on
C (and therefore electric field within lamella) is considerably smaller.

The FEM simulation is used to explore influence of the sample’s geometry on the
magnitude and distribution of the electric field within the lamella. It is noted that
the calculated electric field values from FEM are of the same order of magnitude but
due to leakage effects and non-ideal contact layers they are not expected to match
one-to-one. The discrepancy between the FEM calculated electric field magnitude
and the one applied during biasing experiments can be largely attributed to the FIB
deposited Pt contacting layers between the BaTiO3 lamella and the electric lines of
the MEMS chip. In the equivalent circuit above this is represented as R2. During
the experiments resistance of the system is 33 M{). Comparably R1 is miniscule and
can be easily neglected, therefore R24+R3 = 33 Mf). The configuration of R2 and
R3 in the equivalent circuit forms a voltage divider. Voltage drop Us on C in the

R3

equivalent circuit is as follows: Uc = 537%5 x 3.5 V. If the contacting layers are of

good quality R2 is small and the voltage drop on the C is the same as the supplied
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voltage to the circuit. On the other hand, if R2 ~ R3, the voltage drop across the
C is smaller than the supplied voltage. In our case, we expect R3 > R2. That is
our sample preparation leads to a situation, where the resistance of the lamella is
larger than the resistance of the contacting layers, and this is supported by directly
observing the domain response at moderate voltages.

By examining the domain structure in the BF-STEM images, the presence of
weakly charged zigzag domain walls was noticed [Fig. 4.4(a)]. It is theoretically
predicted that weakly charged domain walls are more stable in BaTiO3 when it is not
in a bulk form and it is connected with platinum electrodes [110]. This corresponds
well to the geometry of the device where the polarization is essentially confined in
a thin slab within two dimensions with Pt electrodes on the sides. The transition
mechanism of the strongly charged domain wall into a weakly charged zigzag domain
wall and the meaning of the periodicity has been previously described by Sidorkin
27].

The polarization direction within the domains can be determined upon applica-
tion of the electric field [Fig. 4.4(c)]. The domains with polarization pointing in the
direction of the electric field should grow and, consequently, domains with polariza-
tion vector opposite to the applied field should shrink. By examining domain and
domain-wall response on positive bias (the direction of the applied electric field is
depicted with a black arrow at the start or end of the image rows in Fig. 4.4), the
polarization vectors in the visible 180° domains were determined and are indicated
with red arrows in Fig. 4.4(c). Consequently, red shading in the BF-STEM images of
Fig. 4.4 corresponds to domains with polarization direction pointing to the right. It
is noted that the periodic vertically aligned 180° domain walls, which appear as weak
contrast in the central part of Figs. 4.4(a) — 4.4(f), do not respond as strongly to
the external bias since the polarization and the electric-field vectors are orthogonal.

When the direction of the electric field is changed, Figs. 4.4(d) — 4.4(g), the
domains that span across the whole electron transparent window as bands experience
sideways growth. The observed domain-wall bending in Fig. 4.4(g) is attributed to
strong domain-wall pinning possibly due to a dislocation center. The domain-wall
displacement u(z) from the equilibrium position (which in this case is aligned along
the [100]pc direction) has a characteristic hyperbolic nature [theoretically u(x) ~
1/4/] as the domain wall regains equilibrium when the distance (x) from the pinning
center increases [27].

Finally, the applied bias cycle terminates after completing the full loop [Fig.
4.4(i)]. During field cycling, the domain structure exhibits hysteretic behavior at all
fields by not returning to the same state for the same voltage during increasing and
decreasing steps of the full cycle [for example, compare Figs. 4.4(b) and 4.4(d) for
+1.75 V and Figs. 4.4(a), 4.4(e), and 4.4(i) for 0 V].

The response of the domains at different maximum applied voltages was further
investigated to study the domain dynamics from weak to strong fields. The voltages
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ranged from 0.25 to 3.5 V for 14 different values in total and all image sequences
are shown in Supplemental Videos 3-16, of ref [80]). Analysis of the sequential BF-
STEM images of the domains exhibiting the same polarization (i.e., the red shaded
domains in Fig. 4.4) resulted in the domain area vs applied potential loops shown in
Fig. 4.7(a) (each data point corresponds to the domain structure image at given bias
potential plotted as bias voltage—domain area loops for three cases corresponding to
3.5, 2.5, and 2.0 V maximum applied voltage, the methodology of calculating the
loop at 3.5 V is detailed in Fig. 4.6).

35V

Relative Domain Coverage (%)

Figure 4.6: Domain area — bias loop with images at 0 and + 3.5 V bias
voltages. Each dot in the loop represents a measurement from one image. Selection
of the appropriate domains (red shading in the STEM images) were made based on
their response on the electric field — for example, only the domains, which grow with
negative bias were measured. Domain area measurements were made manually for
each image with ImageJ. The measured domain area was then divided by the total
image area, which results in relative domain coverage in the given image. Scale bar
is 500 nm. Reprinted figure with permission from [80]. Copyright (2021) by the
American Physical Society.

The measured area is proportional to the polarization pointing to the right and
this corresponds to domain growth with respect to negative applied voltage. The
measured loops in Fig. 4.7(a) resemble the polarization-electric field (P-E) loops in
“hard” ferroelectrics where P-E loops are constricted at weak fields and open at larger
fields [111-114]. Remarkably, the local loops shown here reveal additional features
which cannot be discerned in loops taken with classical approaches over macroscopic
areas. These include domain wall pinning (weakly responsive polarization region
in the -1 to 1 V interval of the measured loops) and domain nucleation annihilation
accompanied with ballistic movement of domain walls. The apparent loop asymmetry
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Figure 4.7: Results of image analysis. (a) Selected domain area-voltage loops
using triangle wave voltages of 2, 2.5, and 3.5 V. (b) Relative domain coverage
with respect to the maximal/minimal cycle voltage for the positive and negative
branch of the loops (14 loops in total). The lines represent the quadratic polynomial
fits for each branch and red shaded regions correspond to 95% confidence interval.
Orange shading corresponds to the flat region of the plot, where hard domain-wall
pinning occurs. Reprinted figure with permission from [80]. Copyright (2021) by the
American Physical Society.

and the fact that at 0 V the relative domain coverage does not reach 50 % (which
would be a requirement for electroneutrality) can be partly attributed to the nature
of the local TEM measurements that do not necessarily correspond to the entire
domain structure. On the other hand, the loop asymmetry and apparent pinching
around 0 V bias indicate hard pinning of domain walls, which are released from
pinning centers at higher fields as indicated by the loop opening. These defects exert
restoring forces on the domain walls at weak fields limiting the movement of the
wall and consequently pinching the loop. At higher electrical fields, the restoring
forces are overcome and the domain-wall movement is controlled by pinning centers
randomly distributed in space and with variable strengths [114, 115].

Figure 4.7(b) depicts the totality of the results from the loop biasing experiments
plotted as the minimal and maximal cycle voltage for each loop as a function of the
domain surface coverage (again, the domains corresponding to the red shading in
Fig. 4.4 were measured). At low voltages, the domain coverage reveals that new
domains do not nucleate and existing domain walls do not move significantly as ex-
pected for a hard domain-wall pinning [this region is marked with orange shading
in Fig. 4.7(b)]. At higher applied voltages (above +1 V), the existing domain walls
experience significant forward and sideways motion and domains start to nucleate or
annihilate depending on the applied voltage as previously predicted [17]. Overall, a
quadratic behavior of the area (~ polarization) vs electric field relation is observed,
particularly pronounced at positive applied voltages. The function P ~ E?, which
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essentially corresponds to classical Rayleigh’s law, represents the weak domain-wall
pinning on randomly distributed defects within the crystal [116, 117]. In princi-
ple, Rayleigh’s law is applicable at weak field conditions in a material with a broad
distribution of pinning center strengths, but in our case the local domain-wall move-
ments are hindered by hard pinning at weak fields, therefore domain walls do not
move substantially and do not experience soft pinning upon random lattice defects.
Rayleigh motion is achieved only at higher fields when the domain wall is depinned
and can move through the lattice with randomly distributed defects. The asymme-
try of the loops indicates asymmetrical distribution of defects in the examined local
area, which is again a feature that would not be necessarily noticed in a macroscopic
loop measured over a much larger area. Similarly, the different slope of the positive
and negative applied voltages of Fig. 4.7(c) indicates the different response of the
domain walls upon reversal of the direction of the electric field.

4.4 Conclusions

In summary, a specialized sample preparation method was demonstrated, which al-
lows to perform reliable in situ electrical biasing measurements in the TEM and
provides the ability for interpretable physical processes of ferroelectric nanodomains.
The meticulously designed and fabricated geometry of the device results in a homo-
geneous electric field, whose magnitude and direction are confirmed by finite element
calculations. The classical ferroelectric BaTiO3 was used and it was shown that pre-
cise control of the external electric field and sequential BF STEM imaging permits
to locally study 180° domains and domain wall movements at room temperature.
The origins and stability of weakly charged zigzag nanodomain walls are associated
with the thin slab geometry of the ferroelectric and interplay of BaTiOs with Pt
electrodes. Polarization—electric-field loops calculated directly from the areas of the
imaged domains elucidate the relation between bulk and nanoscale ferroelectric ef-
fects. The domain-wall response at low electric field is associated with the hard
pinning mechanisms on the defects within the lattice, which results in pinched and
asymmetric domain area vs voltage loops. At higher fields, domain walls are de-
pinned and localized effects such as new domain nucleation and sideways growth
and domain-wall bending were observed. At such fields (above the coercive field), it
was shown that the domain-wall motion follows Rayleigh-like behavior. Thus, this
controlled electrical biasing method can provide unprecedented insights on dynamic
domain-wall motion and domain interactions at the nanoscale.
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5 Biasing of 90° ferroelastic needle
domains in BaTiOg

The contents of this chapter are based on the published article [118]:

Individual Barkhausen Pulses of Ferroelastic Nanodomains

Reinis Ignatans, Dragan Damjanovic and Vasiliki Tileli
Institute of Materials, Ecole Polytechnique Fédérale de Lausanne,
CH-1015 Lausanne, Switzerland

Phys. Rev. Lett. 127, 167601 (2021)
DOI: 10.1103/PhysRevLett.127.167601

Contributions of R. Ignatans: performed sample preparation, in situ experiments,
data analysis and wrote the manuscript with the contributions from all authors.
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5.1 Introduction

Polarization switching in ferroelectric crystals is akin to first order phase transition
induced by an applied electric field [17]. The reorientation of the domains dur-
ing switching is a response to assume the equilibrium conditions that minimize the
free energies of domain configuration. The motion toward the equilibrium state is
hindered by potential barriers that lead to nonmonotonous polarization change dis-
continuities referred to as Barkhausen effect [97, 119-122]. The accumulated probing
of this effect describing the motion of many domain walls is linked to the theory of
avalanches and the noise associated with it [123, 124]. More generally, crackling noise
seems to be a fundamental aspect of nature and “crackles” occur in vastly different
systems and processes [36, 125].

In ceramics [97] and single crystalline BaTiOg [120, 126], the origins of the
Barkhausen effect are placed on nucleation of spikelike domains, pinning of domain
walls due to defects in the lattice [119, 122], domain coalescence [127], and tran-
sition of the needlelike to parallelepiped domains [126]. Most electrical studies of
Barkhausen jumps attempt to resolve single events from macroscopic properties of
ferroelectrics (such as switching current or charge) and the different methodologies
used can reveal different origins of the pulses. This is associated with variations in
measurement timescales, boundary conditions, and physical dimensions of the mate-
rial. Typically, to characterize these effects, in situ optical microscopy experiments
are performed [128]. However, optical measurements are diffraction limited and fine
polar regions, such as the tips of needle domains, are difficult to probe in detail.
At nanoscale dimensions traditional electrical measurements become exponentially
more difficult due to miniscule charges associated with individual switching events.
For example, in situ transmission electron microscopy (TEM) experiments have been
previously performed in BaTiOg3 single crystals to enhance the spatial resolution of
the domain dynamics [57, 129-131]. In general, kinetically controlled studies of nan-
odomain switching and the way their interaction affects their motion in TEM are
still limited due to the overall geometric confinement of the specimen, the electric
field uniformity in the probed area, and the effects of the electron beam irradiation.

In the following, 90° ferroelastic nanodomains are stabilized and their movement
tracked inside the TEM by applying a well-oriented electric field. Barkhausen jumps
are locally probed for different potential barriers and at different electric field fre-
quencies.
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5.2 Methods

5.2.1 Sample preparation

A lamella from single crystal BaTiO3 (MTI Corporation) was prepared with focused
ion beam method and it was transferred to a 4 heating and 2 biasing electrode
microelectromechanical (MEMS) chip provided by DENSsolutions. The Pt contacts
were ion beam deposited and the lamella was thinned to a final thickness of 268 nm.
A detailed description on the device fabrication can be found in the Methodology
(Chapter 3) as well as in ref. [80]. The average temperature on the heating element
of the MEMS chip is calculated from its electrical resistance and DENSsolutions
software was used to control the temperature. Electrical bias to the sample was
applied using a Keithley SMU-2450 sourcemeter.

5.2.2 Transmission electron microscopy

Imaging was performed on a double spherical aberration (Cs) corrected ThermoFis-
cher Scientific Themis 60-300 operated at 300 kV in STEM mode using 100 pA beam
current, 70 pm C2 aperture, and a beam convergence angle of 28 mrad. Serial imag-
ing during standard biasing experiments was done in bright field (BF) mode with
a collection angle of 79 mrad. The pixel size was 3.2 nm and 2.98 s was the frame
time. For the low frequency biasing experiment, the pixel size was 1.1 nm and the
frame time was 8.22 s.

DPC imaging was performed using a four-segment detector and the imaging con-
ditions were 200 pm pixel size and 34.3 s frame time. The camera length was 91.1
mm, corresponding to inner and outer collection angles of 15.3 and 85.5 mrad, re-
spectively. Beam centering and gain/offset equilibration of the segments were done
in the vacuum region prior to the experiment.

Free standing lamella was investigated on ThermoFisher Talos F200S microscope
operated at 200 kV in STEM mode and imaged with the high angle annular dark
field (HAADF) detector. The sample was mounted on a standard grid and a Gatan
single tilt furnace type heating holder was used for heating the sample.

5.2.3 Image processing

Images of the standard biasing experiment were cropped to 764x764 pixel size. Im-
ages of the low frequency field measurement were not cropped and remained at the
2048 x2048 pixel size. To enhance domain wall contrast in the BF images, postpro-
cessing using ImageJ software was performed. It involved Fourier filtering of the
horizontal scan noise of the images, subtraction of background (50 pixel rolling ball
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radius with sliding paraboloid enabled) followed by contrast and brightness adjust-
ment.

DPC experimental signal processing involved the same 1024x1024 pixel region
from the original set of 4 images (corresponding to the segments A, B, C, and D). The
cropped region was further downsized with ImageJ to 256 x256 pixel size essentially
averaging out the noise. Further data processing was undertaken using a custom
script written in Mathematica v.11.2. A 256x256 array was created, where each
element represented a vector in the xy plane corresponding to the beam deflection.
Beam deflection along the x axis is proportional to the differential signal D-B and
correspondingly along the y axis it is proportional to C-A. Each element was corrected
for the detector rotation with respect to the scan direction (4+17°). Using this array,
the vector field plots were created (Fig. 5.1 b-c). The vector field plot consists
of 32x32 arrows, which are proportional to the direction and magnitude of the
polarization.

5.3 Results and discussion
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Figure 5.1: BF STEM Micrograph of BaTiO3 lamella at 130 °C. (a) Domain
structure at 130 °C showing periodic ferroelastic 90° needle domains with polariza-
tion direction along [100]p¢ (scale bar is 500 nm). (b) DPC image of the black
dotted square area in (a) (scale bar is 50 nm). The arrows represent the polarization
direction of the needle and parent domains. (c¢) Close-up of polarization vectors of
the ferroelastic nanodomains. Reproduced from ref. [118]. By respecting Creative
Commons Attribution 4.0 International license.

Figure 5.1(a) depicts the domain structure at nominal temperature of 130 °C,
which consists of periodic 90° ferroelastic needle domain groups (the full heating
profile and image series is shown in Supplemental Material, Video S1 of ref. [118]).
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We note that similar domain evolution is seen in a free standing lamella (Fig. 5.2)
and, hence, this behavior is not associated with the geometry of the biasing device.

(b)%

Figure 5.2: In situ heating experiment of free-standing lamella (a) Domain
structure at 30 °C exhibiting 180° zig-zag domain walls. (b) At 75 °C, the sample
is mostly dominated by 90° domain walls, nevertheless some character from zig-zag
domain walls is still seen. (c) Domain structure at 100 °C where the specimen is
dominated by 90° domain walls. The appearance of zig-zag wall vertices seems to be
associated with crossing 90° domain walls. Scale bar is 250 nm. Reproduced from
ref. [118]. By respecting Creative Commons Attribution 4.0 International license.

To characterize the ferroelastic domain structure, differential phase contrast (DPC)
imaging [68] was employed. The DPC signal is directly proportional to the magni-
tude and direction of the local polarization [68]. Figure 5.1(b) represents the local
profile of polarization directions encoded by arrows from the square region shown in
Fig. 5.1(a). The size of the arrows is proportional to the magnitude of the polariza-
tion, however, absolute values are difficult to report since minor misalignment greatly
affects the DPC results, which is the reason why the magnitude of the arrows in the
horizontal and vertical directions are not exactly the same. Nevertheless, Fig. 5.1(c)
illustrates that the 90° domain walls in tetragonal BaTiOj align with the [110]pc
direction [17], as expected from crystallographic symmetry laws. The measured av-
erage domain width w is 33 nm. The domain walls are less than 7 nm thick and they
are associated with dark contrast (i.e., high angle scattering) in bright-field scanning
TEM (BF STEM) images. The appearance of the periodic domain structure in thin
films results from the proportional relationship between the square of w with the
slab’s thickness d [29, 31, 132-134].

At 130 °C, we applied a triangular waveform voltage (see Fig. 5.3) and followed
the response of several 90°, ferroelastic, a-type, needlelike domains, Fig. 5.4(a).

The full sequence of BF STEM images of a cyclic measurement for an applied
bias of + 3.5 V can be seen in Supplemental Material Video S2 of the ref. [118].
The collective statistical behavior of the system has also been analyzed by machine
learning algorithms and is reported elsewhere [135]. Figures 5.4(b) and 5.4(c) depict
the domain length as a function of applied potential for two needle domains. These
plots highly resemble traditional polarization-electric field (PE) loops, however, while
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Figure 5.3: Triangular voltage profiles as a function of time. (a) Profile
used for ferroelastic domain biasing of the domains in Fig. 2. (b) Profile used for
the low frequency experiment. Reproduced from ref. [118]. By respecting Creative
Commons Attribution 4.0 International license.

conventionally measured PE loops show macroscopically averaged behavior, here,
we follow the response locally on a single domain basis. We have observed two
distinct manifestations of the needle domain response on the electric field. When the
vertex of a needle domain is located further away from the perpendicular domain
walls [Fig. 5.4(b)], the measured domain length vs applied electric field loop is
smeared, with reduced hysteresis, and the process is lattice-defect mediated [116,
117]. However, when the needle domain’s vertex is located close to the perpendicular
domain’s wall [Fig. 5.4(c)] the shape of the measured loop is sharp and square-like
showing pronounced hysteresis. Therefore, this domain-domain interaction mediated
process seems to involve strong local strain and depolarizing fields leading to large
hysteresis, unlike the lattice-defect mediated process. Measurements of the motion
of perpendicular needle domains show similar behavior - see Fig. 5.5.

Closer investigation of the loop in Fig. 5.4(c) shows clear step-like features
around, for example, 1 and 2 V, whereas for needle domains whose vertices lie fur-
ther away from the perpendicular needle domain walls, step-like features are less
pronounced. Thus, needle domains whose vertices are close to the perpendicular
domain walls experience distinct non-monotonous movement during biasing [122].
These Barkhausen jumps occur when the perpendicular needle domains have con-
tracted. In practice, needle domains do not interact directly with perpendicular
domains (i.e., they are not in direct contact with them), but rather interaction of
needle domains is mediated through a large parent domain [the background gray
domain in the images of Fig. 5.4(a)].
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Figure 5.4: BF STEM micrographs and the measurements of the domain
lengths. (a) 90° domain structure evolution during biasing recorded at 130 °C. The
measured domains are overlaid with red and blue false color. The electric field is
applied along the needle domains polarization direction, i.e. [100]pc. Scale bar is 300
nm. (b) Domain length as a function of applied potential plot of a domain with weak
interaction with perpendicular domain walls [blue false color in (a)]. (c¢) Similar loop
of a domain that interacts strongly with perpendicular domain walls [red false color
in (a)]. The starting point of the loops is marked with a dot and the loop rotation
direction is marked with arrows. Reproduced from ref. [118]. By respecting Creative
Commons Attribution 4.0 International license.

In general, the equilibrium position of the needle domains between Barkhausen
jumps is associated with electric and mechanical compatibility [136-138]. Two pos-
sibilities can be distinguished, the first one, where the needle domain’s vertex ter-
minates next to the perpendicular needle domain’s body, and the second, in which
equilibrium is achieved when two or more strongly charged needle domain vertices
come in contact [136]. The observed Barkhausen jumps occur among these equilibria.
We note that experiments for an increasing maximum range of the applied bias were
additionally performed and similar domain behavior was observed - Supplemental
Material, Videos S3 to S8 of the ref. [118]

To study the time dependence of the needle domain response, similar experiments
were carried out with a less steep voltage ramp (0.0034 V/s) corresponding to the
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Figure 5.5: Domain tip position as a function of applied voltage for cross-
ing domains. Loop from the pink (a) and orange (b) coloured domain tips (colored
circles) shown in the BF-STEM image (c¢). Due to the continuous changes of the
domain length, the end of the crossing domain was not constant. Therefore, the po-
sition of the needle tip with respect to applied bias was measured in this case. The
positions are calculated with respect to the 0 V bias at the start of the experiment
(i.e. tip position of 0 nm corresponds to the start of the experiment). Reproduced
from ref. [118]. By respecting Creative Commons Attribution 4.0 International li-
cense.

ultralow frequency of 0.24 mHz. The hysteresis loop can be seen in Fig. 5.6, and the
full sequence is shown in Video S9 of the ref. [118]. The overall domain length vs.
applied voltage loop is steep and square-like and it is similar to the one in Fig. 2(c)
that represents strong domain-domain interaction. Again, Barkhausen jump events
associated with interacting needle domain equilibrium positions were recorded.

To compare the response of the processes leading to characteristically different
domain wall motion, their length is plotted as a function of time, Fig. 5.7(a). Both
time axes in the plot are rescaled to match the start and the end of the bias cycle.
Domains which experience strong mutual interaction (red and green squares), exhibit
distinctive step-like Barkhausen jumps (marked in the Fig. 5.7 with green and red
arrows), whereas domain growth via lattice-mediated defect mechanism is consider-
ably smoother (blue squares). The key difference observed during the low frequency
measurement is the appearance of the domain relaxation events with a time con-
stant of roughly three to five minutes. For example, one such event can be seen in
Fig. 5.7(a) between 2500 and 2900 s. The measured domain first decreases in length
upon applied negative voltage, then it slowly increases in length (marked with gray
horizontal line), and eventually exhibits a Barkhausen jump around 2900 s, before
shrinking further. After this jump, the domain again slightly increases in length,
showing similar behaviour as before. Interestingly, at around 3000 — 3300 s, when
the negative potential slowly returns to zero volts, the domain annihilates completely
(marked with the dashed green arrow). In short, when the domain experiences large
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Figure 5.6: Low frequency domain motion. Domain length as a function of
applied bias at 130 °C, and image sequence of the domain at 0, 17, 51, and 56 min.
The orientation of the loop is opposite as in Fig. 5.4 due to the measured domain
(green false color) nucleating with anti-parallel polarization compared to the ones
in Fig. 5.4. The direction of the electric field is depicted with black arrows on the
images. The polarization direction in the green coloured domain is the same as the
field direction at t = 17 min. The dark spots in the BF-STEM images are surface
contamination, which grew upon lengthy in situ biasing and heating experiments.
These spots seem to be located at the surface inactive layers and hence do not affect
the domain motion. Reproduced from ref. [118]. By respecting Creative Commons
Attribution 4.0 International license.

applied bias, it stays intact, but on the decreasing field it slowly decreases in size and
disappears, which again indicates a relaxation event with a time constant of several
minutes. The observed sluggish relaxation process can be attributed to dielectric and
elastic viscosity [119, 139]. According to observations from electrical measurements,
the domain structure can relax up to several hours after poling. We may therefore
be witnessing an individual event responsible for ageing and creep in ferroelectric
materials [140-142]. Finally, when the lower frequency domain motion is compared
to higher frequency ones, a time delay of the switching process was noticed, when
the potential is brought back to zero. During ultralow frequency measurements,
the domain remains at the same position for a significant time before it eventually
switches.
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Figure 5.7: Analysis of needle domain motion. (a) Domain length plotted
as a function of time. The measurements of the two domains [red and blue of
Fig. 5.4(a)] correspond to the top black x axis (performed at 0.021 V/s) whereas the
green squares and bottom x axis correspond to the slow domain response seen in Fig.
5.6 (performed at 0.0034 V/s). Red and green vertical arrows indicate Barkhausen
events. The dashed, green arrow represents the point of annihilation of the domain.
Gray dotted horizontal lines represent domain length after relaxation. The domain
response of the ultralow frequency measurements is reversed, due to the spontaneous
polarization direction upon domain nucleation. (b) Domain tip velocity with respect
to applied bias voltage [color coding is the same as in (a)]. Time and bias x axes on
the two plots are scaled in such way that they correspond to each other on the basis
of the field waveform. Reproduced from ref. [118]. By respecting Creative Commons
Attribution 4.0 International license.
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By numerically differentiating the domain length vs. time data [Fig. 5.7(a)], the
speed of the needle domains can be determined. Figure 5.7(b) shows the velocity as
a function of applied voltage for the three distinct domains. Essentially, the speed
is proportional to the local switching current (i.e., i ~ AP/At). By comparing the
lattice-mediated growth (blue line) with the domain-domain interaction (red and
green lines), it is determined that the domain-tip velocity for the lattice-mediated
domain is more smeared out (i.e., the vertex is almost always moving), whereas the
tip velocity of domains that interact with each other is accompanied with sharp spikes
and, at most times, the velocity is close to zero. This indicates that the potential
well is deeper for domain domain associated pinning as compared to pinning due
to the defects within the lattice [143, 144]. Additionally, in the case of the low
frequency measurement (green line), the velocity spikes can be seen in the deep
negative electric field region representing Barkhausen jumps due to the simultaneous
effects of domain-domain interaction and slow relaxation processes.

Overall, the observed evolution and motion of ferroelectric single needle domains
induced by the electric field applied in the polar direction is characteristic of a for-
ward domain growth process [145]. However, we have previously shown that such
movements follow Rayleigh-like behaviour [80] and, therefore, pinning mechanisms
typically studied for lateral domain wall movements are also applicable in this high
field regime. Further, we discuss the dynamic behaviour of the domains on the basis
of the schematics in Fig. 5.8. Our results show that when a herringbone domain
pattern is adopted, a separation between perpendicular domains that never come
into contact with each other is probed [Fig. 5.8(a)]. Images associated with this
phenomenon are shown and inspected in the Fig. 5.9. Moreover, the depolarizing
and strain fields at the needle tip form a large potential barrier that manifests as
well-defined Barkhausen jumps. The positions of these jumps are associated with
the annihilation of the periodic, perpendicular domains. The motion of the domains
through potentials determined by domain-domain pinning interactions leads to hys-
teretic behavior. A different mechanism is encountered when parallel needle domains
are free to move within the lattice [Fig. 5.8(b)]. In this case, the Barkhausen pulses
are rare events, and are most likely dominated by Peierls’ potential barriers due to
lattice potential and point defects in the non-perfect crystal [143, 144]. The associ-
ated shallow potential barrier does not affect perpendicular domain-domain motion
but is dominating the jump frequency during the motion of single domains across
the lattice. Therefore, at the moderate electric field and frequencies used herein,
Barkhausen jumps mostly originate from domain-domain interactions without do-
mains actually touching each other and much less from interaction of domains with
point defects.
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Figure 5.8: Schematic of a needle domain response with strong domain-
domain interaction and weak lattice mediated pinning. (a) Needle domain
configuration in a metastable electromechanical equilibrium before a Barkhausen
event and new equilibrium after the application of external electric field in the polar
direction of the needle domains. (b) Configuration of two needle domains located
far from perpendicular domain walls. The electric field direction is depicted with
blue arrows and the polarization directions in all domains are shown with black
arrows. Reproduced from ref. [118]. By respecting Creative Commons Attribution
4.0 International license.

A

Figure 5.9: Close-up inspection of domain tip interactions. The excerpts
correspond to various voltage values of the loop of Fig. 5.4 (a), which exhibits
characteristic Barkhausen jumps. Light contrast is seen in-between crossing needle
domains, indicating separation between them. Scale bars are 300 nm. Reproduced
from ref. [118]. By respecting Creative Commons Attribution 4.0 International
license.
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5.4 Conclusions

In conclusion, individual ferroelastic needle domain response on the applied elec-
tric field was demonstrated, leading to strong pinning and consequential Barkhausen
jumps in between domain structure metastable equilibria. The mechanisms of domain-
domain interactions among noncontacting domains remain largely unexplored. The
experimental study shows that major domain pinning and restriction to movement
in a thin single crystal BaTiOg3 ferroelectric is predominantly associated with con-
tactless mutual domain interaction and less with Peierls’ potential pinning arising
from the lattice in an undoped crystal. The shape of the measured domain length-
electric bias loops hints that domain-domain interaction may be dominant in the
expression of the materials properties macroscopically. Individual local relaxation
events leading to aging and creep have also been observed. Such insights gained
from local measurements performed in a thin ferroelectric slab, can be relevant for
modern technologies related to local and global polarization switching.
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6 In situ EELS studies of BaTiOg

In this chapter in situ EELS studies of tetragonal and cubic BaTiOj3 are discussed.
Core-loss EELS were acquired together with the help of Dr. Liam Spillane (EELS ap-
plication specialist in Gatan, Pleasanton, USA). Angle resolved EELS were acquired
by Dr. Liam Spillane.

Contributions of Reinis Ignatans: wrote data analysis and deconvolution scripts,
performed DFT calculations and wrote point charge model script.
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6.1 Introduction

A ferroelectric transition implies physical displacement of the atoms. However, the
atomic configuration governs the electronic structure of the solid and, therefore, the
structural phase transition also influences the electronic structure of the crystal.

In BaTiOg, the transition at the Curie temperature occurs from paraelectric cu-
bic Pm3m, where three crystallographic axis are equivalent, to polar P4mm space
group, where two crystallographic axis are equivalent (a = b) but the polar ¢ axis is
larger (¢ > a = b). Such crystallographic configuration gives rise to anisotropic di-
electric, piezoelectric, mechanical and optical properties [17]. The anisotropic optical
properties is a direct evidence for the anisotropic electronic structure with respect
to the crystallographic axis.

Indeed, optical spectroscopy as well as theoretical calculations reveal that change
from cubic to tetragonal symmetry in BaTiOj shrinks the bandgap from ~ 3.4 to
3.2 eV [146]. Additionally, as shown by Merz, the dielectric constant along the polar
axis is smaller by at least an order of magnitude (¢, = 100) when compared to the
one along the two equivalent directions (g, = 10000) in tetragonal BaTiOg3 [10].

Electron energy loss spectroscopy (EELS) probes empty density of states (DOS).
Low loss EELS contains information on the valence and conduction bands, while
the analysis of the core-loss EELS sheds light on the bonding between atoms and
oxidation states of the atoms within the matter [71]. Accurate analysis of the EELS
could bring new insights on the nature of the ferroelectric phase transition, that
is, whether it comes closer to the order-disorder type or displacive. Additionally,
angle resolved (or momentum resolved, which is an equivalent term) EELS could
potentially resolve anisotropic properties of ferroelectric BaTiOs, which could be
projected further to more complex systems.

Herein, BaTiOj3 is probed with in situ electron energy loss spectroscopy tech-
niques. Core-loss EELS is experimentally measured in ¢ ~ 0 mode on the oxygen
and titanium absorption edges and theoretically calculated with modern density
functional theory (DFT) approach. Low loss EELS of BaTiOj is measured in angle
resolved mode, which allows precise badgap measurements and provides an opportu-
nity to extract anisotropic properties of BaTiO3. Similarly, the low loss EEL spectra
of BaTiO3 are calculated with modern DFT approach and the theoretical spectra
are compared to the experimentally obtained.
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6.2 Methods

6.2.1 Sample preparation

Single crystalline BaTiO3 (001) (MTI Corporation) was used for the experiments.
The largest facets of the crystal were polished to optical grade. Two different samples
were prepared. Sample number 1 was made on a heating/biasing MEMS chip with
the FIB methodology described in Chapter 3. With a similar approach, Sample
number 2 was prepared, however, it was mounted on the conventional Omniprobe
Lift-Out grid. Sample number 1 was used for the core-loss EELS studies, but Sample
number 2 was used for the low-loss EELS measurements.

6.2.2 EELS spectroscopy

Core-loss EEL spectra were acquired on a double spherical aberration (Cs) corrected
Titan Themis 60-300 (ThermoFischer Scientific) operated at 300 kV, equipped with
a Gatan Image Filter (GIF) Quantum ERS electron energy loss spectrometer. A
beam current of 100 pA was used. The double tilt in situ biasing and heating holder
by DENSsolutions was used. The microscope was operated in scanning transmission
mode (STEM). The beam convergence semi-angle was 28 mrad and the spectrometer
collection angle was 19.8 mrad. The microscope was set on the shortest camera
length (29.5 mm) to gather as much scattered electrons as possible in the 2.5 mm
entrance aperture of the spectrometer. The spectra were acquired as maps, where
each scanned pixel contains an EEL spectrum from the particular region on the
sample. The displayed spectra are integrated maps. The spectra were acquired in
dual-eels mode (both low loss spectrum containing zero loss peak as well as core-loss
regions were recorded, allowing precise energy axis calibration).

Low-loss angle resolved EELS spectra were recorded on a Jeol F200 microscope
equipped with cold field emission gun (cold-FEG). The microscope was operated at
200 kV in STEM mode. The GIF Continuum K3 HR spectrometer was used. The
sample was mounted in the Gatan furnace type heating holder. The scanning beam
was set-up to form narrow parallel beam with an estimated convergence angle of ~
0.11 mrad. The signal entering the spectrometer corresponds to a diffraction pattern
and a slit aperture (3.3 mrad wide) was used to select a direction containing 001,
000 and 001 maxima, transferred in the spectrometer optics. The resulting data set
contained momentum transfer - energy loss map (q-E map) from a particular region
in the sample. The g-E maps were obtained in two different temperatures, 250 °C for
cubic BaTiO3 and at 100 ° for tetragonal BaTiO3 showing ferroelastic 90° domain
walls.
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2 nm"

Figure 6.1: Diffraction pattern of tetragonal BaTiOg, which is transferred
in the EEL spectrometer. Dark spots indicate diffraction maxima from {100}
planes. Red lines show the position of the slit aperture during g-E maps EELS
acquisition.

6.2.3 EELS data analysis

Spectral data primary analysis, background subtraction with power law, Fourier-
ratio deconvolution and primary analysis was performed in Gatan GMS 3 software
with the methods readily available within the software suite.

Low-loss momentum resolved EELS primary data inspection was also made with
GMS 3. However, there are no readily available tools for data correction (alignment of
the energy axis and removal of stray X-ray effects in the q-E map). Additionally, the
procedure to treat multiple scattering in angle resolved mode is different as compared
to conventional angle integrated low-loss spectroscopy. Therefore, suitable data-
treatment scripts were developed in Mathematica 11.2, which will be demonstrated
in the Results and discussion section.

6.2.4 Core-loss spectra calculations

First, to understand the influence of the titanium displacement within the oxygen
octahedron on the 3d density of states, a point charge model was created in Mathe-
matica 11.2 based on Ref. [147]. The code is provided in Appendix B. However, it
was found that the parameter G%, used by [147] has an error, therefore parameters
from Ref. [148] were used. A point charge model was successfully implemented in
the analysis of LaMnO3z EEL spectra [149].

The absorption spectra of the oxygen K edge and titanium L3, edge in BaTiOg
were calculated with FDMNES software package [79]. The calculations are done in
direct space with the cluster based approach. A cluster with cutoff radius at 7 A was
created with crystallographic parameters from [150]. Calculations were done with
the full relativistic approach. (i.e. spin up and spin down states were calculated
separately). For the titanium L edge calculations, time dependent density functional
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theory (TDDFT) was used, as it takes into account core-hole effects, which strongly
affect the transition metal L3, white line relative intensities and the overall shape of
the absorption edge [151]. An example input for FDMNES package to calculate the
Ti L3 o edge is shown in Appendix C.

6.2.5 Low-loss spectra calculations

Low-loss EEL spectra of BaTiO3 were calculated with Quantum Espresso in combi-
nation with the TurboEELS package [74-76]. The work flow for the calculation was
as follows: PBEsol type pseudo-potentials were used for the calculations of BaTiO3
obtained from the open source library of the materials cloud [152]. The kinetic en-
ergy cutoff for the wavefunctions was set to 60 Ry while the kinetic energy cutoff for
the charge density and potential was set to 600 Ry, following the suggested minimal
values in the pseudopotential description. For both tetragonal and cubic BaTiOs,
an 8x8x8 shifted Monkhorst-Pack mesh was used. The structures were relaxed, in
case of the cubic BaTiOs, only the lattice parameter was varied until equilibrium
was found. In the case of tetragonal BaTiOgs, ¢ and a lattice parameters were varied
as well as z coordinate of the Ti and O atoms. The coordinates of Ba were fixed to
the origin of the unit cell (as dictated by the symmetry of the P4mm space group).
The resulting equilibrium structures were used further for the TurboEELS package.

The Im{—1/e(q, E)} for BaTiO; was calculated with 15 000 Liouville-Lanczos
iterations, which was adequate for successful convergence. The momentum transfer
vector was varied in between runs to calculate the energy loss spectra at various q
(0.1, 0.2, 0.5 and 0.7 1/A). The calculated energy range for the spectra was from
0 to 100 eV. The same steps were followed for the super cell (2x2x2) calculations
of the spectra, with the difference being that the 4x4x4 shifted Monkhorst-Pack
mesh was used. Two different calculations were performed with the expanded super
cell that fixes the geometry to cubic and only relaxes the lattice parameter and
another one, where a single oxygen atom was removed from the super cell and the
atomic coordinates and lattice parameters were allowed to relax freely in the three
dimensional space. After the structure relaxation of the super cell, the low-loss
spectrum of the oxygen-vacant BaTiO3 was calculated. An example work flow to
calculate the vacancies in the BaTiOjs energy-loss function is shown in Appendix
D. To compare calculated low-loss EELS with experimental spectra at q = 0, the
calculations were performed with momentum transfer of 0.1 1/A (as some momentum
transfer must occur due to the energy loss). However, this is very close to q = 0 and
the energy loss functions are not greatly altered.
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6.3 Results and discussion: Core-loss EELS

The deviation of ferroelectric BaTiO3 from the symmetric cubic structure is small,
therefore it is also expected that differences of the spectral features between cubic
and tetragonal BaTiOg3 are also small. The microscope is equipped with a monochro-
mator, which decreases the energy spread of the incident electron beam. For the
particular experiment the monochromator was turned on to increase the visibility of
fine details in the spectra. Excitation of the monochromator resulted in an energy
resolution of 0.5 eV for the measurements of ferroelectric BaTiO3 done at 100 °C and
0.6 eV for the cubic BaTiO3 measurements recorded at 240 °C. The survey spectrum,
containing features of the core-loss BaTiO3 edges, was acquired from 600 to 910 eV
energy loss with dispersion of 0.25 eV /channel. Higher energy resolution spectra
containing only Ti L3, and oxygen K edges were recorded from 380 eV to 585 eV
energy loss with dispersion of 0.1 ev/channel. The relative indicated thickness was
t/\~0.97.

The spectrum is depicted in Fig. 6.2. No impurities were detected and all of the
spectral features can be assigned to BaTiOs. The Ti L3, and and Ba Ms 4 edges
have characteristic white lines whereas the O K edge has square-like onset with rich
fine structure in the ELNES region.
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Figure 6.2: Survey spectrum of tetragonal BaTiOj3 The spectrum is raw data,

no background subtraction or multiple scattering removal is done. All of the features

can be assigned to Ba, Ti or O atoms.

The absorption edge that possible changes could occur with respect to the ferro-
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electric/paraaelectric states is the Ti Lg 5. This is because this edge mostly represents
electrons transferred to the 3d states. The point charge model was employed to un-
derstand the differences in 3d states between highly symmetric Ti in cubic state
with respect to the tetragonally distorted oxygen octahedron (see Appendix B for
the script). The model does not take into account solid-state effects, but rather it
calculates perturbation of the external negative charges on the 3d orbitals of a single
Ti-Og cluster (in principle a molecule). The high symmetry cubic (Oy,) case produces
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Figure 6.3: Point charge models of Ti-Og clusters and the energy of 3d
electron orbitals. O, symmetry corresponds to cubic, Cy, to tetragonal BaTiOs.
O, symmetry produces classic e, and ty, orbital splitting pattern, while additional
distortion in the tetragonal case adds additional sub-splitting in them.

classical e, and ty, orbital splitting pattern as seen in Fig. 6.3, where orbitals point-
ing in the direction of the oxygen anions (d.» and d,2_,2) are destabilized and raised
in the energy scale while the rest of the orbitals are pointing in between the oxygen
anions and are lowered in the energy scale [147]. The tetragonal distortion (Cj,)
leaves only the d,. and d,. orbitals in degenerate state. Additional splitting is seen
in the e,-like orbitals, where d.» is destabilized and d(,2_,2) are slightly stabilized
with respect to the Oy, state. Splitting is also expected in the t5, orbitals, but it it
smaller as compared to e, (Ae, > Aty,).

Examination of the EEL Ti Lj 5 edge (background subtracted, plural scattering
corrected and normalized to the maximal intensity) at the ferroelectric (100 °C) and
paraelectric states (240 °C) reveals two peaks on each edge corresponding to e,/ta,
splitting. The octahedral field splitting in cubic state is A, = 2.02 eV. Comparison
of the spectrum measured at 100 °C with the 240 °C one shows a slight shift of the
peak corresponding to the e, orbitals, Fig. (6.4). As the observed shift is small, the
ey peaks of the Lz edge at both temperatures were fitted with a Pseudo-Voigt peak
function to precisely find the centers of them (note that the energy axis was very
carefully adjusted so the center of zero loss peak is at 0 eV). Peak fitting reveals a
50 meV difference in the centers of the e, peaks of tetragonal and cubic BaTiO3 as
shown in Fig. 6.5. Although the effect is small, it is reproducible and it has also been
observed before [153]. Therefore, it is not an artifact. Although the difference in the
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eg-like orbitals corresponds well with the simple point-charge model with tetragonal
distortion, it does not take into account solid state effects, electronic transitions to
the empty states, or the effect of core-hole left behind in the deep atomic states.
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Figure 6.4: Ti Lg, EELS at 100 °C and 240 °C. Small dots on the lines
represent data points. Both, L3 and L, edges show distinct octahedral field splitting
in to a doublet. Additional splitting in the e,/ts, of tetragonal (100 °C) BaTiOj is
not resolved, but there is slight shift in the peak corresponding to ey-like orbitals.
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Figure 6.5: Ti L3 ¢, peak at 100 °C and 240 °C. Dots represent measurement
points, the line is Pseudo-Voigt profile fitting the data.

To better understand the differences of Ti Lj 2 edge between the tetragonal and
cubic states of BaTiOgs, the spectrum was simulated with FDMNES package em-
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ploying muffin-tin approach and TDDFT. The results for both cubic and tetragonal
cases are shown in Fig. 6.6.
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Figure 6.6: Comparison of experimental and calculated Ti L3, absorp-
tion edges. Red and gray lines are experimental spectra, violet and blue lines are
calculated spectra, which are convoluted with Gaussian so the L3 e, peaks are same
width, dark blue and green lines are spectra without convolution.
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Figure 6.7: Projected density of of 3d-like states in cubic and tetragonal
BaTiOs. (a) As calculated for cubic case. (b) Tetragonal case. Seperate color
coding for the five different orbitals.

The TDDFT approach has reproduced reasonably well L3 /Ly ratio, which is usually
problematic to calculate right with simpler methods [78]. Theoretically L3/Ly ratio
should be 2 (that is, the first Ls edge should be twice as intense as L edge), because
initial state 2ps/, of the electron experiencing L3 absorption has four electrons, while
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2p1 /2 initial state for the Ly edge has two electrons. The TDDFT takes into account
core-hole instigated mixing of the final empty states of e, and t5,, therefore repro-
ducing experimentally observed ratio. Interestingly in the calculated spectra a shift
(~ 100 meV) is observed in the ¢y, peak and not in the e,. This could be attributed
to the wrongly calculated Lj/Lo transition cross-sections or overestimation of e, /ts,
mixing [71, 77, 78].

Inspection of the calculated projected density of states corresponding to 3d states
gives similar picture, Fig. 6.7. In the cubic case, Fig. 6.7(a), two degenerate states
are seen exactly as in the point charge model, albeit the solid state effects create fine
structure in them. The tetragonal case, Fig. 6.7, shows the same splitting pattern
as the point charge model.

Another possibility of this discrepancy could be indicative of the order-disorder
character of the phase transitions in BaTiOg3, where in the "cubic' case the titanium
atom "rattles" around in between eight different positions in the <111> directions in
the unit cell [90, 153]. In this case, the calculated density of states and the associated
transitions may be calculated erroneously.
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Figure 6.8: EELS of oxygen K edge at 100 °C and 240 °C of BaTiOs;.
Dots represent measurement points. The data are background subtracted, multiple
scattering corrected and normalized to maximal intensity.

Inspection of the O K absorption edges does not reveal any large differences
between the cubic and tetragonal states of BaTiO3, Fig. 6.8. However, this could
be attributed to noise in the data as the O K edge is less intense than the Ti Lj»
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(Fig. 6.2). As per Ref. [153], some differences are expected in the near vicinity of
the edge onset.
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Figure 6.9: Experimental and calculated EELS of the oxygen K edge of
BaTiO3; and comparison with some projected density of states. On the
top, dark grey line is the experimental spectrum red line is calculated spectrum
(convolved in such way, so the peak onset of the edge would match experimental).
Blue line is the empty density of states having oxygen 2p character. Underneath,
projected density of states of several titanium and barium orbitals. Density of states
is aligned so it would coincide with the absorption edge on the energy axis.

The O K edge represents hybridization of the oxygen empty p-like states with
the titanium and barium empty states. FDMNES calculations were also performed
on the O K edge to understand the origins of the various peaks. Figure 6.9 shows
that the onset of the O K edge represents the Ti 3d hybrid states, indicative by the
similarity of O 2p (blue line) with the Ti 3d states (violet line). The region between
532.5 to 540 eV corresponds to hybrid states with barium, while the region between
540 and 547.5 eV indicated the character of the outer, diffused Ti orbitals. Therefore,
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the origins of the rich fine structure are well illustrated with the help of density of
states calculations.

6.4 Results and discussion: Low-loss EELS

Experimental acquisition and data extraction from angle resolved (g-resolved) EELS
data require different approaches as compared to the angle integrated data. It is
noted that when q is mentioned herein, it indicates the momentum transfer perpen-
dicular to the incident electron beam.

Q-resolved EELS acquisition is challenging due to the high intensity of non-
scattered and weakly scattered electrons around ¢ ~ 0. However, the signal rapidly
drops when EEL spectra are measured at ¢ > 0. Therefore, a large dynamic range
of the detector collecting the signal is required. Nevertheless, even with modern
detectors it is very easy to saturate the signal at ¢ ~ 0, while the signal-to-noise
ratio at high scattering angles is still low.

Another challenge has to do with the extraction of the g-resolved data and their
analysis since there are no readily available tools or software packages. Previously,
Batson and Silcox have developed a mathematical framework of data treatment [154]
and herein, I will demonstrate an implementation of their method with some improve-
ments regarding dielectric samples with high refractive index.

The extraced Im{—1/e(q, £)} at various ¢ vectors (also along polar and non-
polar directions) will be treated further to obtain the real and imaginary parts of
the dielectric function. Finally, the experimental functions will be compared to the
theoretically calculated ones.

6.4.1 Data treatment

The raw data are collected as g-E images, where the vertical direction (2048 pixels
in height) corresponds to the angular part and the horizontal direction (3456 pixels
wide) to energy loss. The dispersion in the energy range is 0.03 eV /pixel. The
recorded energy range spans from -5 eV to 98 eV (for the maps containing the zero loss
peak), while the q range encompasses the central, non-scattered beam surrounded
by two opposite diffraction maxima (for example, 001 and 001), which are used to
calibrate the momentum axis of the q-E map. The energy resolution of the -E map
is ~ 0.6 eV. An example of the recorded raw map is shown in Fig. 6.10(a).
Additionally, maps with shifted energy range were recorded in a way that the zero-
loss part did not enter the spectrometer, Fig. 6.10(b). The obtainable intensity in
the maps was limited by the spectrometer’s shutter where the zero-loss peak quickly
over-saturates the detector elements. The recorded spectrum without the ZLP (with
the same acquisition time) has 5.5 times larger average intensity. To increase the
signal in the low loss region, maps without the zero-loss part were "stitched" together
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with the zero-loss from the maps containing it. The zero-loss part was multiplied
accordingly to match the average intensity in the low-loss part.

E:=0 Energy loss (eV) Energy Loss (eV)

Figure 6.10: Raw recorded g-E maps (a) Map containing a zero-loss peak. (b)
Recorded map without zero-loss peak. Both maps are shown in the logarithmic scale,
each pixel has been added one to the recorded intensity as there were pixels with
zero counts. Contrast is inverted for better visualization. Central peak corresponds
to ¢ = 0, top and bottom peaks are diffracted beams.

(a)

Figure 6.11: Stitched g-E maps. (a) The map contains low loss part recorded
with higher shutter duty cycle [Fig. 6.10(b)], which is stitched together with the
missing zero-loss (intensity accordingly multiplied) part from another measurement
[Fig. 6.10(a)]. (b) The same map, but the energy scale is aligned across the whole
map.

The camera used for recording the g-E map is very sensitive and stray X-rays may
enter the electron sensitive detector and dissipate their energy, which results in some
pixels having unreasonably high intensity. An example of one such event is shown
in Fig. 6.12. To remove them, An automatic spike removal routine was written in
Mathematica 11.2 and can be seen in Appendix E. In a nutshell, the function has
two inputs that includes the g-E map (named list in the function) and some criteria
(named crit in the function). The script iteratively runs through every energy loss
spectrum at each q value and checks each value on the energy axis with the neighbor
on the left and on the right (special treatment is done if the checked value is at the
start or at the end of the spectrum). If the intensity of a pixel is criteria times
larger than the average of the neighboring ones, a spike is detected. The value of
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the particular pixel is then altered to be the average value of the neighboring pixels,
otherwise, no alterations are done. The result of this function is a corrected g-E map
named cor.
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Figure 6.12: A large spike due to a stray x-ray entering the spectrometer.
Example is from a spectrum row with ¢ >> 0, therefore the small count statistics.
Around 58 eV a large spike is seen.

By examining Figs. 6.10(a) and 6.11(a), it is apparent that the zero-loss peak is
not located at the same energy channel throughout the whole map, but it rather looks
'wavy"'. This is the result of the imperfect electron optics and residual aberrations,
which cannot be avoided during acquisition. To correct for this artifact the following
routine is used. For each row in the g-range, a zero-loss peak is fitted with a Gaussian
function and its parameters are saved in an array. The zero-loss peak, which has the
largest energy (i.e. the one which has shifted the most to the right hand side in the
g-E map) is found. Every other zero-loss peak is shifted to the same energy (i.e.
pixel number). The shift is accompanied by padding the left hand side with zeroes.
In principle, this is permissible since there should be no intensity on the left hand
side of the zero loss peak (electrons do not gain energy in the process of transmission
through the specimen). The right hand side (tail at the high energy losses) of the
shifted spectra is then removed to keep the original size of the g-E map.

The low-loss EELS of BaTiOj is strongly influenced by Cherenkov losses [155,
156]. In short, when a charged particle is traveling through a medium with speed
v > ¢/n, where ¢ is the speed of light and n is the refractive index, it loses energy
via Cherenkov radiation. The refractive index of BaTiO3 is n ~ 2.4 [157]. For
BaTiOg3, Cherenkov losses occur when the electrons are accelerated over ~ 50 kV
and, therefore, in any conventional TEM Cherenkov losses are inevitable. In the
EEL spectra, Cherenkov losses appear close to the ZLP and are highly forward
scattered, that is, almost only the ¢ = 0 part is affected. However, this is also the
most intense part of the g-E map. The effect of Cherenkov radiation loss can be
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seen in Fig. 6.13(a). It is noted that off-axis measurements are not influenced by
this effect as seen by the red line in Fig. 6.13(a). The distance in ¢ between non-
diffracted beam and 001 maximum is 1.56 1/A, while the off axis measurement lays
very close to the zero loss peak at ¢ = 0.07 1/ A. In addition, the Cherenkov loss
The
affected part lays in the bandgap region, which effectively forbids precise bandgap

measurements for materials with large refractive index with conventional approaches

effect is always seen in the integrated spectra case [blue line in Fig. 6.13(a)].

(for example, conventional STEM-EELS would produce artificially narrow bandgap
measurement) [158].
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Figure 6.13: Cherenkov loss affected spectra. (a) Gray line is ¢ = 0 line in
the g-E map, the arrow indicates excess loss intensity, additional peak appears close
to the ZLP. Red line is a spectrum measures at ¢ = 0.07 1/ A. Measurement off-axis
gives the true shape of the low-loss spectra. Blue line is a spectrum obtained by
integrating in the range +0.15 1/ A. Although the shape of the spectrum is similar to
the off-axis measurements, Cherenkov losses create additional peak in the band-gap
region of the low-loss. (b) Gray line is the spectrum measured at ¢ = 0 Red line is
a spectrum obtained by averaging 5 spectra in the q range from 0.077 to 0.087 1/A
and fitting the tail from ~ 80 eV energy loss.

As the Cherenkov losses affect the spectra close to ¢ = 0 and the affected part is
at smaller energies, a plan to remove this effect from the spectra was created. The
Cherenkov loss affected region was separated from the gq-E map, which spans across
q = £0.087 1/ A. The spectra at the bordering region of the separated region were
not affected by the Cherenkov loss and average spectrum spanning from ¢ = 0.077 to
g = 0.087 was calculated. The tail region of the region of the off-axis spectrum was
fitted to each spectrum in the Cherenkov loss affected region and the excess intensity
was then removed. Finally, the corrected region was added back to the g-E map.
The full script is shown in Appendix G.

Fig. 6.14(a) shows the resulting map where only the ¢+ range is shown because
it will be used further for the dielectric loss function extraction. To increase the
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(a) .

Figure 6.14: g-E maps showing the effect of Cherenkov loss correction
and potential binning. (a) g-E map after Cherenkov loss correction. (b) g-E map
with potential q bins, each bin is located in between dashed red lines.

signal-to-noise ratio, binning along the ¢ direction was performed, Fig. 6.14(a). The
binning is shown on the Cherenkov loss uncorrected g-E map, as it was easier to align
the ¢ = 0 position. The width of each bin is ~ Ag = 0.05 1/A. and the spectrum in
each bin is the sum of the spectra. Two scripts were created, one to align the bins
and ¢ = 0 and the other one to perform the binning (see Appendix H). The binning
script also creates the so called Image spectrum, which is formed by integrating along
the g-direction can is used in the further stage. After all the corrections and binning,
an attempt to extract the single scattering distribution can be made.

6.4.2 Single scattering q-E map extraction

In the momentum resolved EELS two unwanted scattering processes take place: the
quasi-elastic multiple scattering and the usual electronic multiple scattering (i.e.
electrons scattering more than once in the specimen).

The effect of quasi-elastic multiple scattering is dominant at larger momentum
transfers (higher scattering angles). Essentially, spectra at ¢ > 0 are convoluted
with scattering from all the other momentum vectors [154]. Mathematically it is
represented with the following convolution integral:

" Qula— a)Buld ) (16)

where Qp/(q — q') is the wide-angle multiple quasi-elastic scattering associated with
small energy loss of wave vector q — q’, Fy/(q’,w) is the conventional multiple elec-
tronic scattering at q" with energy dependence w [154]. Removal of the quasi-elastic
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Qulg-q’)

Figure 6.15: Schematic representation of the quasi-elastic multiple scat-
tering. Geometric construction showing the composition of quasielastic plus plas-
mon scattering at the point q. The multiple scattering is broken up into terms
involving only multiple quasielastic scattering and multiple plasmon scattering. The
total intensity at q is obtained by an integration over all q’.

scattering is done mathematically via Fourier transformation:

~

Ly(q0.®) Q(@))
Qu(ao, @)  Z;(@))

Tr(qo, @) = @@)( (47)

where IAE(qO,@) is the elastic electronic scattering (still containing multiple elec-
tronic scattering) at particular qo in Fourier space (note Fourier transform is only
done along the energy axis), I;(@) is the Fourier transformed image-spectrum (con-
taining zero-loss), Z(@) is the Fourier transformed zero-loss peak of the image spec-
trum, TJ\;(qO, @) is the Fourier transformed energy loss spectrum at particular qg and
@(qo, @) is the zero-loss peak of the spectrum at qo. G (@) is a re-convolution func-
tion (either Gaussian with the same FWHM as zero-loss peak or even the measured
zero-loss profile @(qg, @) can be used). The elastic scattering can be retrieved by
taking the real part of the inverse Fourier transform of f]\g(qo, w).

In practice, discrete Fourier transforms are used and some preparations of the
spectra are needed. The zero-loss peak is seperated form the spectra as described in
Ref. [71] (finding the minimum on the right hand side of the ZLP, selecting that as
the cutoff for the measured ZLP and padding further it to go to zero). Additionally,
the tails of the spectra should go smoothly to zero and this is done by increasing
the length of the energy scale by two and fitting the right hand side to go to zero
with the cosine-bell function of f(m) = a[l — cos(r(n — m))], where n is the length
of the energy axis (in channels/pixels), a and r are fitting parameters and m is
the channel/pixel number [71]. Padding is necessary to avoid artificially induced
oscillations in the filtered spectrum, which occur when there is non-zero intensity at
the end of the spectrum [71]. It is noted that all of the Fourier transforms are done
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on plain data, that is on the matrices, which do not carry any information on the q
or energy scales. Re-scaling is done at the very end. All of the arrays used in the
discrete Fourier transform must be the same size (i.e same number of entries in the
spectrum list). The script can be found in Appendix I.
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Figure 6.16: Example of padded spectrum. Red vertical line indicates start of
the cosine-bell padding, energy range is increased two times to ~ 200 eV.

If the operations are successful, then Ir(qg,w) is obtained, however it is still
affected by conventional multiple electron scattering. Single scattering distribution
can be formally retrieved by:

8(6,3) < G(a,2) 1n<5q’i">), (48)
G(q,w)

where 5(q,®) is the single scattering distribution (in Fourier space) and I5(q,®)
is the q-E map containing only elastic scattering and CA;((AL(D) is the re-convolution
function (either standardized Gaussian or the measured ZLP) [154]. It is noted that
the form of the function is very similar to the conventional angle integrated case
(Fourier Log method) [71]. However, the difference is that here the Fourier transform
is two-dimensional. Proportionality in the equation 48 is used deliberately since the
single scattering spectrum’s absolute intensity is dependent on the thickness of the
sample, but the main goal is to get correct shape of the distribution. The single
scattering spectrum in direct space is retrieved by taking the real part of the inversely
Fourier transformed S(q,&).

In practice, the functions fE(a, w) and G (q, @) should be even and periodic other-
wise, due to the logarithm, artificial phase jumps occur (Fourier transform produces
also imaginary part). Additionally, it is important that the zero-loss is located at
the first channel/pixel of the g-E map [71], otherwise similar phase problems occur.
Moreover, the intensity in the g-direction should smoothly go to zero. To achieve
all of these requirements, Irx(q,w) and G(q,w) are modified accordingly. First, the
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energy range is increased by two while the right hand half of the spectrum is filled
with zeros, which artificially creates an even function along the energy axis [71]. The
g-range is also increased by two times while the last measured spectrum is identified
(last used q bin) and multiplied with a function, which smoothly reaches zero at the
end of the new g-range (it can also be a cosine-bell function).

Right hand side ‘
padded with zeros

e e e N o o e I e o e e e e e

TZLP Left hand side of ZLP T

Figure 6.17: Altered g-E map to produce even periodic function. Map is
shown in logarithmic scale, the original q-E map is located in the rectangle formed
by red, dashed lines.

1200 Raw Data )
Elastic Scattering
= 1000 Single Scattering |
-.E -
3 800 .
o ]
= 600 5
[7)]
& '
€ 4007
200 .
O s 1 N 1 s 1 N
0 20 40 60 80

Energy Loss (eV)

Figure 6.18: Comparison of raw spectrum, quasi-elastic corrected and
single scattering distribution. The spectra shown here are recorded at ¢ = 0.6
1/A. Raw spectrum (gray) has character similar as for ¢ ~ 0. Filtering of quasi-
elastic scattering reveals true shape of the spectrum at high q. Removal of multiple
scattering affects mostly higher loss part of the spectrum as expected.
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Then, a mirror image is created along ¢ = 0, which is followed by shifting the
center of zero loss peak to the first entry in the array and pushing the left hand
side of the ZLP to the end of the array. Visually these operations produce a q-
E map similar to the one seen in Fig 6.17. The same procedure is done to the
array containing only the ZLP of the g-E map. Previous removal of Cherenkov
radiation is crucial to get correct single scattering distribution since strong Chernkov
losses in the ¢ ~ 0 vicinity alters the plural scattering statistics and the formula 48
gives erroneous results. The comparison of the raw spectrum with elastic and single
scattering distributions is depicted in Fig. 6.18. The Mathematica script to retrieve
single scattering distribution is also included in Appendix I.

6.4.3 Retrieval of scaled energy-loss function

The single scattering distribution is directly proportional to the negative-inverse-

imaginary part of the dielectric function: S(q, F) Im{—g(q1 E)}. To retrieve the

true Im{—s(q—lE)}, the single-scattering distribution S(q, £) must be appropriately
scaled. For ¢ ~ 0, the Kramers-Kronig relationship is utilized (Eq. 43) by using the
following approximation: Re{1/£(0,0)} ~ 1/,(0,0) ~ 1/n? [71].

1 2 [ 1 dE
t-a= Im{_e(O,E) }E (49)

The left-hand side of Eq. 49 is known and can be used to calculate the scaling

constant for S(0, £):
Co=(1- nﬂ)/(i /OEf S(O,E)‘f) (50)

The integral of Eq. 50 has to be calculated numerically. The boundary condition
Ey is the final measured energy. After obtaining Cj, the energy-loss function can be
obtained:

m{_s(()l,E)} — (- S(0, E) (51)

Tetragonal BaTiO3 has ordinary and extra-ordinary optical axis with refractive in-
dices n, = 2.42 and n. = 2.36 (extra-ordinary axis corresponds to polar axis in
BaTiO3) [157]. The polarization vector is locked in-plane in a thin TEM specimen,
therefore, the direct incident electron beam goes along the ordinary axis and the
n, value should be used. In the case of cubic BaTiOj3, there exists a single value
n = 2.52 (in the temperature interval, where the EELS measurements were done)
according to Ref. [159].

For the spectra measured at g > 0, Bethe’s f-sum rule must be applied to re-scale
them to the energy-loss function [71, 76]. Bethe’s f-sum rule allows calculation of the
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effective number of electrons per unit volume, which participate in the formation of
the energy-loss function up to Ej:

2meeo [Ef 1
ctf = Im< — EdE. 52
feff e /o m{ e(q, F) } (52)

Note that on the right hand side, the integral contains the energy-loss function with

arbitrary q, but the left hand side is independent of it (same electron density form
the energy-loss function at q = 0 and q > 0). Therefore, n.sy can be calculated by
inserting Eq. 51 in the integral of Eq. 52. Then, the re-scaling constant for each
separate spectrum measured at arbitrary q can be obtained:

C, = (”6 Nefi ) / / E)EdE. (53)

2meeo

Finally, the integral in the Eq. 53 is calculated numerically and the energy-loss
function at some arbitrary q is obtained via:

1
Im{—w} =C,-S(q,E) (54)

6.4.4 Bandgap measurement
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Figure 6.19: Bandgap measurement of cubic and tetragonal BaTiO3; with
off-axis EELS. (a) Cubic phase measured at 250 °C, E, = 3.45 V. (b) Tetragonal
phase measured at 100 °C, E, = 3.63 eV.

Measurement of the bandgap does not require any pre-processing and can be used
to quickly check whether changes in the electronic structure upon phase transitions
in BaTiO3 are reflected in the low-loss EELS. Additionally, the angle resolved low-
loss EELS measurements permit precise bandgap determination, which is unaltered
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by Cherenkov losses [158]. For this, the method described in Ref. [160] was used.
Two linear fits are made in the vicinity of the first low-loss intensity onset. The first
one determines the background level by fitting a linear function in the 2 to 3 eV
region. The other one fits the onset of the low loss spectra. Fitting is done using
a linear function in the range from 4 to 5.25 eV. This function is then extrapolated
to lower energies and the cross-point with the background is found. The cross-point
corresponds to the bandgap of the material. The spectra are measured off-axis at
qg=0.071 /A, where Cherenkov losses do not affect the spectra. The momentum
transfer is small, therefore, it corresponds to the "optical limit" [158].

The bandgaps of cubic (E, = 3.45 e¢V) and tetragonal (E, = 3.64 ¢V) BaTiO;
correspond well to the values previously reported (both experimentally and theo-
retically) [146]. The relative difference between cubic and tetragonal bandgaps is
~ 0.2 eV and it is also reflected in the theoretically calculated values [146]. Off-
axis EELS bandgap measurements has already proven valuable in detecting effects
such as bandgap shrinkage due to phase transition and it can also indicate possible
changes in the overall shape of the dielectric function.

6.4.5 Dielectric functions of BaTiO3z at q =0

The tetragonal and cubic energy loss functions and imaginary part of dielectric func-
tion (Im{e} of € = ¢; + iey) are compared in Fig. 6.20. Transformations between
various representations of the dielectric function are achieved with Eqs. 43, 41, 42
and 44 found in Chapter 3. The Im{e} parameter of cubic BaTiOj is slightly over-
estimated up to ~ 10 €V in the energy-loss range due to the slightly faulty ZLP
removal during deconvolution [there is an artificial tiny step very close to the onset
of the low-loss EELS in Fig. 6.20(a)].

The most prominent features in the energy-loss loss function are marked with
capital letters in Fig. 6.20(a). According to ref. [161], the onset (A) of the energy-loss
corresponds to the excitation from 2p to 3d bands, (B) is the collective excitation, (C)
is the barium Oy 5 excitation in to conduction band, (D) corresponds to the plasmon
resonance peak, (E) is the Ba Oy excitation into the conduction band and (E) is the
titanium Mj 5 excitation (arguably, E; is also titanium Mjs o, because the absorption
edge is located at 35 eV, however the more intense features of the edge are seen at
E). According to ref. [162], the slight increase of Im{e} in Fig. 6.20(c) around 11
eV is characteristic of the cubic phase. This peak originates from transitions within
bands of O 2p to Ba 4d character.

However, it seems that (E;) and (E) are more sensitive to the ferroelectric-
paraelectric transition, which can be seen in the insets of Fig. 6.20(c-d). This is
attributted to the Ti 3d orbital representation in this region.

Figure 6.21 compares the theoretically calculated dielectric function and exper-
imentally obtained one for cubic BaTiOs. Overall, the features match quite well,
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Figure 6.20: Experimental and theoretical energy-loss functions and imag-
inary part of dielectric function of cubic and tetragonal BaTiOj. Tetragonal
phase measured at 100 °C, Cubic phase measured at 250 °C, functions at ¢ =0 1/ A
(a) Experimental energy-loss functions. (b) Theoretical energy-loss functions. (c)
Experimental imaginary part of dielectric function. (d) Theoretical imaginary part
of dielectric function.

except for the ones very close to £ = 0 (due to the erroneous ZLP deconvolution).
The inverse functions in Fig. 6.21 are less sensitive to this artifact and show excellent
match.

Designation of the peak (B) in Fig. 6.20 is difficult. According to Ref. [162]
B in Fig. 6.20 represents the collective plasmon oscillation, while authors from ref.
[161] claim that it originates from the surface plasmon oscillation. However, surface
plasmon should appear at energy E,, = E,/ V2, where E, is the volume plasmon
oscillation energy and Ej, is the surface plasom oscillation energy [71]. For BaTiOs,
Ey, is at ~ 19.6 eV and B is located at 14 eV. Another argument against its origins
due to the collective oscillation can be made with the help of Fig. 6.21. Although,
the experimental Re{e} in Fig. 6.21(c) crosses zero with positive slope in the vicinity
of ~ 12 eV, which can be an indication of plasmon oscillation, such condition is not
sufficient since in Fig.6.21(d) the experimental Im{e} has the peak at ~ 15 eV. The
argument is made stronger by referring to the DFT calculated Re{e}, which does
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Figure 6.21: Direct comparison of experimentally obtained (at 250 °C)
dielectric functions and theoretically calculated ones for cubic BaTiOj;
atq=01/ A. Gray lines are experimental functions, red lines are calculated with
DFT. (a) energy-loss function. (b) Inverse real part of dielectric function. (c) Real
part of dielectric function. (d) Imaginary part of dielectric function.

not cross zero, and the DFT calculated Im{e}, which shows a distinct shoulder at ~
15 eV. Therefore, the origins of peak B are attributed to electron transitions, which
could be collective in between several bands.

Although, an attempt to retrieve the momentum resolved EELS of cubic BaTiO3
was made, it was not successful since at several ¢ > 0 channels the periodic spike-
like oscillations were prominent which rendered the ¢ > 0 range difficult to analyze.
However, the experiments on tetragonal BaTiO3 at 100 °C were more successful.

6.4.6 Q-resolved EELS of ferroelectric BaTiO3

Deeper analysis of the q =01/ A case is done for tetragonal BaTiOj as the retrieved
single scattering function is more qualitative due to the successful deconvolution
process. First, precise plasmon oscillation energy and damping constant can be
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Figure 6.22: Direct comparison of experimentally obtained (at 100 °C) di-
electric functions and theoretically calculated ones for tetragonal BaTiOj3
atq=01/ A. Gray lines are experimental functions, red lines are calculated with
DFT. (a) energy-loss function. (b) Inverse real part of dielectric function. (c) Real
part of dielectric function. (d) Imaginary part of dielectric function.

determined by solving the following equation system [71]:

Enae = \/E} — (AE2)/ (55)
E..—o= \/E2 — AE2

where F,,,. is the energetic position of the plasmon maximum in the energy-loss
spectrum and F. —¢ is the energy, where Re{e} crosses zero (in the vicinity of the
plasmon) and AE, = hl' = h/7 is the FWHM of the plasmon peak. I is the damping
constant and 7 is the relaxation time (it represents the time for plasma oscillations to
decay in amplitude by a factor e=! = 0.37). It is noted that the maximum position
of the plasmon peak due to the damping of the oscillations does not correspond
to the actual plasmon oscillation energy. For tetragonal BaTiO3, E,.. = 27.2 eV
and E. —g = 25.6, which yields E, = 28.7 ¢V and AE, = 12.9 e¢V. The number of
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oscillations within a relaxation time 7 can be calculated by:

A
o2 27T<AEP>’ (56)

which gives 0.36 oscillations per 7. This corresponds to heavily damped oscillations

and it is as expected in good insulators. For example, in diamond this value is 0.4
and in a good conductor such as aluminium it is 4.6 [71].

To calculate, how many electrons each unit cell of BaTiO3 can provide for the
excitations in the 0 to 100 eV range, n.¢s is multiplied by the volume of the unit
cell nesp - Vpariog =~ 37, while the value for the DFT calculated spectrum is 33.
Both theoretical and experimental evaluated n.;s indicate that the chosen valence
configurations for Ba (5s? 5p® 6s?), Ti (3s? 3p°® 3d? 4s?) and O (2s? 2p*) of the pseudo-
potentials is adequate for energy-loss calculations, but it could probably benefit by
addition of deeper atomic levels for barium. Nevertheless, the calculated energy-loss
function corresponds well to the experimental one, therefore most of the excitations
originate from previously mentioned valence/semi-core states.
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Figure 6.23: Momentum resolved experimental ant theoretical energy-loss
functions of BaTiO;. q change direction corresponds to tetragonal [100].
Gray lines are experimental functions, red lines are calculated with DFT. (a) g = 0

1/A. b)q=021/A. (c) q=0.51/A. (d) q=0.7 1/A.
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The momentum resolved energy-loss function measured in the non-polar direction
[100] of tetragonal BaTiOj is shown in Fig. 6.23. Removal of the quasi-elastic and
multiple scattering from the measured spectra seems to have worked well as the over-
all shape of the measured energy-loss function resembles the calculated ones shown
in Fig. 6.23. Admittedly, there are issues with the correct scale of the energy-loss
functions at higher scattering angles. At q =0.2 1/ A, the experimentally measured
energy-loss function is overestimated, but at q = 0.7 1/ A it is underestimated. This
is most likely associated with small number of bins in the q range of the g-E map
and the usage of the two-dimensional Fourier transform to remove plural scattering
(i.e. the method would work better with higher number of bins). Note the deficient
intensity in the 60 to 100 eV range in Fig. 6.23(b) in contrast to the excess in (d).
Such discrepancies alter the absolute scale of the energy-loss function. This could
originate from the lack of resolution in the q range due to binning. However binning
is necessary, otherwise the signal-to-noise ratio is poor. Another factor influencing
the absolute scale of the energy-loss functions is the low signal at high scattering
angles (for example, see the noise level of q = 0.7 1/A). The signal at smaller scat-
tering angles is measured at several thousands counts while at high scattering angles
it reaches ~ 1000 counts at maximum after deconvolution.

(a)175 I T T T T ] (b) T T T T
50 —[001] 125} —[001]
50+ —1[100] | —[100
o 1251 Experimental 1 5 100 DFT-Calculated
T 100f q=05A1 | I o7} q=0.5A"
S £
= 075 1 =
0.50 -
0.50 k!
025 ] 0.25
0.00 . . . . 5 0.00 . . ! s
0 20 40 60 80 10( 0 20 40 60 80 100
Energy Loss (eV) Energy Loss (eV)

Figure 6.24: Momentum resolved experimental and theoretical energy-
loss functions of BaTiO3. along [001] and [100] directions at q = 0.5
1/A. (a) Experimentally obtained energy-loss functions. (b) Theoretically calculated
energy loss functions.

Nevertheless, the general features of the measured function agree. Dispersion of
the plasmon oscillation energy with respect to momentum transfer is not detected,
which seems reasonable as the electrons are strongly bound (indicated by the large
damping constant). The increase of the plasmon oscillation peak’s width with respect
to the increasing momentum transfer is seen in both, experimentally and theoreti-
cally obtained energy loss functions. Interestingly, at higher scattering angles, the
feature close to 35 eV (Ti Mjo edge) becomes relatively more intense. This could
indicate preferential excitation of the electrons in the empty 3d states "pointing" in
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the direction of the Ti-O bond [71, 72].

A similar g-E map was acquired in the adjacent domain and the crystallographic
directions were determined by carefully measuring the distance between diffracted
spots. Smaller distance corresponds to polar [001] direction while larger diffracted
beam spot distance corresponds to the [100] non-polar direction. Two orthogonal
measurement directions are compared in Fig. 6.24(a).

Theoretically differences in the directionality of the Ti M; edge (~ 35 eV) may
arise [Fig. 6.24(b)], but the quality of the experimental loss-functions [Fig. 6.24(a)]
does not permit to detect such small features.

6.4.7 The effect of oxygen vacancies

Oxygen vacancies strongly influence the ferroelectric properties of perovskite ox-
ides [163-165]. They are especially important to screen charged domain walls [17].
However, in many cases, the detection and interpretation of their distribution in
ferroelectric materials is elusive.

To explore the effect of oxygen vacancies on the energy-loss function, a cubic
2 x 2 x 2 BaTiOg3 super-cell was created. The unit cell was translated in a man-
ner so the central atom in the super-cell is oxygen. The energy-loss function was
calculated and was compared to the conventional unit cell to make sure the results
matched. Further, the central oxygen atom in the super-cell was removed and the
structure was relaxed. The resulting structure is comparable with similar results

Figure 6.25: Relaxed super-cell of BaTiO3; with oxygen vacancy. The cen-
tral oxygen atom is removed, relaxed structure shows surrounding Ti atoms moving
outward.

found in Refs. [166, 167] and it is shown in Fig. 6.26. The calculation of the energy-
loss function according to this structure resulted in the energy-loss and imaginary
part of the dielectric function as depicted in Fig. 6.26. It is clear, that single cell
and super-cell calculations match, which indicates, that the super-cell approach pro-
duces interpretable and reproducible results. Addition of oxygen vacancies alters the
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Figure 6.26: Energy-loss function and imaginary part of dielectric function
of BaTiOj3 for single unit cell, super-cell and super-cell with vacancy. (a)
Energy-loss function. (b) Imaginary part of dielectric function.

energy-loss function with an additional peak appearing in the bandgap region, Fig.
6.26(a). This corresponds to transitions in the so-called defect levels, which appear
in the bandgap region of pristine BaTiO3 [168]. Upon application of Kramers-Kronig
relations, the imaginary part of the dielectric function is retrieved. There is a distinct
peak seen in Fig. 6.26(b), indicating electronic transitions to the defect-levels. How-
ever, caution is advised when interpreting the experimental data since the vacancy
altered energy-loss function is very similar to the angle integrated EELS spectrum,
which is influenced by Cherenkov losses, Fig. 6.13. For that reason, assessment of
the possible vacancies also must be made with an off-axis measurement. Therefore,
a possible sensitive measurement of the oxygen vacancies in the ferroelectric per-
ovskite oxide is demonstrated by theoretical calculation. Interpretable experimental
measurements of oxygen vacancies require highly monochromatic incident beam. A
possible, future in situ TEM experiment could include heating of BaTiO3 at very
high temperature to induce extensive vacancy formation in the pristine crystal, which
would be easier to detect with low-loss EELS.

6.4.8 Conclusions

Core-loss EELS revealed changes within the Ti L35 edge upon phase transition be-
tween tetragonal and cubic states of BaTiO3z. The changes in the L-edge could be
understood with a simple point-charge model, but could not directly be reproduced
with more complicated DFT methods. More elaborate calculations are needed to
reproduce and understand the origins of the absorption edge changes. One of the
approaches may involve usage of Bethe-Salpeter calculations [169]. The other possi-
bility of such discrepancy is the possibility of order-disorder character of the phase
transition. Measurement of the O K edge revealed that it is less sensitive to the
ferroelectric phase transition, however its calculation revealed the origins of the rich
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fine structure. All features have been assigned corresponding to Ba and Ti atoms.

Moreover, momentum resolved low-loss EELS allowed precise bandgap measure-
ments of cubic and tetragonal BaTiO3, which were not influenced by strong Cherenkov
losses due to the large refractive index of BaTiO3. The change in the bandgap is
indicative of the change in the electronic structure of the BaTiO3 upon the phase
transition.

Concerning the low-loss EELS, the origins of the spectral features have been dis-
cussed aided by DFT calculations. Momentum-resolved low-loss EELS of tetragonal
BaTiO3 has been measured along polar and non-polar axis. The deconvolution al-
gorithms and the experimental measurements need to be improved to achieve more
concrete results. It is suggested that momentum resolved EELS deconvolution should
be tested on a metallic system to reveal distinct plasmon dispersion with respect to
the momentum transfer vector. The overall impression is that the changes in the EEL
spectra of BaTiO3 upon phase transition is always associated with the titanium 3d
states.

A method to quantitatively measure oxygen vacancies with low loss EELS in
perovskite oxides is theoretically shown. Future EELS experiments influenced by
oxygen vacancies must be made carefully in order to distinguish Cherenkov loss from
intrinsic material effects in the bandgap region.
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7 Conclusions and outlook

Rich dynamic behavior of ferelectric materials upon electrical and temperature stim-
uli has always attracted attention from both a fundamental and practical point of
view. State-of-the-art in situ TEM methods based on silicon MEMS technology are
becoming more widespread and more available to the scientists enabling dynamic
studies of ferroelectrics at nanoscale. However, in the case of ferroelectrics, speci-
men preparation and the strict requirements for non-conductive samples for in situ
biasing experiments make them especially challenging.

Here, a reliable sample preparation method based on focused ion beam technology
was described and demonstrated on the classical ferroelectric BaTiO3. The micro-
scopic size of the sample and the non-conventional geometry needed for MEMS based
chips require precise assessment of the electric field magnitude. This was evaluated
by using finite element electrostatic calculations. The results of the finite element
calculations were compared to biasing experiments of BaTiO3 at room temperature
and observing the domain response at reasonable field values. Distinctively different
domain response on the electric fields with opposite directions ensure that the effect
is not induced by Joule heating. Biasing of the BaTiO3 not only showed that the
specimen preparation is successful, but also gave new scientific results.

BaTiO3 specimen with FIB deposited platinum electrodes spontaneously formed
charged zig-zag domain walls. At lower electric fields the domain walls were non-
responsive, indicating strong pinning, however high fields depinned them and the mo-
tion of the domain walls followed Rayleigh-like behavior. Room-temperature biasing
experiments permitted direct measurement of P-E like loops by directly measuring
the domain areas with the same polarization direction.

The ability to heat and bias at the same time with the in situ TEM system
proved extremely useful even in the case of BaTiOs, which upon heating trans-
formed its morphological state from 180° to pure 90° domain walls, which formed in
groups of needle domains. Biasing of 90° needle domains revealed two very distinct
mechanisms of their movement. The domains, which do not encounter perpendicu-
larly oriented "needles" can move relatively freely and do not show large hysteresis.
However, needle domains, which encounter perpendicular domain walls, show very
distinct, square like domain length vs. applied voltage loops with strong hysteresis.
Additionally, a new manifestation of Barkhausen jumps was directly observed, due
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to strong domain-domain interaction. These observations point to the fact that the
switching in BaTiOj3 at these conditions is hindered not by lattice defects, but mostly
due to domain self-interaction.

An attempt was made to study changes in the density of the states of BaTiO3
induced by ferroelectric phase transition by in situ EELS. Changes in the Ti Ljs
edge were observed and qualitatively understood, but DFT calculations do not yield
the same results indicating to either wrongly calculated transitions or incorrect as-
sumption of displacive phase transition mechanism. One of these possibilities must
be eliminated to achieve precise interpretation.

Momentum resolved EELS was used to probe cubic and tetragonal BaTiOs. It
allowed precise bandgap measurements, however, the measurement of ¢-E maps can
be improved to enhance the limiting factor of the low spectrum intensity at higher
scattering angles. The extracted momentum-resolved energy loss functions of BaTiO3
were qualitatively similar to the DFT calculated ones. The extraction could be
further improved regarding issues with the absolute scale of the extracted function.
Smaller binning could be beneficial, however this also requires more signal at higher
scattering angles. Nevertheless, the experimental and DFT approaches showed that
almost every observable change in EELS is associated with the titanium 3d orbitals.

Similar in situ heating and biasing approaches can be used to more exotic fer-
roelectric materials. Although, here the viability of the sample preparation tech-
nique was demonstrated on BaTiOs, which has comparably small coercive field of
0.5 kV/cm?, the experiments were performed on Na, /2Bi1 2 TiO3, which requires large
electric field to induce the phase transition between relaxor and ferroelectric states.
Several successful in situ biasing experiments were made, where the maximum ap-
plied voltage was 30 V. The analysis of the data is undergoing. However, if the
applied voltage is recalculated to the magnitude of the electric field, then E ~ 60
kV/cm? was applied. This indicates that the sample preparation procedure is robust
to sustain even strong electric fields and can be used to study materials that require
such strong fields.

Herein, differential phase contrast imaging was used to qualitatively gain insight
of the 90° needle domains, but quantitative analysis was hindered by coupling of
the electric field induced effects and diffraction effects produced by breakage of the
Friedel’s law. Nowadays, the 4D-STEM technique is gaining popularity due to the
commercially available STEM pixelated detectors. It seems that 4D-STEM can be
used to decouple electric field induced effects and diffraction effects, which would
permit quantitative differential phase contrast imaging for ferroelectrics in the future.

Finally, in situ MEMS based biasing and heating in a TEM could prove to be
a valuable tool in understanding non-conventional binary oxide piezoelectrics/ferro-
electrics such as HfOy and defective CeQO,. It is believed that oxygen vacancies play
a critical role in the physical properties of these materials (i.e. they break the inver-
sion symmetry). As, in principle, they are charged, there must be some response on
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the external electric field (i.e. vacancy movement). Additionally, DFT calculations
showed that low-loss EELS is sensitive to formation of oxygen vacancies and could
be used to spatially map the distribution of them and, therefore, would give better
understanding of their influence.
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A Voltage control script

This is custom made script for Keithley SMU-2450 to create triangular voltage shape
and measure current. Parameters dv and vmax are controlling the discrete size of the
voltage step and maximum of the applied voltage. The script, at first, runs to the
positive side and achieves +vmaz, returns to zero, then goes to -vmax, then returns
again to zero and the execution is finished. The parameter nstep is number of steps
necessary to achieve vmax with given dv. Parameter dt controls a pause in-between
each successive voltage step, therefore it is convenient to adjust the speed of the
voltage sweep for given TEM imaging conditions. After the voltage sweep, voltage,
current and time-stamps are printed out on the screen of the computer.

--Sweep voltage and measure current in a two electrode configuration

-—Instrument reset and clearing the buffer

reset ()

defbufferl.clear()

--Measurement settings

smu.measure.func = smu.FUNC_DC_CURRENT

smu.measure.autorangelow = le-6

smu.measure.autorange = smu.0ON

smu.measure.nplc = 1

smu.measure.terminals = smu.TERMINALS REAR

smu.measure.sense = smu.SENSE_2WIRE

--Source settings

smu.source.func = smu.FUNC_DC_VOLTAGE

smu.source.highc = smu.0OFF

smu.source.range = 20

smu.source.ilimit.level = 0.01

--Voltage and timing setups

dv=0.01

vmax=5.0

nstep=(vmax/dv)+1

dt=0.5

--Linear sweep setup

smu.source.sweeplinear(’Data’, 0, vmax, nstep, dt, 1, smu.RANGE_BEST,
<~  smu.0N, smu.ON)

--Run trigger model and wait for it to complete

trigger.model.initiate()
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waitcomplete ()
--Print Results
if defbufferl.n == 0 then
print ("Buffer is empty\n")

else
print ("Voltage\tCurrent\tTime")
for i=1,defbufferl.n do
print (string.format ("%g\thg\t%s", defbufferl.
— sourcevalues[i], defbufferl.readings[i],
— defbufferl.timestamps([i]))
end
end

defbufferl.clear()
smu.source.sweeplinear(’Data’, O, -vmax, nstep, dt, 1, smu.RANGE_BEST
~ , smu.0ON, smu.ON)
trigger.model.initiate()
waitcomplete ()
if defbufferl.n == 0 then
print ("Buffer is empty\n")

else
print ("Voltage\tCurrent\tTime")
for i=1,defbufferl.n do
print(string.format ("%g\tlhg\t%s", defbufferl.
— sourcevalues[i], defbufferl.readings[i],
— defbufferl.timestamps[i]))
end
end
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B Point charge model for 3d or-
bitals

Positions of the charges surrounding transition metal are given in polar coordinates.
Coordinates are parsed in an array, each array element consists of three numbers:
angles 6 and ¢, and normalized radius (normalization, for example, can be done with
respect to the longest bond). Some examples of the input are given at the start of
the script. The positions of the charges are given to the Lig array. Output of the
code contains three matrices (at the very end). The first one is eigenvalue matrix,
showing energy of the particular orbital. The other one is eigenvector matrix, which
gives information on which orbital exactly has particular energy. Each element of the
eigenvector list contains five entries corresponding to five possible orbitals. Starting
from position one: 1 — dy2_,2, 2 = dy., 3 = dy2, 4 — dy., 5 — dyy. Asymmetric
fields may induce mixing of the 3d orbitals. Then the character (for example, how
much d,» is mixed in the d,2_,» orbital) can be calculated from the convectional
normalization rule, please see [147, 149 for further information.

(*Ligand coordinates \[Thetali \[Phi]i Ri (normalized to one)*)
(¥Octahedral field \
{{0,0,1},{180,0,1},{90,0,1},{90, 180, 1},{90,270, 1}, {90, 90, 1} }*)
(*Square planar {{90,0,1},{90,180,1},{90,270,1},{90,90, 1}}*)
(*Tetrahedral with bad choice of the reference azis \
{{ArcCos[-1/3]%180/Pi,0,1},{ArcCos[-1/3]%180/P%,120,1},{ArcCos
— [-1/3]*\
180/Pi,240,1},10,0, 1} }*)
(*Tetrahedral with proper choice of the azis \
{{(ArcCos[-1/3]*180/P%)/2,45,1},{(ArcCos[-1/3]*180/P%)
— /2,225,1},{180-(\
ArcCos[-1/3]*180/P%)/2,135,1},{180-(ArcCos[-1/3]%180/P%)/2,315,1}}*)
(*Tetra {{(ArcCos[Sqrt[1/3]]*180/Pt),45,1},{(ArcCos[Sqrt[1/3]]1*180/
— P3)\
,225,1},{(ArcCos[-Sqrt[1/3]]*180/Pi),135,1},{ (ArcCos[-Sqrt
— [1/3]1]1%180/\
P3),315,1}}*)

(*¥12 - coordinated site \
{{45,0,1},{45,90, 1},{45,180,1}, {45,270, 1},{90,45,1}, {90,135,1},{90, \
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225,1},190,315,1},{135,0,1},{135,90,1},{135,180,1},{135,270, 1} }*)

(¥C4v as in BaTi03 - \

{{0,0,0.9339},{180,0,1.060239},{93.7921,0, 1},{93.7921, 180, 1},{93. 7921
(_>

270,1},{93.7921,90, 1} }*)

Lig = {{0, 0, 1.060239}, {180, 0, 0.9339}, {93.7921, 0, 1}, {93.7921,
180, 1}, {93.7921, 270, 1}, {93.7921, 90, 1}};

(*Coordination number equals to the ligand number*)

cn = Length[Lig];

(*Functions to exztract necessary wvalues*)

\[AlphalO[i_] := 0(*1/Lig[[+]]1[[3]]*);

\[Alphal2[i_] := 1/(Ligl[[i]1[[311)73;

\[Alphal4[i_] := 1/(3*(Ligl[[i]1[[311)"3);

\[Thetal [i_] := Lig[[i11[[11]1*Pi/180;

\[Phi] [i_] := Ligl[[i]11[[2]1]1*Pi/180;

(*Ligand position functions*)

DOOi = Table[\[AlphalO[il, {i, 1, cn}];

DOO = Sum[DOOi[[i]], {i, 1, cn}];

D20i = Table[\[Alpha]2[i]*(3%(Cos[\[Thetal [i]172) - 1), {i, 1, cn}];

D20 = Sum[D20i[[i]], {i, 1, cn}];

D40i = Table[\[Alphal4[
1]*((35/3)*(Cos [\ [Theta] [1]]74) - 10*(Cos[\[Theta] [i]]"2) +

1), {i, 1, cn}l;

D40 = Sum[D40i[[i]], {i, 1, cnl}];

D21i = Table[\[Alpha]2[i]*Sin[\[Theta] [i]]*Cos[\[Theta] [1]]*
Cos[\[Phi] [i]1], {i, 1, cn}];

D21 = Sum[D21i[[il], {i, 1, cn}];

D22i = Table[\[Alphal2[i]l*(Sin[\[Thetal [i]]"2)*Cos[2*\[Phi] [i]], {i,
1, cn}l;

D22 = Sum[D22i[[i]], {i, 1, cn}];

D41i = Table[\[Alphal4[i]*Sin[\[Thetal [i]]*
Cos[\[Theta] [i]]1*((7/3)*(Cos[\[Thetal [i]]172) - 1)*
Cos[\[Phi] [i]1], {i, 1, cn}];

D41 = Sum([D41i[[i]], {i, 1, cn}];

D42i = Table[\[Alphal4[
i]*(Sin[\[Thetal [1]]172) *(7*(Cos [\ [Theta] [i]]172) - 1)*
Cos[2x\[Phi] [i]], {i, 1, cn}];

D42 = Sum([D42i[[i]], {i, 1, cn}];

D43i = Table[\[Alphal4[il*(Sin[\[Theta] [i]]173)*(Cos[\[Theta] [i]])*
Cos[3*\[Phil [i]], {i, 1, cn}];

D43 = Sum[D43i[[i]], {i, 1, cn}];

D44i = Table[\[Alphal4[i]l*(Sin[\[Theta] [i]]~4)*Cos[4x\[Phi] [i]], {1,
1, cn}l;

D44 = Sum([D44i[[i]]l, {i, 1, cn}];
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G21i = Table[\[Alpha]2[i]*Sin[\[Theta] [i]]1*Cos[\ [Theta] [i]]*
Sin[\[Phi] [i]], {i, 1, cn}];

G21 = Sum[G21i[[i]], {i, 1, cn}];

G22i = Table[\[Alpha]2[i]*(Sin[\[Thetal] [i]]72)*Sin[2x\[Phi] [i]], {1,
1, cn}];

G22 = Sum[G22i[[i]], {i, 1, cn}];

G41i = Table[\[Alpha]4[i]*Sin[\[Theta] [i]]*
Cos[\[Theta] [i]]1*((7/3)*(Cos[\[Theta] [1]1]172) - 1)*
Sin[\ [Phi] [i]], {i, 1, cn}];

G41 = Sum[G41i[[i]], {i, 1, cn}];

G42i = Table[\[Alphal4[
i]*(Sin[\ [Theta] [1]]1~2)*(7*(Cos [\ [Theta] [1]]1"2) - 1)*
Sin[2+\ [Phi] [i]], {i, 1, cn}];

G42 = Sum[G42i[[i]], {i, 1, cn}];

G43i = Table[\[Alpha]4[i]*(Sin[\[Theta] [i]]~3)*Cos[\[Theta] [i]]x*
Sin[3*\[Phi] [1]], {i, 1, cn}];

G43 = Sum[G43i[[i]], {i, 1, cn}];

G44i = Table[\[Alpha]4[i]*(Sin[\[Theta] [i]]~4)*Sin[4x\[Phi] [1]], {i,

1, cn}l;
G44 = Sum[G44i[[i]1], {i, 1, cn}];
(*Integrals*)
H11 = DOO - (1/7)*D20 + (1/56)*D40 + (5/24)%*D44;

H22 = DOO + (1/14)%D20 - (1/14)*D40 + (3/14)+*D22 + (5/42)*D42;

H33 = D00 + (1/7)*D20 + (3/28)*D40;

H44 = DOO + (1/14)%D20 - (1/14)*D40 - (3/14)*D22 - (5/42)*D42;

H55 = DOO - (1/7) D20 + (1/56)*D40 - (5/24)%D44;

H12 = (3/7)*D21 - (5/28)*D41 + (5/12)%*D43;

H13 = (-Sqrt[3]/7)*D22 + (5*Sqrt[3]/84)*D42;

H14 = (-3/7)*G21 + (5/28)*G41 + (5/12)*G43;

H15 = (5/24)%G44;

H23 = (Sqrt[3]/7)*D21 + (5xSqrt[3]/14)*D41;

H24 = (3/14)%G22 + (5/42)*G42;

H25 = (3/7)*G21 - (5/28)*G41 + (5/12)*G43;

H34 = (Sqrt[3]1/7)*G21 + (5*Sqrt[3]/14)*G41;

H35 = (-Sqrt[3]/7)*G22 + (5*Sqrt[3]/84)*G42;

H45 = (3/7)*D21 - (5/28)*D41 - (5/12)*D43;

(*Matriz creation, finding eigenvalues and eigenvectorsx*)

m = {{H11, H12, H13, H14, H15}, {H12, H22, H23, H24, H25}, {H13, H23,
H33, H34, H35}, {H14, H24, H34, H44, H45}, {H15, H25, H35, H45,
HB5}};

Eigenvalues [m]

Eigenvectors [m]

ListPlot[Eigenvalues[m]]

(*Position of eigenvector 1 \[Rule] dx"2-y 2 2 \[Rule] zz 3 \[Rule]
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B. POINT CHARGE MODEL FOR 3D ORBITALS

— \
dz2 4 \[Rule] dyz 5 \[Rule] dzy*)
{0.360051, 0.304357, -0.246349, -0.209029, -0.209029}

{{o0., 0., t., 0., 0.}, {t., 0., 0., 0., 0.}, {0., 0., 0., O.,
1.}, {0., 1., 0., 0., 0.}, {0., 0., 0., 1., 0.}}
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C FDMNES input example

An example of Ti Lz, edge calculation with FDMNES code. Green functions are
used to calculate absorption spectrum within multiple-scattering approach. Density
of states is calculated (SCF flag) for the cluster in the radius of 7 A. Absorber is Ti
atom (Z = 22), self absorption correction is employed. Density all flag requests to
output projected density of states, Relativism and Spinorbit flags request relativistic
approach to calculate the density of states and the transitions. This is followed by
atom electron configuration (which is optimized during SCF cycles) and the descrip-
tion of the unit cell and space group.

Filout
/home/xeon/parallel fdmnes/BT0/cubic/mst_7_ Barium TiL

Range
-10. 0.05 20.

Green

SCF

IP_self max
10.1

N_self

300
Quadrupole

INRIXS
10. 0.1 0.2 0.35 0.7 1.35

Z_absorber
22

Edge
L23

'Eimag
0.1
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C. FDMNES INPUT EXAMPLE

Excited
Self abs
Double cor

Radius
7.0

Hubbard
13.0

Density_all

Relativism
Spinorbit
TDDFT

Spgroup
221

Crystal
4.00730 4.00730 4.00730 90. 90. 90. ! = a, b, c, alpha, beta, gamma

1 0.500000000000000 0.500000000000000 0.500000000000000
2 0.000000000000000 0.000000000000000 0.000000000000000
3 0.000000000000000 0.500000000000000 0.500000000000000

Convolution

Estart
-10.0

E cut

-2.0
IGamma_hole
10.01

End
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D Quantum Espresso input

Work flow to calculate vacancy affected BaTiOjz low-loss spectrum. First part is
used for general electronic structure calculation with pw.x code. celldm(1) is unit
cell dimension in Bohr radius units. The actual unit cell is defined as a matrix
CELL_PARAMETERS followed by the atomic positions.

&control

calculation = ’scf’
title = ’BTcubic’
prefix="BTC’

pseudo_dir = ’./pseudo’
outdir=’./out’

/
&system

ibrav = 0,

celldm(1) =15.102008388,
nat = 39,

ntyp = 3
ecutwfc 60,
ecutrho 600,
nosym=.false.,
noinv=.false.,

/

[

&electrons
conv_thr = 1.0d4-10,
diagonalization = ’david’,
mixing mode = ’plain’,
mixing _beta = 0.05,
electron_maxstep = 1000,
/
ATOMIC_SPECIES
Ba 137.327 Ba.pbesol-spn-rrkjus_psl.1.0.0.UPF
Ti 47.88 Ti.pbesol-spn-rrkjus_psl.1.0.0.UPF
0 15.9994 0O.pbesol-n-rrkjus_psl.1.0.0.UPF
CELL_PARAMETERS {alat}

1.003900033 0.000000000 0.000000000
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D. QUANTUM ESPRESSO INPUT

Ba
Ba
Ba
Ba
Ba
Ba
Ba
Ba
Ti
Ti
Ti
Ti
Ti
Ti
Ti

—
(8

N OOO0OO0OO0OO0OO0OO0OO0OO0OO0OO0OO0ODo0ODo0Oo0oOo0oOo0oo o o oo

0.000000000 0.993557359 0.000000000
0.000000000 0.000000000 0.993557359
ATOMIC_POSITIONS {crystal}

0.

O O O O OO OO OO OO O oo

O O O O O O OO O OO OO OO0 OOOO OO Ooo

0000000000
.5000000000
.5000000000
.0000000000
.0000000000
.5000000000
.5000000000
.0000000000
.2494395705
. 7488224440
. 7505604295
.2343169934
.2511775560
. 7656830066
. 7488224440
.2511775560

.0000000000
.2495843452
.2495843452
.5000000000
.5000000000
.0000000000
.0000000000
.5000000000
.0000000000
.7504156548
.7504156548
.2552037577
.2552037577
.7447962423
.7447962423
.2495843452
. 7447962423
.7504156548
.2552037577
.2495843452
.T447962423
.7504156548
.2552037577
_POINTS {automatic}

444111
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O O O O O O O O OO OO oo oo

.2467657266
. 7534477699
.2465522301
. 7532342734
.2467657266
. 7534477699
.2465522301
. 7532342734
.0000000000
.5000000000
.0000000000
.5000000000
.0000000000
.5000000000
.0000000000
.5000000000

.0000000000
.2498821721
.0000000000
.5000000000
.0000000000
.5000000000
.0000000000
.0000000000
.5000000000
.7501178279
.2498821721
. 7459970280
.2540029720
. 7459970280
.2540029720
.7501178279
.5000000000
.0000000000
.5000000000
.0000000000
.5000000000
.0000000000
0.

5000000000

O O O OO O OO O OO OO OOOOOO oo oo

O O O O O OO OO OO OO o oo

.2467657266
.2465522301
.2465522301
. 7532342734
. 7532342734
. 7534477699
. 7534477699
.2467657266
.0000000000
.0000000000
.0000000000
.5000000000
.5000000000
.5000000000
.5000000000
.0000000000

.0000000000
.0000000000
.2498821721
.0000000000
.0000000000
.5000000000
.5000000000
.5000000000
.0000000000
.0000000000
.0000000000
.5000000000
.5000000000
.5000000000
.5000000000
.0000000000
.2540029720
.2498821721
. 7459970280
.7501178279
. 7459970280
.7501178279
.2540029720




Input for turbo EELS.x. Same prefiz and outdir must be used as before, restart
step is usefeul in case computer halts, as the calculation can be restarted at the last
full thousand iteration. Maximal iteration number itermaz and lastly definition of
momentum transfer vector (in the units of 27 /celldm).

&lr_input
prefix="BTC",
outdir=’./out’,
restart_step=1000,
restart=.false.

/

&lr _control
approximation = ’TDDFT’,
itermax = 15000,

ql = 0.000,
92 = 0.000,
q3 = 0.12656,

Input for turbo_spectrum.x. Same prefiz and outdir must be used as before.
itermaz( - how many Lanczos will be read from previous output. itermaz - how many
coefficients will be used to calculate energy-loss spectrum and associated physical
values (dielectric function, absorption coefficients etc.).

&lr_input
prefix="BTC’,
outdir=’./out’,
eels=.true.
ipol = 4
itermax0 = 15000,
itermax = 15000,

extrapolation = ’osc’
epsil = 0.08

units = 1

start = 0.0d0
increment = 0.01d0
end = 100

verbosity = 0
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E g-E map spike removal

Despike[list_, crit_] := (
Print ["This function produces g-E map, which is corrected for \
spikes. New, corrected array is named,cor"];
cor = list;
Do[
Do[
Which[
i==1,
If[((Qist[kIILLi1]) + 1)/(Qist[[xIIL[[i + 111) + 1)) > crit,
cor[[k]][[i]] = list[[kJJ[[i + 111;
Print["Position k"];
Print[k];
Print["position, i"];
Print[i];
1,
i == Length[list[[1]]],

If[(C(Qist[[k]IC[i]1]) + 1D/(Qist[[k]][[1 - 1]1) + 1)) > crit,
cor[[k]I[[il] = 1list[[k]II[[i - 111;

Print["Position k"];

Print [k] ;

Print["position i"];

Print[i];

1,

(((Qist[[x]ICL11D) +
D/ + 1ist[[k]][01 - 1]1] + 1ist[[k]][[1 + 1]11)/2)) >
crit && i '= 1 &% i !'= Length[list[[1]]],

cor[[k]I[[i]] = (Qist[[k]I[[i - 111 + list[[kII[[i + 111)/2);
Print["Position k"] ;

Print [k] ;

Print["position, i"];

Print[i];

1, {i, 1, Length[1list[[1]]1]1}], {k, 1, Length[list]}])
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F qg-E map zero loss alignment

A Gaussian function is defined with ¢f, function to correct zero-loss peak positions
is named zerocor. This function takes three parameters, q-E map (list) and initial
values for the gaussian function fit. Result of the function is an array named zcor -
zero-loss corrected g-E map.

gflx_, a_, b_, c_] := axExp[-(((x - b)"2)/(2xc"2))];

zerocor[list_, binit_, cinit_] := (
zcor = list;
zero = Tablelk, {k, 1, Length[list]}];
Dol
fit = FindFit[list[[i]][[1 ;; 30011,

gflx, a, b, c], {a, {b, binit}, {c, cinit}}, x];
zero[[i]] = b /. fit;

{i, 1, Length[list]}];
Print [Max[zero]];
Print [Min[zero]];
maxv = Max[zero];
len = Length[zcor[[1]]];

Do [

pad = Round[maxv - zero[[j]]];

zcor[[j]] = PadLeft([zcor[[jl], len + padl];
zcor[[j]] = Droplzcor[[jl], -pad];

, {j, 1, Length[list]}];

)
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(G Cherenkov loss correction

List named av is the off-axis averaged spectrum, function rcher takes four parameters;
averaged off-axis spectrum awv, Cherenkov loss affected region g¢list, fittting start
channel/pixel (i.e. ~ 80 eV), cutout is a channel/pixel value close to the ZLP peak,
bellow this energy channel spectrum is not altered. Fitting start channel is selected
in such way to keep the zero-loss peak unaffected. Output of the function is the
corrected selected region named chremoved.

av = MovingAverage[(ch[[ench]] + ch[[ench - 1]] + ch[[ench - 2]] +
ch[[ench - 3]] + chllench - 4]]1)/5, 11];

rcher[av_, qlist_, startfit_, cutout_] := (
chremoved = qlist;
excessive = qlist;
chfix = qlist;

avlen = Length[av];

Do[

itlist = MovingAverage[qlist[[i]], 11];
excess =

itlist - av*a /.
mini[itlist[[startfit ;;]], av[[startfit ;;]], al[[2]];
excess = PadLeft[excess, avlen + 5];
excess = PadRight[excess, avlen + 10];
excessive[[i]] = excess;
chremoved[[i]] = qlist[[i]] - excess;
chfix[[i]] =
Join[qlist[[i]] [[1 ;; cutoutl]], chremoved[[i]] [[cutout + 1 ;;11]1;
, {i, 1, Length[qlist], 1}]
)
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H Binning of the g-E map

At the start, check function (checkbins), which is used to visually check bins and
adjust the parameters for q binning. It takes as parameters -E map (list), number
of preferred bins (nbins) (actual bin number could be slightly different at the end,
because q0 bin will be adjusted in such way, that it is the first one), q0 position (¢0),
end end-energy (endene) - energy somewhere near the ZLP (used to plot zoom in
region of the zlp for centering).

checkbins[list_, nbins_, qO0_, endene ] := (
gbin = Floor[Length[list]/nbins];
Print["Channels in,a, bin"];
Print[gbin];
Print ["Q,=_0,channel with ,full energy scale"];
Print [ColorNegatel[
Image [Rescale[
Log[(list[[
Length[list] - (q0 + Round[0.5%qgbin]) ;;
Length[list] - (q0 - Round[0.5%gbin])]1] + 1)11,
ImageSize -> 1000]17];
Print ["Q,=_0,channel around, ,ZLP, juse_ this toadjust zlp more or \
less,in  the center by selecting ,q0 value"];
Print [ArrayPlot[Log[list + 1],
PlotRange -> {{Length[list] - (q0 + Round[0.5%gbin]),
Length[list] - (q0 - Round[0.5%gbin])}, {1, endene}}]];
Print ["Max number of bins"];
maxbin = Floor[(Length[list] - Round[(q0 - 0.5%gbin)])/qbin];
Print [maxbin];
lines =
Table[Line [{{1,
q0 - Round[0.5%gbin] + i*qbin}, {Length[list[[1]]],
g0 - Round[0.5*gbin] + ixqbin}}], {i, 0, maxbin, 1}];
Print ["Expected bins look like this"];
Print [Show[imgb, Epilog -> {Red, Dashed, lines}]];
)
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H. BINNING OF THE Q-E MAP

Actual binning function bin. It takes three parameters, q-E map (list), preferred
number of channels (chan) and the position of the ¢ = 0 position of the q axis.
Output of the function is a binned g-E map and image-spectrum, which is calculated

by integrating along the g-axis.

bin[list_, chan_, q0_] := (
rlist = Reversel[list];
maxbinr = Floor[(Length[list] - Round[(q0 - 0.5%chan)])/chan];
binned =
Table[Totall[
rlist[[q0 - Round[0.5%chan] + i*chan ;;
q0 - Round[0.5*chan] + i*chan + chan]]], {i, O, maxbinr - 1,
1315
imagespectrum = Total[list];

)
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I Retrieval of single scattering dis-
tribution within g-E map

At the start, definition of Pseudo-Voigt function (pv), it used to fit zero-loss peaks
and scale the spectra accordingly. Function elastic takes four parameters image
spectrum image, image spectrum zero-loss peak list imagez, binned q-E map ¢list,
zero-loss peaks of the g-E map ¢zlp and some reconvolution function recon. The
function returns elasticlist/[k]], which contains only elastic scattering of the g-E map,
parameter k is equivalent to the bin number.

pvlx_, x0_, \[CapitalGamma] , \[Etal_,
int_] := (int*(\[Etal*((1/((\[CapitalGamma]/(2*Sqrt [2*Log[2]]))*
Sqrt [2*Pi] ) ) *
Exp[-(((x -
x0)~2)/(2x(\ [CapitalGamma] / (2%
Sqrt[2*Log[2]1))72))]1) + (1 - \[Etal)*((1/
Pi)*((\[CapitalGamma]/
2)/((x - x0)72 + (\[CapitalGamma]/2)~2)))));

elastic[image , imagez , qlist_, qzlp_, recon_] :=
(
newlen = 2*Length[image];
elasticlist = Table[{}, {i, 1, Length[qlist], 1}];
iimg = pv[x0, x0, \[CapitalGamma], \[Etal, int] /. fitimage;
paddedimage = PadRight[image, newlen];
paddedimagezlp = PadRight[imagez, newlen];
reconvolution = PadRight[recon, newlen];

Do [
iq = pv[x0, x0, \[CapitalGamma], \[Etal, int] /. zlpparam[[k]];
rescale = iimg/iq;
paddedq = PadRight[qlist[[k]], newlen];
paddedqzlp = PadRight[qzlp[[k]], newlen];
elasticlist[[k]] =
Re[InverseFourier[
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Fourier[(paddedqzlp),
FourierParameters -> {1,
1}1*((Fourier [paddedq, FourierParameters -> {1, 1}]/
Fourier [paddedqzlp,
FourierParameters -> {1, 1}]) - (Fourier[(paddedimage),
FourierParameters -> {1, 1}]/
Fourier[(paddedimagezlp), FourierParameters -> {1, 1}])),
FourierParameters -> {1, 1}1];
, {k, 1, Length[qlist]}];
)

Single scattering distribution can be obtained by follwing operation. Arrays gepad
and zlpgepad are g-E map and its ZLP array padded in the q and energy ranges
to form artificial periodic even functions. The added parts to the g-E map must be

removed afterwards.

dsingle =
Re[InverseFourier[
Fourier[zlpgepad, FourierParameters -> {1, 1}]x%
Log[Fourier[qepad, FourierParameters -> {1, 1}]/
Fourier[zlpgepad, FourierParameters -> {1, 1}]],
FourierParameters —> {1, 1}1];
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