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Abstract

Ferroelectric domain walls (DWs) are nano-to-atomic-scale interfaces that separate
domains of different polar order. What makes DWSs so interesting is their dynamic nature
in an electric field, which offers an exciting potential for nanoscale and atomic-scale
applications, but, also, more generally, the dynamics of DWs is linked to a fundamental
understanding of ferroelectricity. The aim of this PhD thesis was to study DWs in lead-
free ferroelectric bulk systems under static and dynamic conditions on the local scale by
(scanning)-transmission electron microscopy-(S)TEM.

In the first part of the thesis a comparative study between step-like uncharged and
charged DWs in polycrystalline BiFeQOs; is performed in terms of strain and structure. Our
results show that uncharged DWs exhibit a higher and more concentrated strain than their
charged counterparts. The lower strain of charged DWs is associated with a wider transition
(i.e. change in directions and magnitude) of polarization vector across the DWs. All the
step-like DWs reported here, regardless of their charge state, exhibit a comparable number
of Bi vacancies and present a non-Ising behavior.

The second part presents a dynamic study of the atomic-level response of zigzag DWs
in BiFeOs single crystals in a subcoercive field regime. The atomic-level movement of a
single DW was observed. One of the foremost results is that, on the atomic scale, the
movement of the wall under an electric field is decoupled from the strain field marking the
initial position of the wall. We could explain this by the segregation of defects with a
relatively low mobility, such as clusters of oxygen vacancies. Furthermore, the triangular
tip of the zigzag DW is pinned, but a short-range change in its properties occurs:
asymmetry is induced in the wall plane leading to strain, bound charge and a possible
redistribution of the Bi-vacancies.

The last part of the thesis presents the results for the kinetics of domains in (K,Na)NbOs
single crystals. The dynamics of the mobile, needle-like DWs is influenced by other
immobile walls, which act as random bound defects. Domain growth and coalescence may
cease at a certain voltage with a subsequent increase in the number of DWs due to splitting
of the needles and the formation of nanodomains. Pinning events and domain-domain
interactions between two orthogonal, needlelike domains are directly probed. Our results
suggest that this interaction is mediated by strain.
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Povzetek

V feroelektri¢nih materialih so domene, podroc¢ja z enotno polarizacijo, locene z domenskimi
stenami (DS). Stene so razli¢nih velikosti, nastajajo na nanometrski ali atomski ravni in se
pod elektricnim poljem premikajo. Lokalne lastnosti DS na nanometrskem in atomskem
nivoju se lahko neposredno izkoris¢a v razli¢cnih aplikacijah, prav tako dinamika DS
pomembno vpliva tudi na celokupni makroskopski odziv feroelektrikov.

Namen doktorske disertacije je z uporabo metod (vrsticne) presevne elektronske
mikroskopije preuciti lokalne statiéne in dinamicne lastnosti domenskih sten v
feroelektri¢nih volumenskih materialih, ki ne vsebujejo svinca.

V prvem delu disertacije smo izvedli strukturno primerjalno studijo stopnicastih
nenabitih in nabitih DS v polikristalinicnem BiFeO; na atomskem nivoju. Pokazali smo,
da nenabite stene izkazujejo vecje lokalne napetosti kot nabite stene. Manjse lokalne
napetosti nabitih DS so povezane s postopno spremembo smeri in velikosti polarizacije cez
steno. Vse preucevane stopnicaste stene so izkazovale rotacijo polarizacije na steni — »ne-
Ising« obnasanje — in vsebovale primerljivo koli¢ino vrzeli na mestih bizmuta.

V drugem delu doktorske disertacije smo na atomskem nivoju Studirali dinamiko »cik-
cak« domenskih sten v monokristalu BiFeO; v rezimu subkoercitivnega elektricnega polja.
Eden od najpomembnejsih rezultatov je, da se na atomski ravni stena pod elektri¢nim
poljem loc¢i od napetostnega polja, ki oznacuje zacCetni polozaj stene. Napetostno polje smo
pojasnili s segregacijo defektov z relativno nizko gibljivostjo, kot so na primer skupki vrzeli
na mestih kisika. Vrh cik-cak domen ostaja pod elektri¢nim poljem pri¢vrscéen, pojavijo se
lokalne spremembe, inducira se asimetrija v napetosti stene, v naboju stene in pride do
prerazporeditve vrzeli na mestih bizmuta.

Zadnji del disertacije predstavlja studijo o mobilnosti domen v monokristalu
(K,Na)NbOs. Na dinamiko mobilnih iglicastih DS vplivajo druge, negibljive stene. Ko pri
doloceni napetosti pride do povecanja Stevila DS zaradi cepitve iglicastih domen in
nastanka manjSih nanodomen, se rast in zdruZevanje domen prekine. V studiji smo
neposredno opazovali dogodke pripenjanja in interakcije, preko lokalnih napetosti, dveh
iglicastih, pravokotnih domen.
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Chapter 1

Introduction

In the introduction, a theoretical background is given on the topics relevant to the thesis.
The chapter begins with a motivation of the present work. The following section introduces
the fundamentals of ferroelectric materials. The chapter continues with details on
(scanning) transmission electron microscopy-(S)TEM image formation and modes and a
brief review on in situ TEM techniques. The chapter concludes with a list of objectives and
hypothesis which are at the basis of the present thesis.

1.1 Motivation

Ferroelectric/piezoelectric materials are important components in many devices, such as
sensors, transducers, actuators and energy-harvesting devices. Nowadays, lead-based
ferroelectric/piezoelectric materials dominate the market. However, due to legislation and
restrictions on lead in commercial products [1], great efforts have been made to develop
more environmentally friendly alternatives. There are two main groups of lead-free
ferroelectrics currently under development: those that compete directly with lead-based
materials in terms of piezoelectric activity (e.g., (KosNags;)NbOs)[2] and those that have
poorer properties but a high Curie temperature and are potential candidates for high-
temperature applications (e.g., BiFeOs)[3].

Ferroelectric domain walls (DWs) are nano-to-atomic-level interfaces that separate
domains with different polarization vector orientations. DWs-based nanoelectronics aims
to exploit the mobility of DWs and incorporate them into electronic devices designed for
miniaturization, lower power consumption, and fast access times [4]. In addition, the
interaction of DWs and domains with the external electric field makes an important
extrinsic contribution to the macroscopic functional properties of the ferroelectric [5].

Therefore, a thorough understanding of the properties of DWs (morphology, structure,
strain distribution, possible defects segregation) and the interplay between the properties
and the functional response (i.e., the electrical response) is of paramount importance, not
only for the development of future atomic-scale electronics, but also for a fundamental
understanding of ferroelectricity.

Since DWs are atomic-scale features, their complexity has only been revealed in the
last decade, largely thanks to the development of atomic-resolution (S)TEM techniques in
combination with analytical tools. DWs are no longer seen as simple straight interfaces,
but have been shown to have particular morphologies (e.g., step-like [6]), complex structure
(e.g., unusual strain modulation [7]) or a different chemistry from the domain matrix (e.g.,
DWs that present the segregation of defects [8]).
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The properties of the walls directly determine their elastic and electrostatic energy;
therefore, they are expected to have a direct influence on their dynamics. A further step in
characterizing DWs is to observe their response to an external electric field in situ. Since
it is a local characterization technique (from a few pm to the atomic scale), the in-situ
voltage bias (S)TEM sometimes challenges the understanding of ferroelectricity from a
macroscopic point of view. For instance, it has been shown that the ferroelectric switching
is an inhomogeneous process at the local scale, since a statistical approach cannot be
applied, and a single lattice defect can have a huge impact on the switching dynamics [9].

Curiously, the number of in-situ voltage-bias studies with atomic resolution,
investigating the interaction between DWs and electric field, is small. Gao et al. [10]
discovered an atomic-scale mechanism of dipole glass formation at the interface between a
ferroelastic domain and a switched domain that impedes the switching process. This
illustrates how complex atomic-level phenomena can be, and what a tremendous impact
they have on the overall response of the system, which is particularly important in
miniature devices where the kinetics of individual domains dominate the functionality.
However, the paucity of high-resolution studies on DWs could be due to tedious specimen
preparation; the specimen should be thin enough to achieve atomic resolution using the
(S)TEM technique (ideally below 100 nm) while maintaining the integrity of the electrical
device.

The focus of this thesis is on the local characterization of DWs in lead-free ferroelectrics
under static and dynamic conditions by means of (S)TEM and in-situ (S)TEM.

1.2 Ferroelectrics

Ferroic materials are characterized by a long-range order parameter, which can have two
or more polarities and can be switched between them by applying an external (electric,
mechanic, or magnetic) field. In terms of their order parameter, the primary ferroics are
ferroelectric, ferroelastic and ferromagnetic materials. If a material exhibits more than one
primary ferroic property, it is called multiferroic.

The switching property of the order parameter is possible at temperatures lower than
a critical temperature (7'<7c) called the Curie temperature. At this temperature, a phase
transition takes place and a break in the symmetry occurs.

Ferroelectric materials are characterized by spontaneous polarization (P,) as an order
parameter (i.e., a permanent electrical dipole at the unit-cell level). P, can be switched
between two equilibrium states by applying an electrical field [11].

Ferroelectrics belong to the class of piezoelectric materials and are also ferroelastics.
The order parameter in feroelastics is spontaneous strain and it can be switched by applying
a mechanical stress. The spontaneous strain in ferroelectrics is coupled to the spontaneous
polarization via electrostrictive coefficients.

A permanent dipole moment at the unit-cell level implies a separation of the mass
center of the positive and negative charges. The majority of ferroelectrics with relevant
technological applications are perovskites with the chemical formula: ABO; [11] [12]. A
common way of representing the perovskite unit cell is as a corner-centered A cations cell
containing BOgs octahedra (Figure 1.1 a)).

The spontaneous polarization in ferroelectric perovskites, such as, KisNag;NbOs,
BiFeO;, BaTiO; and PbTiOs, can be described by shifts of the B-site cations and O ions
relative to the A-site cations. In Figure 1.1 b) a simplified distortion is represented only by
the B-site displacement with respect to the A lattice. However, the polarization can have
other directions fixed by the crystal symmetry (in Table 2.1 the polarization direction in
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the main perovskite symmetries is listed). The total dipole moment of the unit cell will
depend on the atomic displacements, as well as on the oxygen-octahedral tilts [13] [14].

Q4 o8 @0 "T’/C
i i

> T<T,
P, =0 P, #0
a) b)

Figure 1.1: Perovskite Structureq at a) T > T, for which the structure is cubic
(centrosymmetric) and no spontaneous polarization occurs and at b) T < T for which the
structure is non-centrosymmetric and a spontaneous polarization (Ps) appears as a
consequence of the separation of the center of positive and negative charges. In this

simplified case only the B-site displacement with respect to the A lattice is shown.

1.2.2 Domain structure and domain walls

An important characteristic of a ferroelectric material is the organization in regions with
different orientations of the polarization vector, regions called ferroelectric domains. The
region of transition between one domain and another is called the domain wall (DW). Since
the polarization orientation differs from one domain to another, the domains must differ in
the orientation of the crystallographic axes. [11] [15]

1.2.2.1 Formation of domains

All real crystals are finite and present surfaces. In a polarized dielectric, bound charges
arise on the surface of the material in accord with equation 1.1, where p is the volume
charge density and P is the polarization:

p=—VeP (1.1)

The surface-bound charges will lead to the appearance of an electrical field opposite to
the spontaneous polarization, called the depolarizing field (E ). The formation of periodic
ferroelectric domains helps to minimize the free energy of the entire crystalline structure:
electrostatic energy created by the depolarizing field (as shown in Figure 1.2) but, in a
more general context, also the elastic energy associated with mechanical constraints.
Nevertheless, domain formation leads to the creation of DWs that are, in general,
energetically costly.
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+++ + + + Yoo+ - 4

[

w
a) b)
Figure 1.2: Cross-section of a ferroelectric. a) A single-domain state in which a depolarizing
field arrises (E4) and b) a multi-domain state as a result of free-energy minimization. The
bound charges are ilustrated with 4+ and — The direction of the polarization is marked by
a yellow arrow. The crystal size, domain size and DW thicknees are noted as d, w and 0,
respectivly.

The size and shape of domains, together with the internal structure of the DWs, will
be determined by the minimization of the total free energy (F). The size of the domains
has been discussed for ferromagnetic materials by C. Kittle [16] and extrapolated for
ferroelectric materials [17]. The domain size (w) is decided by the competition between the
two main contributors to the domain free energy: the energy of the domain itself
(Fdomains) and the energy associated with the DWs (FDWs) (equation 1.2). While the
energy of the domains is proportional to the domain size, the energy of the DWs is inversely
proportional to it. In equation 1.2: w is the domain width, o is the energy volume density
of the DWs, U is the volume energy of the domains and d is the crystallite size (grain size
or the thickness of a thin film). [13] [1§]

d
F= Fdomains + FDWS =Uw+o—
- w

(1.2)

The equilibrium condition (F=minimum = Z—:} = 0) leads to Kittel’s law, showing that

the domain dimension depends on the square root of the crystallite size:

1.2.2.2 Domain-wall thickness and energy

The energy environment of the DW will affect its thickness and its morphology. There are
at least two competitive components that contribute to the DW energy: one from the
gradient of the order parameter and one from its ordering. The DW energy is shown in
equation 1.4 (as an integration over the DW thickness), where k is the gradient coefficient
(also called exchange constant), ¢ is the DW thickness, P is the polarization and a and b
are in the following relation: P, .. = /7%, P,,, being the saturation polarization in a
monodomain state [19].

6/ c a P
FDW = Fg’r‘ad’i,e’n,t energy + F()rde'rin,g energy = f_§/22[% (V ® P)2 + EPZ + §P4]d$
(1.4)
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On the one hand, in order to reduce the energy caused by the polarization gradient
across the wall, the DW thickness should be large (the polarization gradient across the wall
will be smaller if the changes in the polarization between adjacent domains are over a
larger distance). On the other hand, by increasing the DW thickness, the misalignment
between the polarization vectors across the wall increases, and so does the ordering energy
of the DWs; hence, minimizing the ordering energy will favor thin DWs.

Ultimately, the equilibrium thickness of the wall is given by the minimum energy
condition, given in equation 1.5 (where x is the susceptibility of the material):

0 =4 kx 1.5

The typical thickness of the ferroelectric DWs is often experimentally determined from
one to a few unit cells [20]. In some cases, abnormally thick DWs of tens to a hundred
nanometres are reported [21][22]. Wide DWs are assigned to particular strain (e.g., coupling
with dislocations) [20] or electrostatic (e.g., accumulation of point-charge defects)
[23][24][25] environments.

It is commonly accepted that pure ferroelectric walls (180° walls in which the sign of
the polarization is changed across the wall) are atomically sharp, while ferroelectric-
ferroelastic DWs (non-180° DWs) are a few unit cells wider [13][22]. However, recent
calculations challenge this, showing that for PbTiO; their thickness may be comparable
[26].

The accurate prediction and investigation of the thickness and structure of a DW is not
trivial and requires atomic resolution techniques. Thickness and morphology are important
components that determine the mobility of the DWs, as discussed in one of the next
chapters.

1.2.2.3 Types of domain walls
1.2.2.3.1 Charged and neutral

This classification of DWs is illustrated in Figure 1.3. DWs can have a neutral
configuration, side-by-side or head-to-tail (HT) (Figure 1.3 a) and b)) or a charged
configuration, tail-to-tail (TT) (Figure 1.3 ¢) and d)) or head-to-head (HH) (Figure 1.3 e)
and f)), in which there are uncompensated bound charges. If a DW is in a HH or TT
configuration, the DW is labelled as strongly charged. However, if the plane of the wall
slightly deviates from the neutral direction but an overall HT configuration is still
maintained, the DW is labelled as weakly charged. Increasing the inclination of the DW in
respect to the neutral plane will increase the amount of bound charge. [27] In Figure 1.3
g) and h) a zig-zag (needlelike) domain morphology is shown to serve as an example for
weakly charged DWs. Zigzag domain boundaries are a commonly reported morphology [28]
[29] and their formation has been demonstrated to be, in some situations, a more stable
energetic configuration than the flat-wall morphology [15][30].

Charges are created by any change in the component of the polarization perpendicular
to the DW: ppy, = AP en, where ppy, is the bound charge at the DW location, AP is
the difference between the polarization vectors of adjacent domains and m is the unit
normal vector relative to the DW plane.

Because the polarization vector is pointing from the negative charged center towards
the positive charged center, the TT configuration will be negatively charged (positive ions



6 Chapter 1. Introduction

depleted area) and will attract donor ions and holes, while the HH configuration will be
positively charged (electron depleted area) and will attract negatively charged defects.

Intrinsically charged DWs may be screened by free charges (electrons, holes, mobile
ions). In fact, strongly charged DWs require screening, otherwise, the ferroelectricity will
be disrupted by the depolarizing field. [27]

The energy of the charged DWs in perovskites is one order of magnitude higher than
their uncharged counterparts [13]. As regards their thickness, calculations [31] and
experimental [32] [33] reports suggest charged DWs are thicker than neutral DWs.

Neutral Strongly charged Weakly charged
Head-to-Tail Tail-to-Tail Head-to-Head

a) PZ C) Pl i PZ e) P1 g)

Ferroelectric T ik —_—
180° '

n‘=
[

S
e
R

N

b) d) f) h)

Ferroelectric- / 1 /

Ferroelastic

90° DW P, | P P, P P,

bbb
e
"
=

v
N

P
" Tail” - ﬁ_'_ “Head”

Figure 1.3: Schematics of Neutral/Charged 180° and 90° DWs. a), b) Neutral Head-to-
Tail DWs. ¢), d) Strongly charged Tail-to-Tail DWs. e), f) Strongly-charged Head-to-Head
DWs. g), h) Weakly-charged DWs where the actual wall plane (black line) is tilted by an
angle 6 with respect to the theoretical neutral plane (red dotted line).

1.2.2.3.2  Angle-labelled domain walls

DWs can be labeled according to the angle formed between the polarization vectors on
either side of the wall.

As referred to before, a general classification is 180° and non-180° DWs. In general, 180°
DWs are solely ferroelectric (the domains present opposite polarization vector), while non-
180° DWs are simultaneously ferroelectric and ferroelastic (the domains have different
polarization orientation and different strain tensor) [11].

The angle formed between the polarization vectors on either side of the wall depends
on the symmetry of the parent material. The polarization directions in the main perovskite
phases (tetragonal, rhombohedral and orthorhombic) are shown in Figure 1.4, and Table
1.1 summarizes the types of DWs that can be found in these symmetries and their
permissible orientation. The orientation of the DW plane is decided by the elastic
compatibility between the two domains and by the charge neutrality [34]. However, the
elastic compatibility dominates over the electrical neutrality [19].

For the simpler perovskite distortion, which is the tetragonal, the polar direction is
along [100],., which leads to six different possible polar orientations and two types of DWs:
90° and 180°. [35] [36] As the symmetry lowers, the number and complexity of the DWs
increases. The rhombohedral symmetry has a spontaneous polarization along one of the
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four diagonals in the perovskite structure (along [111], direction) and two different
orientations for each diagonal; therefore, there are eight different polar domains. This leads
to three different types of DWs: 71°, 109° and 180°. [37] In the case of orthorhombic
distortion, the spontaneous polarization arises along one of the face diagonals (along [110],.
directions) and so twelve different polar domains are possible. Four different types of DWs
arise: 60°, 120°, 90° and 180° [38] [39).

71°
[i11]

60°
* [o11]

90°

[010] A

90°
[001]

180°

[100]

90°
[001]

Y
90

00
[100]

109°
[111]

710
[111]

180°
[101]

[010]

Lol 109°
111 :
[111] [111]

a) b) c)

Figure 1.4: Polarization directions in different symmetries. a) Tetragonal, b) Rhombohedral
and c) Orthorhombic perovskite phase. The angles between direction "0", chosen arbitrarily
as a reference, and the other equivalent directions are shown. The pseudo-cubic
crystallographic directions are indicated.
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Table 1. Polar direction and types of DWs in the main ferroelectric perovskites. Planes and
directions are described using the pseudo-cubic notation.

Direction | Types of ] Examples of
Symmetry at Tr of P. DWs Planes material
[100] planes parallel with P
o] |
Tetragonal [100] BaTiOs [35]
[010] 900 110
[001] {110}
[111]
[111] 180° planes parallel with P
[111] .
= BiFeO; [37],
111 1 h '
Rhombohedral {111} 109° { {gg(})}“zlﬁaj;fgd Pb(Zr.Tiy),
== =0.06-0.45[29]
111 x
{111} 710 {110} uncharged
[111] {100} charged
[110] 180° planes parallel with P
[101] {110} for uncharged DW
Fi)(l)ﬂ (for the charged 120° DW
[11 0] 120° | the directions depend on the
[110] electrostrictive and K N NbO
Orthorhombic 011] piezoelectric coefficients) (Koso 480'50) ’
011 {110} for charged DW
{101} (for the uncharged 60°
[ﬁ()] 60° | DW the directions depend on
[011] the electrostrictive and
piezoelectric coefficients)

1.2.2.3.3  Structure of the DW

DWs may sometimes deviate from their straight, flat trajectory and present some degree
of roughing. Experimentally, atomic-level steps (from a few unit cells [32] [33] [41] up to
10 unit cells [33]) have been reported to form at the DWs. In the absence of disorder, the
system energy is minimized by a flat configuration and so, meandering of the DW trajectory
is associated with the presence of pinning sites, such as point defects [15] [42]. Interestingly,
roughening of the wall is not always associated with pinning. On the contrary, in some
cases steps are linked to increased DW mobility [43].

A different polarization structure in the transition from one domain to another will
determine the different types of DWs (Figure 1.5). If the polarization rotates across the
wall, the DW is termed chiral. If the rotation is in the wall plane, the DW is called Néel
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type; if the rotation is out of the wall plane, the DW is called Bloch type. The dipole
moment is not quantized, so the polarization can, in ferroelectric materials, be potentially
reversed by changing its magnitude along the wall: a decrease in magnitude until it is null,
change direction and increase in magnitude again. This type of DWs is called the Ising
type.

Apparently, chirality is not energetically favorable because polarization rotation will
introduce large crystalline anisotropy and the accumulation of bound charges. Hence,
ferroelectric DWs are expected to be of the Ising type. However, theoretical studies have
predicted that DWs could be in ferroelectric perovskites at least partially chiral [44] [45].
As well, experimentally, the presence of Bloch and Néel DWs in ferroelectric perovskites
was shown [46] [47] [48]. Nonetheless, little is known about the non-Ising structures of DWs
and their origin is not yet clarified. It is believed that the chirality in multiferroics is
determined by the competition between the depolarizing and the flexoelectric field [49].

Figure 1.5: Types of DWs. a) Ising type DW, b) Bloch type DW, (c¢) Néel type DW, (d)
Ising-Néel type DW. 6 represents the angle between the polarization and the DW plane.
Reprinted with permission from [44]. Copyright (2023) by the American Physical Society.

1.2.3 Polarization switching and interaction of a ferroelectric with an

electric field

A signature of ferroelectric materials is a hysteretic dependence of polarization on an
external electric field (P-E loop), illustrated in Figure 1.6. The non-linearity is a
consequence of domains and of DWs' movement upon the application of an electric field.
In the virgin, non-poled phase, the material has randomly oriented, polar domains and the
net polarization is null (Point @ in Figure 1.6). By applying an electric field (£), domains
with polarization in the direction of the field grow, while the ones with the opposite
polarization direction shrink. For a strong enough F, the majority of dipole moments are
oriented in the direction of the field and a monodomain state can be achieved (situation b
in Figure 1.6) corresponding to the saturation polarization Pp... When decreasing the
electric field to 0, some domains will back-switch, but the net polarization is not zero: it
has a remanence value Py, (situation ¢ in Figure 1.6). Only when a sufficiently high electric
field is applied in the opposite direction does the polarization become null again (situation
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d in Figure 1.6). This corresponds to a critical field, called the coercive field E.. By
increasing the magnitude of the opposite field, a new saturation state can be obtained
where the polarization is -Puax (situation e in Figure 1.6). [50] [51]

P(uC/cm?)
c b
—
E':O RIJHX _____________ b E
c
E (kV/cm?)
a-original state
before poling
.-P}HE?J( E:O

Figure 1.6: Schematic of the hysteresis P-E loop of a ferroelectric. The direction of the
electric field is indicated by a black arrow and with blue arrows the polarization direction
is marked. Significant points on the loop are marked: a — initial non-poled state, b — single
domain state at saturation (Ppax), ¢ — remanence state (Prem), d — polarization becomes 0
at a critical field applied in opposite direction - coercive field (E), e - single domain state
at saturation for the field applied in the opposite direction (-Piuax)

The coercive field (E.) is defined as the minimum electric field above which the
polarization can change sign [52]. However, the coercive field is a macroscopically defined
quantity, at local scales, each region of the material can have different switching thresholds
depending on the local energetic environment. Switching at local scales (e.g., at the scale
of the DW) is inherently inhomogeneous [9] [28].

The movement of DWs dominates the polarization switching process. A widely used
model to describe the kinetics of polarization switching is the Kolmogorov-Avrami-
Ishibashi model (KAI) [53] [54]. This model assumes that the nucleation of new ferroelectric
domains is a statistical process, initiated at random locations in the crystal. The nucleation
is further followed by unrestricted domain growth. The KAI model describes well a
macroscopic system under the influence of high electric fields (E > E_). Nonetheless, KAI
does not describe well small systems (e.g., nanocapacitors) or the switching process in a
sub-coercive fields regime (E < E,). [55]

In addition, the dynamics of DWs is linked to the interaction with defects and other
DWs. DWs attract and are attracted by defects. The defects that interact the most with
the DWs are so-called point-charge defects, such as oxygen vacancies, cation vacancies,
electrons or holes [56]. The presence of defects at DWs influences their motion, typically
by pinning them. The pinning mechanism was defined by Taganstev et al. as “immobilizing
of domain walls caused by their interaction with defects” [57]. The pinning will reduce the
DW mobility, but the wall can move through these domains if enough energy is provided
to overcome the height of the energy barrier, and this process is called de-pinning [13].
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1.3 (Scanning) Transmission Electron Microscopy-(S)TEM

TEM is now routine for the characterization of ferroelectric materials. It is one of the most
versatile characterization techniques, providing simultaneously, imaging capabilities,
information about the crystal structure and chemical composition by electron diffraction
and analytical tools, respectively.

A state-of-the-art (S)TEM offers high spatial resolution (down to the atomic level)
and the possibility to conduct an analysis while applying external stimuli in situ (e.g.,
applying an electrical field, change of temperature, application of mechanical stress) or
inside gas/liquid environments. Since the functionality of ferroelectrics is decided by their
electrical response, in-situ electric biasing (S)TEM offers a unique opportunity to gain
insights into fundamental processes such as: switching dynamics, DW movements and their
interaction with defects and other interfaces.

1.3.1 Operation of (S)TEM

A TEM operates by accelerating a beam of electrons (typical accelerating voltages are 80—
300kV) and transmitting it through an ultra-thin specimen (ideally below 100 nm).

From the interaction between the electron beam and the specimen a batch of signals
are generated (Summarized in Figure 1.7). Electrons that pass without interaction are the
directly transmitted beam. Nonetheless, most electrons will be scattered (particle nature
of electrons is considered) or diffracted (wave nature of electrons is considered), and
scattering/diffraction is the key mechanism in image and electron diffraction by TEM. If
no measurable energy loss occurs, the scattering is elastic; conversely, if a measurable
energy loss occurs, the scattering is inelastic. Another distinction can be made between
scattered electrons, referring to their wave nature: coherent (in phase) or incoherent (out-
of-phase).

Backscattered ~ ncident Secondary
electrons beam electrons

Auger Characteristic X-rays
electrons
v

Ultrathin specimen

./ Inelastically scattered electrons —

Incoherent Rutherford scattered

Elastically scattered A . electrons
electrons Direct
transmitted
beam

Figure 1.7: Signals generated by the interaction of a high-energy electron beam with an
ultra-thin specimen.

Depending on how the illumination system is set up, there are two operating modes:
conventional TEM (CTEM) and scanning TEM (STEM) (Figure 1.8). A parallel beam
mode is primarily used for imaging in CTEM, while a convergent beam operation mode is
used for STEM (but also for X-ray and electrons spectroscopy).
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a) CTEM b) STEM
& Gun crossover T~y

C1 lens C1 lens
s C1 crossover \
C2 lens C2 lens
Upper €. Front C2 Aperture

objective lens Focal plane

Focused beam
Parallel beam ¢

Ultrathin specimen Ultrathin specimen

Figure 1.8: Illumination system in TEM.a) Parallel-beam operation in CTEM mode and
b) convergent-beam operation in STEM mode. The electromagnetic lenses are represented
by black ovals, the electron rays are depicted as green lines, the optical axis is represented
by a dotted pink line and the aperture is marked in red. Graphics based on [58].

With CTEM the imaging system can be used either to form a magnified image of the
real space (Figure 1.9 a)) or to form a selected-area electron diffraction (SAED) pattern
(Figure 1.9 b)). By changing the excitation of the intermediate lens, either the image plane
or, the back focal plane (BFP) of the objective lens (OL) is selected as an object for the
projection lens. When the object for the projection system is the image plane of the OL, a
magnified image of the specimen is displayed on the screen (Figure 1.9 a)). Conversely,
when the object is the BFP of the OL, a SAED is formed on the screen (Figure 1.9 b)).

It should be noted that in Figure 1.8 and 1.9, simplified schematics are shown, although,
in reality, a modern TEM has more lenses [58].
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a) Imaging mode b) Diffraction mode

Specimen
Objective CK:J } i Objective lens qJ i

Aperture \ ~a—

Back focal
planc Intermediate

— image 1 e

SAED
Aperture

Intermediate lens
Change strength

Intermediate

image 2 ’\

Projector lens
Fixed strength

Sereen

Final image Diffraction pattern

Figure 1.9: Main operating modes of a CTEM imaging system. a) Formation of a magnified
image and b) Formation of a diffraction pattern. When changing the strength of the
intermediate lens, either the image plane of the objective lens (magnified image a)) or the
back focal plane of the objective lens is projected on the screen (diffraction pattern b)). To
obtain an electron-diffraction pattern from a selected area of interest, an aperture is
inserted in the image plane of the objective lens. Graphics based on [58].

In a STEM, a convergent electron probe is scanned in a raster across the specimen with
the aid of scanning coils (Figure 1.10 a)). Multiple scattered signals are detected and
plotted as a function of the probe position to form a magnified image [59]. In Figure 1.10
b) the primary STEM detectors that collect signals based on the scattering angle are shown:

i.  (Annular) Bright field - (A)BF picks up the on-axis forward-scattered electrons
(BF: #y< 10 mrad and ABF: 10 mrad< 6: < 20 mrad).
ii.  Low-Angle Annular Dark Field - LAADF is an annular detector which collects
small-angle forward-scattered electrons (10 mrad < #2< 50 mrad).
iii.  High-Angle Annular Dark Field — HAADF collects electrons which are
inelastically scattered at high angles (63 > 50 mrad) due to Rutherford
scattering.



14 Chapter 1. Introduction

a) b)
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Figure 1.10: STEM system and detectors. a) Scanning system where deflection coils are
used to raster the electron beam across the specimen. b) Detector in STEM: (A)BF -
(annular) bright field, LAADF — low-angle annular dark field and HAADF — high-angle
annular dark field. The typical angular values for each detector are listed (#). Graphics
based on [58].

1.3.2 (S)TEM contrast for ferroelectrics

TEM imaging mode can operate under different contrast mechanisms. Contrast is defined
as the difference in intensity between two adjacent area. As the electron wave passes
through a specimen, both its amplitude and phase can be altered and both amplitude
contrast and phase contrast can contribute to the image, even if usually one of them
dominates. [58]

Amplitude contrast comprises the mass-thickness contrast (the denser/thicker the
specimens, the less electrons they transmit) and diffraction contrast. As diffraction contrast
originates in a coherent elastic-scattering mechanism on certain crystallographic planes, it
is particularly important in the realm of ferroelectrics. The domains, which represent
regions with slightly different crystallographic orientations, as well as DWs, or
crystallographic defects can be revealed. Friedel's law assures an inversion-symmetric
diffraction pattern for thin specimens; however, Friedel's law can be broken due to strong
dynamical scattering in polar materials; this allows contrast between domains of different
polarization (the intensity of a Bragg reflection gy, is different from that of a reflection
with space inversion gzz; ) [60]. In BF mode the dark contrast regions are produced from
areas that are aligned for Bragg diffraction. With the use of an objective aperture which
can select a certain diffracted beam (hkl), a dark-field (DF) image can be formed. Domains
containing polarization in the particular hkl direction selected by the aperture will be
brighter, while domains with polarization away from the selected direction will appear
darker.

A phase-contrast mechanism is at the heart of high-resolution TEM (HRTEM) where
lattice fringes can be imaged. The recorded image has the periodicity of the sample’s
crystallographic structure; however, it is not a direct representation of it because the exit
wave is influenced further by the microscope conditions (defocus settings, aberrations).

Aberration-corrected STEM is widely used nowadays for ferroelectrics as it allows the
imaging of individual atomic columns and a direct interpretation of atomic position. The
displacements of the atoms can be mapped (e.g., A vs B or O vs B in a perovskite
ferroelectric) and link to the direction of the polarization and determine, for instance, the
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local polar order or the type and structure of a DW. The HAADF detector is recording
mainly incoherent Rutherford scattering and gives a strong atomic-number contrast (~Z7).
HAADF does not allow the imaging of light elements (such as O). All atoms, including
light elements, can be revealed by ABF where the outer section of the BF signal is collected,
which, compared to BF, is incoherent and is not dominated by phase contrast. This gives
a straightforward interpretation of the atomic position [61]. It should be noted that
HAADF is more robust than ABF, which is more sensitive to specimen thickness and small
mistilts [62]. The main advantage of STEM is that HAADF and ABF can be acquired
simultaneously. LAADF is a detector collecting electrons scattered just outside the BF
region. Both elastically and inelastically scattered electrons, which are partially coherent,
contribute to the detected signal, which makes LAADF ideal for imaging features that
diffract strongly, such as crystallographic defects or DWs [63].

1.3.3 SAED

Crystallographic information can be gathered by using electron diffraction. In diffraction
mode an area of interest is selected with the aid of an aperture.

Electron diffraction is a result of Bragg scattering on the lattice planes, separated by
lattice constant, dyy;. Bragg's law describes the path difference between two waves that
interfere constructively:

2d},;,; sin @ = nA 1.6

, where 0 is the scattering angle, A is the wavelength of the radiation and n is an integer
(order of reflection). The electron-diffraction pattern is the result of the collective electron
scattering from successive lattice planes.

Ferroelectric/ferroelastic domains can determine the splitting of certain reflexions
along characteristic crystallographic directions due to a slight mismatch between domains.
SAED acquired across a DW and the analysis of reflection splitting can give information
about the polar configuration and the type of DW. An example of determining the DW
type by using SAED is shown in Figure 1.11. In this case, 109° and 71° DWs in
polycrystalline BiFeO; have been revealed by comparing the splitting of the diffraction
spots in the experimental SAED to the simulated diffraction pattern. [64]

c)

b) 109° DW

o

: L] .

Experimental Simulated Experimental Simulated

Figure 1.11: Experimental and simulated SAED from domains in [110],. zone axis where
splitting of the marked (333) reflections was observed in approximately the [110],. direction
for 109° DW (a) and b)) and in [100],. for 71° DW (c) and d)). Reprinted from [64] with
permission from AIP Publishing.
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1.3.4 Analytical tools

The local investigation of the chemical composition in ferroelectrics by analytical tools
proved to be valuable as it establishes the relationship between local chemistry and the
domain structure. For instance, slight compositional variations have been shown to have
an effect on the domain morphology in (K,Na)NbOs [65]. Concerning the DWs, the nature
of point-charge defects, which tend to accumulate at the wall [66], can influence their
mobility and/or their physical properties (e.g., electrical conductivity [62]). Routinely used
analytical techniques in TEM are energy-dispersive X-ray spectroscopy (EDXS) and
electron-energy-loss spectroscopy (EELS). EDXS analyses the X-rays generated by the
inelastic interaction between the primary electron beam and the material. EELS, on the
other hand, measures the energy loss during the inelastic processes of the primary beam in
the specimen [67]. EELS is more suitable for detecting light elements than EDXS and
overall, it has a better energy resolution. Moreover, from EELS spectra the oxidation state
of the elements can be determined, and this might be particularly useful in determining
and understanding the types of defects that segregate at DWs. However, EELS data is
more difficult to interpret and the acquisition time is longer [68], and for that reason, EDXS
and EELS are usually complementary techniques.

In addition, EELS offers the possibility to measure the specimen thickness by log-ratio
relative method [69]. Equation 1.7 shows that the ratio of specimen thickness (t) to the
characteristic mean free path (\,,;,) for inelastic scattering is linked to the ratio between
the total transmitted integral intensity (I) and the zero-loss peak integral intensity (Iy).
An estimation of the sample thickness can aid the data interpretation and provide input
for simulations (HAADF and ABF image simulation, SAED simulation, electric field
distribution in the TEM specimen by finite elemer}t method simulations etc.).

L —=Ini 1.7

path IO

A

1.3.5 In-situ voltage-biasing TEM

Voltage-biasing TEM experiments for ferroelectric materials bring the investigation closer
to the real conditions of device operation, as an electric field is applied to the specimen
while the TEM investigation is performed.

In-situ TEM offers the opportunity to locally and directly investigate fundamental
domain switching phenomena (e.g., movement of DWs, change in DW properties, pinning
between domains etc.).

There are diverse methods by which the electric field is applied across the TEM
specimen (summarized in Figure 1.12). [70]

Early on, in-situ biasing studies on ferroelectrics were conducted on traditionally
prepared mechanically polished specimens with central perforation produce by Ar*
milling (Figure 1.12 a)). [71]-[75] The electric field can be either parallel or perpendicular
to the electron beam, depending on the electrodes’ configuration. [73] The electrodes are
further connected to the in-situ holder through wires. In any case, the electrodes are
relatively far from the thin area of interest and the perforation, which often has irregular
geometry, causes an inhomogeneous electric field. The main advantage of this method is
that the specimens have very good quality and can be very thin.

For probe-contact in-situ holders an electric field is applied to the specimen
between a probe and a counter electrode (Figure 1.12 b)). The probe is pressed directly on
the surface of the ferroelectric specimen [9] [76] [77] or on a previously deposited electrode
on the specimen surface [78]. The benefit of this technique is that the electric field can be
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relatively well controlled in the area of interest. However, a concern is that pressing a probe
on the specimen surface causes stress and can have an effect on the switching process since
polarization and strain are coupled in a ferroelectric. This geometry is more feasible for
thin films than for bulk ferroelectrics (bulk ceramics or single crystals), which have large
areas. [51]

State-of-the-art advances in in-situ biasing equipment are the electrical biasing
holders with integrated circuitry for contacting microelectromechanical (MEMS) Si-
based chips with patterned electrodes (Figure 1.12 c)). The chips can be designed for both
heating/biasing experiments and, in that case, the patterned electrodes will be deposited
on a silicon nitride membrane. While this allows very sophisticated experiments
investigating simultaneously temperature- and electric-field-dependence-phenomena, the
specimen preparation is challenging: electron-transparent lamellae should be transferred to
the MEMS-based devices, the mechanical stability of the device should be maintained and
the breakage of the silicon nitride membrane should be avoided. [79] Biasing-dedicated
chips can offer a membrane-free FIB-optimized design where a pass-through notch down
the middle of the chip allows for easy specimen deposition and thinning (Figure 1.12 c)).
The lack of membrane gives the highest possible resolution to the microscope.

It is worth mentioning that electric field can be applied not only using a specialized in-
situ biasing holder, as in the methods discussed above, but, also, through electron-beam
illumination. A few reports have demonstrated control over the nucleation and response
of domains by electron-beam illumination [80] [81]. While there is some ambiguity over the
mechanism of beam-induced polarization changes [81] [82], an induced divergent radial field
by positive sample charging through secondary-electron emission was thoroughly
demonstrated (Figure 1.12 d)). [81] This method is advantageous because it does not
require dedicated holders or special specimen preparation. Heating of the specimen due to
illumination can further complicate the interpretation of results since the domain structure
is sensitive to temperature changes. Moreover, the configuration of the electric field is
rather complicated and depends on the illumination conditions.
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In-situ biasing on mechanically polished specimens
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Figure 1.12: In-situ biasing systems. a) Different configurations of in-situ biasing on
mechanically polished specimens. Reproduced with permission from Springer Nature [73].
b) Schematic of a probe-contact in-situ biasing performed on a ferroelectric thin film.
Reproduced with permission from Springer Nature [9] ¢) In-situ biasing holder together
with FIB-optimized biasing chip [83]. d) Schematic showing electric fields due to positive
sample charging, alongside observed domain behavior in an in-situ biasing experiment by
electron-beam illumination. Reprinted with permission from [81]. Copyright (2023) by the
American Physical Society.

1.4 Objectives and Hypotheses of the Dissertation

The aim of the dissertation was to investigate the atomic-scale structure and voltage-driven
dynamic response of domain walls in bulk lead-free ferroelectrics by transmission electron
microscopy.

The first part of the dissertation investigates the morphology, structure and chemistry
of uncharged and charged step-like DWs in polycrystalline BiFeO; with atomic resolution.

The dissertation is further devoted to in-situ biasing STEM experiments following the
interaction of the material with the electric field.

e The second part of the dissertation aims at investigating with atomic resolution the
DWs' interaction with a sub-coercive electric field in a rhombohedral BiFeOs single crystal.

e Lastly, the aim was to monitor the domain structure's evolution under an electric
field of monoclinic (KosNao;)NbOs single crystal in the presence of other interfaces (i.e,
crystallographic defects, other immobile DWs, edge of the sample)
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The objectives of this doctoral dissertation are the following:

1)

Determine and compare the atomic-level strain distribution and structural
properties of charged vs neutral step-like DWs in polycrystalline BiFeO;

Establish a focused-ion-beam specimen preparation procedure for in-situ biasing
STEM, targeting atomic resolution.

Investigate how the mobility of the DWs in a BiFeOjs single crystal depends on their
type and morphology.

Study at the atomic level the interaction between DWs and a subcoercive-field in a
BiFeOj single crystal

Understand how the domain pattern evolves when an electric field is applied in situ

for the case of a (KosNaos)NbOjssingle crystal and how the switching is mediated
by the presence of nanoscale interfaces.

This doctoral dissertation is based on the following hypotheses:

1)

2)

Nominally charged and nominally neutral DWs exhibit different strain and
structural properties.

The response of DWs to an external electric field depends on several factors
including their type, morphology, the presence of point-charge defects or different
bound charge distribution.

Even at low fields (i.e., electric fields below the critical coercive field) various
phenomena can occur at the DW level such as a change of its morphology or changes
induced in the unit-cell distortion.

Interfaces (i.e., crystallographic defects) mediate the ferroelectric switching process.
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Chapter 2

Atomically Resolved Structure of
Step-Like Uncharged and Charged
Domain Walls in Polycrystalline
BiFeOs;

The morphology and structure of DWs are closely related to their functional dynamic
response. [41]

In this study we analyze charge/uncharged step-like {100},-type DWs by atomic
resolution high-angle annular dark field (HAADF) in polycrystalline BiFeOs.

First, we show that {100},-type DWs can form fine atomic-level steps (1-3 unit cells),
but also sharp quasi-rectangular steps with charged/uncharged segments (at least 10 unit
cells per segment).

Second, we compare nominally uncharged (UDW) and nominally charged (CDW) tail-
to-tail {100},-type DWs. Our experimental results show that UDWs exhibit a higher strain
in terms of unit-cell -distortion of the Bi sublattice than the tail-to-tail CDWs. Simulations
of HAADF images establish that higher strain on nominally uncharged {100} ,-type DWs
is primarily intrinsic due to crystallographic mismatch rather than chemical strain as the
amount of Bi vacancies probed by a Bi intensity evaluation is comparable on both types
of DWs. Therefore, although the formation of CDWs is energetically unfavorable from an
electrostatic point of view, these DWs are more elastically compatible than their neutral
counterparts. These results will add to the general knowledge of CDWs, which are
energetically costly and whose formation is not well understood.

In terms of structure, derived from an Fe-displacement map relative to the Bi sublattice,
CDWs are found to be statistically wider (10 vs. 5 unit cells), which can be associated with
a broader strain distribution. In contrast, the strain is concentrated in the center of the
wall for the UDWs. Both UDWs and CDWs have a non-Ising profile, where the Fe-
displacement vector changes both magnitude and orientation at the wall.

Significant differences for charged and uncharged DWs could suggest a different role
in the switching behavior.

This chapter addresses thesis objective 1.

Published in: O. Condurache, G. Drazi¢, N. Sakamoto, T. Rojac, and A. Bencan,
“Atomically resolved structure of step-like uncharged and charged domain walls in
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polycrystalline BiFeOs

polycrystalline BiFeOs,” Journal of Applied Physics, vol. 129, no. 5, pp. 054102, 2021,
https://doi.org/10.1063/5.0034699

My contribution: 1 analyzed the HAADF-STEM images and determined the atomic-
displacement, strain and intensity maps. I interpreted the results, elaborated the concept
of the manuscript and wrote the paper, together with the co-authors.
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ABSTRACT

The dynamics of domain walls (DWs) during polarization switching has a great influence on the electromechanical response of ferroelec-
trics. To understand the influence of DWs on the functional performance of the material, their local structure and properties must be
revealed. There are many investigations of the DWs in ferroelectric thin films, while investigations of the DWs in polycrystalline ferroelec-
trics are fewer. Here, we report on a comparative study of uncharged and charged (“tail-to-tail”) DWs in BiFeO; ceramics from the point of
view of the atomically resolved strain and structure using scanning-transmission electron microscopy. Both types of DWs have a step-like
morphology and have a non-Ising behavior. The strain, expressed as the unit-cell distortion, is higher and more concentrated in the
case of uncharged walls, which we associate with a narrower transition region of the Fe-displacement vectors. Conversely, in the case of
“tail-to-tail” charged DWs, the unit-cell distortion is smaller and more dispersed because of the wider transition region of the Fe-displace-
ment vectors. All the types of step-like DWs reported here, regardless of their charge state, exhibit a comparable amount of Bi-vacancies
segregation. Further details about the structural differences are discussed from the point of view of the Fe-displacement evolution through
the wall for uncharged/“tail-to-tail” charged DWs. The results are useful as they provide an insight into the local structure and chemistry of
charged and uncharged DWs in polycrystalline BiFeOs,

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0034699

I. INTRODUCTION provide to the DWs with the potential to become “the device.”
New applications have been proposed for so-called “non-volatile,
ferroelectric, domain-wall memories,” where the memory binary
state, rather than relying on the conventional polarization state
during domain switching, is determined by writing and erasing a
particular conductive DW in BiFeO; (BFO)." Second, the inter-
phases in ferroelectrics together with the intrinsic lattice distortion
can significantly affect the macroscopic electromechanical response

Domain walls (DWs) in ferroelectrics are nanoscale topologi-
cal features that mark the transition between regions with homoge-
neous orientations of the polarization. DWs can have different
properties than the domains themselves;"” furthermore, they are
dynamic interfaces as they can be moved, erased, and thus manipu-
lated by means of external electric or mechanical fields. There are

two strong motivations to study the complexity of the physics and of the material.”™* For example, in (K,Na)NbOj;-based ceramics, it
chemistry of DWs in ferroelectrics at the atomic scale. First, the has been shown that up to 80% of the electric-field-induced macro-
unique electrical properties that the walls can possess, in combina- scopic strain, which is important in, e.g., piezoelectric actuators,
tion with their dynamic nature under an applied electric field, can originate from a non-180° DW-switching contribution.’
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The dynamics of DWs is directly influenced by their structure
and morphology. Several studies have shown that DWs are not
simple, straight interfaces, but that their morphology and structure
can be rather complex.””"" For example, Lubk et al. showed that
DWs in BFO thin films can be rough and produce lattice-wise
steps at the atomic level."' In contrast, no such reports exist for
polycrystalline BFO. Reports of morphological features are of par-
ticular importance as theoretical studies have shown that steps at
the DWs increase their mobility and should thus strongly affect the
DW dynamics.' """

Studies of DWs are further complicated by the presence of
walls that carry an internal bound charge due to there being a
nonzero component of polarization that is perpendicular to the
domain-wall plane. These walls are usually referred to as charged
walls. Depending on the direction of the polarization vector on
either side of the wall, DWs are formally referred to as uncharged
DWs (UDWs) if they have a “tail-to-head” or “head-to-tail”
configuration, or charged DWs (CDWs) if they have a negative
“tail-to-tail” or a positive “head-to-head” configuration. A
“tail-to-tail” or “head-to-head” DW is often considered “strongly”
charged as opposed to a “weakly” charged DW (which is a
“tail-to-head” or a “head-to-tail” but the electro-neutrality is
broken locally in the DW region).'® In this paper, by CDWs we
will refer only to “tail-to-tail”- or “head-to-head”-type DWs.
Despite their obvious energetic cost of formation, “strongly”
charged DWs have been experimentally observed in different
systems.'® It is not yet clear how the intrinsic charge state of the
DW determines its structure and morphology because comparative
studies between CDWs and UDWs that are present in the same fer-
roelectric system remain scarce. As an illustration, for an epitaxial
PbZr,,Tip 505 thin film, it was shown that the charged DWs can
be thicker than the uncharged ones.'” A comparative study at the
atomic level of the structure of charged and uncharged DWs in
BFO thin films was performed by Wang et al,'” which showed a
one-dimensional lattice-strain modulation for charged DWs, that is
otherwise not present for the uncharged DWs. In the case of BFO,
charged DWs are often ignored in calculations,’”™*" but they are
more often reported in experimental studies of BFO thin films.”>”’
To the best of our knowledge, the presence of “tail-to-tail”- or
“head-to-head”-type CDWs in polycrystalline BFO has not yet
been reported.

It cannot be argued that studies of BFO thin films provide an
important insight into various phenomena related to DWs.
However, it must be emphasized that in thin-film structures, either
polycrystalline or single crystalline (epitaxial), the electric, and
elastic constraints (e.g., the presence of epitaxial strain or the
unique size-effect phenomena) are different from those in the bulk.
Furthermore, it was shown in a number of studies how the domain
pattern in epitaxial thin films can be strongly controlled and
depends on growth parameters such as growth rate,”* oxygen
partial pressure during growth,” thickness,”® or the choice of the
substrate.”” Consequently, it is reasonable to assume that the prop-
erties of the DWs in thin films differ from those in a convention-
ally sintered polycrystalline system. Although one could expect that
the local properties in a polycrystalline material with randomly ori-
ented grains would average and give a small overall contribution, it
has been shown that the local properties of DWs in BiFeOj;
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ceramic, such as the elevated electrical conductivity, interfere with
their mobility, resulting in a considerable effect on the macroscopic
properties.””

In this study, we investigate the morphology and structure of
uncharged and “tail-to-tail”-charged step-like ferroelastic DWs in
polycrystalline BFO wusing the high-angle annular-dark-field
scanning-transmission electron microscopy (HAADF-STEM) tech-
nique with atomic resolution. The aim was to understand the local
structural differences between the uncharged and charged DWs.
We found that both types of DWs can form step-like kinks. In con-
trast to CDWs, the uncharged walls have a higher and more con-
centrated strain, coupled with a narrower transition region and an
abrupt change in the displacement vector across the wall. We were
thus able to show directly that CDWs and UDWs have different
structural properties. The results help us in understanding the so
far unrevealed local structural and chemical aspects of the rather
unusual CDWs and more conventional UDWs in polycrystalline
BFO.

Il. EXPERIMENTAL PROCEDURE

BiFeO; ceramics were synthesized using a mechanochemically
activation preparation technique. Mechanochemically activated
powders were compacted and sintered for 6h at 760 °C using a
heating and cooling rate of 5 °C/min. Details of the synthesis proce-
dure are given elsewhere.”” Atomic-scale investigations of the DWs
were performed using a Cs-corrected scanning-transmission elec-
tron microscope (STEM) from Jeol Ltd., a Jeol ARM 200CF, oper-
ating at 200kV. The collection semi-angle of the high-angle
annular-dark-field (HAADF) detector was 68-180 mrad. The coor-
dinates of the intensity maxima of the atomic columns were deter-
mined from HAADF images using a 2D Gaussian fit. The
normalized Bi-column intensities were determined using a previ-
ously reported method,”””’ in which the detector’s background
intensity is subtracted from the intensity of each pixel in the raw
HAADF image. The intensities of the atomic columns were
extracted by the integration of the pixel values within one sigma,
approximating a Gaussian-type intensity distribution. For further
details about this analysis, see Refs. 30 and 31. The samples for the
STEM analysis were prepared using a conventional method: the
sample was ground down to 100 um, dimpled to 12 um and, finally,
thinned to electron transparency using a Gatan PIPS ion-milling
system. The thickness of the analyzed areas was between 30 and
50 nm.

lll. RESULTS AND DISCUSSION

A. Morphology of step-like {100},.-type DWs at the
atomic scale

We commence by showing three different regions in the
sample, each containing a {100},.-type DW (pc refers to pseudo-
cubic). We describe a DW as being {100}, type if it lies in the
{100}, family of planes. The atomic-level structure of the DW was
extracted from HAADF-STEM images [Figs. 1(a)-1(c)], acquired
in the [100],. zone axis by measuring the direction and magnitude
of the projected Fe displacements from the center of the Bi sublat-
tice for each projected unit cell.

J. Appl. Phys. 129, 054102 (2021); doi: 10.1063/5.0034699
© Author(s) 2021

129, 054102-2


https://aip.scitation.org/journal/jap

25

o
Q
-
s w
o [) <17 :
2 3 1L ﬁ
= = 0 TN 7
S a = 8 N ll
= o > | - e
O =) - ,\%
3 = a1 ] % I 1 4 = 7,, |
= .m Tl % %\\ ] _ _/_ % ~ F \¥ P o
5 g H-+
- o ] [N 0] Il ° (YYYS °
=] ] S " * | 0 % ot
m " p 93 ] S i " (1]
=] = S ' - - et
= : - 00000000 S les 22 st
S ) o
= ) \ (1 1] ) > e
: El|, eeeceee 00000000 o Soasesessas
[ = é ) | ee [T T g
Z S 0000 OGOO —~ ©000 © e se0eessese
%) o o — < %
o = o~
o
®
< O e O I e
N OVOONNN\NN A —
NN s A = I [ SONPDY R
W ////////// Pl ot ot ot o ol el - SO PP
o QNN NNAm A [=] o e |2 sl Rna f ot w s
© S | NN NN\ Ao A s TN [ NN Bl
o A N T RANANNA AN oy S g |2
T R s s A NN o J= ] P
@ o A N e T g 1 AR IS (S T RN A B~
0 © (| RCREVENENENERENE RS /S iy P B S S S U Py o =
O INNNNANNNNN A r e s + A G L NIRRT ey o)
O [NNNNN N NN yrmm e mr s oo r I HNNHNHNNNHM. e = PSESISISIRRVENENNNY g o =
% W ﬂﬂﬂ;ﬂ ﬂ ”/(; ” HHW«MN«“«NH\N««WWM B O e e R INNINE R T
o A R R S S S 2 OSSN Y A A S Y %
WWWWW) ” ﬂ N N \W\\M\\“ﬁ\\“ﬂ\\“\\“ﬂ N SRRV M eSO 4 S S
© ) “ < \ Q o PR ORI IE SN R ey S e S S NN Y )T
— P NANNNNNNN Y - \\\ \\\\\\«\«\\\\\ | S [reeetns R R O N e %c
NS E¥ETTEITIID) = N R e B S S S RV RS B -
m 5 qP NH \\«Wm.. H a4 <« P e e NN N VS nr .Mua
o oM \_,P o U s R N T TR TR T B R 0
- (%] A5 el o o IASVCVEREE Y \\\AP O
a NS 2P o RO »\_, s s s st At A AN A
o Ry |- ] IRV A P N RN NN b
o ﬁD Ni u«\w«« W« ] ﬁ.D l/l/ﬁ/ﬂx » AL A AN A ﬁD rod
~ e Sy A i e S R e
- SN |~ — ] RN I >—D s o sl A A A A Rt
o) .d./////////f& t = [ S S S SN S SRR
onl
[e0)
[a]
< —
(=) -
R .Y I—
N
by
-
o -
% ~
oo 2
©
= i
o—
s =)
a a
os
F ~
w wn
A m
I

1

ma [\« €EMa

(7))
O
b
£
o
ge
Q
-
o
g

Journal of

-3

wall region. (d)—(f) Fe off-center
DWs are marked. In
129, 054102
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the inset, the direction and orientation of the projected Fe off-centric displacements (D) and the corresponding direction of the projected polarization (P) on either side of
the wall are shown. (g)—(i) Bi-intensity maps across the domain-wall regions marked with a yellow rectangle in (a)—(c), together with the corresponding intensity-line profile.

displacement mapping (with respect to the Bi sublattice center) for DW1, DW2, and DW3 area, respectively. The charged/uncharged regions of the
Bars represent 5% relative uncertainty.

FIG. 1. (a)-(c) HAADF images in [100], zone axis of DW1, DW2, and DW3 area, respectively. Blue line marks the middle of the domain
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We present three kinds of {100},.-type DWs: (1) an UDW
having step-like features [DW1 in Fig. 1(d)]; (2) a CDW that has
similar steps to DWI [DW2 in Fig. 1(e)] and (3) a wall that has a
quasi-rectangular step, having charged/uncharged segments [DW3
in Fig. 1(f)].

We found that DW1 and DW2 have a staircase-like morphol-
ogy. DW1 has fine steps of 1-2 unit cells, while DW2 has a larger
step-height range of 1-3 unit cells. Roughness in the form of step-
like kinks was previously reported for La-doped BiFeO; thin
films,'' and their presence was linked to the enhanced mobility of
DWs when switching under an electric field."*'” On the other
hand, DW3 has a different morphology consisting of a sharp,
quasi-rectangular step, forming relatively large (at least 10 unit
cells) charged/uncharged segments. A similar step-like morphology
was seen to occur when the DW is pinned on edge dislocations;™”
however, as seen from the HAADF image, DW3 appears to be free
of any other visible crystallographic defects, except the wall itself
[Fig. 1(c)].

We went on and evaluated the charge state of the analyzed
DWs considering the Fe-displacement vector maps [Figs. 1(d)-1(f)]
and taking into account that the projected Fe-displacement vector
has an opposite orientation to that of the projected polarization
vector.”” We found that DWI is overall a {100},.-type UDW
[Fig. 1(d)], DW2 is a “tail-to-tail” CDW [Fig. 1(e)] and DW3 repre-
sents uncharged and “tail-to-tail”-charged segments [Fig. 1(f)]. Note
that DW1I has an overall “head-to-tail” configuration even if locally
(at the step) the “head-to-tail” configuration is disrupted; likewise, in
DW2, the “tail-to-tail” configuration is locally disrupted.

We must point out that the CDWs (i.e., DW2 or the charged
segment of DW3) are observed without a particular treatment, i.e.,
after a conventional sintering process, and, thus, were formed spon-
taneously despite the high electrostatic energy requirements.”
While reported in BFO thin films'*** and in BFO single crystal,"”
CDWs formed spontaneously have not yet been observed directly
in polycrystalline BFO.

In rhombohedral symmetry of BFO (space group R3c'®), the
spontaneous polarization can lie along one of the four diagonals in
the pseudocubic perovskite unit cell (along the [111],. direction)
which leads to three different types of DWs: 71°, 109°, and 180°.
These DW types are distinguished depending on the number of the
reversed sign of the polarization components (x,y,z) of a given
domain with respect to the polarization components of the adja-
cent domain. In the case of 71°, 109°, and 180° DW, either one,
two or all the three signs of the polarization components are
reversed, respectively.'” Based on the assumptions that we present
in supplementary material 1, we were able to conclude that DW1I is
a 109° UDW, DW2 can be either a 109° CDW of {100}, type or a
71° CDW of {100}, type, and DW3 presents charged/uncharged
segment of a 109° DW on {100},.. A detailed explanation of the
DW-type identification together with a three-dimensional represen-
tation of the possible polarization configuration on either side of
DW1, DW2, and DW3 is shown in supplementary material 1.

Previous studies’”"' revealed the segregation of Bi vacancies at
UDWs in BFO ceramics, owing to the electrostatic and elastic
forces driving the defect diffusion at the walls. Motivated by these
studies, in the next step, we probed the presence of Bi vacancies
by mapping locally the intensities of the Bi atomic columns
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[Figs. 1(g)-1(i)]. As seen in Fig. 1(g), the variation in intensity of
the Bi columns across the DW1 (uncharged 109° DW) is around
5%-10%, indicating the presence of Bi vacancies. Considering
that DWs are strained crystallographic defects, the intensity of the
atomic columns in the STEM can undergo fluctuations due to the
presence of the associated strain fields. These fluctuations are
usually below 5%:’>" therefore, we can link the 5%-10% drop in
the intensity at DW1 to the presence of Bi vacancies segregating at
this DW. Using the same intensity-evaluation methodology, a
much prominent intensity drop (~20% relative) for the Bi columns
in straight 109° UDWs (i.e., without the step features as shown
here for DW1) have been previously reported for BFO ceramics.

A similar drop in the Bi atomic column intensity (5%-10%)
was found for DW2 [Fig. 1(h)]. Since the orientation of the pro-
jected polarization vector is opposed to that of the projected Fe dis-
placement,” DW2 is a “tail-to-tail” wall [Fig. 1(e)] and
consequently, it should be negatively charged. Since Bi vacancies
are also expected to be negatively charged (i.e., V" in the Vink
Kroger notation), their presence at the negatively charged
“tail-to-tail” DW2 is unexpected. While this situation would need
further investigation, the compensation of the “tail-to-tail” DW is
probably driven by a complex interplay between the strain relaxa-
tion, which is provided by Bi vacancies,”" and screening by posi-
tively charged defects, e.g., Fe*"”>"" or O vacancies.”

In the case of DW3, we confirm for the uncharged segment
an intensity drop of 5%-10% for the Bi atomic columns [Fig. 1(i),
upper map] and for the charged segment we found close to the tip
of the step that the intensity of the Bi atomic columns drops by
~20% relative to the average intensity measured inside the domain
itself [Fig. 1(i), bottom map], suggesting a concentrated segregation
of Bi-vacancy defects at the corner of the rectangular step.

B. Comparison between charged and uncharged
{100},.-type DWs

We discuss next how the lattice strain and the local atomic off-
center displacements at the {100},.-type DWs depend on the
charged state of the wall. We remind the reader that we cannot
identify the exact type of DW2: it can be either a 71° “tail-to-tail”
CDW on {100},, or a 109° “tail-to-tail” CDW on {100},
However, according to Wang et al.,'” it is the plane in which DW
lie rather than their angle labelled type that dictates the structure of
charged DWs. Wang et al.'® showed that charged 71° DWs on
{100}, and charged 109° DWs on {100}, present similar structural
characteristics. In contrast, charged 109° DWs on {100}, are con-
siderably different than charged 109° DWs that lie on {110},..
Thus, we believe that not knowing whether DW2 is a 71° DW or a
109°DW does not restrict a valuable comparison between the
uncharged and charged {100},.-type DWs.

The comparison between the charged and uncharged ferroe-
lastic DWs in BiFeOj is particularly relevant for understanding the
differences between the functional behavior of this type of DWs
(such as the switching mechanism and the interaction with point
defects), since the analysis is performed in the same experiment,
with the same specimen and for DWs that have a similar morphol-
ogy (i.e., step-like morphology).

J. Appl. Phys. 129, 054102 (2021); doi: 10.1063/5.0034699
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1. Lattice distortion

Figure 2 shows the distortion of the unit cell perpendicular to
the wall plane for DW1I [Fig. 2(b)], DW2 [Fig. 2(c)], and DW3
[Figs. 2(d) and 2(e)]. The lattice at the DW is distorted mainly in
the direction perpendicular to the DW plane, as shown in a previ-
ous study.”' In supplementary material 2, the lattice distortion par-
alle] to DWI and DW2 is also presented. We calculated the lattice
strain in the form of the unit-cell distortion [as schematically pre-
sented in Fig. 2(a)] using the Bi sublattice from the same area of
the HAADF images shown in Fig. 1.

In the case of uncharged {100},.-type walls [DW1I, Fig. 2(b),
and the uncharged segment of DW3, Fig. 2(d)], we found experi-
mentally that the lattice distortion is located in the middle of the
wall with a distortion angle of 3.0°-4.5°. On the other hand, in the
case of charged {100},.-type walls [DW2, Fig. 2(c), and the charged
segment of DW3, Fig. 2(e)], the strain in the wall area is much
lower (a distortion angle smaller than 3°) and more diffuse.
Previous atomic-structure analyses”’ showed that DWs in BFO are
strained such that the Bi sublattice exhibits shearing, while the Fe
sublattice is practically unaffected when crossing the DW.

DW1
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This intrinsic Bi shear strain can be largely affected by the presence
of Bi vacancies accumulated at the walls.”' Here, we show that the
relative intensity decrease of the Bi atomic columns in the wall
region is comparable for the charged and uncharged regions
(~10%, as shown in Fig. 1). Thus, the data suggest that there is no
significant difference in the Bi-vacancies concentration between the
CDWs and UDWs, meaning that the difference in the Bi-lattice
shear values for the charged and uncharged {100},.-type walls can
be explained as a pure, intrinsic lattice mismatch. The lattice mis-
match is higher in the case of uncharged {100}, -type walls than in
the case of charged {100},.-type walls, as confirmed by the analysis
shown in supplementary material 3, where the theoretical unit-cell
distortion  for  uncharged-,  charged-“tail-to-tail”-  and
charged-“head-to-head” {100},.-type walls was evaluated from a
simulated HAADF-STEM image. The results in supplementary
material 3 show that the intrinsic shear is much higher at the
uncharged wall. Therefore, even though the formation of CDWs is
energetically unfavorable from an electrostatic point of view, these
DWs are elastically more compatible than the UDWs, resulting in a
lower elastic cost during their formation.”’

a, I34_(6°) DW2

[001]

Uncharged {100}pc type DW

Charged {100}pc type DW

4.1

3.7

3.2

2.8

[O>10]

Uncharged
{100}pc type
DW segment

Charged {100}pc
type DW segment

Uncharged

{100}pc type
DW segment

Charged {100}pc
type DW segment

FIG. 2. Unit-cell distortion of the Bi sublattice. (a) Schematic representation of the unit-cell distortion angles. o and B are the distortion angles in the [010] and [001] direc-
tions, respectively. Hence, B is the distortion angle perpendicular to DW1, DW2 and the charged segment of DW3, while o is the distortion angle perpendicular to the
uncharged segment of DW3 (b), (c) Unit-cell distortion of the Bi sublattice () normal to the wall plane for the DW1 and DW2 regions, respectively. (d) and (e) Unit-cell dis-
tortion of the Bi sublattice for the DW3 region normal to the uncharged segment (o) and normal to the charged segment (B), respectively. Red line marks the middle of

the domain-wall region.
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FIG. 3. (a) and (b) Out-of-plane (red curve) and in-plane component (black curve) of average Fe displacements with respect to the wall plane for DW1 and DW2. The
error bar represents a £7 pm uncertainty. (c) and (d) Representation of average Fe-displacement vector in the DW1 and DW2 regions according to the magnitude and rota-
tion angle shown in (e) and (f). (e) and (f) Average magnitude and rotation angle of Fe-displacement vector from one domain to another in the case of {100},.-type
uncharged DW (DW1) and {100},c-type charged DW (DW2). The error bar represents a 7 pm uncertainty for the Fe-dis _p_Lacement evaluation and +5° for the
rotation-angle evaluation' (g) Geometric schematic of Fe-displacement vector (D) decomposed into out-of-plane component (D, ) and in-plane component (D” ) with
the corresponding displacement rotation angle (6). The DW fransition region (DW width) is marked with a yellow frame. The width was defined from the region where the
in-plane and/or out-of-plane component of the displacement shows a significant change.
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2. Atomic off-center displacements

We further investigated how the structure of the DW depends
on its charge state. For the sake of a comparison, we analyzed the
average projected Fe-displacement evolution across the DW from
one domain to the other in DW1 and DW2 (Fig. 3).

We analyzed, in the first place, the decomposition of the
Fe-displacement vectors into in-plane and out-of-plane components
[Figs. 3(a) and 3(b)], followed by the total off-centric Fe-displacement
magnitude and angle [Figs. 3(c)-3(f)]. The basic geometrical relation-
ships used in the analysis are schematically explained in Fig. 3(g).
Based on our experimental observation, the Fe-displacement vector
across the DW evolves differently in UDWs and CDWs.

In Figs. 3(a) and 3(b), we present the decomposed Fe displace-
ments parallel and perpendicular to the plane of the DW. The dis-
placement component that is parallel to the wall has a significant
change for the uncharged DW [Fig. 3(a), black data] and the dis-
placement component perpendicular to the wall has a significant
change for the charged DW [Fig. 3(b), red data]. The variations in
the displacement components support the uncharged and charged
configurations of DW1 and DW2, respectively.

A further observation is that the transition region in which
the Fe-displacement vector changes in magnitude and orientation
is wider for the CDW than for the UDW [~5 unit cells for DW1,
Fig. 3(e), vs ~10unit cells for DW2, Fig. 3(f)]. Additionally, we
made a statistical analysis considering the different locations across
the charged/uncharged step-like DWs. We found that the DW
width is greater in the case of the charged DWs (~10 uc) than for
the uncharged DWs (~6 uc), which confirms our conclusions (see
supplementary material 4). This is consistent with a previous
report showing that CDWs in epitaxial PbZry,Tip3O3 thin films
are wider than the UDWs.' We can link a more abrupt
Fe-displacement transition for the UDW [Fig. 3(e)] to a more con-
centrated strain in the middle of the wall [Fig. 2(b)]. Conversely, a
smaller and more dispersed strain for the CDW [Fig. 2(c)] can be
associated with a more diffuse transition of the displacement from
one domain area to another [Fig. 3(f)].

Second, in both cases, the displacement vector reduces its mag-
nitude and it also rotates through the DW, revealing a non-Ising
behavior [see angle evolution in Figs. 3(e) and 3(f)]. Non-Ising
behavior was previously theoretically predicted for 109° uncharged
DWs in BFO'” and experimentally shown for charged 109° DWs in
BFO thin films.” Significant differences in their structure, suggest
that CDWs and UCDs might have a different role in the switching
mechanism; however, further studies are required.

IV. CONCLUSIONS

The focus of this study was on the morphology and structure
of charged and uncharged {100},.-type DWs in polycrystalline
BFO. We have shown that the morphology of both types of
{100},.-type DWs can be complex and form step-like kinks. We
found DWs that have different roughness, such as
charged-“tail-to-tail” and uncharged DWs that have small steps
with a width of ~1-4 units cells, and a DW that has a sharp, rec-
tangular step that forms charged/uncharged segments of at least
~10 unit cells. Bi vacancies were found to segregate at the analyzed
step-like DWss, regardless of their intrinsic charge nature; a higher
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degree of Bi-vacancies accumulation was found at the large sharp
step. In addition, we structurally compared the charged
“tail-to-tail” and the uncharged {100},.-type DWs. We show that
the uncharged {100},.-type DWs have a larger associated lattice
strain than the charged-“tail-to-tail” {100},.-type DWs, and we
were able to explain the result as a pure intrinsic lattice mismatch.
This result is an indication that the formation of charged DWs is
energetically costly from an electrostatic point of view, compared to
the formation of uncharged DWs, but at the same time, it is ener-
getically favorable from the point of view of lattice compatibility.
We associate a higher and more concentrated strain for the
uncharged {100}, type to a more abrupt and narrower transition
of the Fe-displacement vector through the DW. In addition, both
charged and uncharged DWs exhibit a non-Ising behavior, i.e.,
they exhibit the simultaneous rotation and reduction of the
Fe-displacement vector across the DW. Since the {100},,.-type DWs
have been experimentally shown to be intrinsically different in
strain distribution and structure, we assume that their role in the
switching mechanism will be different, depending on their particu-
lar strain and charged state, as indicated by this study. We hope
that these results will generate interest in future studies, theoretical
or experimental, aimed at understanding the influence of the struc-
tural differences of DW's on their mobility in polycrystalline BFO.

SUPPLEMENTARY MATERIAL

See the supplementary material for schematics of possible
polarization configurations on either side of DW1, DW2, and DW3
(supplementary material 1); representation of unit-cell distortion of
the Bi-sublattice parallel to the DWI and DW?2 planes (supplementary
material 2); the simulated projected unit-cell distortion for uncharged,
charged-“tail-to-tail” and charged-“head-to-head” {100},.-type DW
(supplementary material 3); and statistics on different locations of the
DW width for charged and uncharged step-like DWs (supplementary
material 4).

ACKNOWLEDGMENTS

The work was carried out within the Research Program
P2-0105, Project Nos. J2-2497 and PR-08978 (Slovenian Research
Agency). Part of this work was carried out under the Cooperative
Research Project Program of Research Institute of Electronics,
Shizuoka University. Part of this research was also supported by
the Collaborative Research Project of Laboratory for Materials and
Structures, Institute of Innovative Research, Tokyo Institute of
Technology. Ms. Maja Makarovi¢ is acknowledged for the BFO
sample preparation. Ms. Brigita Kmet is acknowledged for the
TEM sample preparation.

DATA AVAILABILITY
The data that support the findings of this study are available

within the article and its supplementary material.

REFERENCES

1G. Catalan, in Mesoscopic Phenomena in Multifunctional Materials, edited by
A. Saxena and A. Planes (Springer-Verlag, Berlin Heidelberg, 2014), pp.
225-247.

J. Appl. Phys. 129, 054102 (2021); doi: 10.1063/5.0034699
© Author(s) 2021

129, 054102-7


https://www.scitation.org/doi/suppl/10.1063/5.0034699
https://www.scitation.org/doi/suppl/10.1063/5.0034699
https://www.scitation.org/doi/suppl/10.1063/5.0034699
https://www.scitation.org/doi/suppl/10.1063/5.0034699
https://www.scitation.org/doi/suppl/10.1063/5.0034699
https://www.scitation.org/doi/suppl/10.1063/5.0034699
https://www.scitation.org/doi/suppl/10.1063/5.0034699
https://www.scitation.org/doi/suppl/10.1063/5.0034699
https://www.scitation.org/doi/suppl/10.1063/5.0034699
https://aip.scitation.org/journal/jap

30 Chapter 2. Atomically resolved structure of step-like uncharged and charged domain walls in

polycrystalline BiFeOj3

Journal of

Applied Physics

2] Seidel, L. W. Martin, Q. He, Q. Zhan, Y.-H. Chu, A. Rother,
M. E. Hawkridge, P. Maksymovych, P. Yu, M. Gajek, N. Balke, S. V. Kalinin,
S. Gemming, F. Wang, G. Catalan, J. F. Scott, N. A. Spaldin, J. Orenstein, and
R. Ramesh, Nat. Mater. 8, 229 (2009).

3G. Catalan, J. Seidel, R. Ramesh, and J. E. Scott, Rev. Mod. Phys. 84, 119
(2012).

“p, Sharma, Q. Zhang, D. Sando, C. H. Lei, Y. Liu, J. Li, V. Nagarajan, and
J. Seidel, Sci. Adv. 3, e1700512 (2017).

SM. Davis, D. Damjanovic, and N. Setter, J. Appl. Phys. 100, 084103 (2006).

A, Pramanick, D. Damjanovic, J. E. Daniels, J. C. Nino, and J. L. Jones, ]. Am.
Ceram. Soc. 94, 293 (2011).

7N. H. Khansur, H. Kawashima, S. Wada, J. M. Hudspeth, and J. Daniels, Acta
Mater. 98, 182 (2015).

gD, A. Ochoa, G. Esteves, T. Iamsasri, F. Rubio-Marcos, J. F. Ferndndez,
J. E. Garcia, and J. L. Jones, J. Eur. Ceram. Soc. 36, 2489 (2016).

7. Gonnissen, D. Batuk, G. F. Nataf, L. Jones, A. M. Abakumov, S. Van Aert,
D. Schryvers, and E. K. H. Salje, Adv. Funct. Mater. 26, 7599 (2016).

19G. De Luca, M. D. Rossell, J. Schaab, N. Viart, M. Fiebig, and M. Trassin, Adv.
Mater. 29, 1605145 (2017).

TTA. Lubk, M. D. Rossell, J. Seidel, Q. He, S. Y. Yang, Y. H. Chu, R. Ramesh,
M. J. Hytch, and E. Snoeck, Phys. Rev. Lett. 109, 047601 (2012).

12C L. Jia, L. Jin, D. Wang, S.-B. Mi, M. Alexe, D. Hesse, H. Reichlova,
X. Marti, L. Bellaiche, and K. W. Urban, Acta Mater. 82, 356 (2015).

3Q. H. Zhang, L. J. Wang, X. K. Wei, R. C. Yu, L. Gu, A. Hirata, M. W. Chen,
C. Q. Jin, Y. Yao, Y. G. Wang, and X. F. Duan, Phys. Rev. B 85, 020102 (2012).
T4G. F. Nataf, M. Guennou, J. M. Gregg, D. Meier, J. Hlinka, E. K. H. Salje, and
J. Kreisel, Nat. Rev. Phys. 2, 634 (2020).

15R. C. Miller and G. Weinreich, Phys. Rev. 117, 1460 (1960).

16p, §. Bednyakov, B. . Sturman, T. Sluka, A. K. Tagantsev, and P. V. Yudin,
Npj Comput. Mater. 4, 65 (2018).

17¢.L. Jia, S.-B. Mi, K. Urban, I. Vrejoiu, M. Alexe, and D. Hesse, Nat. Mater.
7,57 (2008).

18W.-Y. Wang, Y.-L. Tang, Y.-L. Zhu, Y.-B. Xu, Y. Liu, Y.-J. Wang, S. Jagadeesh,
and X.-L. Ma, Adv. Mater. Interfaces 2, 1500024 (2015).

194, Lubk, S. Gemming, and N. A. Spaldin, Phys. Rev. B 80, 104110 (2009).

ARTICLE scitation.org/journalljap

20y, Wang, C. Nelson, A. Melville, B. Winchester, S. Shang, Z-K. Liu,
D. G. Schlom, X. Pan, and L.-Q. Chen, Phys. Rev. Lett. 110, 267601 (2013).

210, Diéguez, P. Aguado-Puente, J. Junquera, and J. iﬁiguez, Phys. Rev. B 87,
024102 (2013).

22M. Campanini, E. Gradauskaite, M. Trassin, D. Yi, P. Yu, R. Ramesh, R. Erni,
and M. D. Rossell, Nanoscale 12, 9186 (2020).

23A. Y. Borisevich, O. S. Ovchinnikov, H. J. Chang, M. P. Oxley, P. Yu, J. Seidel,
E. A. Eliseev, A. N. Morozovska, R. Ramesh, S. J. Pennycook, and S. V. Kalinin,
ACS Nano 4, 6071 (2010).

24W. Y. Wang, Y. L. Zhu, Y. L. Tang, Y. B. Xu, Y. Liu, S. Li, S. R. Zhang,
Y. J. Wang, and X. L. Ma, Appl. Phys. Lett. 109, 202904 (2016).

25W. R. Geng, X. H. Tian, Y. X. Jiang, Y. L. Zhu, Y. L. Tang, Y. ]. Wang,
M.J. Zou, Y. P. Feng, B. Wu, W. T. Hu, and X. L. Ma, Acta Mater. 186, 68 (2020).
265, 1i, Y. L. Zhu, Y. L. Tang, Y. Liu, S. R. Zhang, Y. J. Wang, and X. L. Ma, Acta
Mater. 131, 123 (2017).

27]. Schwarzkopf, D. Braun, M. Schmidbauer, A. Duk, and R. Wérdenweber,
J. Appl. Phys. 115, 204105 (2014).

281 Rojac, H. Ursic, A. Bencan, B. Malic, and D. Damjanovic, Adv. Funct.
Mater. 25, 2099 (2015).

29]. M. LeBeau and S. Stemmer, Ultramicroscopy 108, 1653 (2008).

30T, Rojac, A. Bencan, G. Drazic, N. Sakamoto, H. Ursic, B. Jancar, G. Tavcar,
M. Makarovic, J. Walker, B. Malic, and D. Damjanovic, Nat. Mater. 16, 322
(2017).

314, Bencan, G. Drazic, H. Ursic, M. Makarovic, M. Komelj, and T. Rojac, Nat.
Commun. 11, 1762 (2020).

325 Lubk, M. D. Rossell, J. Seidel, Y. H. Chu, R. Ramesh, M. J. Hytch, and
E. Snoeck, Nano Lett. 13, 1410 (2013).

33C. T. Nelson, B. Winchester, Y. Zhang, S.-J. Kim, A. Melville, C. Adamo,
C. M. Folkman, S.-H. Baek, C.-B. Eom, D. G. Schlom, L.-Q. Chen, and X. Pan,
Nano Lett. 11, 828 (2011).

345 K Tagantsev, L. E. Cross, and J. Fousek, Domains in Ferroic Crystals and
Thin Films (Springer Science + Business Media, New York, NY, 2010).

35g, Hillyard and J. Silcox, Ultramicroscopy 58, 6 (1995).

36)M. Tewes, F. F. Krause, K. Miiller, P. Potapov, M. Schowalter, T. Mehrtens,
and A. Rosenauer, |. Phys.: Conf. Ser. 471, 012011 (2013).

J. Appl. Phys. 129, 054102 (2021); doi: 10.1063/5.0034699
© Author(s) 2021

129, 054102-8


https://doi.org/10.1038/nmat2373
https://doi.org/10.1103/RevModPhys.84.119
https://doi.org/10.1126/sciadv.1700512
https://doi.org/10.1063/1.2358408
https://doi.org/10.1111/j.1551-2916.2010.04240.x
https://doi.org/10.1111/j.1551-2916.2010.04240.x
https://doi.org/10.1016/j.actamat.2015.07.034
https://doi.org/10.1016/j.actamat.2015.07.034
https://doi.org/10.1016/j.jeurceramsoc.2016.03.022
https://doi.org/10.1002/adfm.201603489
https://doi.org/10.1002/adma.201605145
https://doi.org/10.1002/adma.201605145
https://doi.org/10.1103/PhysRevLett.109.047601
https://doi.org/10.1016/j.actamat.2014.09.003
https://doi.org/10.1103/PhysRevB.85.020102
https://doi.org/10.1038/s42254-020-0235-z
https://doi.org/10.1103/PhysRev.117.1460
https://doi.org/10.1038/s41524-018-0121-8
https://doi.org/10.1038/nmat2080
https://doi.org/10.1002/admi.201500024
https://doi.org/10.1103/PhysRevB.80.104110
https://doi.org/10.1103/PhysRevLett.110.267601
https://doi.org/10.1103/PhysRevB.87.024102
https://doi.org/10.1039/D0NR01258K
https://doi.org/10.1021/nn1011539
https://doi.org/10.1063/1.4967878
https://doi.org/10.1016/j.actamat.2019.12.041
https://doi.org/10.1016/j.actamat.2017.03.064
https://doi.org/10.1016/j.actamat.2017.03.064
https://doi.org/10.1063/1.4876906
https://doi.org/10.1002/adfm.201402963
https://doi.org/10.1002/adfm.201402963
https://doi.org/10.1016/j.ultramic.2008.07.001
https://doi.org/10.1038/nmat4799
https://doi.org/10.1038/s41467-020-15595-0
https://doi.org/10.1038/s41467-020-15595-0
https://doi.org/10.1021/nl304229k
https://doi.org/10.1021/nl1041808
https://doi.org/10.1016/0304-3991(94)00173-K
https://doi.org/10.1088/1742-6596/471/1/012011
https://aip.scitation.org/journal/jap

31

Supplementary Material

Atomically resolved structure of step-like uncharged and
charged domain walls in polycrystalline BiFeO3;

Oana Condurache?, Goran DraZi¢?3, Naonori Sakamoto*, Tadej Rojac'?, and Andreja Bencan?

Electronic Ceramics Department, Jozef Stefan Institute, 1000 Ljubljana, Slovenia
2Jozef Stefan International Postgraduate School, 1000 Ljubljana, Slovenia
3National Institute of Chemistry, Hajdrihova 19, 1000 Ljubljana, Slovenia

“Research Institute of Electronics, Shizuoka University, 3-5-1 Naka-ku, Hamamatsu, Japan



32 Chapter 2. Atomically resolved structure of step-like uncharged and charged domain walls in
polycrystalline BiFeOs

Supplementary material 1 — Schematics of possible polarization configuration on either side of DW1,
DW2 and DW3

From the projected displacement maps obtained from the high-angle annular-dark-field scanning-
transmission electron microscopy (HAADF-STEM) (presented in Fig. 1(d)-(f) in the main manuscript) we
can propose a possible 3D configuration of the polarization vector on either side of DW1, DW2 and DW3,
and therefore, determine the possible type of DW1, DW2 and DW3 from the angle-label point of view.

In a rhombohedral BiFeOs, the spontaneous polarization can be along one of the four diagonals in
the perovskite structure (along the [111],. direction) so three different types of domain walls (DWs) can
form: 71°, 109° and 180°. A wall is of 71°- type if the polarization from one domain has only one reversed
polar component compared with the adjacent domain; the wall is of 109° type if the polarization from one
domain has two reversed polar components compared with the adjacent domain, and lastly if all 3 polar
components are reversed, the wall is a 180°%-type DW. In order to identify the type of the wall from the
projected Fe-displacement maps, we take into consideration both the projected Fe-displacement
configuration on either side of the wall and also the plane in which the DW is situated. In the case of the
uncharged configurations ("head-to-tail" or "tail-to-head”) we assume that the plane of the DW is the
particular plane in which electrical neutrality and mechanical compatibility is retained (71° DW on {110},
109° DWs on {100},. and 180° DWs on {110},) * 2. Further, we do not make any assumptions about the
plane in which the charged DWs ("head-to-head" or "tail-to-tail” configuration) are lying .

DW1 lies in the {100}, and has an uncharged configuration (Fig. S1(a)), so we conclude it is a 109°
uncharged DW (the possible 3D polarization configuration is shown schematically in Fig. S1(d)). Using the
same reasoning, the uncharged segment of DW3 is a 109° uncharged DW (Fig. S1(c)). Because the
uncharged segment of DW3 is of the 109° type, the polarization on one side of the wall has two reversed
polar components compared to the other side of the wall (the possible 3D polarization configuration is
shown schematically in Fig. S1(f)). The same configuration of the polarization vectors will be maintained
on either side of the "tail-to-tail” segment and consequently, the charged segment of DW3 is a 109°
charged DW on {100},.. In the case of DW2, which has a "tail-to-tail” configuration (Fig. S1(b)), we cannot
identify the type of the wall from projected displacement maps only. DW2 can be either a 71° "tail-to-tail”
charged DW on {100}, or a 109° "tail-to-tail” charged DW on {100} , (the possible 3D polarization
configuration is shown schematically in Fig. S1(e)).

32 Chapter 2. Atomically resolved structure of step-like uncharged and charged domain walls in
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Figure S1. (a), (b), (c) Schematics of the projection of the Fe displacement () and polarization () vectors
on either side of the wall for DW1, DW2 and DW3, respectively. The schematics are a simplified
representation of the projected displacement maps obtained from HAADF-STEM (shown in the main
manuscript in Fig. 1 (d)-(f)). The projection is along one of the main crystalografic pseudocubic axis (e.g.,
[-100]). The uncharged DW planes are marked with a yellow dashed line, while the plane in which the
charged DWs are lying are marked with a green dashed line.

d), e), f) Possible 3D configurations of the polarization vector on either side of the wall for DW1, DW2 and
DW3, respectively. The uncharged and charged DW planes are marked with yellow and green, respectively.
The direction of the polarization vector is marked with the orange arrow.

All the notations follow the pseudocubic representation.
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Supplementary material 2 — Unit-cell distortion of the Bi-sublattice parallel to the DW1 and DW2 plane

DW1

DW2

harged {100}pc ty

Charged {100}pc type DW

[010]

Figure S2. (a) Schematic representation of the unit-cell distortion angle parallel to [010] (a).

(b), (c) Unit-cell distortion of the Bi sublattice (a) parallel to the wall plane for the DW1 and DW?2 regions,
respectively. Red line marks the middle of the domain-wall region.
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Supplementary material 3 — Simulated projected unit-cell distortion for uncharged, charged "tail-to-tail"
and charged "head-to-head" {100}, type DWs.

The projected unit-cell distortion was estimated from a simulated HAADF-STEM image containing
segments of uncharged, charged-"tail-to-tail" and charged-"head-to-head" 109° DWs (Fig. S3(a)). The
image was simulated using the QSTEM code with a multi-slice method and frozen phonon approximation?3.
Thermal diffuse scattering was included in the simulations, so seven repetitions of the calculations per one
image were used where the atomic positions were varied in the interval set by the estimated Debye-Waller
factors for each calculation. We created an R3c BiFeOs structural model (ICSD 97591). A DW was created
by a 180° rotation of a part of the model (domain 2) around the [010] direction. The rhombohedral
distortion was considered to be along [111] in Domain 1 and [111] in Domain 2. The wall region was
considered to be one unit-cell wide and the strain was evaluated by considering the Bi sublattice.
Coordinates of the atomic columns were determined using a 2D Gaussian fit.

As seen from Fig. S3 (b) and (c), simulations show that the lattice distortion perpendicular to the DW plane
is significantly higher for the uncharged DW (around 8°) than for the charged DW (for which the distortion
is close to 0°). Note in Fig. S3(d), (e) and (f) that a significant lattice shear is only observed at the uncharged
DW (Fig. S3(d)).

The simulation data supports our experimental findings that the uncharged {100},c DWs are intrinsically
more strained than their charged counterparts (see Fig. 2 in the main manuscript and the associated
discussion). There are, however, differences in the values obtained experimentally for the unit-cell
distortion compared to those from the present simulation. Specifically, in the case of the uncharged DWs
we measured a distortion angle between 3 and 4.5° (see Fig. 2(b) and (d) in the main manuscript,
compared to 8° for the the simulation in Fig. S3(b)), while in the case of the charged DWs we measured an
angle between 0 and 2° (Fig. 2(c) and (e) in the main manuscript) compared to 0° obtained from the
simulation (Fig. S3(c)). One of the likely reasons for the quantitative discrepancy is that in the current
simplified simulation the DW region was considered to be only one unit-cell wide, while experimentally
the transition region from one domain to the other is typically a few units cells. Nevertheless, the
simulation indicates that an intrinsic lattice mismatch exists when uncharged {100},c DWs are created,
while this intrinsic strain is smaller in the case of a charged {100},c DW. This difference should affect the
total energy requirements for the creation of the DWs, which is composed of electrostatic and elastic
components *.
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Figure S3. (a) Simulated HAADF-STEM image containing segments of uncharged (marked with red),
charged-"tail-to-tail" (marked with green) and charged-"head-to-head" {100}, DWs (marked with yellow).
White arrows indicate Fe displacements from the center of the Bi sublattice (note that the Fe-displacement

vector has an opposite orientation with respect to the polarization vector, hence the choice of the
terminology "tail-to-tail" and "head-to-head" for the charged walls).

s—
.

(b), (c) The unit-cell distortion angle mapped from the HAADF image in (a).

(d), (e), (f) Close-up of the individual projected unit-cell corresponding to the region of the uncharged
(marked with red), charged-"tail-to-tail" (marked with green) and charged-"head-to-head" {100}, DW
(marked with yellow). The shear is more pronounced for the uncharged {100},c DW and is marked with
grey.

g) Schematic of a projected Bi-sublattice unit cell in the HAADF-STEM image.
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Supplementary material 4 — Statistical analysis of the DW width performed across different locations of
the charged and uncharged step-like DWs.
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Figure S4. Scatter plot representing the DW width for several locations (numbered) of uncharged DWs (red
dots) and charged DWs (black dots). The error bars mark the standard deviation, which is 2 uc for the
uncharged DW width and 1 uc for the charged DW width. With the red and grey frames, we marked the
interval between the minimum and maximum values obtained for uncharged and charged DW widths,
respectively. The average DW width with standard deviation for the two cases is noted alongside
respective plots. uc is an abbreviation for unit cell.
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Chapter 3

Atomic-Level Response of the
Domain Walls in Bismuth Ferrite in a

Subcoercive-Field Regime

The focus of the present study is to investigate the domain structure and its response to a
subcoercive electric field in a BiFeO; (BFO) single crystal, down to the atomic level, using
in-situ scanning transmission electron microscopy (STEM).

The domain structure of a BFO single crystal consists of zigzag DWs embedded in large
lamellar domains. We applied an electric field in situ and monitor the response of the
domain structure. The zigzag DWs show a higher mobility than the lamellar DWs, which
are pinned on crystallographic defects. From Fe-displacement mapping (relative to the
center of the Bi sublattice) the zigzag DWs have been assigned as 180° DWs, while the
lamellar ones are assumed to be ferroelastic.

Further, the subcoercive field response of the zigzag mobile walls is analyzed. Since the
expected phenomena in a low-field regime (i.e., subcoercive field) are short range, reaching
the atomic resolution becomes imperative and the experiment is designed accordingly. The
response of a single DW is observed at the atomic level. The mid-section of a zigzag wall
moves (as determined based on atomic displacement); however, the strain field (seen in the
annular bright field-STEM contrast) does not follow the movement of the wall. This can
be explained by the segregation of defects with low mobility at the initial DW position,
such as ordered clusters of oxygen vacancies. A different behavior is observed at the
triangular apex of the zigzag wall, which is pinned, and it changes its morphology due to
interaction with the electric field. The change in the DW plane comes together with bound-
charge, strain and Bi-vacancies redistribution.

This chapter addresses thesis objectives 2, 3 and 4.

Published in: O. Condurache, G. Drazi¢, T. Rojac, H. Ursi¢, B. Dkhil, A. Bradesko, D.
Damjanovic and A. Bencan “Atomic-Level Response of the Domain Walls in Bismuth
Ferrite in a Subcoercive-Field Regime,” Nano Letters, vol. 23, no. 2, pp. 750-756, 2023,
https://pubs.acs.org/doi/10.1021 /acs.nanolett.2¢02857
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ABSTRACT: The atomic-level response of zigzag ferroelectric
domain walls (DWs) was investigated with in situ bias scanning
transmission electron microscopy (STEM) in a subcoercive-field
regime. Atomic-level movement of a single DW was observed.
Unexpectedly, the change in the position of the DW, determined from
the atomic displacement, did not follow the position of the strain field
when the electric field was applied. This can be explained as low
mobility defect segregation at the initial DW position, such as ordered
clusters of oxygen vacancies. Further, the triangular apex of the zigzag
wall is pinned, but it changes its shape and becomes asymmetric under
electrical stimuli. This phenomenon is accompanied by strain and
bound charge redistribution. We report on unique atomic-scale
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==== DW at E=0
DW after E

Pinning and strain
redistribution
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Defects
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phenomena at the DW level and show that in situ STEM studies with atomic resolution are very relevant as they complement, and
sometimes challenge, the knowledge gained from lower resolution studies.

KEYWORDS: Domain Walls, in situ STEM, Ferroelectric Switching, Bismuth Ferrite

Ferroelectrics, which are characterized by a spontaneous
and switchable electric polarization, are currently receiving
a great deal of attention from both fundamental and
technological points of view as they can be used for memory
and logic devices, sensors and actuators, energy harvesters, and
photoacoustic modulators, to name just a few examples. When
an external electric field is applied to a ferroelectric material,
the polarization within the domains tries to align with the
direction of the field. As a result, changes occur in the domain
structure, causing the domain walls (DWs), which are the
boundaries between two adjacent domains with a homoge-
neous polarization, to move or change their properties.
Nanoelectronics aims to exploit the dynamics of DWs, most
frequently through their long-range movement during ferro-
electric switching.'

A new perspective has recently been added to the area of
DW nanoelectronics, i.e., the manipulation of the properties of
stationary DWs under the influence of a subcoercive electric
field.” For instance, in the case of LiNbO;, in situ piezoelectric
force microscopy has shown how the inclination plane of the
DWs and their conductance can be tuned in a relatively weak
field regime.”* The interaction between the DWs and the
subcoercive fields was rarely studied,’”'' with more data
having been collected for high-field ranges.

In situ techniques are essential for a direct observation of the
response of DWs to electrical stimuli. In particular, in situ
scanning transmission electron microscopy (STEM) provides a

© 2022 The Authors. Published by
American Chemical Society
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high spatial resolution and brings the experiment to the local
scale of the DW (i.e, the atomic scale). There are very few in
sitt STEM studies with atomic resolution targeting ferro-
electric DWs'>"? compared to in situ STEM studies at the
micrometer and nanometer level.'*™"” The lack of high-
resolution in situ studies involving DWs is partly due to the
tedious specimen-preparation process and need for special
sample holders to apply an electric field. To achieve atomic
resolution using the STEM technique, the specimen should be
thin enough (ideally below 100 nm) while maintaining the
integrity of the electrical device. The need for atomic-
resolution studies becomes paramount in the low-field regime
because the associated phenomena are expected to be short-
range, on the scale of tens of picometers.

In the present study, a bismuth ferrite (BFO) single crystal
grown by the flux method (details are given in Supplementary
1, in Supporting Information) used in a capacitor-like
configuration was investigated by in situ STEM (Cs-corrected
Jeol ARM 200 CF STEM operated at 200 kV combined with a
Protochips Aduro system). The goal was to monitor with

Received: July 20, 2022
Revised:  November 18, 2022
Published: December 2, 2022

https://doi.org/10.1021/acs.nanolett.2c02857
Nano Lett. 2023, 23, 750-756


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Oana+Condurache"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="_target+_target+Goran+Draz%CC%8Cic%CC%81"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tadej+Rojac"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hana+Urs%CC%8Cic%CC%8C"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Brahim+Dkhil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andraz%CC%8C+Brades%CC%8Cko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dragan+Damjanovic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dragan+Damjanovic"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreja+Benc%CC%8Can"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.nanolett.2c02857&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02857?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02857?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02857?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02857?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.2c02857/suppl_file/nl2c02857_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c02857?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/nalefd/23/2?ref=pdf
https://pubs.acs.org/toc/nalefd/23/2?ref=pdf
https://pubs.acs.org/toc/nalefd/23/2?ref=pdf
https://pubs.acs.org/toc/nalefd/23/2?ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c02857?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/NanoLett?ref=pdf
https://pubs.acs.org/NanoLett?ref=pdf
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://acsopenscience.org/open-access/licensing-options/

42 Chapter 3. Atomic-Level Response of the Domain Walls in Bismuth Ferrite in a Subcoercive-

Field Regime

Nano Letters

pubs.acs.org/NanoLett

atomic resolution the DW interaction with a static subcoercive
electric field, in a miniaturized capacitor-like device. The
hypothesis is that, even in weak (subcoercive) fields, various
nano- to atomic-scale phenomena can occur at the wall level,
including changes to the wall morphology and in the unit-cell
distortion.

We employed a focused ion beam (FIB) (Helios Nanolab
650 with Ga ions source) to prepare the specimen on electrical
biasing optimized chips.'® The specimen was prepared as with
the classic lift-out lamella method and fixed between two
electrodes by Pt deposition (more details in Supplementary 2,
in Supporting Information). We assume that the external
electric field in the analyzed area is relatively homogeneous as
we determined from finite element (FE) simulations
(Supplementary 2, in Supporting Information).

Bright-field (BF) and high-angle annular dark-field
(HAADF) images were acquired simultaneously and represent
the same area, at the same scale. The specimen was oriented
along the [100]pc (for indexing, pseudocubic pc notation was
used). As HAADF imaging provides almost pure atomic-
number contrast and is, thus, more robust and less sensitive to
mistilts than BE,'® the atomic coordinates and displacements,
visualized by Fe-displacement vector maps, are determined
from HAADF images throughout the publication (more details
in Supplementary 3, in Supporting Information). The Fe-
displacement vector is qualitatively related to the projected
polarization; the displacement is proportional to, but points in
the opposite direction to, the polarization."

As shown by BF-STEM (Figure 1a), the DW region appears
as a region of lower intensity (darker contrast) due to the

Domain structure

(@)

Biasing experiments

Figure 1. (a) BF images of the domain structure of the BFO single
crystal; (b—d) BF images of the electric response of the domain
structure at 0 V, +55 V, and —55 V, respectively. Marked with a green
circle is a region that appears to respond to the electric field. Regions
where the domain structure does not appear to respond to the electric
bias are circled in yellow. (e, f) Another example of the evolution of
the domain structure with the electric field. At +30 V, the DWs
contrast smears off compared to 0 V. The scale bar marks 100 nm.

presence of strain fields. The domain structure of a BFO single
crystal exhibits a high degree of order and consists of zigzag
domains embedded in lamellar features. This domain structure
appears to be characteristic of a BFO single crystal grown using
the flux method.””*" Calculations™* attribute their formation

751

and stabilization to competition between long- and short-range
electrostatic forces. The same domain configuration was
reported in TEM specimens that were not confined to a
capacitor-like geometry””*' and in bulk polished samples for
piezoresponse force microscopy.20

Jia et al”' performed a comprehensive atomic-resolution
investigation of this type of DW in BFO single crystals,
employing negative spherical aberration imaging TEM
techniques. It was found that the zigzag DWs are ferroelectric
180° walls, while the lamellar ones are ferroelectric—
ferroelastic walls. We confirmed the same type of zigzag
walls by using HAADF-STEM (more details in Supplementary
3.1 and 3.2, in Supporting Information).

We found that the lamellar domains contain crystallographic
defects, most probably related to the crystal-growth process (in
Supplementary 3.2, in Supporting Information, antiphase
boundaries and dislocations are shown). Nevertheless, the
presence of defects on the lamellar DWs was not noted
previously.”" Irregularities in the TEM atomic contrast have
been reported; these were assumed to result from the habit
plane of the wall being tilted with respect to the viewing
direction. We believe that this does not preclude the presence
of defects, which could be concealed if the plane of the wall
was not edged-on in the direction of the electron beam.

We applied an electric bias while monitoring the domain
contrast (Figure 1b—f). The zigzag DWs are the first to
respond to the electric field. At a relatively low magnification,
an apparent switching takes place at some sites (circled in
green in Figure 1b—d), while other sites do not respond
(circled in yellow in Figure 1b—d). DW propagation appears to
be favorable to random domain nucleation. Frequently, we
cannot switch the zigzag domains, but we observed smearing of
the contrast when an electric field is applied (Figure lef),
suggesting that a change in the morphology and the structure
of the DW takes place. Different regions of the specimen
respond differently depending on their own local electric field
and strain distribution.”® It was previously established that the
terroelectric switching processes are inhomogeneous on local
scales.”* ™%’

The lamellar features remain fixed in position when the
voltage bias is applied, and we associate this with strong
pinning on the crystallographic defects.

From the response of the specimen’s domain structure, we
conclude that we are working in a so-called low-field regime,
i.e., in electric fields below the overall coercive field, where the
coercive field is defined as the threshold field to change the
orientation of the polarization permanently.”® For BFO it is
rarely reported in a single crystal but appears to be around a
few tens of kV/cm.””*" Comparable values are reported for
BFO ceramics,”’ while more significant values are reported for
epitaxial thin films (100—200 kV/cm).* In any case, BFO is a
material with a relatively high coercivity for a ferroelectric. For
instance, its coercive field is at least 10 times higher than in the
prototypical ferroelectric BaTiO;."* Moreover, our specimens
are thin (less than 100 nm), and it has been reported that the
energy to switch the polarization in thin samples increases with
decreasing thickness under the same conditions."® Therefore,
thin BFO samples lend themselves perfectly to studying the
evolution of the DW in subswitching electric field conditions.

We observed the local interactions between the mobile
zigzag DWs and the electric field at the atomic level.

https://doi.org/10.1021/acs.nanolett.2c02857
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Figure 2. (a) BF image of a zigzag edge-on wall. The site that was further analyzed with atomic resolution is marked with a red rectangle. (b)
HAADF image of the DW at the initial 0 V state. The Fe-displacement vector (d,g and d,g,) and polarization vector (P, and P,) directions are
indicated for each side of the wall. The DW is marked with a white dotted line. The inset is a close-up of one unit cell where the Bi and Fe atomic
columns are seen. (c) Atomic-resolution BF-images at the wall location in the [100],, zone axis together with an Fe-displacement vectors for a few
unit cells (black arrows) superimposed on the colored map of the Fe-displacement rotation angle for the sequence 0 V, +20 V, +40 V, 0V, —40'V,
—55V,0V + 55V and —55 V. The sequence of applied voltages is numbered. The Fe-displacement information was extracted from the HAADF
images (see Supplementary 4, in Supporting Information). The arrow lengths indicate the relative magnitude of the Fe-site displacement. The
direction of the electric field (E) is indicated. A white dotted line marks the location of the enhanced BF contrast. (d) Plot of the relative area
difference between Domain 2 and Domain 1 as a function of the applied voltage.

During an in situ experiment, we first concentrated on the asymmetry that is characteristic for local measurements.””** As
central region of a segment of the zigzag edge-on DWs (Figure far as we know, this is a rare case where a one-domain-wall
2a) that is nominally uncharged (Figure 2b). hysteresis is derived from the displacement of individual

The contrast at the original position of the DW in the BF atomic columns.
images during biasing (Figure 2c) is slightly altered; however, It is clear that by applying a voltage bias we can move the
it does not vanish. Therefore, we took the area with enhanced initial ferroelectric DW by a few nanometers relative to the
dark contrast as a reference and kept it in the middle of the position of the enhanced BF contrast. This result is intriguing
analyzed area. because BF contrast is often considered the landmark of

We obtained an apparent switching in the analyzed area domain structure when describing its evolution with the
when a voltage bias is applied, as the Fe-displacement maps electrical stimuli in low-magnification STEM in situ experi-
(Figure 2c) show. The projected Fe-displacement follows the ments.
direction of the field, i.e., from 0 V to +40 V, the DW seems to Here we show that BF-enhanced contrast and the DW do
move toward the left, and Domain 2 grows. Going with the not coincide, and they respond independently when a voltage
negative polarity, the polarization switches again, and no bias is applied. We propose a scenario to explain this matter
apparent DW is present in the analyzed area (Figure 2c, second which assumes that point-charged defects are accountable for

line: 0 V, —40 V, and —55 V). When the field is applied the strain contrast (BF contrast), marking the presence of the
directly from 0 V to +55 V, we can bring the DW back in the DW at 0 V. When a bias voltage is applied, the DW moves, but

viewing area. The plot of the area difference between Domain the defects do not follow the wall movement. Considering that
2 and Domain 1, relative to the total analyzed area, as a the strain field contrast is smearing, we can hypothesize that
function of the voltage is shown in Figure 2d. The plot the defects migrate and redistribute for a few unit cells.
resembles a macroscopic polarization vs field hysteresis loop Therefore, the defects that are present must have low
and is slightly asymmetric with respect to the voltage axis, an diffusivity. A similar scenario was proposed by Stolichnov et

752 https://doi.org/10.1021/acs.nanolett.2c02857
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Figure 3. (a) BF image of a zigzag edged-on wall. The site that was further analyzed with atomic resolution is marked with a red rectangle. (b)
HAADF image of the DW at the initial 0 V state. The Fe-displacement vector (d;, and d,g,) and polarization vector (P; and P,) directions are
indicated for each side of the wall. The inset is a close-up of one unit cell where the Bi and Fe atomic columns are visible. (c) Atomic-resolution BF
images at the wall location together with Fe-displacement vectors for a few unit cells (black arrows) overlaid on a colored map of the Fe-
displacement magnitude for the 0 V, + 30 V, and —30 V sequence. The Fe-displacement information was extracted from HAADF images (see
Supplementary 4, in Supporting Information). The arrow lengths indicate the relative magnitude of the Fe-site displacement. The direction of the
electric field (E) is indicated. The approximative position of the DW is marked with a red line. (d) Fe-displacement vector magnitude as a function

of the external applied voltage.

al.** Among the possible point-charge defects in BFO systems,
Bi-vacancies have been reported together with Fe*', the latest
being linked with enhanced electrical conductivity at the
wall’! In our crystals, electron-energy-loss spectroscopy
(EELS) did not show the presence of Fe** (Supplementary
6.3, in Supporting Information), and this was also supported
by conductive atomic force microscopy, which showed no
enhanced DW conduction in the pristine BFO single crystal
(Supplementary 6.4, in Supporting Information). Despite no
observable drop of the integrated Bi atomic columns’ intensity
at the DW position in the HAADF images (Supplementary 6.1,
in Supporting Information), we cannot rule out the segregation
of the Bi-vacancies at original the DWs, as a large number of
Bi-vacancies (up to 30 at. %)°' should be present for them to
be detected. Our EELS analysis indicated that O-vacancies are
present at the zigzag walls with a smaller intensity of the O K
edge at the wall location compared to the domain matrix
(Supplementary 6.5, in Supporting Information). However, in
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the present study, the unequivocal detection or quantification
of O-vacancies is beyond the capabilities of the method. While
O-vacancies are generally considered highly mobile, their
mobility can be reduced by ordering at high densities®* or by
forming defect complexes with Bi-vacancies.”

The second experiment tracked the interaction between the
charged apex (i.e., the needle-domain’s extremity) of the zigzag
walls and the electric bias voltage at the atomic level (Figure
3a). The apex is strongly tail-to-tail negatively charged (as
shown in Figure 3b,c). The intention was to have similar
conditions as in the experiment describing the uncharged part
of the walls. As the BF images show, the apex of the zigzag
DWs changes its morphology under a voltage bias (Figure 3c),
i.e., it becomes asymmetric. However, when equal and opposite
voltages are applied, the apex plane’s change could not be
reversed (the BF image at +30 V is similar to the one at —30
V). The rest of the BF-STEM images for other intermediate
voltages are shown in Supplementary 7.1, in Supporting
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Information. Looking at the Fe-displacement maps in Figure
3c leads to the same conclusions. The plane of the apex
becomes asymmetric, and the change is not reversible when
the opposite voltage is applied (the rest of the Fe-displacement
maps for other intermediate voltages are shown in Supple-
mentary 7). Interestingly, the same asymmetry induced by an
electric field in the plane of the t? was reported for needle-like
90° DWs in tetragonal BaTiO;*° that form at the intersection
of three sets of domains.

Please note that, for the initial 0 V situation, the magnitude
of the projected Fe-displacement is not equal in the two
neighboring domains (Figure 3c); a similar structural
asymmetry was observed for 90° DWs and is specific to
most ferroelectric interfaces.”” A noticeable change in the
magnitude and orientation of the projected Fe-displacement
on either side of the wall occurs when a voltage bias is applied
(Figure 3c). The plot in Figure 3d shows how the average (the
center of mass) of the Fe-displacement magnitude in the
analyzed area changes with the voltage in one domain and the
other. The magnitude of d,g, in Domain 1 grows (projected
polarization P, in the same direction as the electric field), while
the magnitude of d,z in Domain 2 is reduced (projected
polarization P, pointing in the opposite direction than the
electric field). The changes in the atomic displacements due to
electrical stimuli are almost never discussed in the literature.
We show here that, for the weak-field regime in which the
experiment takes place, the Fe-displacement, and hence the in-
plane polarization, is altered. The Fe displaced about 1.8 times
further from the body center at 30 V compared to the initial 0
V configuration in Domain 1, whereas in Domain 2 the Fe-
displacement was reduced 1.3-fold. This information might be
overlooked in low-magnification in situ studies, where details
about the unit-cell distortion are not accessible. A quantitative
statement about the polarization change would be inaccurate
because we do not have access to the position of the O
sublattice. However, qualitatively, we might expect the
polarization to follow the same trend as the Fe-displacement.
Moreover, the O sublattice displacement is supposed to be
higher than the Fe-displacement relative to the body center of
the Bi lattice when the electric field is applied.*® Therefore, the
factors of increasing/decreasing the polarization are expected
to be higher than those for the Fe-displacements.

Because of the interesting charge state of the zigzag DWs, a
question arises about the defect compensation in the vicinity of
the strongly charged tip.”” As discussed above, we did not
detect any Fe™ in this work. Segregation of Bi-vacancies is
suggested by the intensity drop of the atomic columns of Bi in
the vicinity of the tip (Figure 4a) (the Bi intensity maps for all
voltage ranges are shown in Supplementary 6.2, in Supporting
Information). This analysis suggests a higher segregation of Bi-
vacancies at the apex compared to the midsection of the zigzag
walls, which could be a reason for the observed pinning. If we
assume that the negatively charged tail-to-tail apex could
attract defects with a net positive charge, we can expect the
presence of O-vacancies forming complexes with Bi-vacan-
cies.”

The electric field most likely influences the redistribution of
the Bi intensities, concomitantly with a redistribution of the
strain evaluated by the geometric phase analysis (Figure 4). At
30V there is an apparent segregation of the Bi-vacancies where
the abrupt change in the apex plane takes place (Figure 4a),
which coincides with an increase in the local strain (Figure
4b). Moreover, we reveal in Supplementary 8, in Supporting
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Figure 4. (a) Normalized Bi atomic columns’ intensity maps for 0 and
30 V. The black line marks the position of the DW. Note that the
intensity drop extended along the horizontal is likely due to a
scanning artifact and it is marked with black arrows. (b) Strain maps
calculated by Geometric Phase Analysis for 0 and 30 V. The DW
region is marked with a red line. For 30 V in panels a and b, the red

arrow marks the location where the intensity drop is substantial and
the strain is enhanced.

30V

Information, that under the influence of the electric field, the
polarization bound charges redistribute in the vicinity of the
walls as well (as a result of the change in the plane of the wall
and the change in the Fe-displacement magnitude and
orientation). Our simplified considerations show that at 30 V
the bound charges increase on the segments (DWI, DWII) but
decrease at the apex compared to the initial 0 V configuration.

Different charge states across the zigzag wall (uncharged
midsection vs tail-to-tail charged apex) might set expectations
of different dynamics when a voltage bias is applied. In the case
of needle-like non-180° ferroelectric/ferroelastic DWs, it is
assumed that the apex site will be activated first when the
electric field is applied."”'>** In the present experiment,
however, the negatively charged apex seemed to be pinned,
while a short-range switching took place for the uncharged
central part of the zigzag walls. A higher concentration of
defects (O-vacancies + Bi-vacancies) segregating at the apex
could explain this experimental observation.

In summary, we applied a dedicated capacitor-like in situ
STEM technique to observe the interaction between the weak
subcoercive electric field and the zigzag 180° DWs in a BFO
single crystal with atomic resolution. We monitored short-
range movement with respect to the viewing plane for the
neutral segment of the zigzag walls. The DW movement
determined from the Fe-displacement map is decoupled from
the strain field marked by an enhanced contrast in BF images.
This can be explained as low mobility defect segregation at the
initial DW position, such as ordered clusters of O-vacancies. In
contrast, the zigzag wall’s apex is pinned but atomic
displacement response is observed when the electric field is
applied. The pinning of the apex can be related to a higher
segregation of Bi- and O-vacancies. Furthermore, we show that
we can electrically bend the tip plane and induce different
strain and bound charge-state configurations. The induced
changes appear to be irreversible when an equal, but opposite,
electric field is applied. The zigzag domain morphology is not
unique to the BFO single crystal; hence, the current atomistic
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implications revealed here might be applied to other
ferroelectric systems, as well. To the best of our knowledge,
this publication represents one of the first experimental works
showing in situ the behavior of a ferroelectric material under a
subswitching electric field near a DW at the atomic level.
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Supplementary 1- Bismuth ferrite (BFO) single crystal preparation and structural

characterization

The single crystals were grown using flux method starting with high purity powders of FeoO3 and
Bi203 with the flux proportion of 0.15/0.85. The mixture was placed into a platinum crucible, and
sealed to prevent the loss of bismuth oxide during the thermal treatment. Further, it was heated to

900°C for 4 h and the temperature was decreased slowly (0.5°C/h) till 790°C and then more rapidly
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(~100°C/h) to room temperature. Finally, tiny crystals were extracted after washing with boiling
dilute (20%) nitric acid.

The purity of the crystal has been confirmed by X-ray diffraction (Figure S1.1) and Raman
Spectroscopy (Figure S1.2).
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Figure S1.1 X-ray diffraction pattern of crushed crystals. The peaks were indexed according to
rhombohedral symmetry with R3c space group. The reported indexation is done in the hexagonal
setting. No other peaks other than the ones corresponding to bismuth ferrite (standard card
JCPDS no. 86-1518) can be evidenced
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Figure S 1.2 Raman spectrum measured using T6400 Jobin-Yvon, Horiba spectrometer with a
green 514nm laser source at room temperature. Only the phonon modes corresponding to
bismuth ferrite have been identified. No trace of any parasitic phase can be detected.
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Supplementary 2- Specimen preparation and electrostatic finite element calculations of the

electric field distribution in the device

Specimen preparation

The specimen is prepared on optimized Protochips-Fusion electrical Si-based chips with patterned
electrodes by focused ion beam' (FIB) (Helios Nanolab 650 with Ga ions source). This type of FIB
support chip! offers the possibility to prepare sufficiently thin, high-quality specimens in order to

achieve atomic resolution while simultaneously applying electric field in situ.

A capacitor-like configuration offers the advantage of a relatively homogeneous electric field >3,

compared to other more frequently used configurations such as the probe techniques.

The first step of the specimen preparation was electron deposition of a thin layer of Pt (0.4 um)
which allow protection of the top surface of the sample before using the ion beam, which reduces
ion implantation and improves sample quality. A next layer of Pt is further deposited with ions to
create a thick protection layer for the FIB sample preparation process (2 um). The sample is then
milled using the ion beam to create a standing lamella which is then transferred with the aid of a

manipulator on the biasing support chip.

The electrical contacts are made by 1on beam assisted Pt-deposition (30 kV, = 0.23 nA). The

spacing between the electrodes is by default 20 pm.

A scanning electron microscopy (SEM) image of the specimen on the biasing chip is shown in
Figure S2.1a. The specimen is thinned with ions until electron transparency is reached. To maintain
mechanical stability, the specimen is not uniformly thinned. Some isolated windows with thickness

less than 100nm are done (green color in Figure S2.1a), while the rest of the lamella is kept thicker
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~200 nm (blue color in Figure S2.1a). We always perform the in situ STEM analysis on areas
where the domain structure is preserved and which are not thinner than 50 nm. In this way, the
effects associated with the reduced thickness (reduction/annihilation of polarization, domain

structure alteration) are avoided®.

Thinning of the specimen was done at 30 kV in 3 steps by progressively lowering the ion beam
current (typically 0.8nA, 0.2nA and 8 pA). In addition, low energy ion beam cleaning is performed

in order to gradually remove surface amorphization or any other kind of contamination.

The ion beam characteristics that we used for FIB lamella preparation are listed in the table below.

Table S 2 — The ion/electron beam accelerating voltages and currents used during the FIB specimen

preparation procedure
Procedure Voltage Current
E-beam Pt deposition 2kV 1.6 nA
I-beam Pt deposition 30 kV 0.2 nA
Electrical contacts 30 kV 0.2 nA
0.8nA
Thinning of the 30 kV 0.2nA
specimen
80 pA
5kV
. 2kV
Cleaning of the 40-100 pA
specimen 1kV
0.5 kV
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Additional cuts are done on top to avoid short circuit through Pt layer when bias voltage is applied.
In addition, a cut is made at the bottom of the specimen’ to remove the material that was

redeposited during ion milling and which may potentially be more conductive than the rest.

In order to check the amount of Ga contamination we performed energy dispersive X-ray analysis
(EDXS) analysis. Quantitative EDXS/STEM mapping (Bi M, Fe K and Ga L lines shown in Figure
S2.2 a)-d)) was done across a BFO lamella prepared by FIB with the same conditions as the
samples for in situ studies (a STEM dark field (DF) image is shown in Figure R1 e)). The EDXS-
mapping shows an inhomogeneous distribution of Ga throughout the lamella with the highest
concentration on the top Pt-deposited layer, as expected. A line EDXS analysis on mid-section
(red line marked in Figure S2.2 e)) shows that for the most part the concentration of Ga is around
1 wt% but increases very close to the edge because the specimen is mostly amorphous in this area.
The in situ experiments presented in the manuscript are done in regions of the sample which are
mostly crystalline. Therefore, we would expect that the Ga concentration was around 1 wt%; we
expect that a much smaller amount is incorporated in the perovskite lattice, most of the

contamination should be set in the very thin amorphous sidewall.
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Figure S 2.1 EDXS quantitative elemental maps for (a) Bi M, (b) Fe K, (c) Ga L and their overlaid
image (d) for the region of the specimen shown in the DF image in (e). The red dotted line marks

the region where the EDXS line analysis show in (f) was taken

Electrostatic finite element model calculations

The electric field distribution was simulated using the finite element method (FEM) implemented
in Comsol Multiphysics 5.2 with microelectromechanical systems module. The geometric model

(Figure S2a-d) was built considering the three dimensions of the specimen.

The sections used to build the geometric model for FEM are marked with matching colors (Figure

S2a, c-d):

e Section 1 (pink): parts which are in direct contact with the electrodes and are relatively

thick: 1.2 pm.

e Section 2 (green): electron transparent windows with thickness between 70 and 150 nm.

e Section 3 (blue): electron transparent window of about 200 nm thickness.

Figure S2c-d shows the simplified built geometric model along with in-plane and cross section

dimensions used for the electrostatic FEM. The (z,y) dimensions were measured from scanning

Distance (um)
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SEM) imaging (Figure S2c). The thickness profile (z,x) was determined by scanning transmission
electron microscopy (STEM) - electron energy loss spectroscopy (EELS) thickness mapping
(Figure S2b) for the very thin sections (2 and 2') and approximated from SEM imaging for the

other sections (1, 1', 3) (Figure S2d).

Tetrahedral adaptive mesh was used for the FEM simulation (mesh element maximum 1.6 um and
minimum 0.2 pm). The potential difference between the electrodes was set to +55 V (maximum
value applied in the experiment) and it was used as a boundary condition. The relative dielectric

permittivity was considered egro=80° for the bismuth ferrite and ep; = oo for the Pt layer.

The results of the FEM simulations are shown in Figure S2e-f.
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Figure S 2.2 (a) False colored SEM image of the specimen prepared in FIB. The sections of the
specimen considered further in the FEM model are colored.

[ RN

(b) EELS-thickness map of the region marked with black rectangle in (a).

(c) In-plane z-y geometric configuration of the model. (d) The cross-section z-x geometric
configuration of the model.

Colored map of the distribution of the electric-field e) magnitude and f) orientation in the
specimen as calculated by FEM. White and black arrows, respectively, mark the direction of the
field on each location. The density of arrows is arbitrary. With red cross the approximate
location of the experiment is indicated.
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Supplementary 3- Types of domain walls in BFO single crystal

The BFO single crystal presents two types of domain walls morphology as described in the main

manuscript: zigzag-like (Figure S3.1) and lamellar-like DWs (Figure S3.2).

From HAADF images acquired in [100],c zone axis, the coordinates of the atomic columns were
determined using a 2D Gaussian fit according to a previously reported methodology”. We can
identify the position of Fe and Bi. However, the position of O, which accounts for the center of
negative charge of the unit cell, is concealed. It has been experimentally demonstrated that the
position of O is redundant because Fe-displacement in respect to the Bi sublattice (dp,) gives
enough qualitative information on the projected polarization direction: namely, the projected

polarization is proportional but points in opposite direction to Fe-displacement vector®,

In rhombohedral symmetry of BFO (space group R3c¢), the spontaneous polarization can lie along
one of the four diagonals in the pseudocubic perovskite unit cell (along the [111]pc direction). If
one, two or three components of the polarization vector are reversed in one domain compared to

the adjacent domain, the DW will be: 71°, 109° or 180°, respectively’.

In the case of uncharged configurations (head-to-tail or tail-to-head configuration), in order to
minimize the electrostatic and elastic energy, the walls usually lie on (or close to) the neutral plane,
namely 71° will lie on {110}pc, 109° on {100}pc and 180° on {110}pc®'!. No assumptions can be
made about the crystallographic plane in which the charged DWs (head-to-head or tail-to-tail

configuration) are lying.

10
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We were able to assign the zigzag walls as being of 180°- type: dp, is antiparallel in one side
compared to the other of the wall and the DW lays approximately on neutral {110}, plane'®

(Figure S3.1).
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Figure S3.1 (a) Bright field (BF) image of the zigzag domain structure. (b) HAADF atomic
resolution image of a region on a zigzag wall with the corresponding Fe-displacement map
overlaid. The position of the wall is marked with red dotted line. The insets on each side of the
wall show an one-unit cell close-up and the approximate direction of the Fe-displacement (black
arrow (dg,)) in respect to the center of Bi lattice. The direction of the polarization is indicated

with red arrow (P).

The lamellar features appear to contain different crystallographic defects (Figure S3.2a). The
crystallographic defects have been identified to be dislocations (Figure S3.2b), and antiphase
boundaries (Figure S3.2¢-d). Moreover, the lamellar features are nominally head-to-head charged

DWs (see the direction of Fe-displacement and projected polarization, respectively in Figure S3.2
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c¢)-d)). Because we have access only to the projected polarization in the imaging plane (we can
determine only 2 components out of 3) and the DWs are charged so there are no restrictions on the

plane they should lay'*!!

, we cannot univocally determine the angle type of the lamellar DWs.
They can be either 180° or 109° DWs. Previous studies'? report this type of DWs to be ferroelastic

so, the 109° DWs scenario is more plausible.

12
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Figure S 3.2 (a) HAADF image of lamellar-like features. On each side of the lamellar-like
features a close-up of 5x5 unit cells is shown, together with the overlapped Fe-displacement
vectors.

Atomic resolution HAADF image on a location of the lamellar wall showing (b) a dislocation
defect (green inset) and (c)-(d) antiphase boundaries (half unit cell shift from one domain to the
other is marked: Bi-atomic columns align to Fe-atomic columns).

The white scale bar marks 4 nm. The insets on each side of the defect show an one-unit cell
close-up and the approximate direction of the Fe-displacement (black arrow (dg.)) in respect to

the center of Bi lattice. The direction of the polarization is indicated with red arrow (P).
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Supplementary 4 — Original HAADF images
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Figure S 4.1 Original HAADF images for the OV, +20V, +40V, OV, -40V, -55V, 0V, +55V and -
55V sequence. The direction of the electric field is indicated by arrows. The images correspond to
the experiment shown in Figure 2 in the main manuscript. Each HAADF image is an integration

of 10 frames. The scale bar is 2 nm.

14
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Figure S 4.2 Original HAADF images for the OV, 10V, -10V, 20V, -20V, +30V and -30V sequence.
The direction of the electric field is indicated by arrows. The images correspond to the experiment

shown in Figure 3 in the main manuscript. Each HAADF image is one individual frame.
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Supplementary 5 - Displacement maps for all voltages following the experiment shown in
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Figure 2 in the main manuscript

Figure S5 Fe-displacement map (black arrows) superimposed on the colored map of the value of
Fe-displacement magnitude for the 0V, +20V, +40V, 0V, -40V, -55V, OV, +55V and -55V

sequence.
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Supplementary 6— Prob

Probing Bi vacancies.

The normalized Bi-column intensities were determined from HAADF images using a previously

reported method>!!. The detector’s background intensity is subtracted from the intensity of each

the intensities of the atomic columns were extracted by

3

pixel in the raw HAADF image. Further

approximating a Gaussian-type intensity

3

the integration of the pixel values within one sigma

distribution.
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Figure S 6.1 Normalized Bi-atomic columns intensity maps in the following sequence of voltages:

OV, 20V, 40V, OV, -40V, -55V, OV, 55V and -55V for the experiment following the central part of

the zigzag DWs (Figure 2 in the main manuscript). With black dotted line the position of the DW

which moves is marked based on Fe-displacement map (Figure 2 in the main manuscript).
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Figure S 6.2 Normalized Bi-atomic columns intensity maps in the following sequence of voltages:
oV, 10V, -10V, 20V, -20V, 30V, -30V for the experiment following the tip of the zigzag DWs (Figure

3 in the main manuscript). With black line the position of the DW is marked based on Fe-
displacement map (Figure 3 in the main manuscript). Note that intensity drop extended along the

horizontal it is likely due to scanning artefact and it is marked with black arrows
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Probing Fe**
From the EELS spectra we extracted the energy onset difference between O-K and Fe-L; edges

(chemical shift), which is sensitive to the oxidation state of Fe. Both on and off the DW, we detect

a value of the chemical shift of about AE=178 eV, fingerprint of Fe**.>

Fely On DW : re; | Off DW
705.91eV 70556 eV
-_ S
3 @ |
m S—
i wn
@ | oK =] ok
= |527.46ev S |526.97ev
: ;
o
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400 500 600 700 800 900 1000 400 500 600 700 800 900 1000

Energy (eV) Energy (eV)

Figure S 6.3 EELS spectra on and off the location of the zigzag DWs. The energy onset AE

difference between O-K and Fe-L; edges is shown.
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Probing DWs' conduction

Piezoresponse force microscopy (PFM) and conductive atomic force microscopy (c-AFM) were
performed using an atomic force microscope (AFM) Asylum Research, Molecular Force Probe
3D, Santa Barbara, CA, USA. A tetrahedrally shaped silicone AFM tip with a silicone cantilever,
both coated with Ti/Ir, was used for the analyses (Asylec, AtomicForce F&KE GmBH). Out-of-
plane PFM imaging was performed in dual AC resonance tracking mode (DART) using an AC
voltage of 10 V. The c-AFM imaging was performed by applying a DC voltage ranging from 5 to
30 V to the tip (the c-AFM image in Fig. S6.4 was acquired at 30V DC). The c-AFM investigation

showed no increased conductivity on DWs (Fig. S6.4e).

Only noise

Figure S 6.4 Topography (a) height and (b) deflection; out-of-plane PFM DART (c) amplitude and
(d) phase images, (e) c-AFM current image and (f) the closer look to the area marked in panel (c)

by blue square. The scale bar marks 1 um.
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O vacancies on zigzag DW

The O K edge intensity appears to be slightly lower in the DW location (marked with black line in
Figure S6.5) compared to the domain matrix (marked with red line in Figure S6.5). The present

result suggests probable segregation of O vacancies point charged defects at the zigzag walls.

(a) (b)

on zigzag DW
off zigzag DW

Fe L3

Intensity (a.u.)

; . . : . . . .
525 530 535 540 545 550
Energy (eV)

T T T T T T T T T T
525 550 575 600 625 650 675 700 725 750
Energy (a.w)

Figure S 6.5 (a) EELS spectra on and off the location of the zigzag DWs. (b) Close-up of the O K

edge from the region marked with black rectangle in a).
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Supplementary 7 - BF images and Fe-displacement maps for all voltages following the

experiment shown in Figure 3 in the main manuscript

Figure S 7.1 Atomic resolution BF images at the wall location for 0V, +10V, -10V, +20V, -20V,
+30V and -30V sequence. The BF images for 0V, +30V and -30V have been already shown in the
main manuscript but for the sake of comparison we decided to show them together with the images

for the other voltages.
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Figure S 7.2 Fe-displacement vector map (black arrows) overlaid on colored map of the Fe-
displacement magnitude for OV, 10V, -10V, 20V, -20V, 30V and -30V sequence. The DW region is
marked with red line. The direction of the electric field is indicated by black arrows. The Fe-
displacement vector map for 0V, 30V and -30V have been already shown in the main manuscript
but for the sake of comparison we decided to show them together with the maps for the other

voltages.
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8 nm

Figure S 7.3 Fe-displacement vector map (black arrows) overlaid on colored map of the Fe-
displacement rotation angle for OV, 10V, -10V, 20V, -20V, 30V and -30V sequence. The DW region

is marked with black line. The direction of the electric field is indicated by black arrows.
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Supplementary 8- Estimations of the normal component of the Fe-displacement before and
after the application of the electric field for the experiment following the tip of the zigzag

DWs

The amount of bound charge (o) is given by the change of the normal polarization component to
the DW plane: —o0 =A P -n , where A P is the difference between polarization of adjacent
domains and n is the DW normal'3. Polarization and Fe-displacement are in relation of direct

proportionality, therefore, —o ~A d.

Three segments were considered to form the tip of the zigzag walls: DWI, DWII and apex. The

normal component of Fe-displacement was calculated for each of these three segments at 0 and

30V.

The displacement vector (its magnitude and orientation) on either side of the wall was considered

to be center of mass of the polar distribution (noted as d; 7).

The plane of the wall was evaluated from Fe-displacement maps.

. . LII,apex LIl,apex LII,apex
The normal Fe-displacement component is: Ad = d,, pex _ d,, PEX " where d;, P and
LI, . . ,
d,, “PE¥ represents the normal component of the Fe-displacement of Domain 1 and Domain 2,

respectively, relative to the plane of DWI, DWII or the apex.

LIl,apex|. LIl,apex| __ . LIl,apex Lll,apex -
|d1'2n |is calculated as |d1'2n | = |dq2|sin 05 where 6, is the angle between

the d , vectors and the wall plane DWI, DWII or apex.
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Chapter 4

Voltage-Driven Ferroelectric Domain
Dynamics in (K,Na)NbOs
Investigated by In-Situ Transmission

Electron Microscopy

Switching kinetics at the local scales is determined by local variations of the free energy,
leading to a relatively inhomogeneous process.[84] In the present study, we monitor the
ferroelectric switching dynamics in a (K,Na)NbOj;single crystal, where mobile, needlelike
DWs coexist and interact during switching with immobile DWs.

Our dynamic results show that immobile DWs act as randomly bound pinning
defects, pinning areas of up to 0.35 um?. The specimen edge, which is an inherent interface
in a capacitor-like device, promotes the nucleation of new domains.

With one polarity of the electric field, the needlelike DWs have a traditional
forward tip movement until they encounter an obstacle (e.g., an immobile DW), after
which they grow laterally. If the polarity of the electric field is reversed, the domains
growth in the orthogonal direction. In this case, the needles grow as forward tip propagation
and coalesce only up to a certain threshold voltage, after which the propagation stops, and
the domains split into fine needles and nanodomains. This unexpected phenomenon could
be a result of built-in stress as it correlates with an enhanced diffraction contrast (in
BF/LAADF images).

During the switching process, discontinuities occur when two orthogonal needles
meet, and a pinning event takes place. Pinning between orthogonal needles is overcome by
further increasing the voltage.

We believe that the present results describing the ferroelectric kinetics of needlelike DWs
in the presence of other defects, can contribute to the general knowledge on ferroelectric
switching, since they are studied directly and locally.

This chapter addresses thesis objectives: 2 and 5.

Published in: O. Condurache, G. Drazi¢ and A. Bencan, “Voltage-driven ferroelectric
domain dynamics in (K,Na)NbO; investigated by in-situ transmission electron
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ABSTRACT

Ferroelectric domain dynamics is at the heart of any ferroelectric-based application. In situ transmission electron microscopy (TEM) offers
an exciting opportunity to directly image ferroelectric switching and domain dynamics, revealing phenomena that might be concealed in
macroscopic measurements. Here, we investigate the voltage-driven response of the mobile, needlelike domains and domain walls (DWs) of
a (K,Na)NbOj single crystal (KNN;.) using in situ TEM in a miniaturized capacitor. Our experimental results reveal that the immobile DWs
can act as random bound pinning centers, pinning an area of up to 0.35 um?. The edge of the sample can promote the nucleation of new
domains. Domain growth and coalescence are not always continuous but can be interrupted at a certain voltage in favor of fine domain split-
ting and the formation of nanoscale domains. Other discontinuities are generated in the functional response when two orthogonal, needlelike
domains meet and soft-pinning events occur. These findings shed light on the kinetics of ferroelectric domains and are probably not limited
to KNNj,, being applicable to other perovskite-based ferroelectric materials where a needlelike domain morphology is present or where
mobile and immobile DWs coexist.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0149949

The switching of polarization carries the functionality of any fer-
roelectric material. Switching dynamics is a complex process involving
the movement of ferroelectric domain walls (DWs), the growth of
domains, and the nucleation of new domains.

The response of ferroelectric domains and DWs is often investi-
gated indirectly, e.g., by nonlinear ferroelectric/piezoelectric measure-
ments”” or in situ x-ray diffraction techniques,”” which have
contributed to our understanding of the relationship between the
domain structure and functional properties. However, indirect studies
only provide an average, collective response, and information about
individual events cannot be decoupled. For example, a nonlinear
response [e.g., a pinched polarization-field P(E) loop’] might be asso-
ciated with the pinning of DWs; however, the origin of the pinning
mechanism cannot be identified from bulk measurements alone.

To realize the full application potential of ferroelectrics, local
imaging and a direct understanding of the kinetics of domains and
DWs, especially in the presence of interfaces, become paramount.

These interfaces, which are often present in real materials, can cause
unpredictability in the switching process.” Interfaces that have been
shown to affect the domain structure’s response to an electric field
include crystallographic defects,™” other immobile DWs, electrodes,”
and grain boundaries.””

In this study, we observed the evolution of the ferroelectric
domain structure of KosNaysNbOj single crystal (KNNg.) in situ
using (scanning) transmission electron microscopy-(S)TEM, in a new
generation of capacitor-like configuration that provides, above all, a
relatively homogeneous electric field distribution.'”'” We explored
the complex domain structure of KNN. and investigated the dynam-
ics of needlelike DWs in the presence of other immobile domain
boundaries. From a scientific perspective, single crystals are excellent
candidates to gain insights into the ferroelectric switching process
in situ, since they lack grain boundaries and have little to no porosity
that could contribute to extrinsic effects. KNN is one of the most
promising lead-free ferroelectrics.” From an applicative point of view,

Appl. Phys. Lett. 122, 202902 (2023); doi: 10.1063/5.0149949
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KNN in single-crystal form was reported to exhibit a comparable'* or
higher'” piezoelectric coefficient (ds3) and a significantly higher elec-
trostrictive coefficient (M33) than polycrystalline KNN." The perfor-
mance of a KNN-based single crystal is attributed to the presence of
nanoscale-strain domains and a high density of DWs.'*"" The
dynamic behavior of the ferroelectric domains in KNN (especially a
KNN single crystal) has rarely been reported.'”

Here, we directly probe various local switching-associated events:
soft-pinning associated with the tip-to-tip interaction between two per-
pendicular needle-domains; hard, long-range pinning near the immobile
DWs; the reversible splitting of the domain structure into nanodomains;
and the nucleation of new domains from the edge of the specimen.

The KNN;. was grown using a solid-state, single-crystal growth
method. More details about the crystal growth are given in Refs. 19
and 20. A monoclinic symmetry was assigned based on x-ray diffrac-
tion.”” We transformed the monoclinic unit cell into the correspond-
ing orthorhombic metric*** to index the domain structure. In this
paper, the pseudo-cubic notation is used (noted as pc).”’

In an orthorhombic symmetry, the polar direction runs along
[110] pc,15 2423 leading to 12 polar orientations and the formation of
60°, 90°, 120°, and 180° DWs, depending on the angle between the
polarization in the adjacent domains.”® The planes to which these
DWs are confined were previously discussed in detail.”* Briefly, a 180°
DW will lie on planes parallel to the direction of polarization (these
walls are denoted W); charged and uncharged 90° DWs are fixed to
{100}, while uncharged 120° and charged 60° are limited to {110},
(denoted as Wy). The planes of charged 120° and uncharged 60° have
irrational indices and depend on the piezoelectric and electrostrictive
coefficients (denoted Wy).

Thus, the domain configuration in an orthorhombic symmetry
will be rather complex, and, for a given zone axis, edge-on DWs will
coexist alongside non-edge-on DWs. A sharp contrast at the DW can
be seen when the DW is edge-on, i.e., the viewing direction is perpendic-
ular to the DW plane; conversely, the DW is not edge-on when the
wall’s plane is tilted with respect to the viewing direction, and the projec-
tion at the DW site is diffuse and shows an overlap between the two
domains.

A common domain structure of the KNN,, investigated by TEM
in [100] p, is shown in Fig. 1. Generally, three characteristic features
can be seen in a [100] p-oriented specimen: irregularly shaped features
[white arrow in Figs. 1(a) and 1(b)], needlelike domains [closed, blue
arrow in Fig. 1(b)], and fine irregular lamellar domains [open, black
arrow in Fig. 1(b)].

The irregularly shaped features can be seen throughout the TEM
specimen [Fig. 1(a)]. These features, which show a strong diffraction
contrast [Figs. 1(a) and 1(c)], are not always located on the main crys-
tallographic planes. The crystal lattice at their location is tilted with
respect to the electron beam, as shown by an atomic resolution STEM-
High Angle Annular Dark Field (STEM-HAADF) image [Fig. 1(d)].
Therefore, we classify these features as being DWs that are not edge-
on in the direction of the beam. At the same time, the two domains on
each side of the non-edge-on DW have a sharp and regular atomic
contrast [Fig. 1(d)].

The needlelike DWs are close to the {100}, planes, which, based
on the assumption of mechanical compatibility and electrical neutral-
ity,”” implies that they are of the 90°-type. While a nominally head-to-
tail configuration is assumed for the body of these domains to preserve

pubs.aip.org/aip/apl

electrical neutrality, an accumulation of bound charge occurs at the
curved tip.” This needlelike morphology was previously associated
with 90° DWs.””?” Selected-area electron diffraction (SAED) on a
needlelike DW is shown in Fig. 1(e) and demonstrates the splitting of
certain reflections, due to the polarization rotation from one domain
to another. The experimental SAED agrees well with a simulated
SAED on a 90° DW when the polarization is in the plane of the view-
ing direction [as shown in the sketch in Fig. 1(f)]. More details about
the SAED simulation are given in the supplementary material, 1.

The fine lamellar structure might be a 180° DW structure, as dis-
cussed in a previous study.”’

We have gone one step further and tackled the response of ferro-
electric domains in KNNj. during the application of an electric field
using in situ STEM. In the biasing experiment, the specimens are con-
fined to a capacitor-like configuration with Pt-electrodes on the side.
The end-voltage values are =55V. Details about the in situ experi-
mental set-up and the focused-ion-beam (FIB) specimen-preparation
are given in the supplementary material, 2, and described in detail
elsewhere."’

Figure 2(a) shows a STEM-Bright Field (STEM-BF) image of the
entire FIB lamella before the application of the electric field. Here, the
non-edge-on DWs cover the entire specimen prepared using the FIB.
A close-up of the area marked with a white rectangle in Fig. 2(a)
reveals that alongside the non-edge-on DW, the needlelike domain
structure dominates'' [STEM-BF and STEM-Low Angle Annular
Dark Field (STEM-LAADEF) in Fig. 2(c)].

For comparison, the same areas are shown at 455V, which is the
end value of the applied voltage [Figs. 2(b) and 2(d)]. The direction of
the electric field is perpendicular to the electrodes and is indicated in
Fig. 2 (it forms an angle of 22° with [100] ).

A first observation is that the non-edge-on walls hardly respond
to the electric field bias, i.e., they are overall immobile [compare Figs.
2(a) and 2(b)].

The needlelike domain pattern, on the contrary, clearly responds
to the electrical stimuli [compare Figs. 2(c) and 2(d)]. The complex
dynamics of the needlelike domain pattern will be discussed in the
next paragraph.

One hypothesis is that the polar direction in the needlelike DWs is
favorable to the direction of the electric field. In contrast, the non-edge-
on DW could separate domains, for which the polarization has an unfa-
vorable orientation. Another possible reason for the non-edge-on DWs
being immobile is pinning on defects, which can be crystallographic
defects or point-charge defects. The analysis presented in Fig. 1(d) does
not reveal discontinuities in the lattice; however, we do not exclude the
possibility that the immobile DWs couple with crystallographic defects
such as antiphase boundaries.”” In addition, point-charge defects can be
present (such as oxygen vacancies or alkaline vacancies’').

Figure 3 shows the evolution of the needlelike pattern at different
bias voltages. We chose to observe a representative region, for which
the initial domain configuration includes a set of domains approxima-
tively parallel to each other with walls that lie on {100}, (colored red),
perpendicular to them is another set of domains on {010}, (colored
blue), and the domain matrix (in the original gray scale). The succes-
sive images at different voltages are obtained slightly off axis to
enhance the domain contrast.

To easily follow the evolution of the domain structure, the corre-
sponding region for each domain set was left colored in Fig. 3(a).

Appl. Phys. Lett. 122, 202902 (2023): doi: 10.1063/5.0149949
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STEM-BF
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c) STEM-BF d) STEM-HAADF
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Experimental SAED Simulated SAED for 90° DWs

FIG. 1. (a) STEM-BF image of a FIB specimen lamella of KNNs.. (b) TEM-BF image of different domain morphologies in KNNs.. (c) STEM-BF of a non-edge-on feature. Non-
edge-on features, needlelike, and fine lamellar domain structure are marked with white, blue, and black arrows, respectively. (d) STEM-HAADF atomic resolution image of the
region marked with a black rectangle in (c). The inset represents one unit cell. Strong bright contrast corresponds to Nb atomic columns. (e) Experimental SAED on needle-
shaped DWs, together with simulated SAED pattern across 90° DWs with in-plane polar axis. The insets show side-by-side a zoom-in of some experimental and simulated
reflections. (f) Schematics of the 90° DW configuration simulated in (€). The polarization direction is indicated.

The original STEM-BF and STEM-LAADF images can be seen in the Due to the lack of direct technique capabilities, the actual polar
supplementary material, 3. In Fig. 3, only one bias cycle is shown (0 to configuration is concealed. However, we can rely on indirect assump-
+55V to —55 to 0 V); the complete bias cycle is shown in the supple- tions to offer a hypothesis on the polarization configuration. We have
mentary material, 4. already discussed that a plausible assumption is that the needlelike
Appl. Phys. Lett. 122, 202902 (2023); doi: 10.1063/5.0149949 122, 202902-3
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STEM-BF STEM-LAADF

STEM-BF

Pt electrode

FIG. 2. (a) STEM-BF image of the FIB
lamella fabricated on the in situ biasing
chip at (a) 0 and (b) 55V. The STEM-BF
and STEM-LAADF of the magnified area
marked with a white rectangle are shown
at (c) 0 and (d) 55V. The position of the
electrodes and the approximate direction
of the electric field are indicated.

Pt electrode

Pt electrode

Pt electrode

domain walls are 90° DWs with the polarization in the viewing plane. red domains is favorable for the direction of the electric field, while the
Another assumption is that the walls are uncharged, except for the gray matrix, which shrinks, is not."" On the other hand, the blue
very tip of the needle where the charge accumulates. On the positive domains grow when the electric field is flipped to the negative side.

side of the voltage, the red domains grow. Thus, the polarization of the With the black arrow in Fig. 3(a) for the 0V image, we marked what
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-15V -20V -30V -40V -5§V
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a)

Plus

The edge of
the specimen
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FIG. 3. (a) Evolution of the domain structure at different voltages. A sequence of false-colored STEM-LAADF images is shown. A possible polar direction for the red, blue, and gray
matrix domains is indicated. At 0V, a white arrow marks the presence of an immobile DW. (b) Plot of the relative coverage of the red domains as a function of voltage. The error bars
represent standard deviation. (c) A STEM-BF close-up at —55V of the yellow-highlighted region. The strong contrast corresponding to the nano-islands is marked with a red arrow.
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such a configuration could be: the polar axis in red domains along
[170],, along [110], in the matrix, and along [110], in the blue
domains.

Let us now explore the kinetics of domains and DWs when an
electric field is applied.

The initial domain configuration is dominated by a comb of nee-
dles (red). When the polarity of the voltage is positive, they grow by
tip motion and maintain a needlelike morphology, if they have a free
path. When they encounter an obstacle (in this case, another DW on
the top of the observable area), they start growing sideways and they
coalesce. The needlelike pattern changes to a rather parallelepipedal-
shape pattern. This behavior is a classic domain evolution during
polarization switching.”” On the positive side, we do not observe
nucleation of any new domains. The red domains show no back-
switching when the voltage is turned off.

When the voltage changes polarity (conventionally labeled as
negative in the paper), the switching occurs as a combination between
the retraction of the “red” domains and the nucleation/growth of the
“blue” domains. Figure 3(b) shows the evolution of the area of the red
domains as a function of a cyclic electric potential. The coverage of a
set of domains is proportional to the polarization, and its plot vs volt-
age is an illustration of a local polarization vs electric field [P(E)] hys-
teresis loop. In this case, the plot resembles a “hard” ferroelectric loop,
and its most striking feature is the horizontal shift on the voltage axis,
indicating a built-in electric field, probably due to asymmetric electro-
des.” Some other discontinuities that characterize the switching pro-
cess in Fig. 3(b) will be discussed later in the context of pinning.

The switching on the negative side shows a few particularities.
First, some of the blue domains start nucleating from the edge of the
specimen (—15V), while others nucleate from the existing red
domains, indicating the important role of interfaces in the kinetics of
domains in a miniaturized device. A striking feature is that while on
the positive voltage, the number of DWs decreases, following the
growth and coalescence, the number of DWs on the negative side
increases (Fig. 4). The set of blue domains growing from the edge of
the sample along [010] . stop at a certain voltage (—30 V), after which
they retract and split, forming fine needles. The question arises as to
why the growth of the domains is impeded, and they stabilize by form-
ing a fine structure? One possible scenario is that when the negative
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voltage is applied, internal stresses are created, and the system reorgan-
izes into nanodomains to release the emerging strain. In addition,
some nano-islands form within the blue domains, which, as Fig. 3(c)
shows, exhibit a strong diffraction contrast, indicating increased strain.
This process is completely reversible, and when the voltage is turned
off (0V), the splitting reverses and the nano-islands disappear. The
nucleation of nanodomains by mechanical loading was previously
reported.”* ™

Pinning during polarization reversal is a recurring event in this
experiment. The area of red/blue-domain coverage as a function of the
applied potential is shown in Fig. 5.

As mentioned earlier, there could be a built-in electric field that
lowers the switching threshold on the negative polarity. As seen in
Figs. 3(a) and 5(a), the domain pattern is pinned until +40V, but for
the negative polarity, the switching begins at —10 V.

Another interesting observation is that the regions near the pre-
existing, immobile DWs are frozen (Fig. 3), regardless of their polari-
zation direction (both the red and “gray” domains are pinned). This
makes the immobile DWs act like random bound pinning defects. The
interaction is relatively long range, and an area of up to 0.35 um” is
pinned for the voltage range used (+55V). The pinning mechanism
could be a complex interplay between electrostatic and strain fields.””

A few distinct steps can be seen in the plot of the coverage area
for both the red and blue domains for the negative voltage polarity
[indicated by a black arrow in Fig. 5(a) at —30 and —40 V]. These dis-
continuities, reflected in the local P(E) loop, are often referred to as a
“crackling” noise or Barkhausen pulses.'” The steps mark random,
soft-pinning events, and, in the present case, we can clearly correlate
them with a domain-domain interaction [Fig. 5(b)]. Explicitly, this
event takes place when two, perpendicular, needlelike domains come
into contact [the tip of a red needle meets the tip of a blue needle, Fig.
5(c)]. As suggested by theoretical calculations, the tip-to-tip arrange-
ment of needlelike 90° DWs marks a metastable equilibrium configu-
ration and can deepen the switching potential well, leading to soft
pinning.'>** When the needles interact, a strong strain field is gener-
ated [as directly evidenced by the strong contrast in the STEM-BF
image in Fig. 5(c)]. It is possible that the interaction between two tips
is also mediated by an electrostatic field, since the two tips are strongly
charged.
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FIG. 4. Evolution of the number of DWs as a function of applied voltage. The error bars represent ==7% uncertainty.
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FIG. 5. Coverage of (a) red-marked and (b) blue-marked set of domains (from Fig. 1). The error bars represent standard deviation. Steps in the coverage plot are indicated at
—30 and —40V. (c) A sequence of STEM-BF images at —30 and —40 V. Intersection of two orthogonal domains is indicated, corresponding to the enhanced strain contrast in

the STEM-BF images.

In summary, the TEM analysis of [100] ,.-oriented KNN,
revealed needlelike and fine, lamellar domain structures alongside
irregular features identified as non-edge-on DWs. When the specimen
was prepared in a capacitor-like configuration with side electrodes, the
needlelike structure surrounded by non-edge-on DWs dominated.
The comb of needlelike DWs showed high mobility during the appli-
cation of an electric field, in contrast to the non-edge-on DWs, which
did not respond. The coverage area of a set of needlelike domains vs
voltage illustrated a polarization—electric field loop, marking a typical
ferroelectric hysteretic behavior. We showed that domain growth and
coalescence can be arrested, followed by the domain retraction and
formation of a high density of nano-strain domains. Our data suggest
that this is a consequence of stress buildup. The experimental results
prove that the main mechanism of pinning is on preexisting immobile
DWs, which restrict the movement of the needlelike mobile DWs.
Meanwhile, the edge of the specimen promotes the nucleation of new
domains. We directly and locally monitored other discontinuities in
the switching process, associated with soft pinning, which occurs
when the tips of two orthogonal, needlelike domains meet, with the
interaction mediated by strain. We believe that our results, derived
from the direct imaging of domain dynamics in the presence of inter-
faces, give fundamental insights into ferroelectric switching in KNNj.
and can potentially provide input for simulations.

See the supplementary material for details about selected-area elec-
tron diffraction simulation (1), in situ biasing experimental procedure
(2), the original STEM-BF and STEM-LAADF images (3), and the
false-colored STEM-LAADF images for the complete bias cycle (4).
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Supplementary 1

A monoclinic symmetry was assigned to the KosNaog.sNbOs single crystal (KNNgc) in our previous
study (A. Bencan, E. Tchernychova, M. Godec, J. Fisher, and M. Kosec, Microsc. Microanal. 15, 435
(2009)). The unit-cell parameters for the best refinement fit of the experimental X-ray diffraction
pattern are:

_
a,, = 4.0046 A
) b, = 3.9446 A
cm = 4.0020 A

U = VYm = 90°, B, = 90.33°

~

The orthorhombic unit-cell parameters were derived from the monoclinic parameters as follows
(G. Shirane, R. Newnham, and R. Pepinsky, Phys. Rev. 96, 581 (1954)):
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The selected-area electron diffraction (SAED) was simulated using CrystalMaker Software (version
10.7.2) together with SingleCrystal Software (Version 4.1.6). The Bmm?2 orthorhombic structure
was built in CrystalMaker using the following unit-cell parameters calculated from monoclinic
metric:

a, = 5.6783 A
b, = 3.9446 A
< o
¢, = 5.6255 A
\ao =Bo =Y, =90°

A SAED across a 90°-type domain wall (DW) in the [100]p,c zone axis was simulated by
superimposing the SAED from two equivalent orientations of the crystal structure where the polar
axis is rotated by a 90° angle. The two equivalent orientations of the crystal structure correspond
to Domain 1 (S.1 a)) and Domain 2 (S.1 b)). In this particular case the polar axis is in the plane of
the viewing direction.

a) b) Domain 2 Domain 1 + Domain 2

[010] ,~[101], [010],.~[101],

[100],.~[101],

90° [100],.~[101],

c) , d)

S.1 Crystal structure represented by one unit cell in a) Domain 1 and b) Domain 2. The polar axis
is marked by a bold, black arrow. The crystallographic directions are shown in both pseudo-
cubic (black) and orthorhombic (gray) notation. b) and d) the simulated SAED for Domain 1 and
Domain 2, respectively. e) Superposition of b) and d) representing SAED on a 90° DW.
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Supplementary 2
In situ biasing experimental procedure

A Protochips Fusion biasing/heating TEM holder has been used for the in situ STEM biasing
experiments. The specimen is prepared by focused ion beam (FIB) (Helios Nanolab 650 with Ga
ions source) on a capacitor-like FIB-optimized electrical E-chip with patterned electrodes (Figure
S.2. a)).

The FIB specimen preparation follows the conventional lift-out lamella preparation route:
deposition of Pt for surface protection by electrons/ions, lift-out and welding it with Pt between
the E-chip electrodes (Figure S.2 a) and c)), thinning of the specimen by high voltage ion beam (30
kV) and cleaning of the specimen with low voltage ion beam (5 kV, 2kV, 1kV). The final specimen
(Figure S.2. b)) has a thickness between 100-170 nm. The bottom of the specimen, which is more
prone to Pt-redeposition, is cut to avoid leakage. In addition, the Pt-layer on top is cut to avoid
short circuits (Figure S.2. c)).

All FIB parameters (current, voltage) and preparation steps are given in detail in: O. Condurache,
G. Drazi¢, T. Rojac, H. Ursi¢, B. Dkhil, A. Bradesko, D. Damjanovic, and A. Bencan, Nano Lett. 23,
750 (2023).

The holder is connected to a Keithley power supply. The distance between electrodes is by default
20 pm and the end values of the applied voltage are £55V. An electrical DC voltage bias is applied
with a 0.5V/s step and hold to a constant value while the STEM images are recorded. The
experiment V(t) plot is shown in Figure S.2. d).
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S.2. a) Scanning electron microscopy (SEM) image overview of a MEMS chip where the specimen is
welded with Pt-contacts. b) SEM image of the specimen. c) Cartoon showing the specimen-MEMS chip
system. Green represents the specimen, grey the Pt-deposited by FIB, blue the Pt-contacts and black the
chip electrodes. The cuts are made on the bottom and top of the specimen (dotted line). The
approximative area shown in the main manuscript is marked with orange rectangle. d) The voltage vs
time dependence during the experiment.
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S.3.2 Original STEM-BF images in chronological sequence of applied voltages
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Supplementary 4

S.4. False-colored STEM-LAADF images in chronological sequence of applied voltages

The evaluation of the coverage area of each set of domains (red/blue) (presented in the main manuscript
in Figure 3b) and Figure 5a)-b)) has been done by firstly drawing the contour for each domain using an
imaging software (CoreIDRAW x6) and further evaluating the relative area in Imagel. The error bars
expressed as the standard deviation (in Figure 3b) and Figure 5a)-b)) are evaluated according to the
systematical error done when drawing the contours due to the resolution of the diffraction contrast.
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Chapter 5

Summary and Conclusions

This work focuses on the ferroelectric DWs in lead-free perovskites (BiFeO; and
(K,Na)NbQs) in terms of structural characteristics and their dynamical response down to
the atomic scale by (S)TEM and in-situ biasing (S)TEM.

5.1 Atomically Resolved Structure of Step-Like Uncharged

and Charged Domain Walls in Polycrystalline BiFeOs

The first study of the present work focuses on resolving the structure of charged /uncharged

step-like DWs in polycrystalline BiFeOs;. Based on the results of this chapter, the following

conclusions can be drawn:

An atomic, step-like morphology was found in both uncharged and charged tail-to-
tail {100} ,-type DWs. Small steps (1-4 unit cells) or a larger, sharp rectangular
step (~10 unit cells) were found.

Regardless of their charged state, all the analyzed DWs have a comparable number
of Bi vacancies. More of the Bi vacancies were found to segregate at the larger step.
The strain (i.e., unit-cell distortion angle) perpendicular to the DW plane is always
greater than the strain parallel to it.

Uncharged DWs exhibiting a higher strain than the tail-to-tail charged one was
associated with an intrinsic lattice mismatch according to simulated HAADF
images. Moreover, the strain appeared to be more diffuse at the charged DWs and
more concentrated in the center of the uncharged wall. This result confirms
hypothesis 1.

From a structural point of view, our results show that charged DWs are wider than
the uncharged ones (~5 unit cells compared to ~10 unit cells), confirming previous
reports [27] and hypothesis 1. A narrower and abrupt transition of the Fe-
displacement vector across a DW could be associated with a higher and more
concentrated strain.

All the investigated DWs in the present study show a non-Ising behavior where the
projected displacement vector (and consequently the projected polarization vector)
changes both the magnitude and angle from one domain to the other.
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5.2

Chapter 5. Summary and Conclusions

Response of the Domain Walls in Bismuth Ferrite in a
Subcoercive-Field Regime

In the second part, the response of a singular zigzag DW in a BiFeQ; single crystal was

probed at the atomic level in a subcoercive-field regime. Based on the results of this

chapter, the following conclusions can be drawn:

5.3

The domain structure of the BiFeOssingle crystal is ordered and consists of lamellar
domains, coupled to crystallographic defects (antiphase boundaries and
dislocations) and 180° zigzag domains.

The zigzag domains are more mobile than the lamellar domains, which did not
respond within the voltage range used, probably due to pinning to the
crystallographic defects. This result is in agreement with hypothesis 2, which
predicted that the mobility of a DW depends on their type and morphology.
Some areas switch faster than others, even if the type and morphology of the DWs
were similar (180° zigzag DWs). This variation could be due to local variations in
the free energy (i.e., different defects or strain fields). Often, the diffraction contrast
corresponding to the 180° zigzag domains did not reflect long-range movement but
it blurred, suggesting short-ranges changes in the structure and properties.
Moreover, we concluded from this response that we are operating at electric fields
below the coercive field.

We further observed the local interactions between the mobile zigzag DWs and a
low subcoercive electric field with atomic resolution.

On the one hand, we monitored the movement of one neutral central segment of
the zigzag wall. The DW movement determined from the Fe-displacement map is
independent of the strain field marked by an enhanced diffraction contrast in BF
images. One hypothesis is that defects with relatively low mobility segregate at the
initial position of the DW (e.g., clusters of O vacancies).

On the other hand, the apex of the zizgzag is pinned, but a lattice response is
observed: the Fe-displacement (which is proportional to the polarization) changed
the magnitude according to the direction of the electric field. The pinning of the
apex may be related to a higher segregation of Bi and O vacancies. In addition, the
apex bent its plane and we established that the atomic-scale implications of it are
strain and Bi vacancy redistribution. These findings confirm the hypothesis 3,
where it has been proposed that even at low fields (i.e., subcoercive field) various
phenomena can occur at the wall level.

Voltage-Driven Ferroelectric Domain Dynamics in
(K,Na)NbOs Investigated by In-Situ Transmission
Electron Microscopy

In the last part the domain dynamics in a (K,Na)NbOssingle crystal was probed. Based on

the results of this chapter, the following conclusions can be drawn:
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5.4

In a given [100],. zone axis the domain structure of the (K,Na)NbOssingle crystal
consists of: needlelike domains, irregular lamellar domains and non-edge-on
domains.

When the specimen is prepared on the in-situ biasing chip with Pt-electrodes on
the side, the needlelike domains dominate along the non-edge on domains, and their
interaction was further probed during the switching process in a representative
region. The needlelike domains were classified to present 90° DWs based on a
comparison between experimental and simulated SAED patterns.

When a bias voltage was applied, the needles responded while the non-edge-on
domains did not. The formulated hypothesis is that polarization in the needlelike
domains favors the electric field orientation. Another viable explanation could be
that the non-edge-on domains are pinned on crystallographic defects or segregation
of the point-charge defects. In the present analysis, we did not prove the presence
of defects.

In one polarity, the growth of needlelike domains occurred as the forward motion
of the tip until it encountered an obstacle (e.g., another DW), whereupon
coalescence and lateral growth occurred. On the other polarity, needles initially
grow in a perpendicular direction, but the growth stopped at a certain threshold
voltage, whereupon, the domain splits into fine needles and nanodomains. Our
experimental results indicated that this was a consequence of stress build-up.
Pinning was observed between orthogonal needles. Direct observation of the
emergent strain was probed when two orthogonal needles meet.

The immobile non-edge-on DWs played an active role in the switching process by
pinning the surrounding area, regardless of its polarity, thus, acting as randomly
bound defects. Meantime, the edge of the specimen promoted nucleation of new
domains. These results support hypothesis 4.

Future Work and Perspectives

Here, we summarize future work that may be relevant for developments in the field of

atomically resolved transmission electron microscopy and the in-situ voltage-driven

dynamic response of domain walls in lead-free ferroelectrics:

Addressing the specimen thickness in relation to the switching dynamics in in-situ
biasing STEM experiments.

Application of advanced electron microscopy techniques, such as 4DSTEM-
differential phase contrast, to directly determine the electrostatic fields. This will
allow direct and unambiguous determination of the polar directions and domain
structure; in addition, the bound charge distribution at the DW location and its
evolution with the electric fields could also be probed.

In the present study, the time dependence of the switching process has not been
studied. Time relaxation studies could help address applicative potential for future
devices based on the ferroelectric switching.
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