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Abstract

Antiferroelectrics are considered promising energy storage devices due to their reversible electric field-
induced phase transitions between antiferroelectric and ferroelectric states. The transition manifests
itself as the double polarization hysteresis loop, commonly observed in lead-based antiferroelectrics
but rarely in lead-free antiferroelectrics. Thus, to achieve a comparable performance for lead-free
antiferroelectrics is on-demand, simultaneously urged by environmental concerns. On the other
hand, it is well-known that the property goes hand in hand with the microstructure, and transmission
electron microscopy (TEM) allows a precise probing of the microstructure.

In this work, the domain and atomic structure of the prototype PbZrO3 (PZ) and the well-established
PLZST ceramics were examined utilizing (S)TEM techniques in combination with computational
image analysis as a starting point. The complex incommensurate structure in the PLZST is resolved as
a mixture of commensurate structures with different modulation lengths, manifested as the striation
contrast, different from the antiphase boundaries (APB) morphology in PZ. The compositional
dependence of the crystallography and domain state declares a promoted ferroelectricity with the
increasing Ti/Sn content, complementing the macroscopic hysteresis loop behaviors. A superposition
effect of the nearly unchanged AFE domain and reversible FE domain wall motion is hence postulated
to rationalize the initial linear response of the polarization to the electric field in the FE dominant
compositions. Furthermore, the atomistic studies provide a novel perspective of the polarization
configuration that violates the long-accepted antiparallel and compensated configuration, which
essentially belongs to the ferrielectric group.

The methodology and gained knowledge are further applied to studying the prototype NaNbO3 (NN)
and the newly designed solid solutions (NaNbO3-SrSnO3). A well-defined and distinct parallelogram
domain morphology is observed in the NaNbO3 sample modified with 5 mol.% SrSnO3, coinciding
with the pronounced double hysteresis loop at room temperature. Similar to PZ, APBs are recognized
in all the investigated AFE domains in NN-based materials, responsible for the streaking in the electron
diffraction patterns. Moreover, NN is atomically resolved to possess three types of commensurate
structures, i.e., the 4-fold antiferroelectric phase, the 2-fold ferroelectric phase and the 2-fold antipolar
APBs, in contrast to the complicated incommensurate modulations in PZ-based antiferroelectrics.
Further experimental and theoretical findings indicate a strong stability of APBs against external
stimuli and support the idea that the ferroelectric phase may be stabilized by the APBs with a high
density, frustrating the reversible field-induced phase transitions.

This study not only unveils the atomically resolved structure of antiferroelectric perovskites but more
importantly highlights the importance of defect engineering in lead-free antiferroelectrics to achieve
complete reversibility of the field-induced phase transition, paving the way for a future conception of
compositional design as well as theoretical studies.
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Zusammenfassung

Antiferroelektrika gelten als vielversprechende Energiespeicher aufgrund ihrer reversiblen Phasen-
übergänge zwischen antiferroelektrischen und ferroelektrischen Zuständen, die durch ein elek-
trisches Feld induziert werden können. Dieser Übergang manifestiert sich als doppelte Polarisations-
Hystereseschleife, die häufig bei bleihaltigen Antiferroelektrika, jedoch selten bei bleifreien Anti-
ferroelektrika beobachtet wird. Unter anderem vorangetrieben durch Umweltbelange besteht der
Bedarf, eine vergleichbare Leistungsfähigkeit bleifreier Antiferroelektrika zu erzielen. Auf der an-
deren Seite ist bekannt, dass Materialeigenschaften von der Mikrostruktur beinflusst werden , und die
Transmissionselektronenmikroskopie (TEM) ermöglicht eine präzise Untersuchung der Mikrostruktur.

In dieser Arbeit werden als Ausgangspunkt die Domänen- und Atomstruktur des Prototyps PbZrO3

(PZ) und etablierter PLZST-Keramiken mit Hilfe von (S)TEM-Techniken in Kombination mit com-
putergestützter Bildanalyse untersucht. Die komplexe inkommensurate Struktur in PLZST wird als
eine Mischung aus kommensuraten Strukturen mit unterschiedlichen Modulationslängen geklärt.
Diese manifestiert sich als Streifenkontrast und unterscheidet sich somit von der Morphologie der
Antiphasengrenzen (APB) in PZ. Anhand der Abhängigkeit der Kristallographie und des Domä-
nenzustands von der Zusammensetzung wird eine zunehmende Ferroelektrizität mit steigendem
Ti/Sn-Gehalt festgestellt, was in Einklang mit dem Verhalten der makroskopischen Hystereseschleifen
ist. Daher wird ein Überlagerungseffekt der nahezu unveränderten AFE-Domänen und der reversiblen
FE-Domänenwandbewegung postuliert, um die anfänglich lineare Antwort der Polarisation auf das
elektrische Feld in den vorherrschend FE Zusammensetzungen zu erklären. Darüber hinaus bieten die
atomistischen Studien eine neue Perspektive auf die Polarisationskonfiguration, die gegen die lange
akzeptierte antiparallele und vollständig kompensierte Konfiguration verstößt und im Wesentlichen
als ferrielektrisch klassifiziert werden kann .

Die Methodik und die gewonnenen Erkenntnisse werden bei der Untersuchung des Prototyps NaNbO3

(NN) und neu entwickelter Mischkristalle (NaNbO3-SrSnO3) angewendet. In der mit 5 mol.% SrSnO3

modifizierten NaNbO3 Probe wird eine gut definierte und ausgeprägte Parallelogramm-förmige
Domänen-Morphologie beobachtet, die im Einklang mit der ausgeprägten Doppelhystereseschleife
bei Raumtemperatur ist. Ähnlich wie bei PZ werden in allen untersuchten AFE-Domänen in NN-
basierten Materialien APBs erkannt, die für die Streifenbildung in den Elektronenbeugungsmustern
verantwortlich sind. Darüber hinaus zeigt die atomare Auflösung, dass NN drei Arten von kom-
mensurablen Strukturen besitzt, d.h. die 4-fach modulierte antiferroelektrische Phase, die 2-fach
modulierte ferroelektrische Phase und die 2-fach modulierten antipolaren APBs. Dies ist im Gegensatz
zu den komplizierten inkommensurablen Modulationen in PZ-basierten Antiferroelektrika. Weitere
experimentelle und theoretische Ergebnisse deuten auf eine hohe Stabilität der APBs gegenüber
externen Stimuli hin und unterstützen die Idee, dass die ferroelektrische Phase durch APBs mit hoher
Dichte stabilisiert werden kann, was die reversiblen, feldinduzierten Phasenübergänge hemmt.
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Diese Studie legt nicht nur die atomar aufgelöste Struktur antiferroelektrischer Perowskite offen,
sondern unterstreicht vor allem die Bedeutung des Defect Engineering in bleifreien Antiferroelektrika,
um eine vollständige Reversibilität des feldinduzierten Phasenübergangs zu erreichen. Somit ebnet sie
den Weg sowohl für ein zukünftiges Konzept des Zusammensetzungsdesigns als auch für theoretische
Studien.
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1. Introduction

1.1. Motivation

Antiferroelectric (AFE) materials have distinct polarization configurations, where the spontaneous
polarization is antiparallelly placed in the alternate chains of atoms with the same magnitude. There-
fore, it generates a non-polar nature due to the cancellation in such an arrangement. When subjected
to an electric field with sufficient intensity, the antiparallel dipoles tend to arrange themselves with
the direction of the electric field, and they will eventually reach a ferroelectric (FE) state. Vice versa,
the FE state can also revert to the AFE state upon the reduction of the electric field below a certain
value. The unique reversible phase transition between AFE and FE states manifests itself as the
double hysteresis loop, and it promises great potential in applications as high energy storage devices
[1]. The properties of the materials can be tuned by composition engineering and are dependent
on the external stimuli, which boils down to the abrupt changes of crystal structures at the phase
transition. The investigations of phase switching behaviors, in turn, provide fundamental insights
into the compositional design for applications.

In the community of AFE electro-ceramics, the most studied materials are prototype PbZrO3 (PZ)
[2], [3] and PZ based materials [4], [5]. In the meantime, NaNbO3 (NN) as a prototype of lead-free
AFE is being studied intensively due to its complex crystal structure at room temperature (RT) and
being the material with the largest number of phase transitions [6]–[9]. However, it is practically
impossible to attain the characteristic double hysteresis loop at RT neither in PZ because of the
relatively low breakdown strength [10], [11] nor in NN ceramics due to the stabilization of the
ferroelectric (FE) phase [8], [12], which is undesired for industrial applications. In order to realize
the reversible phase transitions at ambient conditions, chemical modifications and ionic doping are
widely employed to either reduce the phase transition field or increase the breakdown strength,
seen in the PZ-based modified systems. As a matter of fact, only PZ-based AFEs ((Pb, La)(Zr, Ti)O3,
PLZT) have realized commercial applications as multilayer ceramic capacitors (MLCC) [13]. Since
the release of the Restriction of Hazardous Substances in Electrical and Electronic Equipment (RoHS)
regulation, which aims at the reduction of the usage of lead-containing materials, investigation of
lead-free materials has significantly boosted, which also evokes the waves of studies on lead-free
AFEs [14], [15]. Several solid solution systems based on NN have achieved double hysteresis loops
at RT [16], [17]. For instance, manipulation of antiferroelectricity with relaxor property shows an
ultrahigh energy density [18]; novel systems such as NaNbO3-BiMgNbO3 have also demonstrated
excellent energy storage properties for dielectric capacitor applications [19].

Due to the prominent position of PZ-based materials in the industry, mature compositional en-
gineering has been well established worldwide. The major compositions are Pb(Zr,Sn,Ti)NbO3
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(abbreviated as PNZST) and (Pb, La)(Zr, Sn, Ti)O3 (abbreviated as PLZST). It is worth noting that
these compositions are intentionally designed at the phase boundary to create an almost negligible
difference of the free energy between AFE and FE states for a more approachable field-induced
transition. Thus, macroscopic characterizations such as polarization loop measurements fail to probe
the local distribution of the phases in the specimen. However, this can be achieved by employing
transmission electron microscopy (TEM), which serves as a complement to identify the phases,
defects and chemical information at the local scale. Historically, great efforts have been put into the
systematic characterization such as the crystal and domain structure at RT or the phase transitions in
response to the temperature and electric field by employing TEM [20]–[28]. It was believed that the
hierarchy domain structures in PZ-based AFEs, i.e., the checkerboard domain patterns associated
with incommensurate structure, are responsible for the enhanced AFE property [26], [29].

Nowadays, structural studies have reached an unprecedented era by utilizing the state-of-the-art
aberration-corrected scanning transmission electron microscope (STEM) techniques, which allows
direct visualization of the atomic columns and subsequent extraction of the encoded information
synergistically with image analysis based on computational algorithms. Cumulatively atomistic studies
have questioned our recognition of antiferroelectricity established since the 1950s by unveiling the
ferrielectric nature in PZ-based AFEs: the displacement of Pb is neither antiparallel nor compensated
in magnitude [30]–[32]. In contrast, the atomically resolved domain structure of NN is still lacking.
Moreover, the origin of the irreversibility of field-induced phase transition in NN ceramics, which is
the principal impediment to compete against PZ-based AFEs, has not yet been explored at the atomic
level.

In this work, PZ and PLZST ceramic materials are initially characterized, using various TEM techniques
with a chief focus on crystallography, domain morphology, and atomic structure. The obtained
knowledge serves as a basic fundamental understanding of AFE materials. Furthermore, it guides
the subsequent investigations of NN and newly designed solid solutions-NaNbO3-SrSnO3 (NN-SS),
which have realized double hysteresis loops at RT. In the end, the comparisons of the planar defects
between the prototype PZ and NN, NN and NN-SS are carried out to trace the mechanism of the
irreversibility of the field-induced phase transitions in NN by investigating the atomically resolved
structures.

1.2. Dissertation outlines

Fundamentals and literature review follow the introduction part above in Chapter 2. First, the theory
of ferroelectricity are briefly introduced to pave the way for the comprehension of antiferroelectricity.
Then a literature review of the current understanding of lead-containing and lead-free AFE materials
is given, with a particular focus on the microstructure and atomic structure resolved by TEM. Next,
in Chapter 3, the synthesis of the materials and the characterization methods are introduced. The
domain and atomic structure of PZ and PLZST ceramics are presented in Chapter 4, as a navigation of
the NN and NN-SS ceramics studies reported in Chapter 5 and Chapter 6. The latter also incorporates
the comparisons between PZ- and NN-based materials to highlight the influence of defects on the
property. Finally, Chapter 7 summarizes the investigations and reveals the inner connections between
Chapters 4-6.
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2. Fundamentals and literature review

To better understand antiferroelectricity, an introduction of the fundamental concepts in ferroelectrics
is necessary, starting with a historical background of the discovery of ferroelectricity. Then the
antiferroelectricity in the lead-containing (PbZrO3-based) and lead-free (NaNbO3-based) materials
is discussed, with a main focus on the electrical properties and the crystal and domain structures.

2.1. Relations between ferroelectrics and antiferroelectrics

In this subchapter, the relation between ferroelectricity and antiferroelectricity is addressed con-
cerning several aspects such as the crystal structure, polarization, and the formation of domain and
domain walls.

2.1.1. A short history of the discovery of ferroelectricity and antiferroelectricity

The ferroelectricity was first recognized by the reversal of polarization under the application of an
external electric field in Rochelle salt, observed by Valasek in 1920 and 1921 [33]. Due to the historical
fact that Seignette prepared the salt in Rochelle, France, the dielectric effect was earlier known as
Seignette-electricity, introduced by Kurchatov in 1933 [34], [35]. With the discovery of barium
titanate as a prototype ferroelectric material during World War II, the investigation of ferroelectricity
reached the era of perovskites, followed by considerable efforts to search for new ferroelectrics, such
as potassium niobate (KNbO3), lithium niobate (LiNbO3) and lead titanate (PbTiO3) [35], [36]. In
addition to the dedication to the experimental investigation, theoretical studies progressed fast by
applying lattice dynamics and thermodynamics to understand ferroelectricity and introducing the
concept of soft modes and order parameters, which can well explain the temperature dependence of
the dielectric behavior.

The well-established thermodynamics in FEs were applied directly by Kittel in 1951 to predict the
existence of antiferroelectrics, which laid the groundwork for the following antiferroelectrics related
researches [37]. In the same year, Sawaguchi et al. [3] identified the first AFE material lead zirconate
(PbZrO3, abbreviated as PZ), whose structure and property still arouses great interest up to today
[38]–[40]. Due to the lack of the stable double hysteresis loop at room temperature (RT), most
efforts have been devoted to the chemical modification based on PbZrO3 [10], [41], [42]. The
most promising compositions are Pb(Zr,Sn,Ti)NbO3 (PNZST) and (Pb,La)(Zr,Sn,Ti)O3 (PLZST),
which are most studied since 1980s [32], [43]–[46]. In parallel to the work of lead based AFEs,
there has been intensive research on lead-free AFE materials, initiated with the identification of
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the antiferroelectricity in sodium niobate (NaNbO3, abbreviated as NN) and its complicated crystal
structures since early 1950s [6], [7], [47], [48].

In general, ferroelectrics and antiferroelectrics are divided into two groups. One is the oxygen-
octahedral type where the phase transition emerges with an appearance of spontaneous polarization,
while the ordering of certain elements during the phase transition classifies the other group.

This literature review focuses on the ferroelectric and antiferroelectric materials with perovskite
structures. Thus, concepts such as dipole moment and spontaneous polarization are expanded in the
regime of perovskites, presented in the following sections.

2.1.2. Perovskite structure, dipoles and spontaneous polarization

Figure 2.1.: a. Schematics of perovskites ABO3 experiencing a phase transition between cubic and tetragonal
phases upon cooling down from/heating up to Curie Temperature (Tc). b. The expression of
dipole moment as a product of the separated charge and the distance between the positive and
negative charges, c. The configuration of dipole moments in AFEs, where the blue rectangle
represents one unit cell, consisting of two antiparallel FE sublattices, separated by the light blue
dashed line.

Perovskites normally are formulated as ABO3 and have an ideal centrosymmetric cubic structure,
where A site atoms occupy the corner of the cube surrounded by 12 oxygen atoms while B site
atoms are located in the center of oxygen octahedron constituted of 6 oxygen atoms, as can be
seen in Figure 2.1 a. Typical examples are barium titanate (BaTiO3), lead titanate (PbTiO3) and
potassium niobate (KNbO3). The charge centers from cations and anions coincide, forced by the
centrosymmetry; thus, the cubic structure is non-polar. When the cations are slightly displaced from
their ideal positions at the phase transition, the structure becomes non-centrosymmetric and the
charge centers of cations and anions are no longer coincidental. Consequently, a pair of equal and
opposite charges is created; that is, we call a dipole, which can be quantified by the dipole moment –
the product of the charges and the distance of the charges, seen in Figure 2.1 b. In a macroscopic
scale, the spontaneous polarization (Ps) is generated, which is defined as the total dipole moment
per unit volume. It can be generalized that the emergence of the spontaneous polarization at the
phase transition is the most important phenomenon that governs all the physical properties.

Ferroelectrics are such materials that possess the spontaneous polarization, which can be switched by
the electric field. Similarly, antiferroelectrics (AFE), first coined by Kittel conceptually in 1951, are
defined as materials having the spontaneous polarization antiparallel in pairs, being compensated
in the magnitude for a given type of atoms [37]. Correspondingly, the unit cell structures of AFEs
at room temperature are usually quadrupled from the cubic perovskites, known as the multicell

4



or supercell structure. Sometimes AFEs are considered as an ensemble of ferroelectric sublattices
with opposite directions of the spontaneous polarization, as shown in Figure 2.1 c. In perovskite
antiferroelectrics, the prototypes are PbZrO3, NaNbO3 and AgNbO3.

From the introduction above it can be seen that the difference between FE and AFE lies in how
the cations are displaced. For this reason, how the atoms are packed (tight or loose) in one unit
cell is worth particular attention, as it can determine the space for the displacement to occur. The
quantification of the compatibility of the atoms in perovskites can be expressed using the Goldschmidt
tolerance factor, formulated below:

t =
rA + rO√
2(rB + rO)

(2.1)

where t denotes the Goldschmit factor and rA, rB, rO represent the radius of A, B site and oxygen atoms,
respectively. It was found that the ferroelectricity is stabilized only when t>1 or t=1. Otherwise,
antiferroelectricity is preferred. This formula provides fundamental guidance for the chemical
modification in the design of stable ferroelectric or antiferroelectric solid solutions.

For most perovskites, the origin of the polarization is closely related to the displacement of one
type of cation, which is much more displaced from the center of the oxygen octahedron when
compared to other elements in the system. For example, in BaTiO3, the polarization mainly arises
from the small displacement of Ti inside the oxygen octahedron. This brings great simplicity to
understanding and calculating the polarization. However, there are cases where the polarization
is much more complicated. In such systems, all the ions are largely displaced, thus contributing in
total to the polarization. One example is NaNbO3, which will be further elucidated in the following
corresponding section. Knowing the origin of the polarization is essential for the atomically-resolved
image analysis, as it matters the confidence of correlating the displacement of certain cations with
the whole polarization of the system.

2.1.3. Domains in ferroelectrics and antiferroelectrics

2.1.3.1. The formation of domains and domain walls

In one ferroelectric crystal, when all the unit cells have the same oriented dipole moment along
any equivalent axes in one region, it generates a local macroscopic spontaneous polarization. This
region is named a ferroelectric domain. Ferroelectric crystal can appear as one single domain with a
permanent net polarization. More often, they have multiple domains with various orientations of
polarization, which are crystallographically equivalent. The number of equivalent directions of the
spontaneous polarization is determined by the symmetry expressed below:

N =
N1
N2

(2.2)

where N1 and N2 denote the order of the point group of the disordered phase (paraelectric phase) and
the ordered phase, respectively. In general, the phase transition of ferroelectrics is always associated
with the broken symmetry; that is, the symmetry is always lowered at the phase transition when the
crystal is cooled down. This equation provides a theoretical criterion to determine the possible angles
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between the directions of the polarization in neighboring domains. In a single domain, most likely,
the directions of the polarization are arranged 180° to each other to decrease the stray field energy.
Correspondingly, the domain wall is named as 180° domain wall. The head-to-tail configuration
avoids bound charges that are attached to specific atoms and molecules and is believed to be a typical
geometry in ferroelectrics. On the other hand, when they are arranged 90° to each other, a 90°
domain wall is created mainly to reduce the strain energy. They have to be oriented in such a way
that the projections of the strain from both domains on the wall are compensated, i.e., having the
same magnitude but opposite direction. The 180 and 90° domain walls are schematically shown
in Figure 2.2 a. The domains that differ in the direction of the spontaneous polarization are the
orientational domains, consisting of the translational domains that share the same direction with the
polarization.

Figure 2.2.: Schematic graphs of the spontaneous polarization (marked by the dark red arrows) configurations.
a. The 180 and 90° FE domain walls (DW) separating the domains. b. The polycrystalline nature
of FEs with several grains (denoted by the dashed blue lines), separated by the grain boundary
(GB). Each grain can contain several domains, separated by the domain walls (colored in blue-
grey).

In a polycrystalline material, the configuration of the polarization becomes complicated, which
involves the grain boundary, as schematically shown in Figure 2.2 b. The arrows denote the polar-
ization vectors. Due to the presence of the spontaneous polarization with different orientations, it
could lead to the situation where the spontaneous polarization in different domains cancels each
other. Consequently, the FE polycrystalline material has a zero net polarization or, namely, appears
non-polar.

Figure 2.3.: The schematic graph of AFEs domains, separated by the 90° and 60° (twin) domain boundaries,
abbreviated as TB and DB, respectively.

In antiferroelectric materials, domains do not exhibit macroscopic polarization due to the cancellation
of the antiparallel dipole moment. Therefore, the splitting of the domains is different from the case of
ferroelectrics. Due to the lack of the electrostatic interaction between the AFE domains, they are often
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regarded as mechanical twins (in this case, domain boundaries are referred to as twin boundaries)
[49], [50]. When domains nucleate at different parts in the crystal and adopt different polarization
directions, they form a domain boundary when they meet to release the mechanical stresses and
gain electro-mechanical compatibility. In the prototype perovskite AFEs with an orthorhombic unit
cell structure, it has been established that there are two types of domain boundaries: 90° and 60°, as
shown in Figure 2.3[51]. Note that 180° domain walls do not exist in the AFEs due to the antiparallel
nature of the polarization, so do the 120° domain walls (equivalent to the 60° domain wall) [49],
[51]. Here, the use of domain boundary in AFEs should be emphasized, to differentiate from the
domain wall stemming from FEs as the mechanism of the formation of the domain wall or boundary
is not exactly identical. In short, the splitting of domains in FEs reduces both the electrostatic energy
and the mechanical stresses while in AFEs, it mainly reduces the latter.

2.1.3.2. Further into the domain wall

From the perspective of energy, one ferroelectric crystal splitting into domains is a result of reducing
the electrostatic energy arising from the existence of spontaneous polarization. More specifically,
when one crystal has a spontaneous polarization, the separated charges on the surface will induce
an electric field, creating a stray field, also known as depolarization. Thus the energy of the system
increases [52]. In order to decrease this energy, it will split into domains with different directions of
spontaneous polarization. However, as the domains meet and form the domain wall or boundary,
this process also requires a certain energy. When the energy needed to form a domain wall cannot
compensate for the energy reduced by splitting the domains, the system reaches an equilibrium
energetically, and the splitting process stops. Thus, the domain wall has a definite thickness as well
as energy.

Figure 2.4.: The polarization configuration within the domain wall. a. The Ising model, where the vector
decreases the magnitude without changing the direction till zero and increases the magnitude
again in the opposite direction. b. The Bloch model, where the vector rotates in three dimensions
parallel to the domain wall. c. The Neel model, where the vector rotates in two dimensions
normal to the domain wall. Reproduced from Ref. [53].

The domain wall is quite thin, usually at the order of the lattice constant, which are often regarded
as 2D topological defects [54]. Within this wall, the polarization configuration is governed by the
anisotropy energy. The polarization vector either maintains the direction and changes the magnitude
gradually or maintain the magnitude and rotate, as seen in Figure 2.4 [53]. The distinct polarization
within the wall is significantly different from the domains, indicating that the domain walls present
new properties such as strain, conductivity and polarity. This observation opens the way for domain
wall engineering, for instance, in diode and memory device applications [54]. In short summary,
the domains and domain walls or boundaries have distinct physical properties. The applications of
ferroelectrics and antiferroelectrics are deeply rooted in their responses to external stimuli such as
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temperature, electric field and mechanical stress.

2.1.3.3. Terminology of domain and domain walls

In the following sections of TEM characterization of the domain structure, especially in lead-free
antiferroelectrics, few terminologies are frequently used, which are listed here for better references.

• Domain block - A typical feature of the domain structures of NN which are essentially twinned
domains, comprising few block-like domains with micrometer size, further seen in the following
section.

• Orientation domains - Phase transition leads to a decrease in the symmetry and different
orientation states of the domain structure, as determined by Equation 2.2. These different
domain variants are named as orientation domains, separated by the crystallographically
different orientational domain wall.

• Translation domains - In a given orientation variant of the structure, translational domains are
separated by the translational domain walls, where the translation vector within the domain is
a lattice vector for the disordered structure but not for the ordered structure.

• Inversion domain wall: A boundary separate the domains on both sides which can be related
to each other by an inversion operation.

• Mixed inversion-translation domain wall: A mixed state of inversion and translation domain
wall within the translation domains.

2.1.4. Dielectric hysteresis loop

One of the most important features of FE materials is that the spontaneous polarization can be
reoriented or switched by applying an electric field. This reorientation process involves not only
the domain wall motion but also the nucleation and growth of new domains [55]. The nonlinear
response of the polarization to the electric field is usually recorded by a Sawyer-Tower circuit. A
schematic ferroelectric hysteresis loop is shown in Figure 2.5 a, where the polarization is plotted
versus the electric field. Detailed analysis of the hysteresis loop provides rich information on the role
of the domain behaviors such as nucleation and motion during the reversal of the polarization in the
FE and AFE materials.

In Figure 2.5, all the arrows represent the direction of the vectors, such as the electric field (in orange
color) and the displacement (in black color). At the virgin state, the distribution of the polarization
orientation assumes arbitrary (indicated by the domains with the opposite arrows, separated by the
solid line representing the domain wall), while the net polarization is zero. In a weak electric field,
the domain wall experiences a reversible motion, as can be seen by the linear relationship between P
and E. It is followed by the formation of new domains and switching of the domains with unfavorable
orientation, during which the polarization increases faster with the electric field. When the field is
sufficiently high, all the domains orient in one direction, reaching the so-called saturation state [52].
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Further increase of the electric field will again increase the polarization linearly, suggesting that this
behavior is no longer associated with the domains [55]. Extrapolation of this linear segment onto
the polarization axis is the spontaneous polarization, denoted as Ps.

Figure 2.5.: a. Schematic graph of typical hysteresis loop of ferroelectrics in green color. b. The double
hysteresis loop of antiferroelectrics in red color, denoting a reversible phase transitions between
AFE and FE states. c. The hysteresis loop of antiferroelectrics where irreversible phase transition
occurs, manifested by the typical AFE response curve to the electric field (in red color) followed
by a typical ferroelectric hysteresis loop (in green color). The orange upward arrow below E
indicates the direction of the electric field. The black single-headed arrows indicate the direction
of the polarization, while the double-headed arrows denote the antiparallel polarization. In
a, the spontaneous polarization and domain wall are presented by the arrows and the solid
line, respectively, while Ec, Pr and Ps denote the coercive field, the remanent, and spontaneous
polarization, respectively. The grey arrows guide the flow of the response of the polarization to
the electric field in one full cycle of the application of the electric field. In b and c, EA-F and EF-A
denote the forward transition field from the AFE to the FE state and the backward transition
from the FE to AFE state, respectively.

When the electric field is reduced, the polarization response to the electric field follows the previous
curve down to a certain point and then no longer repeats the curve afterward. This is known as
the hysteresis effect, which arises from several factors, such as the grain boundary and local defects
[56]. At zero field, most domains remain unswitched and only a few are switched back, reflected
by the dominant domains with the upward arrow and a small fraction of the domains with the
downward arrow. This is responsible for the remanent polarization, denoted as Pr. By applying
a weak electric field with the reverse direction, the polarization decreases slowly, indicating the
domains are largely resistant to switch. However, as the reverse electric field is approaching a certain
value, the polarization experiences a dramatic decrease to zero, denoting a rapid polarization reversal
process. This value is called the coercive field Ec. Further increase of the reverse field brings a similar
effect as the positive field that the reverse polarization increases until the saturation state and then
responds linearly to the electric field, reaching the fully polarized state (the single downward arrow).
After the field reduces to zero, the polarization reaches the negative remanent polarization point
where the domains with the downward arrow is dominant. Now, suppose a forward field is applied
again to the system, the hysteresis loop will not follow the virgin curve up but instead approaches
the positive coercive field (+Ec) first and then completes the hysteresis loop by a superposition with
the previous curve. Thus, the shape of the hysteresis loop also depends on the previous electrical
history. In general, the coercive field, the remanent polarization and the spontaneous polarization
are the three key parameters in the hysteresis loop.

Depending on the shape of the hysteresis loop, antiferroelectrics can be divided into two groups. The

9



first is the characteristic double hysteresis loop, denoting a reversible field-induced phase transition
between AFE and FE states, as shown in Figure 2.5 b. The second presents an AFE response to
the electric field initially and then a typical ferroelectric hysteresis loop as shown in Figure 2.5 c.
When a small electric field is applied, the polarization responds linearly to the electric field until it
experiences a sudden dramatic increase, indicating a transition to the FE state. The corresponding
electric field is called the forward transition field, denoted by EA-F. The material reaches a complete
FE state when the electric field is sufficiently high, denoted by the single arrow. Due to the close
free energy between AFE and FE states, the FE state can reverse back to the AFE state after the
decrease of the electric field, starting at the back-forward transition field, denoted by EF-A. The AFE
state can ideally be fully recovered when the electric field is removed, leading to a zero remanent
polarization. In the second case, the FE state is stabilized after removing the electric field, causing
the high remanent polarization, which shows similar hysteresis behaviors to the normal FEs after
one cycle of electric field application.

Figure 2.6.: Phase switching during the AFE-FE phase transition, illustrated with the hysteresis loop in the first
quadrant. The virgin AFE assumes arbitrarily distributed domains with various directions of the
polarization, which is barely changed in the first stage I. At stage II above the forward transition
field, the phase transition between AFE-FE states occurs, accompanied by the reorientation of the
highly preferential AFE domains. Stage III is the alignment process of the FE domains with the
electric field. At stage IV below the reverse transition field, some domains transform back to the
AFE state during the FE-AFE phase transition. At the last stage V, all domains resume back to
the AFE state but with an inherited orientation from the FE domains, which is different from the
virgin state. Reprinted from Ref. [57], Copyright (2020), with permission from Elsevier.

In contrast to the detailed consideration of the role of the domains on the polarization reversal
process in ferroelectrics, the dynamic process of the domain switching or nucleation receives much
less interpretation in antiferroelectrics. The well-accepted sequence of the polarization switching
established by Park et al.[58] was recently corrected by Liu et al.[57] by employing an electric biasing
in situ high-energy synchrotron X-ray diffraction technique, as shown in Figure 2.6. This process
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involves five stages of domain switching. The virgin AFE domains assume randomly distributed, which
barely change during stage I, opposed to Park’s model where the AFE domains orient preferentially.
When the electric field reaches the EA-F, the AFE-FE transition occurs, associated with the switch of
the highly preferential AFE domains to the FE state, while the domains with unfavoured orientation
remain in the AFE state. The alignment of the FE domains with the electric field occurs in the third
stage. When the electric field is reduced below the EF-A, the preferential FE domains transform back
to the AFE state while other FE domains keep their orientations, which eventually revert to the AFE
state when the electric field is removed. As the final orientation of the polarization in the AFE state
inherits from the FE state, it is different from the virgin AFE state. This sequence of phase switching
is believed to be a general principle in the PZ-based AFEs [57].

Figure 2.7.: Typical hysteresis loops of linear dielectric, ferroelectric and antiferroelectrics, where the purple
shaded regions represent the energy stored in one cycle of electric field application.

Due to the reversibility of the field-induced phase transitions between AFE and FE states, AFEs have
great potential as energy storage materials when compared to linear dielectric and ferroelectrics,
as shown in Figure 2.7. The purple regions represent the stored energy after the application of the
electric field, characterized by the energy storage density (Ws), which can be calculated using the
following equation:

Ws =

∫︂ Pmax

Pr
E dP (2.3)

where Ws, Pr and Pmax stand for the energy storage density, the remanent polarization and the
maximum polarization, respectively. It can be readily seen that AFE materials can store more energy
within the square-like shape than the triangle shape in linear dielectrics and ferroelectrics.

2.2. Antiferroelectricity in lead-containing materials

In this section, the discovery and investigation of antiferroelectricity in PZ and PZ-based AFEs is
reviewed, focusing on the crystal structure, dipole arrangement and domain structure. A literature
review of atomistic studies of PZ-based AFEs utilizing advanced (S)TEM techniques is presented in
the end to update our comprehension of antiferroelectricity.
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2.2.1. The crystal structure and dipole moment of PbZrO3

PbZrO3 (known as PZ) is the first identified AFE material, whose crystal structure and dipole
moment arrangement serves as a guideline for the following understandings of AFEs ever since it
was investigated by Sawaguchi et al. in 1951 [3]. The unit cell structure of PZ at RT is orthorhombic
and has eight formula units with the lattice constants: a = 5.87 Å, b = 11.74 Å, and c = 8.20 Å [3].
In this orthorhombic unit cell, lead ions are mainly displaced in pairs in the a-b plane along [010]
direction with a magnitude of around 0.2 Å, giving rise to the antiferroelectricity in PZ [3]. When
using the pseudocubic unit cell structure indexing, the direction of the Pb displacement is parallel
to the [110] direction. The schematic diagram of the lead displacement in PZ is shown in Figure
2.8, where the antiparallel displacement of Pb ions in an orthorhombic unit cell (enclosed by the red
dashed rectangles) is illustrated by the blue and orange arrows, respectively.

Figure 2.8.: The relation between the cubic and orthorhombic unit cell structure in PbZrO3, denoted by the
black and red coordination system and rectangles, respectively. The Pb ions are antiparallel
shifted along the cubic [110] direction in pairs with the same magnitude, represented by the
blue and orange arrows.

Historically, there have been constant conflicts about the structure of PZ. After Sawaguchi et al. [3]
proposed the famous model of Pb displacement and stated that the space group being either Pbma
or Pba2, Jona et al. [59] analyzed the structure of PZ in more details using X-ray and Neutron
diffraction, confirming an orthorhombic symmetry and the space group being Pba2. With this setting
of the space group, the antiferroelectricity of PZ is limited in the a-b plane, while oxygen atoms suffer
additional unbalanced antiparallel shifts along the c axis. Concerning the accuracy of the established
structure determined by Jonas, Fujishita et al. [60] restudied the crystal structure by a considerable
refinement and compared both Pbma and Pba2 space groups. They obtained a model where all
the atoms suffer antiparallel shifts along the c axis in addition to the antiparallel shifts in the a-b
plane, thus exhibiting no polarization. Therefore, they preferred the non-polar space group of Pbma
over the polar Pba2, which was soon confirmed by Tanaka et al. [61], [62] using conventional and
convergent-beam electron diffraction (CBED) techniques. The space group Pbam gained subsequent
recognition by Glazer et al. [63] and Corker et al. [64] by applying X-rays and a neutron diffraction
Rietveld refinement. In addition, a space group of P21212 was also suggested, which is a subgroup
of Pbma [64]. In the work of Corker et al. [64], special attention was also paid to the determination
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of the true oxygen positional parameters to reconcile the order or disorder of the oxygen octahedra.

Despite all the contradicting results of PZ regarding the crystal structure and space group in the last
decades, the well-accepted parameters are summarized below:

• The structure is orthorhombic and the space group belongs to Pbma.

• The greatest antiparallel displacement of Pb is along [110] direction with respect to the
pseudocubic cell.

• Zr and O atoms are displaced in the same manner along [110] direction with a much smaller
magnitude.

• The displacement of Pb and Zr along [110] direction is between 20-28 and 8 pm, respectively.
Thus the polarization of PZ is dominated by the Pb displacement.

Nowadays, the most intensively studied lead-containing AFE materials are chemically modified
from PZ. The common substituted elements are La, Ba, Ca, Sr on the A sites and Nb, Sn, Ti on
the B sites [5], [10], [58]. Though the distinguished antiferroelectricity of PZ can be maintained
in the modified materials, the crystal structure may not. For instance, it was tended to believe
the modified compositions PZST and PNZT have a tetragonal or pseudocubic structure [65], [66].
Furthermore, the real symmetry or the space group of complicated compositions such as PNZST or
PLZST is not identifiable due to the intricacy of the chemical distribution though pseudotetragonal is
sometimes preferred [26], [67], [68]. Moreover, the unit cell structure and the crystallography are
significantly changed and more complicated, manifested by the shift from the ¼ to the non-integer
incommensurate superlattice reflections in the diffraction patterns [21], [69], which will be further
illustrated in the following section. The determination of the unit cell structure of PZ-based AFEs is
thus very tricky, and Sawaguchi’s model does not apply in the modified PZ compositions. Nevertheless,
it still serve as the best reference for the ongoing studies of the structures of PZ and PZ-based AFEs.

2.2.2. Electrical properties in PbZrO3-based AFEs

2.2.2.1. The electrical property of PZ

The dielectric property of PZ ceramic was investigated as early as 1950 by Roberts [70], revealing a
phase transition from the tetragonal symmetry to the cubic symmetry at about 236°C. Due to the
similarity of the phase transition behaviors between PZ and barium titanate, it was believed that PZ
is ferroelectric below the Curie temperature. Shortly after, Shirane et al. [2] observed a relatively
large specific heat and anomalous volume expansion at the transition region, thus arguing that the
transition should be different from that in barium titanate. Soon enough, they observed a double
hysteresis loop at a maximum electric field of 30 kV/cm near the Curie temperature between 227°
and 233°C, corresponding to an electric field-induced phase transition between antiferroelectric and
ferroelectric states [71].

When PZ is investigated in the form of a single crystal, a six-fold hysteresis loop can be induced near
room temperature at the transition field of around 180 and 300 kV/cm, respectively. They correspond
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to three phase transitions which involve not only the transition between AFE and FE phases but also
between FE and FE phases with different symmetries [72], [73]. However, as indicated, the transition
field in PZ ceramic or single crystal is very high, and the attempts to realize a double hysteresis loop
of the ceramics at room temperature have failed, hindering their industrial application.

2.2.2.2. The electrical property of PZ based AFEs

Figure 2.9.: a. The slanted hysteresis loops of PLZST at room temperature. b. The square hysteresis loops of
PNZST at room temperature. Reproduced by permission from Ref. [74] © IEEE.

Historically, the electric field-induced transitions from AFE to FE were utilized to look for an alternative
as transducers and energy storage devices, which are deeply rooted in the strain and polarization
response to the electric field. For the former, large strain effects are found at the onset of the field-
induced ferroelectricity as the volume of the FE state is bigger than that of the AFE state [74]. When
compared to the linear dielectrics and ferroelectrics, the field-induced transitions between AFE and
FE can create a square-like area of the stored energy in the hysteresis loops larger than the triangle-
shaped area, as schematically shown in Figure 2.7. Thus as energy storage devices, a transition field
as high as possible, yet below the breakdown field and high dielectric strength are desired [75]. As a
reminder, the temperature range to induce a field-induced transition in PZ is very narrow and near
the Curie temperature. Hence, having a wider operation temperature range especially close to room
temperature is highly appreciated. Driven by these requirements, a number of PZ-based compositions
have been developed. For those whose transition field is higher than the breakdown field, they find
applications as linear and low-loss capacitors capacitance [75]. The prominent systems are PLZST
and PNZST, where the composition and electrical properties can be tuned to meet the demand of
specific applications. As shown in Figure 2.9, two types of hysteresis loops in AFEs are illustrated,
which are the slanted type of PLZST and square type of PNZST [74]. Apparently, the slanted loop is
desired for transducers due to its lower transition field and less hysteresis, while the square loop is
preferred for energy storage applications. However, the slanted loop corresponds to a considerably
low transition strain near 0.1% [74], which is a big disadvantage as transducers. During the 1980s,
Pan et al. has fine-tuned the PLZST compositions and significantly increased the strain for large
displacement transducer applications [10], [76]. The high strain accompanying the phase transition
was reported in the range of 0.2-0.9%. Recently, more efforts have been attempted to improve
energy storage density and efficiency. For instance, (Pb,La)(Zr, Sn)O3 (PLZS) has achieved a high
recoverable energy density of 10.4 J/cm3 and extremely high efficiency of 87% at 40 kV/mm, which
are by far the highest values ever reported in the AFEs for energy storage applications [77]. It has
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to be mentioned that precedent systems such as Pb(Zr, Ti)O3 (PZT) and (Pb,La)(Zr, Ti)O3 (PLZT)
are primarily considered as the standard of piezoelectric ceramics in industry, though the latter has
also been carefully studied as energy storage device [78] and actually made into commercial MLCC
devices [13]. The composition range to manipulate the electric field-induced phase transition in both
systems are relatively narrow, limiting the tailoring and optimization of the electric energy storage
properties.

In short, pure PZ is hindered for applications but chemical modification has opened the possibility to
tailor the specific electrical properties for the desired applications.

2.2.3. Compositional dependence of the phase stability of AFE and FE

Figure 2.10.: The phase diagrams of PZT (a), PLZT (b) at room temperature and PLZST (c). Reproduced by
permission from Ref. [74] © IEEE and [79], Taylor & Francis Group. AO, AT, FT, FR, FR(HT),
FR(LT), Pc stand for the orthorhombic AFE, tetragonal AFE, tetragonal FE, rhombohedral FE,
rhombohedral FE at high and low temperature and cubic phases, respectively while SFE for the
slim FE which demonstrates a slim hysteresis loop.

The starting point of the chemical modification of pure PZ is to substitute Zr with Ti, known as
PZT. The PZT ceramic is the most commonly used piezoelectric ceramic. The phase diagram of PZT
solid solution is shown in Figure 2.10 a. By incorporating Ti above 3 atom percent, a rhombohedral
ferroelectric phase (FR) can be induced in a narrow temperature range below the Curie temperature
prior to the appearance of a tetragonal AFE phase (AT) [80]. The tetragonal AFE phase further
transforms to the orthorhombic AFE phase (AO) at room temperature. Then a new phase boundary
was discovered between two rhombohedral ferroelectrics, named FE at high temperature and low
temperature known as FR(HT) and FR(LT), respectively [81]. When the PZT solid solution reaches
a high Ti content region, the tetragonal ferroelectric phase is stabilized, isostructural with PbTiO3
[80]. Later it was found that simultaneous substitution with Ti on the Zr site and La on the Pb site
can effectively enhance several properties, such as the squareness of the hysteresis loop, decreased
transition field and high dielectric constant, which are desired to store the electrical energy [1],
[42], [79]. On the other hand, excess La in the PLZT system can produce heterogeneously mixed
phases, which should be avoided. The modification of La in PZT solid solutions extends the AFE
phase at the expense of the rhombohedral FE phase and stabilizes the tetragonal FE phase over the
rhombohedral FE phase [42]. Furthermore, one interesting region between the FE and paraelectric
(PE) states is found with a slim hysteresis loop, different from the typical FE and AFE loops; thus, the
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corresponding phase is named as slim ferroelectric phase (SFE), illustrated in Figure 2.10 b. When
Sn is further introduced to the PLZT solid solutions to form the well-known PLZST system, the region
of AFE state has been significantly enlarged; in particular, the tetragonal AFE state has expanded at
the cost of the rhombohedral FE phase referring to the PZT system, as shown in Figure 2.10 c. For
most applications, compositions near the phase boundaries are desirable, first to create a low free
energy difference between AFE and FE states and second to maximize the properties of interest.

The effect of dopants on the stability of the AFE/FE phases is generally discussed with the ionic radii,
the polarizability and the electronegativity. For instance, Sawaguchi [80] assumed that the difference
of the radii of Zr and Ti ions is responsible for the decreasing stability of the FE phase with increasing
Zr content in the PZT solid solutions, which increases the free energy of the FE phase. Knudsen et
al. [23] has proposed the substitution of La on the A site can stabilize the AFE by decreasing the
perovskite tolerance factor due to a smaller size of La ion (1.36 Å) compared to Pb ions (1.49 Å) and
thus an increased tetragonality. Generally speaking, a higher Ti content favors the FE state, while a
high Sn content is likely to stabilize the AFE state. The influence of Zr is still under debate. High
Zr content is found to increase the AFE stability in PLZST [82] but has the opposite effect in PZST
ceramics [83].

In summary, the stability of the antiferroelectric and ferroelectric states are very sensitive to the
compositions in PZ-based materials, especially at the phase boundary; thus enabling the tailoring of
the properties for the desired applications.

2.2.4. TEM characterization of lead-containing AFEs

Domain structure of PZ was first examined by polarization microscopy by Jona et al.[9], where 90
and 60° domains were observed. In 1969, Goupleau [84] observed 180° domains as well as 90° and
60° domains by etching the crystals using the electron microscope but with a poor resolution. Then,
until 1982, for the first time, the domain structure was examined in detail by electron diffraction
and electron microscopy by Tanaka et al. [62], where the characteristic ¼ superlattice reflections in
the electron diffraction patterns and the 90° and 60° domains configurations were revealed.

In the meantime, the domain structure of PZ based AFEs such as PNZT [66], PLZT [20]–[23],
[85], PNZST[43], [86], [87] and PLZST [29], [67], [88] have been investigated intensively since
the 1980s. In particular, Chang [43] has observed the first incommensurate (ICM) structures in a
checkerboard domain and arrays of antiphase boundaries (APB) in a PNZST ceramic by means of
electron diffraction and lattice imaging in 1985. In the same year, Xu et al. [89] have reported for
the first time the existence of ICM structures between the AFE and FE states in a hot-stage TEM
experiment on a PZ single crystal and they later proposed that the ICM structures result from the
competition between AFE and FE ordering in 1994 [21], which has been well accepted afterwards by
the community [26], [90], [91]. In 1993, De Graef and Speck et al. [29], [67] have examined the
origin of the checkerboard domain patterns from the perspective of crystallography. Other researchers
have studied in detail the compositional dependence of the domain structure, especially the influence
of La by Xu et al. [22], [85] in 1990s and Knudsen et al. [23] and Asada and Koyama [24] in the
early 2000s.

It has to be particularly mentioned that fruitful results and discussions relating to the complicated

16



phase transitions were contributed by the group of Xu and Viehland by conducting comprehensive
systematic hot-stage TEM experiments of PNZST systems [86], [87], [92]. While a key place in
the study of the field-induced phase transitions is occupied by the work from the group of Tan and
his colleagues who have been devoted to apply the in situ TEM biasing experiments to study the
dynamics of the phase transitions [25], [26], [93], [94].

In recent years, atomistic studies using advanced TEM techniques have been widely applied to
PZ-based materials. In 2007, Jia et al. [95] have successfully mapped the displacement of cations in
a unit cell scale of a PZT thin film using Scherzer imaging conditioned HRTEM and continuously
studied the electric dipoles near the domain walls using the negative spherical-aberration imaging
technique in an aberration-corrected TEM [96]. Since the early 2010s, Wei et al. [38]–[40], [97]
have concentrated on the atomistic investigation of the prototype PZ using atomic-resolution TEM in
combination with beam radiation techniques, where the polarity of domain boundary and phase
transitions are investigated in a deep sense. In 2012, Maclaren et al. [98] have utilized high-
resolution STEM techniques (high angle annular dark-field, abbreviated as HAADF) for atomic-scale
imaging, which realized for the first time the visualization of the displacement configuration in
lead-based AFEs. Since 2019, more atomic-scale studies of modified PZ materials have been reported,
revealing several polarization configurations different from the Sawaguchi model [30]–[32], [99].

In the following subsections, the main interest is to introduce the fundamental features of the domain
structures, such as the antiphase boundaries, checkerboard patterns, and the ICM structure concept.
In the end, a brief survey of high resolution (S)TEM characterization is presented, highlighting the
most progressive results.

2.2.4.1. Planar defect - antiphase boundaries

In a pure PZ material, the most common feature in the domain structure is the planar defect -
antiphase boundary (APB), manifested as the straight lines, although they may appear curved or
form a close tip due to the annihilation of APBs, as shown in Figure 2.11 [38], [39].

In a classical view of APBs, they are more often considered as chemical defaults where the unit cells
on both sides of this boundary are perfect and identical and can be superimposed to each other by the
application of a translation vector, typically half of the unit cell parameter, as shown in Figure 2.12
a. However, in ferroics, one needs to consider not only the periodicity of the chemical composition
but also the displacement of the atoms, as illustrated in Figure 2.12 b and c. Wei et al. [38] have
described that APB has a phase shift of π between the translational domains and a certain thickness
in ferroics where the periodicity is frustrated. They identify the existence of APBs by the conflicts of
half a unit cell in the periodicity of the 4-fold displacement of the domains on both sides, as shown
in 2.11 b. They contain 10 atomic rows, which is not a multiple of 4. By calculating the cation shift
with respect to the cubic structure and subsequently the polarization using the formula shown in
Equation 2.4:

Ps =
1

V

∑︂
δiZi (2.4)

where V is the volume of the box of atoms, δi is the displacement of atom i, and Zi is the Born
effective charge of atom i. The polarity of APBs is evidenced by a considerable net polarization with
a value of 14 µC/cm2, which promises applications in high-density information storage [38]. In
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Figure 2.11.: a. Typical domain morphology of one PZ crystal, where the black lines parallel to each other
are APBs. They could be combined or split, as numbered and marked by the red circles. b.
The high-resolution TEM image of PZ, where the APB region colored in cyan is evidenced by
the conflict of half a unit cell between two domains on both sides. These two domains are
represented by the overlaid unit cell structures. c. The polarization with respect to the vertical
plane positions. Red squares: in-plane polarity; green circles: out-of-plane polarity. Reproduced
by permission from Ref. [38].

contrast, Ma et al. [31] has observed that the APBs in the PZ ceramic consist of 1-layer or 3-layer
stripes and believed the APBs have a theoretically low internal strain. To accommodate the odd
numbered APBs, a zig-zag shaped domain boundary is created. In fact, the 1 or 3 atomic-layer
domain boundary was previously theoretically and experimentally proven to belong to other types
of translational boundaries instead of APBs, where the phase shift corresponds to 3π/2 and π/2,
respectively [39].

Figure 2.12.: a. Classical view of APBs in non-ferroic materials, where the different colored dots represent
two types of atoms and the position and displacement vector of APB is indicated by the green
dashed line and R, respectively. The orange rectangles represent the unit cell. b and c. The
violation of the periodicity of displacement of ferroic materials at APB region. Note the identity
of the blue dots is not specified.

2.2.4.2. Checkerboard domain patterns

When PZ is chemically modified, the domain structure becomes complicated. The most commonly
observed is the checkerboard domain pattern, which earns its name due to the similar appearance,
as shown in Figure 2.13 a [26]. These domains demonstrate a striation contrast of alternating dark
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Figure 2.13.: a. Typical checkerboard domain pattern in PZ-based AFE ceramics, where domains have
alternating dark and bright contrast. b. The lattice fringe images were taken at the boundary of
the domains with different contrast, attached with the corresponding SAED pattern, where the
main reflections are accompanied by two perpendicular pairs with satellites. Reproduced from
[26].

and bright regions instead of the straight lines of APBs when the corresponding satellites are used
for the dark-field imaging. In contrast, the neighboring domains appear featureless. Speck and
De Graef et al. [29], [67] have examined in detail the origin of such hierarchy domain structure,
which arises from the domain adopting one of the six possible modulation vectors. In the selected
area electron diffraction (SAED) pattern attached in Figure 2.13 b, the main reflections are always
accompanied by a pair of satellites on both sides. If taken at the domain boundary, the satellites
perpendicular to each other form an orthogonal shape surrounding the main reflections. The lattice
fringe image (Figure 2.13 b) demonstrates a 90° change of the modulation direction at the boundary
of the domains, which can be further seen by the superposition of the electron diffraction pattern.
The width of the lattice fringe is known as the wavelength of the modulation, which can be directly
reflected from the position of the satellites with respect to the fundamental reflections. Another
domain structure has a zebra-like band pattern with alternating dark and bright contrast, which is
less frequently observed [29], [67].

2.2.4.3. Incommensurate satellite and structure

It is known that PZ has a 4-fold modulated structure with respect to the cubic phase, thus characterized
by the ¼ superlattice reflections along the cubic [110] direction in the reciprocal space, as shown
in Figure 2.14 a-b. When PZ is heated up or chemically modified, the satellites are observed to
appear at irrational positions between the main reflections, denoted as 1

n (110) reflections where n
is non-integer, which is characteristic of incommensurate (ICM) structures [86], [89]. The satellites
are named ICM satellites, which were reported for the first time in the PNZST ceramic in a hot-stage
TEM experiment in 1993 [86]. In the case of commensurate PZ, n has a value of 4. Shortly afterward,
the first ICM structure in a PZ crystal was observed in a narrow range when heated up between 225°C
and 230°C [89]. In 1994, the origin of the ICM structure was discussed and believed to arise from
the competition between broken dipolar (ferroelectric) and sublattice (antiferroelectric) interactions
[21]. However, the exact mechanism is still under debate.

Note the identification of ICM structure is merely derived from the ICM satellites using the SAED
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technique, which samples over a large area and reflects an average structure. With the utilization of
the high-resolution TEM (HRTEM) technique, the ICM structure in PLZST is found to be a mixture of
blocks consisting of 7 or 8 atomic layers [100]. After a comprehensive literature survey on several PZ
based AFEs, He and Tan [26] conclude that the ICM structure is actually an average effect arising from
an ensemble of commensurate structures and proposed a model shown in Figure 2.14 c, where the
regions that contain either 7 or 8 atomic planes are commonly referred to as one ICM block or stripe.
In this model, n has an average value between 7 and 8, calculated as 7.33 from the corresponding
SAED pattern. They are not the first researchers who have noticed the misuse of the ICM in AFEs. In
2004, Asada and Koyama [24] have already suggested that the ICM is a mixture of CM structures
due to the average structure detected by the SAED technique. Despite the fact that ICM is not true
in AFE, the term ICM structure has been widely used today in lead-based AFEs and occasionally
extended to lead-free AFEs.

Figure 2.14.: Schematic graph of the polarization configuration in PZ (a) and the corresponding SAED pattern
(b). Schematic model of the incommensurate structure in a PZ modified AFE material (c)
consisting of a mixture of commensurate structures with modulation layers of 7 and 8 and the
corresponding SAED pattern (d). The n value is the ratio of the distance between two main
reflections and the closer satellite to the main reflection, which is calculated to be 4 in PZ and
7.33 in the PZ-based AFE, respectively. Reproduced from [26], [32].

It is known that there are three types of origins of superlattice reflections in perovskites: antiparallel
cation displacement, oxygen octahedron tilting or distortion and cation ordering. In general, the
antiparallel Pb displacement is believed to be responsible for the ICM modulation observed in the
HRTEM image [46]. However, how the Pb atoms are displaced in one ICM block has received
different interpretations. For example, He and Tan [26] believe the modulation exists in a transverse
wave of the Pb displacement, which has a constant value, as depicted in the model shown in Figure
2.14 c, while Speck and De Graef et al. [29], [67] argue that the Pb displacement has a sinusoidal
modulation, which was further experimentally confirmed by MacLaren et al. [98].

2.2.5. Modern elucidation of antiferroelectricity

While there was a vigorous debate about the interpretation of the ICM structure as mentioned above,
it seemed there was a short period of agreement when MacLaren et al. [98] has successfully resolved
the atomic ICM structure with a precision of 6 pm and demonstrated a sinusoidal modulation of
Pb displacement and polarization of the PLZT system, as shown in Figure 2.15. They subtract the
positions of atomic columns directly from the image by repeatedly and rapidly scanning, and cross
correlating and summing all the images with special software to ensure the minimum scanning
distortion. Then the polarization is calculated subsequently using Equation 2.4 and plotted with
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respect to the atomic positions. As can be seen from the graph, in addition to the sinusoidal fashion of
the displacement, the region with the same sign of Pb displacement in PLZT is significantly wider than
that in pure PZ, indicating a stronger preference of the FE ordering. The authors further conclude
that although the system has an overall AFE ordering, it is locally ferroelectric [98].

Figure 2.15.: Schematic graphs of the Pb displacement with respect to the positions in PZ (a) with a rigidly
compensated magnitude and PLZT (b) with a sinusoidal fashion of the magnitude in a 8-layer
modulated ICM block. Reproduced by permission from Ref. [98], John Wiley and Sons, Inc.

Figure 2.16.: a. The configuration of the Pb displacement in PZ in an antiparallel fashion and compensated
in magnitude. b. The configuration featuring an antiparallel fashion but not compensated
in magnitude in PNZST. c. The configuration featuring a neither antiparallel fashion nor
compensated in magnitude in PNZST. Reproduced from Ref. [30].

The sinusoidally modulated displacement of Pb was confirmed in PNZST by Liu et al. [101] using
advanced synchrotron X-ray and three-dimensional electron diffraction techniques. Furthermore,
they observed an imbalanced polarization in the sinusoidal configuration, which was previously
reported by Ma et al. [30] using the HAADF-STEM technique. They revealed that the Pb displacement
is neither compensated in the magnitude nor antiparallel to each other, as shown in Figure 2.16. It
can be seen that the antiparallel and compensated displacement of Pb is well preserved in PZ. When
it comes to PNZST, the segment with the same sign of the displacement is wider than the one with
the opposite sign, thus not compensated with each other. They either maintain the antiparallel style
(Figure 2.16 b) or form an orthogonal shape (Figure 2.16 c), respectively. This phenomenon was
theoretically investigated by Liu and Xu [102] using phase-field simulations, where the heterogeneous
width of two antiparallel segments in one ICM block and hence an overall remanent polarization is
confirmed.
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Figure 2.17.: Schematic depiction of the ferroelectric, antiferroelectric and ferrielectric ordering, abbreviated
as FE, AFE and FiE ordering, respectively. Redrawn after Ref. [32].

Recently the concept of ferrielectricity in PZ-based AFE has gained increasing recognition, initiated
by an atomic-scale investigation of the PLZST systems [32], where the ferrielectric (FiE) ordering
is introduced, as shown in Figure 2.17. Specifically, when the FE orderings in opposite directions
possess the same magnitude, it is considered as the classic AFE ordering; if not, it belongs to the
FiE ordering. The concept of ferrielectricity in PZ was expanded by first-principle calculations by
introducing an up-up-down-up-up-down configuration, which demonstrates more stability than the
typical up-up-down-down configuration at lower temperatures, as shown in Figure 2.18 [103]. In
this case, the polarization is not compensated.

Figure 2.18.: Two types of the displacement configuration in PZ. a. The normal up-up-down-down configura-
tion. b. The up-up-down-up-up-down configuration. Redrawn after Ref. [103].

In summary, the well-accepted configuration of AFEs that the cation displacements are antiparallel
and compensated in the magnitude, thus yielding a non-polar structure, is strongly challenged by a
series of atomic-scale investigations using advanced high-resolution TEM techniques in synergy with
the expanded ability of image analysis. As a result, our understanding of antiferroelectricity has been
continuously updated and corrected. Reflecting the various proposed models of the Pb displacement
in PZ-based AFEs, a reexamination of the atomic structure of the prototype PZ is needed.
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2.3. Antiferroelectricity in lead-free materials

Similar to the long debate about the antiferroelectricity in PZ, whether NaNbO3 (NN) is antiferro-
electric at room temperature has provoked intensive studies since being first discovered by Matthias
[104] in 1949. After the AFE concept was introduced in 1951, Vousden identified the non-polar
nature of NN in the same year [47], [105], [106]. In the next few decades, research was focused on
the investigation of the crystal structure and the polymorphism of NN with the main concerns on
the determination of the space group and the displacement of the atoms [105], [107]–[109]. The
dedicated researchers include, but are not limited to, Wood [6], [110], Vousden [48], [111], Wells
and Megaw [107], [108], [112]–[114] and Glazer et al. [109], [115]–[117]. A brief survey of the
important timelines with the main findings is listed in Table 2.1. Thus, NN is a well-documented
material. Moreover, it has also attracted great attention as an end member of several alkaline
niobate-based solid solutions, for instance the well-known system (K,Na)NbO3 (KNN) [118]–[120].

Table 2.1.: A brief survey of the early investigations of NN
Year Authors Main findings Ref.
1949 Matthias NN: FE [104]
1951 Vousden Non-polar; P2212 [47]
1955 Cross and Nicholson double PE loop [8]
1958 Megaw AFE: Pbma [107]
1961 Wells and Megaw FE: P21ma [108]
1974 Megaw 7 phases of NN [114]

Nowadays lead-free materials are in strong demand due to the environmental concerns of hazardous
Pb [14], [15]. Consequently, NN has gained again great interest as a prototype lead-free AFE material
for its potential application as energy storage devices [17], [19]. Many efforts have been devoted
to the realization of the double hysteresis loop at room temperature by chemical modification. A
series of NN based solid solutions have been developed with enhanced stability of antiferroelectricity
and energy storage properties, including NaNbO3-CaZrO3 [17], NaNbO3-SrTiO3 [121], NaNbO3-
Bi0.5Na0.5TiO3 [18], [122] and NaNbO3-Bi(Mg2/3Nb1/3)O3 [19].

In terms of microstructure characterization, Dec and Zhelnova have contributed substantially during
the 1980s using the optical microscopy [49], [123]–[127]. Until late 1980s, Chen and Feng [51],
[128] have for the first time adopted the transmission electron microscopy to study the domain
structures of NN crystals at room temperature and the phase transitions in detail, which was consid-
ered as a bible for the following TEM characterization of NN. It has to be pointed out that due to
the limited resolution of the TEM at that time, the domain structure was poorly resolved, leading
to some misinterpretation, seen in the following TEM related literature starting from 2015 led by
the group of Randall [17], [28], [129]–[132]. These literature interprets the straight-line feature
in the domain structure as the translational domain wall without further clarification of the type.
Furthermore, due to the lack of atomically-resolved structure, there is always the suggestion of the
existence of incommensurate structures in NN [28], [132].

The following subsections reviews the crystal structure, polymorphism, electrical property and the
TEM characterization of NN.
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2.3.1. Polymorphism of NaNbO3

NN has been considered as one material with the largest number of the phase transitions [6], [112],
intriguing innumerable research to study the lattice parameters and structures with X-ray diffraction
[133], [134], Neutron diffraction patterns [135], Raman spectra [136]–[139] and dielectric analysis
[116], [140], [141]. The most accepted sequence during the phase transitions are the famous seven
phase polymorphs listed by Megaw in 1974 [114], which is the main reference for the following
studies.

In addition to the temperature-induced phase transitions, which are particularly complicated, the
electric field-induced phase transition is another hot topic due to NN’s potential as lead-free energy
storage materials. The phase induced by the electric field is ferroelectric, known as the Q phase.
Note that the phase transition of NN can also be induced by the particle size [142], [143].

In this subsection, we review the most important crystal structures of NN at room temperature, which
are the antiferroelectric (known as P phase) and Q phases as shown below. The sequence of the
phase transition will also be briefly introduced.

2.3.1.1. The crystal structure of P phase in NaNbO3 at room temperature

Figure 2.19.: The crystal structure of the P Phase in NaNbO3. a. The antiparallel displacement of Nb and
Na in one unit cell, indicated by the green and orange arrows, respectively. b. The in-phase
a-b+a- and anti-phase a-b-a- oxygen octahedron tilting in the P phase, expressed by the Glazer
notation. c. Two environments of Na atoms, denoted by Na 1 and Na 2, respectively.

After undergoing several phase transitions from the cubic phase, NN has an orthorhombic multicell
structure with a multiplicity of √2×4×√2 with respect to the elementary cubic cell at room tempera-
ture [144]. This multicell contains eight molecules, and the space group belongs to Pbma, where
the b axis is the long orthorhombic axis (or a different setting: Pbcm, where the c axis is the long
axis). The lattice parameters are a = 5.5 Å, b = 15 Å, c = 5.5 Å [113]. Due to peak broadening
using high-resolution neutron diffraction, the crystal structure of the P phase was once postulated to
be monoclinic [145].
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The crystal structure of NN can be best described in layers perpendicular to the [010] direction in
the zone axis of [10-1], as shown in Figure 2.19. In this figure, the arrows represent the direction of
the displacements of the atoms. Layer 1 and 2 are paired by a (010) mirror plane, giving rise to the
parallel Nb displacement in these two layers, indicated by the leftward green arrows. Such pairs
are operated by a screw diad axis along the [010] direction, resulting in an antiparallel array of the
displacement in the following layers 3 and 4, illustrated by the arrows in the rightward arrows.

Figure 2.20.: The displacement of Nb in one NbO6 octahedron, nearly in the (010) plane and inclined 20° to
the [100] direction. Redrawn after Ref. [113].

Another distortion to the ideal perovskite structure is the oxygen octahedron tilting, a-b+a- and a-b-a-
in sequence, which + and - superscripts denote the in-phase and anti-phase tilting in the Glazer
notation, respectively [116], [146]. They are found to be tilted almost 10° about the [010] and [100]
direction, although they remain quite regular. In each NbO6 octahedron, Nb is displaced nearly in
the (010) plane with a magnitude of 0.13 Å from the geometric center inclined at about 20° to [100]
direction, depicted in Figure 2.20. In addition, Na and O atoms are also largely displaced with a
magnitude of 0.18 Å and 0.2 Å in the (010) plane, respectively [50], [113]. The large displacements
of Na, Nb and O atoms complicate the understanding of the polarization in NN different from the
case of PZ. Nevertheless, we could bear in mind that the principle displacements of the atoms are all
lying in the (010) planes.

Due to the particular framework of the P phase, Na has two types of distinct environments, as
indicated by the Na 1 and Na 2 in Figure 2.19 a and c. Na 1 remains almost undisplaced and has nine
neighbors with three very near and six more distance, while Na 2 is displaced in the same direction
as the two parallel displacement of Nb above and below it and has only eight neighbors with four
nearest and four more distant [113]. It was pointed out that the Na environment is critical for the
stability of the P phase in NN [113].

2.3.1.2. Electric field-induced phase transition: Q phase

The electric field-induced phase transition experiment of NN crystal was first carried out by Cross
and Nicholson [8] in 1955, where one ferroelectric phase can be induced by a high electric field
greater than 90 kV/cm at room temperature, previously predicted by Vousden in 1952 [48]. It was
suggested that the ferroelectric phase has a very close free energy to the antiferroelectric phase. Cross
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Figure 2.21.: The crystal structure of the Q Phase in NaNbO3. a. The displacement of Nb and Na in one unit
cell, denote by the green and orange arrows, respectively. b. The a−b+a− oxygen octahedron
tilting in the Q phase.

[118] further demonstrated the coexistence of AFE and FE phases with an orthorhombic structure
over a large range of temperature. The field-induced new phase was found to have the length along
the b axis twice the length of the cubic phase [110], [147]. In 1964, Dungan and Golding [119]
have reported that the metastable ferroelectric phase is stable with time and up to 270 °C once it is
induced by the electric field. It was referred to as the known Q phase for the first time in 1966 by
Lefkowitz et al. [112], who stated that the free energy of the Q phase is slightly above the P phase.
By that time, the structure of the Q phase was believed to be similar to KNN, which has a half b
dimension of the P phase and a space group of P21ma [108]. Until 1993, the structure of the Q phase
was examined in detail by Shuvaeva et al. [148] by means of X-ray diffraction method. Previous
attempts to determine of the crystal structure failed due to the bad quality of the crystal and rather
low data accuracy.

The crystal structure of the Q phase is essentially half of the P phase, as shown in Figure 2.21, where
the displacement of cation and oxygen octahedron tilting system (a-b+a-) is indicated. The results
are summarized here: the Q phase has an orthorhombic (P21ma) unit cell with parameters: a =
5.57 Å, b = 7.79 Å, c = 5.52 Å. The Nb displacement in the Q phase has approximately the same
magnitude as in the P phase with a value of 0.12 Å in the (010) plane from the center of the NbO6

octahedron, but pointing towards the midpoint of the edge[113], [148]. Though the regularity of
NbO6 octahedra remains in the Q phase, the tilting was believed to be more pronounced as in the P
phase.

2.3.1.3. Temperature induced phase transitions: 7 phases

NN experiences probably the most complicated series of phase transitions as a perovskite when
heated up to 640°C, as shown in Figure 2.22. Matthias has reported the Curie temperature at 480°C,
and another three phase transitions at -80°C, 370°C and 640°C in early 1951 via XRD, dielectric and
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optical measurements [149]. Later Vousden detected the change of the symmetry from orthogonal at
room temperature to tetragonal at about 300°C and finally to cubic at 640°C [106]. The first detailed
study about the polymorphism of NN was reported by Wood, where the investigation of the phase
transition via XRD and optical measurements were compared [6]. Despite all the discrepancy [133],
[134], [150], [151], the most accepted sequence of the phase transitions was established by Megaw
with the symmetry and space group of the 7 phases and the temperature where the transition occurs
[114], further complemented by Darlington and Knight [135] and Mishra et al. [144].

Figure 2.22.: Phase transitions of NaNbO3, where 7 phases are involved. The crystal structure, multiplicity
of the cubic unit cell and space group are listed below each phase, where the red, green and
blue colored polymorphs of NN are ferroelectric, antiferroelectric and paraelectric, respectively.
Redrawn after the PhD thesis from Jurij Koruza.

In general, the 7 phases have very slight structural differences, which can be addressed in two
aspects: first the off-center displacement of Nb in the NbO6 octahedron and second the tilting of
the oxygen octahedron as already discussed above. As can be seen from the diagram, above 480°C,
the high-temperature phases S, T(1) and T(2) and U phase are paraelectric, thus bearing no Nb
displacement. Below this temperature, the phase transition is emerged with the appearance of the
displacement. Specifically, P and R phases feature an antiparallel displacement configuration, giving
rise to a 4-fold and 6-fold multicell structure with respect to the cubic structure, respectively, while
the N phase is ferroelectric with a 2-fold multicell structure. The N-P phase transition is associated
with a symmetry change from rhombohedral to orthorhombic. In contrast, the P to R or P to Q
transition also involves a change of the tilting of the oxygen octahedron [114].

2.3.2. Electrical properties of NaNbO3

Early investigations have focused on the property of high-quality NN single crystals [8], [118],
which demonstrate double hysteresis loops at room temperature when the electric field is applied
perpendicular to the long b axis [8], as shown in Figure 2.23 a. The forward critical field was found
to increase with temperature [8]. However, if the electric field is applied parallel to the long b axis,
only linear response of the polarization to the electric field can be observed, as seen in Figure 2.23
b, presenting an anisotropy of the polarization. Zhelnova and Fesenko later studied the electric
field-induced phase transitions at various temperatures and observed the AFE-FE transition up to
297°C [126]. By applying a super high electric field of 2.2×103 kV/cm, a ferroelectric phase of
tetragonal symmetry is induced in addition to the Q phase [152].

The hysteresis loop of NN ceramics and its temperature dependence was first investigated by Dungan
and Golding [119]. In contrast to the case of the single crystal, no double hysteresis loop can be
obtained in the polycrystalline ceramics with the spontaneous polarization and remanent polarization
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Figure 2.23.: a. The characteristic double hysteresis loop of NN when the electric field is perpendicular to the
long b axis. b. The linear hysteresis loop of NN when the electric field is parallel to the long b
axis, measured at room temperature with a frequency of 50 Hz. Redrawn after Ref. [8].

being considerably higher. Moreover, it was concluded that the AFE-FE phase transition could only
be obtained by exceeding a combination of the critical electric field and the temperature no less than
100 to 150°C. The lack of double hysteresis loops of NN ceramics impedes their application, which
may explain the relatively less attention when compared to the lead-based AFEs. Unfortunately,
the mechanism of the irreversibility of the field-induced phase transition has also not been well
understood yet.

2.3.3. Phase stability of NaNbO3 at room temperature

As mentioned above, the double hysteresis loop was rarely observed in NN ceramics [12], [119] or
thin films [153]–[156]. It is though established that the absence of the double hysteresis loop is
related to the stabilization of the Q phase upon the removal of the electric field. The Q phase can
exist for several years once induced [157]. First-principle calculations have shown that the P and Q
phases are very close in free energy, with an almost negligible difference around 1 meV/f.u. [17],
which is remarkably small when compared to the difference of 20 meV/f.u. between AFE and FE
phases in PZ [158]. Thus, it is understandable that the coexistence of the P and Q phase can be
observed at room temperature even without being subjected to an electric field [130], [159]. Koruza
[141], [143], [160] has systematically investigated the influence of the grain size, the state (powder
and ceramic), preparation procedure and thermal and electrical history, which designated a strong
sensitivity of the phase stability to external processing parameters.

In order to achieve enhanced antiferroelectricity and reversible field-induced phase transitions in
NN ceramics, the chemical modification was widely used. Shimizu et al. [17] has addressed the
stability of phases in several NN-based solid solutions from three main factors, which are tolerance
factor, electronegativity difference and polarizability of the system. They found out that the AFE
ordering is favored over the FE ordering when the tolerance factor and the polarizability is lowered
by substituting Zr4+ and Hf4+ in the Nb site and divalent cations such as Sr2+ and Ca2+ in the Na site,
respectively. This idea inspired the search for new NN-based compositions, for instance, the design
of NaNbO-BiScO3 [132]. Recently, Fan et al. [161] has presented a new approach to stabilizing the
AFE phase by introducing the deficiency of Na, which can generate compressive lattice stress from
the A-site vacancy and enhance the AFE distortion.
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To date, no fundamental solutions have been provided to enhance the antiferroelectricity via the
compositional design other than solely relying on empirical rules by for example decreasing the
tolerance factor.

2.3.4. TEM characterization of lead-free AFEs

In contrast to the comprehensive (S)TEM characterization of lead-based AFEs, the understanding of
NN’s domain structure and atomic structure via TEM is still rudimentary. There was a long interval
between the first TEM investigation of NN single crystal carried out in 1988 [51], [128] and the re-
investigation of NN ceramics from 2013, benefiting from the development of NN-based solid solutions
which realized double hysteresis loops at room temperature [17], [130], [162]. By comparison,
AgNbO3 (AN) has attracted considerable interest using high-resolution STEM techniques to study
not only the atomic structure but also local heterogeneity in AN-based solid solutions [163]–[165].

In the following subsections, typical domain structures and crystallographic features of NN is reviewed,
while the atomic structure is exampled by AN using HAADF techniques.

2.3.4.1. Conventional TEM characterization

In the study of Chen and Feng [51], [128], both 90° and 60° AFE domains of NN are observed.
The 90° domains have a wedge or rectangular shape, while 60° domains are characterized with
translational domain walls, manifested by the well-parallel lines. In the examination of the Q phase,
they demonstrated that the 60° FE domains revealed a zig-zag stair feature while the domain array
characterizes the 90° domains. However, the details of the domain structure are poorly resolved due
to the limited resolution available at that time.

Figure 2.24.: The conventional TEM characterization of the P phase in NN ceramic. a. The micrometer-sized
domain block feature of P phase. b. The corresponding SAED pattern where ¼ superlattice
reflections are observed. c. A close look into one domain block reveals lines with dark contrast.
The annihilation and the curvature of APBs are denoted by the white arrows. Reprinted from
Ref. [130], with the permission of AIP Publishing.
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During the second wave of TEM characterization of NN in the 21st century, TEM was mainly employed
to confirm the enhanced antiferroelectricity in NN-based solid solutions. Utilizing CTEM, micrometer-
sized domain blocks are characterized as a signature of the P phase [16], [129]–[131], as shown in
Figure 2.24 a. The ¼ superlattice reflections can easily identify the P phase nature, as can be seen in
the SAED pattern in Figure 2.24 b. Inside each domain block, well-parallel lines with dark contrast
are considered as translational domain walls that separate the AFE domains [130]. The annihilation
or the curvature of APB is also noticed, denoted by the arrows in Figure 2.24 c.

Figure 2.25.: The conventional TEM characterization of the coexistence of the P and Q phases in NN ceramic.
a. A hierarchy domain structure consists of several orientational domains, where 60° and 90°
AFE orientational domain walls (AFD) and 90° FD are highlighted. b. The SAED pattern of the Q
phase in NN, where ½ superlattice reflections are observed with streaking. c. The SAED pattern
of the AFE phase in an NN-based solid solution, where ¼ superlattice reflections are observed
with streaking. Reprinted from Ref. [130], [132], with the permission of AIP Publishing.

In addition to the well-defined domain block feature, a hierarchy domain structure is often observed,
including the coexistence of the P and Q phases shown in Figure 2.25 a. The habit planes of 60°
and 90° AFE orientational domain walls (AFD) are determined to be the {110} and {100} planes,
respectively, while in the Q phase, a 90° FD is assigned at the {100} plane [130]. The interface
between the P and Q phase can be either wavy or straight. A close look into the domain structure of
the Q phase, the straight lines are observed as well, which was determined to be a mixed inversion-
translation type [51]. The Q phase nature is confirmed by the characteristic ½ superlattice reflections
shown in Figure 2.25 b, where the streaking feature is believed to arise from its diffuse nature,
indicating a structural instability [16]. For comparison, the streaking around the ¼ superlattice
reflection in the AFE phase is also demonstrated in Figure 2.25 c, allegedly associated with ICM
structures [132].

In a tilting series of electron diffraction patterns, Guo et al. [130] stated that in a specific zone
axis, the diffraction patterns of the P and Q phase may appear identical; thus, the [100] is the most
convenient one to differentiate the P and Q phase. In addition, diffraction patterns at zone axis such
as [010], [110] or [120] can also be employed to identify the P phase readily. In an in situ TEM
heating experiment, an ICM phase was detected in the electron diffraction patterns when the NN is
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heated up above 165°C, coincidental with the dielectric anomaly at 170°C [28]. It should be noted
that there is no further support of the existence of ICM structures using atomically resolved imaging
techniques other than the SAED patterns.

Since 2019, NN has embraced another wave of TEM investigations to demonstrate the great energy
storage performance of NN-based solid solutions. The stabilization of the high temperature phase
such as the R phase [18], [121], [166] (characterized by the 1/6 type superlattice reflections) and
the formation of nanodomains or polar nano-regions (PNR) at room temperature are demonstrated,
claimed to be responsible for the enhanced energy storage property [19], [122], [167].

In short, some consensuses about the domains structure of NN have been reached, such as the
signature domain block of the P phase. The atomic-scale detail of the straight lines observed in both
P and Q phases is still missing. More evidence is needed to clarify the existence of ICM structures if
there are any. In addition, the interpretation of the streaking in the known literature is relatively
weak, as it was observed merely from the SAED patterns. Nevertheless, the appearance of ¼ and
½ superlattice reflections has been considered the most effective indication of the P and Q phase
nature, respectively.

2.3.4.2. High resolution (S)TEM characterization

The atomistic investigation of lead-free AFEs has been so far limited to AN-based materials starting
in early 1989 by Verwerft et al. [168], where they defined the fine straight lines as APBs, similarly
to the case of PZ. The room-temperature structure of AN is considered isomorphous with NN that
possess an orthorhombic multicell [169]. They both belong to the space group of Pbma, where Nb is
antiparallelly displaced along the long b axis. Given the similarity of the crystals structure between
NN and AN, the atomically resolved structure of the latter is thus reviewed here as a benchmark.

Figure 2.26.: The (S)TEM characterization of AN ceramics. a. The domain block feature of AFE phase. b.
The 4-fold modulation of the AFE phase revealed by HRTEM technique. c. The HAADF image of
the AFE phase and the measured cation displacement value with respect to the atomic position.
Reproduced from Ref. [163], [170], with the permission of AIP Publishing and American
Chemical Society.

A similar domain-block feature of NN is observed in the AN ceramic, which was argued to arise
from the periodic lattice ordering [170], [171]. The antiphase boundaries in AN were occasionally
identified as stacking faults [172]. Note that both stacking fault and APBs are common planar
defects, and only differ in the displacement vector. If it is a lattice vector of the distorted structure,
the fault is called APB. Otherwise, the fault is named stacking faults [173]. In the HRTEM image, a
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four-fold modulation is demonstrated, corresponding to the 4-fold multicell structure. Due to the
large difference in the atomic mass of the cations (Ag-107, Nb-41), the cations are easily identified in
the HAADF image. The atomic plane appears wavy, originating from the antiparallel displacements of
the cations, plotted in Figure 2.26 c [163], [164]. The maximum cation displacement was determined
to be about 13 pm [163].

Recently, a combination of integrated differential phase contrast and annular dark-field STEM (ADF-
STEM) imaging techniques have successfully demonstrated the local heterogeneity in AN-based solid
solutions by measuring the O-O and Ag-Ag distances [165]. The decrease of the mean O-O distance
and the standard deviation suggests a decrease in the octahedral tilting while the increase in the
standard deviation of Ag-Ag indicates an increase in the structural heterogeneity, which was argued
to be responsible for the excellent energy storage properties.

In summary, the high-resolution (S)TEM is a powerful technique to demonstrate the structure-
property correlation. However, the atomistic study of NN is apparently not sufficient, giving rise to
vague interpretations such as the streaking feature in the diffraction patterns. Hence, high-resolution
(S)TEM investigations are needed to reconcile these remaining questions in NN. Furthermore, the
comparison of the domain structure between the two prototypes PZ and NN is still lacking, which
may provide insight into the difference in the hysteresis loop behaviors.
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3. Experimental procedure and techniques

3.1. Ceramic synthesis

3.1.1. Synthesis of PbZrO3-based ceramics

The PZ-based ceramics were provided by Binxiang Huang (ESM, TU Darmstadt). The PZ ceramic
and the PLZST samples were synthesized by the ceramic processing route via the solid state re-
action. The oxides of PbO (99%), La2O3(99.99%), ZrO2(99%), SnO2(99.5%), and TiO2(98%)
(Sinopharm Chemical Reagent Co., Ltd, Shanghai) were mixed according to the chemical formula
(Pb0.97La0.02)(Zr0.75Sn0.25−xTix)O3 (x = 0.09, 0.10, 0.11), and defined as PLZST C series C09, C10
and C11, respectively, listed in Table 3.1. In order to compensate the lead loss, additional 2% of
PbO was added. These oxide powders were mixed in deionized water and ball milled for 24 h. After
calcining at 900 °C for 2 h, the calcined powders were ball milled again and granulated with 8 wt.%
polyvinyl alcohol (PVA) binder and pressed into 10 mm diameter pellets. After burning off PVA at
600°C for 3h, the pellets were sealed in an alumina crucible and sintered at 1250 °C for 3 h.

Table 3.1.: The compositions of the PLZST series used in this study
Sample Composition

C9 (Pb0.97La0.02) (Zr0.75Sn0.16Ti0.09)O3

C10 (Pb0.97La0.02) (Zr0.75Sn0.15Ti0.10)O3

C11 (Pb0.97La0.02) (Zr0.75Sn0.14Ti0.11)O3

3.1.2. Synthesis of NaNbO3-based ceramics

The NN-based ceramics were provided by Maohua Zhang (NAW, TU Darmstadt). NaNbO3 ceramic
samples were prepared by the solid-state reaction method. The chemicals Na2CO3 (99.95%, Alfa
Aesar, Germany) and orthorhombic Nb2O5 (99.90%, Alfa Aesar, Germany) were used. They were
then weighed in a stoichiometric ratio with 1 wt% excess Na2CO3. The powder mixtures were
calcined in alumina crucibles at 800 °C for 4 hours and the calcined powders were then ball milled at
250 rpm for hours. The final powder products were pressed into discs 10 mm in diameter and 1.5
mm thick and subjected to cold isostatic pressing at 200 MPa. The optimized condition is sintering
at 1355 °C for 3.5 hours.

The (1−x)NaNbO3−xSrSnO3 (x% = 3−6 with an interval of 0.01; abbreviated as NN−xSS) poly-
crystalline materials were prepared by solid-state-reaction. The compositions are listed in Table
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3.2. High-purity precursors Na2CO3 (99.95%, Alfa Aesar, Germany), SrCO3 (99.99%, Alfa Aesar,
Germany), SnO2 (99.90%, Alfa Aesar, Germany), and orthorhombic Nb2O5 (99.50%, Sinopharm,
China) were dried at 200 °C for 8 h and subsequently weighed in a stoichiometric ratio with 1 wt.
% excess Na2CO3. All raw materials were homogenized by planetary ball milling for 12 h at 250
rpm and then dried at 100 °C. The powder mixtures were calcined at 850 °C for 4 h. The as-calcined
powders were subsequently ball milled for 12 h at 250 rpm, dried, and compacted into disks with 10
mm diameter and 1.5 mm thickness. The discs were subject to cold isostatic pressing at 200 MPa
before sintering at 1360 °C for 2 h using a packing powder with the same composition.

Table 3.2.: The compositions of the NN-SS series used in this study
Sample Composition
NN-3SS 0.97NaNbO3−0.03SrSnO3

NN-4SS 0.96NaNbO3−0.04SrSnO3

NN-5SS 0.95NaNbO3−0.05SrSnO3

NN-7SS 0.93NaNbO3−0.07SrSnO3

3.2. Hysteresis loop measurements

The hysteresis loop measurement of PZ- and NN-based ceramics was performed by Binxiang Huang
and Maohua Zhang, respectively.

The as-sintered PZ-based specimens were ground and polished to a thickness of 0.13−0.14 mm and
then cut into a square shape with a dimension of 3.5 mm ×3.5 mm. The samples were sputtered
with platinum to a round-shaped electrode with a diameter of 2.5 mm. The as-sintered NN-based
specimens were ground and polished to a thickness of 0.20−0.30 mm for all electrical measurements.
The samples with the desired thickness were sputtered with platinum or gold electrodes to cover the
whole surface, allowing an effective field close to the applied electric field.

All the specimens were then subjected to an annealing treatment to remove possible stresses generated
during the grinding and polishing process. Polarization hysteresis loops were obtained with a
triangular field using a modified Sawyer-Tower circuit. A high voltage amplifier (1HVA24-BP1-F,
Advanced Energy Industries, Inc., USA for PZ-based specimens; 20/20C, Trek, USA for NN-based
specimens;) was employed as the DC source. In general, a bipolar frequency of 1 Hz was used if not
specified differently.

3.3. Specimen preparation for electron microscopic studies

SEM/TEM specimens were prepared by conventional procedures, as shown schematically in Figure
3.1. First, the as-sintered pellets with a diameter of 10 mm and thickness around 300 mm were cut
into 3 mm disks by ultrasonic disc cutter (Model 601, Gatan, USA). Then the thin cross-sections of
the disks were polished down to a thickness of approximately 20 µm using the MultiPrep polishing
system (Allied High Tech Products Inc., USA) and diamond lapping films with grain sizes ranging
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Figure 3.1.: The schematic work flow of conventional TEM specimen preparation, including the ultrasonic
cutting, polishing, annealing, gluing and ion milling. The investigated areas are normally found
at the thinnest edge of the holes.

from 15 µm to 1 µm. Subsequently, the samples were annealed at 350 °C for PZ-based ceramics and
400 °C for NN-based ceramics, respectively, for 30 min with a ramping rate of 1 K/min to release the
possible mechanical stress that may have been introduced during the preparation steps. Then the
thin sections were mounted on supporting molybdenum TEM grids (100 mesh; Plano, Germany)
and Ar-ion milled using the DuoMill 600 (Gatan, USA) until electron transparency was reached with
the initial setting of the angle of 15° and a voltage of 5 kV and a final cleaning step of 12° and 3
kV, respectively. Finally, the TEM samples were lightly carbon-coated (Med 010, Liechtenstein) to
minimize charging under the incident electron beam. They were further cleaned by Plasma Cleaner
(Gatan Solarus 950, Gatan, USA) prior to each individual (S)TEM experiment.

3.4. Structural characterization via electron microscopy

The investigation of the domain structure and the crystallography is carried out by using conventional
TEM (CTEM) techniques, i.e., bright-field (BF), centered dark-field (CDF) imaging, as well as
selected area electron diffraction (SAED). Atomic structure is examined utilizing high-resolution
TEM (HRTEM) and high-resolution STEM (HRSTEM) techniques, including high-angle annular
dark-field (HAADF) and annular bright-field (ABF) imaging. The microstructure and chemical
information is investigated by scanning electron microscopy (SEM) using secondary electrons (SE)
and backscattered electrons (BSE) in conjunction with energy-dispersive X-ray (EDX) spectroscopy.
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The following subsections will briefly introduce the principles of each technique used in this disserta-
tion. The experimental parameters are given in each corresponding subsection.

3.4.1. A brief history and background

3.4.1.1. Why do we use electrons?

In 1924, De Broglie [174] postulated the wave-particle duality of electrons, which shed light on
the possibility of using an electron beam in a microscope, as the electron beam has a much smaller
wavelength than visible light and X-rays. Shortly after, in 1926, Busch [175] pointed out that an
axisymmetrical magnetic field could focus the electron beam to form an image, which provided the
theoretical basis for the manufacturing of the electron microscope. Between 1931 and 1933, Ruska
and Knoll [176] built the first transmission electron microscope (TEM), which reached a resolution
of 500 Å in 1934. The first commercial TEM was manufactured by Siemens in 1939 with a resolution
better than 100 Å [177].

One of the most important parameters of any microscopes is the resolution, which denotes the
capacity to distinguish between two individual points. In a light microscope, the resolution can be
expressed by the Rayleigh criterion, as shown in Equation 3.1:

rd = 0.61
λ

Rsinθ
(3.1)

where λ is the wavelength of the beam source with the unit of nm, R the refractive index of the
viewing medium and θ the collection semi-angle of the magnifying lens. rd has a unit of nm. For
simplification, Rsinθ was approximated to unity, so that the resolution rd is approximately half the
wavelength of light; hence, it also has a unit of nm. It can be seen that an increase of the nsinθ or
decrease of the wavelength λ can enhance the resolution capacity. The latter of the electron beam
can be obtained using the Equation 3.2:

λ =
1.22

E1/2
(3.2)

where the E is the energy of the electron beam in eV and λ in nm. It shows that the electron beam
with higher energy has a shorter wavelength; hence, producing a higher resolution. Nowadays, the
resolution of TEM can reach the sub-angstrom level.

3.4.1.2. TEM in materials science

One of the biggest challenges to applying TEM to the field of materials science is how to prepare an
electron transparent specimen. In 1949, Heidenreich [178] succeeded in preparing the first thin
metal foils for TEM observation. Later Bollman and Hirsch’s [179] group advanced the method, and
in particular, the latter developed the electron-diffraction contrast theory, inaugurating an era of the
TEM application in materials science. Finally, Cowley and Moodie [180] have established the theory
and techniques of high-resolution TEM, allowing a broader application of the TEM investigation in
materials science such as crystal and electronic structure as well as chemical analysis.
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3.4.1.3. Lens aberration

However, using the electrons to increase the resolution is not once for all, as the magnetic lenses
used to focus the electron beam are not perfect. Among the various lens defects, three major defects
- spherical aberration, chromatic aberration, and astigmatism - vigorously limit the microscope
performance.

Figure 3.2.: a. The spherical aberration from the geometric defects of the electromagnetic lens. The smallest
dimension of the cone of the rays is defined by the plane of least confusion or Gaussian image
plane with a disk diameter ds. b. The chromatic aberration, resulting from the energy spread
of the electron beam. Note that the orange colored rays have a longer wavelength that the red
colored ones.

The spherical aberration occurs when the electron rays are more focused away from the optical axis
in a real electromagnetic lens than the ones closer to the axis, as shown in Figure 3.2 a. Thus, a point
object is imaged as a disk that has a minimum parameter ds in the plane of least confusion, indicated
by the vertical dashed line. The diameter ds of this disk is defined by Equation 3.3:

ds = 0.5Csθ
3 (3.3)

where ds denotes the confusion diameter with a unit of mm, Cs the coefficient of spherical aberration
and θ the collection semi-angle. It is proportional to the coefficient of spherical aberration Cs and
strongly depends on the collection semi-angle θ. Sometimes, the disk diameter at the Gaussian image
plane is used to define the resolution limited by the spherical aberration which has a value of 2Csθ

3.
Thus, a smaller Cs and θ are critical for achieving a higher resolution. However, as we learn from
the Rayleigh criterion, on the contrary, a larger semi-angle is required to achieve a better resolution,
seen in Equation 3.1. Considering both the Rayleigh criterion and the spherical aberration factor, the
practical resolution is obtained, as shown in Equation 3.4:

rmin = 0.91(Csλ
3)

1
4 (3.4)

where rmin denotes the practical resolution of the TEM with a unit of nm. As can be seen, the
resolution is robustly limited by the Cs and the wavelength of the electron beam, where the latter
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can be resolved by applying an ultrahigh acceleration voltage to some degree. Hence, the spherical
aberration correction becomes the most crucial underlying solution. One way to correct the lens’s
spherical aberration is to adjust the physical shape of the lens. For example, an aspherical lens can
be used to focus all the rays onto one point. Alternatively, as initially proposed by Scherzer [181],
using a corrector system consisting of non-rotationally symmetric elements can provide a negative
spherical aberration and then compensate the one of the objective lenses. The corrector was further
simplified to contain an anti-symmetric quadrupole quadruplet by Archard [182]. Nowadays, using
correctors consisting of the hexapole assembly developed by Haider, Rose and Urban [183] or the
quadrupole-octopole assembly contributed by Krivanek [184] are the two main approaches to correct
the aberrations.

The second aberration is related to the color of the electrons, i.e., the frequency, wavelength and
energy. Electrons with longer wavelength (lower energy) are more focused by the electromagnetic
lens, indicated by the orange-colored rays shown in Figure 3.2 b. The chromatic aberration coefficient
is known as Cc, with a unit of mm. Most of the time, the chromatic aberration effect can be ignored
when studying a thin specimen in a modern TEM with sufficiently high stability of the high voltage
and current. It could be corrected by a monochromator, which can decrease the energy spread of the
electrons from the guns.

Astigmatism arises from the non-uniform magnetic field, which causes heterogeneous focal lengths
in different directions. Several contributions are responsible for the generation of astigmatism, such
as the asymmetry, inhomogeneous microstructure or composition of the machined polepiece, or the
apertures not being precisely centered around the axis or contaminated. The good news is that it
can be corrected easily using stigmators which induce an adjustable compensating field.

In short, the spherical aberration and astigmatism originate from the geometric defects in the lens,
and the chromatic aberration comes from the energy spread of the electron beam. Among them,
spherical aberration has the most significant impact on the resolution, giving rise to the substantial
efforts in the Cs correction.

3.4.1.4. The electron-matter interaction

When the electrons bombard the specimen, various interactions occur between the nucleus and the
inner-shell electrons of the specimen and the incident electron beam. Subsequently, the direction and
the energy of the exit electron beam are changed, known as the scattering of the electrons. There
are two types of scattering: the first one is the elastic scattering which does not discriminate the
energy transfer but the trajectory direction, providing the foundation for the electron diffraction
and diffraction contrast images; the second situation where both the direction and the energy are
altered is referred to as the inelastic scattering, which is the basis of the scanning electron microscopy
(SEM), energy-dispersive X-ray analysis (EDX) and electron energy-loss spectroscopy (EELS). The
various signals are summarized in Figure 3.3, including the characteristic X-rays, secondary electrons
(SE), backscattered electrons (BSE), Auger electrons and transmitted electron beam. Depending on
whether there is interference between the exit electron waves, the scattering can also be categorized
to be coherent and incoherent scattering, where the former provides the imaging principle for the
HRTEM and ABF-STEM imaging while the latter is employed for the HAADF-STEM imaging.
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Figure 3.3.: The schematic graph of the generated signals when the electron beam travels through a thin
specimen, where the exit signals colored in purple arise from the interaction between the nucleus
of the specimen and incident electrons while those in black originate from the interaction between
the inner-shell electrons of the specimen and the incident electrons.

3.4.2. Transmission electron microscopy

A schematic graph of the components in a basic TEM is shown in Figure 3.4. The illumination
system consists of the electron gun, the condenser lens and the condenser apertures that generate the
electron beam and control the parameters such as the spot size and the amount of illumination on
the specimen. The specimen is mounted in the specimen holder, which is clamped at the goniometer
stage. The heart of TEM is the imaging system, including the objective lens, objective aperture,
intermediate, and projection lens, which allows the formation and magnifying of the diffraction
patterns and images. They are viewed at the fluorescent screen and recorded by the camera and
charge-coupled device (CCD), known as the observation and imaging systems.

There are two basic modes in a conventional TEM: diffraction and imaging modes. In the diffraction
mode, SAED and convergent beam electron diffraction (CBED) are the most common techniques,
where the former is employed in this work. In the imaging mode, CTEM offers BF, DF, and HRTEM
imaging techniques, which will be briefly introduced below. Moreover, CTEM can be applied to probe
the chemical information when combined with EDX and EELS spectroscopy.
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Figure 3.4.: Essential components in a TEM, including the illumination system consisting of the electron gun,
the condenser lens and the condenser apertures, the specimen port, the imaging system consisting
of the objective lens, objective aperture, intermediate and projection lens, the observation system
at the fluorescent screen and recording system.

3.4.2.1. Selected area electron diffraction patterns

When a parallel electron beam passes through the specimen, two types of exit beams are generated,
one is the unscattered beam, also known as the transmitted, direct or bright beam, and the other
is the scattered beam. When they experience the Bragg scattering event, the scattered beam is
referred to as the diffracted beam. The direct and the diffracted beam are focused to a point at the
back-focal plane of the objective lens. Arrays of such points corresponding to each {hkl} plane are
the reflection spots. A diffraction pattern is visualized when they are projected onto the viewing
screen or charged-coupled device. However, such diffraction patterns contain the information of the
whole illuminated area, which is not very useful. Therefore, in most circumstances, a selected area
diffraction (SAD) aperture is introduced at the image plane of the objective lens to virtually select an
area of interest and obtain the selected area electron diffraction (SAED) patterns correspondingly.
From the SAED pattern, rich information can be obtained. For instance, the reflection spots’ position
can tell the unit cell’s size and shape, and the distance to the furthest spot indicates the resolution
according to the Bragg scattering law. Furthermore, SAED provides a prerequisite setup for the BF or
DF imaging.
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In practice, a camera length of 50 cm is always selected to record a SAED pattern. The exposure
time varies from 0.5 to 2 s to avoid the parasitic streaking, especially around the direct beam, which
arises from the generated electrons exceeding the capacity of a pixel during the exposure time and
to ensure a sufficient intensity of the reflection spots for the crystallographic study.

3.4.2.2. Bright-field, dark-field and centered dark-field imaging

When the SAED pattern is readily obtained, the objective aperture is placed to select the reflection
spots of interest at the back focal plane of the objective lens to obtain the bright-field (BF) and
dark-field (DF) images, as shown in Figure 3.5. If it is positioned that only the transmitted beam
(also known as the direct beam) can pass, a BF image is formed. Similarly, a DF image is obtained
when only the diffracted beam is allowed to pass. Alternatively, another mode called centered dark
field (CDF) imaging is also commonly used to minimize the aberration and astigmatism from the
off-axis electron beam suffering in the normal DF mode. In the CDF imaging mode, the incident
beam is tilted, so the diffracted beam is parallel to the optical axis and allowed to pass, as shown in
Figure 3.5 c.

Figure 3.5.: The schematic graph of three imaging modes in the TEM imaging system. The direct and diffracted
beam scattered by one (hkl) plane in the specimen are represented by the orange and green
dashed lines, respectively, which are focused by the objective lens at the back focal plane. a. The
BF imaging mode where only the direct beam can pass by introducing the objective aperture at
the back focal plane of the objective lens. b. The DF imaging mode, where only diffracted beams
can pass. c. The CDF imaging mode, where the incident beam is tilted so that the diffracted
beam is aligned with the optical axis and allowed to further propagate. Redrawn after Ref. [185].

Generally speaking, both BF and DF images are formed based on the diffraction contrast, which
means the intensity in the image varies with the diffraction conditions in the specimen. That is, the
areas where the diffraction event occurs will be highlighted in the DF image when the corresponding
diffraction spots are selected but appear dark in the BF image where only the direct beam is selected.
In addition, mass-thickness contrast also plays a role in the BF image, which dims the thicker areas
with heavy atoms as they scatter the electrons further away. Therefore, the interpretation of the BF
image is relatively more complicated than the DF image. Nevertheless, the BF and DF images jointly
are widely used to study the domain structures and lattice defects, especially dislocations.
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This work investigates the domain morphology and crystallography using BF and CDF imaging
and SAED techniques, respectively. In the BF imaging, the objective aperture is used to select the
direct beam and sometimes a few pairs of the neighboring superlattice reflections when the SAED
pattern is taken at the domain boundary, to reveal the domain structure on both sides of the domain
boundary or when the superlattice reflection is too weak for the CDF imaging. In the CDF imaging,
characteristic ¼ type superlattice reflections are always selected for pure PZ and NN. For PLZST, the
closest ICM satellite to the direct beam is chosen for imaging.

3.4.2.3. High-resolution TEM

Figure 3.6.: The schematic graph of the ray paths of the transmitted and scattered beam in the HRTEM mode,
creating a difference of the ray path length and two particular examples are given, when the
path length difference corresponds to a 90° and 270° phase shift, forming a constructive and
destructive interference between the transmitted and scattered beam, respectively. ϕT and ϕS
stand for the phase of each wave function of the transmitted and scattered beam, and ϕrepresents
the sum of these two, denoted by the vectors.

The simplified ray path of HRTEM imaging is shown in Figure 3.6, where only one representative ray
of the transmitted beam and the scattered beam is plotted for illustration. Both beams are focused
by the objective lens, meet at the imaging plane and thus interfere with each other. The scattered
beam arrives later than the transmitted beam due to the bending by the objective lens and hence a
longer path length, generating a phase shift between these two waves. In addition, there is a 90°
phase shift between the scattered beams and the incident beam resulting from the scattering event
within the specimen. In Figure 3.6, two particular examples are given. Note that the amplitude of
the scattered beam is smaller than that of the transmitted beam. When the path length difference
equals 1/4 of the wavelength of the electron wave, it corresponds to a 90° phase shift. Plus a 90° shift
from the scattering event, a 180° shift between the two beams is formed. Therefore, the scattered
beam interferes destructively with the transmitted beam, causing a negative contrast in the image.
For comparison, a positive contrast can be generated when they interfere constructively with the path
length difference being 3/4 the wavelength, which corresponds to the 270° phase shift. In reality, the
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electron waves are scattered at different angles, creating various phase shifts and hence the contrast.
This explains why the HRTEM image is referred to as the phase-contrast image.

Now, the principle of HRTEM imaging can be schematically established, as shown in Figure 3.7. In the
real space, the atomic structure of the specimen is described by the specimen function f, containing
the information of each point in the specimen, while the point spread function (PSF) defines the
impact on the image from a single point in the specimen, i.e., what the electron microscope does to
the specimen. Mathematically, the intensity of the image is a convolution of the specimen function
with the PSF. In the reciprocal space, the Fourier transform of the recorded image is simplified to
be a product of the respective Fourier transform of the specimen function and the PSF. Specifically,
the Fourier transform of the PSF gives the contrast transfer function (CTF), which is performed at
the back focal plane of the objective lens. The CTF defines the transfer of the contrast from the
single point onto the image in the Fourier space. As shown previously, when the beams interfere
in a constructive manner, a positive contrast is generated; thus, CTF has a positive value. In the
particular case where the path length difference equals 3/4 the wavelength, the contrast reaches the
maximum, and the CTF has a value of 1. In a real TEM, the CTF is influenced by a range of factors:
the microscope as the spherical aberration, energy spread and the defocus, the specimen including
specimen drift and vibration, and the detectors and CCD cameras.

Figure 3.7.: The schematic principle of HRTEM imaging in both real and reciprocal space. The image is
obtained by the specimen function f convoluted with the point spread function (PSF), where the
Fourier transform of the latter resembles the so-called contrast transfer function.

One representative CTF graph with respect to the spatial frequency (reciprocal-lattice vector) is
shown in Figure 3.8. In general, the CTF diagram of CTEM has an oscillating fashion and is gradually
damped to zero at high frequency. It has a relatively flat region with a constant negative CTF before
reaching the first crossover of the zero axis, indicating the atoms having the same type of contrast, i.e.,
appearing dark against the bright background. The resolution limit is thus defined by this crossover
point at which no reversal contrast occurs, allowing an intuitive interpretation of the image. When it
reaches zero, it simply denotes no input of the contrast. After the CTF crosses zero and has a positive
value, the atoms will reverse the contrast and appear bright against a dark background. As CTF
reaches zero at high frequency and no more contrast can be delivered, the corresponding point is
defined as the information limit. Thus for an HRTEM image as a phase-contrast image, the atoms
can have simultaneously dark and bright contrast, which are highly sensitive to the defocus and
sample thickness, perplexing a direct interpretation. For comparison, the CTF of the STEM mode (in
particular, the ADF-STEM mode) has demonstrated a positive value at all frequencies, suggesting no
reversal of the atomic contrast and hence an easier interpretation.

To have the best setting for the HRTEM imaging, the CTF graph is required to have as few as
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Figure 3.8.: Representative CTF in CTEM and STEM modes, where resolution limit and information limit are
denoted by the red and green arrows, respectively. Reproduced from Ref. [186]

possible zero crossovers and a as wide as possible region with a constant value of -1, which can be
achieved by using a negative defocus also known as Scherzer defocus, giving a CTF value close to -1
maximizing the phase contrast. In practice, a proper objective aperture is recommended to cut off
the high frequencies marked by the red arrows to ensure no contrast reversal at the cost of losing the
high-frequency information.

In our investigation, the CTEM studies were performed with a JEM 2100F microscope (JEOL, Japan)
operating at 200 keV using a double tilt specimen holder (EM-31640, Jeol, Japan). In the HRTEM
mode (at the magnification between 500 to 800k), a current density below 40 pA/cm2 with a flat
beam was continuously used.

3.4.3. Scanning transmission electron microscopy

The development of STEM starts from the Scherzer Theorem enunciated by Scherzer in 1936. The
first STEM was built by Manfred von Ardenne in 1938. Then Albert Crewe realized the limit of
the resolution from the electron sources and constructed a field-emission STEM which reached a
resolution of 3nm in the 1960s. Later Hawke, Rose and several other researchers were devoted to the
design of aberration correctors and provided a solution for the spherical aberration corrections. In
1995, Krivanek was the first to successfully demonstrate Cs correction in the STEM. In 1997, the first
atomic-resolution image was obtained, marking a quantum step in the development of aberration
corrected STEM. A comprehensive literature review of the development and advances of STEM can
be found in Ref. [187].

Unlike conventional TEM, where the parallel beam is preferred, STEM mode collects the information
using a convergent beam. In the optical configuration of STEM, a fine probe is firstly formed by
a series of condenser lenses with a typical size of 0.05 to 0.2 nm being incident to the specimen
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surface. By controlling the scan coil, they scan on the sample parallel to the optical axis in a raster.
After the interaction between the electron beam and specimen, the scattered electrons are collected
by annular-shaped detectors below the specimen. The signal is then amplified and displayed on
the computer screen. The commonly used signals include the transmitted electrons at a relatively
low angle with respect to the optical axis corresponding to the BF mode or at relatively high angles
corresponding to the annular dark field (ADF) mode.

Though the working principle of STEM is different from CTEM, it could be related by the principle of
reciprocity, that is, the optics for the CTEM mode (HRTEM) after the specimen is equivalent to those
in the STEM mode (BF-STEM) before the specimen but in a reciprocal relation, as shown in Figure
3.9. The electron source in STEM is equivalent to the image pixel in the image plane in CTEM, while
the detector replaces the illumination system in CTEM [188]. It is worth noting that the objective
aperture is the probe-forming aperture in the STEM mode, which equals the condenser aperture in
the CTEM mode and determines the convergence semi-angle of the illumination. As suggested by
the principle of reciprocity, the contrast in the BF-STEM mode is similar to that in the HRTEM mode,
originating from the interference between the electron waves that form the probe, i.e., BF-STEM is
also a phase-contrast imaging technique.

Figure 3.9.: Schematic illustration of reciprocity between STEM and CTEM in bright field imaging and HRTEM
imaging. The bold arrows indicate the flow of the ray path in each mode, i.e., from bottom to the
top in the STEM mode; from top to the bottom in the CTEM mode. Redrawn after Ref. [188].

In STEM, the performance largely depends on the STEM probe, which defines the spatial resolution.
There are several parameters that influence the probe shape and size, such as the energy spread
and source size, the aberration of the primary imaging lens before the specimen, the size of the
objective aperture, which can be summed and assumed to be Gaussian in a simplified geometric optics
approach [186]. Mathematically, the probe size is defined by the full-width half maximum (FWHM)
of the Gaussian distribution of the probe intensity. Similar to CTEM, the optimum parameter can be
obtained by balancing the diffraction limit (larger semi-angle) and the spherical aberration (smaller
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semi-angle), as simplified in Equation 3.5, derived by Weyland and Muller [186].

dmin = 0.43(Csλ
3)

1
4 (3.5)

This equation determines the probe size and denotes the prominent influence of the spherical
aberration on the resolution in the STEM mode. The most popular STEM techniques are the high-
angle annular dark-field (HAADF) and annular bright-field (ABF) imaging, which are employed in
this dissertation and introduced below.

3.4.3.1. High-angle annular dark-field and annular bright-field imaging

In STEM mode, the annular-shaped detectors are placed at a certain position to collect various signals.
For instance, the ABF detector is inserted with a typical collection semi-angle of 12 to 24 mrad onto
the optical axis. It has a hole in the middle, thus only picking up the direct beam signal in this ring
excluding the central part, building an ABF image on the computer display. When the electrons are
scattered to a high angle, they fall on the HAADF detector with a collection semi-angle of 90 to 200
mrad. The schematic illustration of the detector position is shown in Figure 3.10. There are also
low-angle and medium-angle detectors in between ABF and HAADF detectors, which are not shown
here.

Figure 3.10.: Schematic illustration of ABF and HAADF imaging in STEM, where the corresponding collection
angles are provided.

In general, both ABF and HAADF imaging provide atomic number (Z) contrast images, allowing
a direct interpretation of the images [189]. However, the underlying mechanism is not identical.
In the HAADF imaging, the thermal diffuse scattering (TDS) becomes dominant, which are totally
uncorrelated and hence no coherent interference. This brings a great advantage as incoherent
imaging convolves the intensity of the wave functions, not the wave function itself, as demonstrated
in HRTEM imaging. The contrast transfer function is, therefore, the squared point spread function
and has a constant positive value with respect to all the spatial frequencies, as shown in Figure
3.8. It decays monotonically and reaches the information limit at high frequency. Thus, a proper
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probe-forming aperture should be applied. On the other hand, the high-angle scattering is dominated
by the Rutherford scattering, where the electrons are scattered by the nucleus of the atoms in the
specimen. Thus, the contrast is highly sensitive to the atomic number of atoms. It has been shown
that the intensity of the HAADF image is proportional to Z1.7 [190]. For atoms with higher Z, more
electrons will be scattered to higher angles; thus, they appear brighter in the HAADF images. Note
that imaging light elements in HAADF is difficult. The HAADF finds its application in identifying the
presence of nanostructures and elemental identification based on the Z-contrast theory.

The ABF imaging is developed based on the reciprocity with the hollow-cone illumination (HCI) in
CTEM, where the ABF detector is equivalent to a series of off-axial hollow-cone beams [191]. The
HCI was demonstrated to have an almost doubled resolution when compared with axial illumination
in CTEM, and the optimum imaging condition was determined to set the cone angle between 11
and 22 mrad, based on the phase CTF theory [192], [193]. Using this condition in ABF imaging
(equivalently, the collection semi-angle of ABF detector is between 11-22 mrad), Ishikawa [193]
successfully imaged the hydrogen-atom columns, which marked the beginning of an era of the ABF
imaging technique. The annular detector collects mainly the transmitted electrons and partially
scattered electrons. The contrast formation in ABF can be best understood by the channeling model;
that is, when electrons travel along the light atomic columns, which are parallel to the incident beam,
more electrons pass through the middle hole of the ABF detector instead of being collected by the
ABF detector. The light elements, therefore, have a light grey in the ABF images. On the other hand,
the heavy elements appear dark in the ABF image because more electrons are scattered away to a
higher angle beyond the collection range of the ABF detector. The contrast in ABF is calculated to be
proportional to Z1/3 [194], which shows a reduced dependence on the atomic mass compared to the
HAADF imaging.

In this work, the STEM studies were carried out on a Cs-corrected JEM ARM 200F microscope (JEOL,
Japan) operating at 200 keV using a double tilt specimen holder (EM-01040, JEOL, Japan). The
ABF imaging is accomplished by introducing a beam stopper concentric with the BF aperture. The
ABF images are acquired simultaneously with HAADF images utilizing the BF and ADF detector,
respectively. Following STEM imaging conditions used were: camera length of 6 cm, probe size of
8C, convergence angle of 36 mrad, and collection semi-angle of 90-370 mrad for HAADF and 11-23
mrad for ABF. The images are viewed and recorded with Digiscan with a dwell time of 5 µs/pixel.

3.4.4. High-resolution image processing

In this dissertation, the software to store and visualize the image is Digital Micrograph, which is the
most used industry-standard software. With the implementation of scripts for specific purposes, a
wide range of image analyses can be performed to retrieve a maximum of information. Here, Fast
Fourier transform and inverse Fast Fourier transform are the main approaches to analyze the lattice
distortions in HRTEM images. For HRSTEM images, the atomistic structural analysis is assisted with
image simulation and python-based software.
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3.4.4.1. Fast Fourier transform and inverse fast Fourier transform

High-resolution TEM images can be considered as a set of lattice fringes. When a fast Fourier
transform (FFT) is applied to the image of a perfect crystal, the periodic atomic planes will give rise
to the sharp dots (Bragg reflections) in the FFT image. However, real materials are never perfect.
Consequently, the Bragg reflections are always accompanied by diffuse intensity due to the disturbance
in the structure. As we would also like to know the real space information, such as the position,
distribution, and size of these variations, a mask is used to select the specific reflections of interest in
the FFT image (similar to using an objective aperture) and obtain a new Fourier transformed pattern.
When they are applied again with the FFT, the corresponding real space information is revealed,
highlighting only the regions of interest. This process is called inverse fast Fourier transform (IFFT),
and the real space image is named as IFFT image. By employing this method, the lattice planes
that do not contribute to the picked diffraction spots will appear distorted in the IFFT image, such
as linear or planar defects (stacking faults, antiphase boundaries, domain walls) in contrast to the
periodic lattice planes. In practice, the working flow of the FFT and IFFT technique is shown in
Figure 3.11, where the bright lattice fringes can be observed in the IFFT image corresponding to the
perfect structure while the dark background corresponds to the defects.

Figure 3.11.: The procedure of applying Fast Fourier transform (FFT) and inverse FFT (IFFT) to the high-
resolution image analysis.

In this dissertation, FFT and IFFT have shown great advantages in visualizing the antiphase boundaries
in NN, with the following steps:

1. Perform a FFT of the HRTEM image and obtain a FFT image.

2. Use the mask function to select the characteristic ¼ [010] superlattice reflections of the P phase
and ½ [010] superlattice reflections of the Q phase.

3. Apply the IFFT and obtain the real space image, where APBs are visualized as distorted fringes
neighbouring the regularly distributed lattice planes corresponding to the P phase in NN.

3.4.4.2. Atomap and sub-lattice displacement mapping

Atomap is a Python language-based library for the analysis of the HRSTEM images [195]. In this
dissertation, access to Atomap was achieved by using Jupyter Notebook and uploading the HAADF
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and ABF-STEM images as a Signal2D class using Hyperspy [196]. The flowchart of Atomap is shown
in Figure 3.12.

The positions of the atomic columns are found by applying first center of mass, as mathematically
expressed by Equation 3.6:

Cx =
x1 ∗ I1 + x2 ∗ I2 + ...+ xn ∗ In

I1 + I2 + ...+ In
and Cy =

y1 ∗ I1 + y2 ∗ I2 + ...+ yn ∗ In
I1 + I2 + ...+ In

(3.6)

where xn and yn denote the positions along the x and y axis and In the image intensity of the nth

pixel. It is aimed at finding the peak center in the intensity of each pixel to locate the atomic column.
When the positions are well-refined using the center of mass, a 2D-Gaussian fitting function is further
applied to fit the atomic columns. The 2D elliptical Gaussian function is defined by the following
Equation 3.7:

I(x, y) = I0 +Aexp(−(a(x− x0)
2 − 2b(x− x0)(y − y0) + c(y − y0)

2)) (3.7)

where I0 is the background, A the Gaussian amplitude, x0 and y0 the atomic column positions[195].
After fitting the atomic column, all the major symmetry axes can be automatically figured out by
calculating the interatomic distance in several orientations, known as the zone axis constructing
process. If the displacement of one type of cation is of interest, let’s say atom A in the perovskite
structure (ABO3), Atomap constructs a sublattice of the B atoms and finds the center position of four
neighboring B atoms around the A site. Thus, the shift can be quantified by comparing the position
of the A site and the center of four neighboring B sites.

Figure 3.12.: The flowchart of the location and fitting of the atomic columns using center of mass and 2D
Gaussian in ADF-STEM data and final construction of the zone axis in Atomap. Reproduced by
permission from Ref. [195].

In the study of PZ-based AFEs, the displacement of Pb is of primary concern. As it is known that the
displacement of Pb is three times larger than that of Zr [197], it is dominant in the polarization
of the system and quantified by the shift between the position of Pb and the geometric center
of four surrounding Zr using only HAADF images. The resulting displacement mapping can be
considered similar to the polarization mapping due to the linearity between the displacement and
the polarization. The displacement configuration of Nb in NN on the other hand, is obtained directly
from the subtracted atomic column positions in the HAADF image using Atomap and plotted with
respect to the atomic-column positions. The fast scanning direction is set parallel to the long b axis
where Nb is antiparallelly displaced to minimize the drift effect.
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3.4.4.3. Simulation of HAADF and ABF images

The simulation of the STEM images of NNwas performed by Tianshu Jiang (AEM, TU Darmstadt). The
original unit cell of the AFE (P) phase in NN has an orthorhombic structure with lattice parameters
of 5.51 Å × 15.55 Å × 5.56 Å, visualized with Vesta [198]. The size of the resulting simulation
model was 50.99 Å × 61.83 Å × 83.11 Å. The projection vector [010] is oriented along the [101]
direction of the original unit cell. The STEM simulation of this model is carried out by applying the
PRISM algorithm in Prismatic [199]. The steps are listed below:

1. Load the coordinates of the unit cell structure with a cif file of P phase in NN (ICSD-CollCode89317,
ICSD, FIZ Karlsruhe) in Vesta. Align the desired [101] zone axis with the projection axis, usually
the [010] of the global system, and tilt the unit cell to the desired size of a supercell. Export data
and save as .xyz file. Modify the format of this .xyz file by a customized Python script for loading in
Prismatic.

2. Set the microscope parameters in Prismatic. First, the simulated probe size (pixel size in Prismatic)
is set at 0.05 Å × 0.05 Å. The beam energy was set to 200 keV. Second, the incident probe semi-angle
is set to 20 mrads and the slice thicknesses to 2 Å as default settings. Finally, both PRISM interpolation
factors for X and Y directions are assigned to 4 and the step size of the probe for both X and Y
directions are 0.1 Å.

3. Calculate the atomic potentials, where randomly generated atomic displacement can be visualized.

4. Determine the unit cell tilting and dimensions of initially 20 Å and simulate the HAADF and ABF
images, obtained by applying virtual detectors of 90 mrad to 125 mrad, and 12 mrad to 24 mrad,
respectively.

3.4.5. Scanning electron microscopy

Scanning Electron Microscopy, also known as SEM is one of the most widely used techniques for
laboratory investigations. It produces images by scanning the surface with an electron beam where
secondary electrons (SE) and backscattered electrons (BSE) are typically detected. When SEM is
combined with an EDX detector, the chemical information can be obtained.

In this dissertation, the SEM measurements were carried out with a JEOL 7600F (Jeol, Japan). The
specimens were prepared via conventional TEM preparation and coated with a thin carbon layer
to minimize the charging effect. Due to the contamination of Pb, the thermal etching is limited
in practice. Thus, PZ-based ceramics were investigated in BSE mode at the low voltage of 8 kV to
enhance the phase contrast. NN-based ceramics were thermally etched and investigated in both SE
and BSE mode. In conjunction with microstructural characterization, chemical information is also
obtained by EDX spectra with an EDX detector (Oxford, UK).
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3.5. First-Principles calculations

First-principles calculations were performed by Niloofar Hadaeghi (TMM, TU Darmstadt) and the
discussion was further contributed by Prof. Dr. Hongbin Zhang (TMM, TU Darmstadt). To study
the nature of the APBs in NN, density functional theory (DFT) calculations are carried out using the
projector augmented-wave method, as implemented in the VASP code [200], [201]. The initial PE
(cubic), AFE and FE (orthorhombic) structures and the predicted 2-fold intermediate structure are
optimized with forces converged to be less than 0.0005 eV/Å. For all structures, the cutoff energy
for the plane wave basis is set to be 550 eV for the structural relaxation and energy evaluation. The
effective k-mesh is considered as 9×9×3 for the AFE phase and 9×9×6 for the FE and the predicted
2-fold intermediate phases. The exchange-correlation functional in all calculations is approximated
using the generalized gradient approximation (GGA) as parameterized by Perdew–Burke–Ernzerhof
(PBE) [202]. The experimental lattice parameters for the cubic phase with Pm3-m (number 221), AFE
phase with Pbcm (number 57) and FE phase with Pmc21 (number 26) space group are (3.940 Å, 3.940
Å, 3.940 Å) [203], (5.504 Å, 5.570 Å, 15.517 Å) [159] and (7.8636 Å, 5.6306 Å, 5.5483 Å) [204],
respectively. In order to find the intermediate structure corresponding to the TEM observation, first a√
2×

√
2×2 supercell of the cubic phase (the same size of FE phase) was generated to accommodate

the 2-fold modulation of niobium displacement. Then the niobium ions were displaced in the
antiparallel direction and restricted to move only along the [010] direction to optimize the structure.
Following the distortion by the niobium antiparallel displacement, there should be some other
distortions to decrease the energy such that it would be able to coexist with AFE and FE phases. This
step uses our home-designed code to generate structures with different combinations of different
distortion modes with the main niobium displacement distortion. Finally, their energies were calculate
to predict the 2-fold APB structure. Then the selected structure was relaxed using the parameters
mentioned above.
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4. Domain and atomic structure of PbZrO3 and
(Pb,La)(Zr,Sn,Ti)O3 ceramics

In this chapter, first the domain structure and atomic structure of the benchmark material PbZrO3

(PZ) is examined, utilizing both CTEM and high-resolution STEM techniques to reconcile the growing
critique of this prototype material not being antiferroelectric. Then the domain morphology and
crystallography of the PLZST ceramics are investigated via CTEM techniques, aimed to establish a com-
positional dependence of the structure on the Sn/Ti ratio and clarify the misuse of incommensurate
structures in AFEs by comparing with the literature data.

The atomistic studies of Pb displacement are obtained using computational image analysis methods,
which violate the well-accepted Sawaguchi’s model but are in good agreement with the recent
literature. In addition, this chapter is seen as the essential reference for the study of lead-free
NN-based ceramics in the following chapters.

4.1. The introduction of the PLZST series

4.1.1. Phase diagram

The compositions of the PLZST C series are designed at the phase boundary between the tetragonal
AFE and the rhombohedral FE phase, as shown in Figure 4.1. By doing so, it creates a slight free
energy difference between the AFE and FE phases. Thus, a compositional induced phase transition
can be achieved, allowing to simultaneously study the AFE and FE phases and their phase transitions.
However, depending on the stability of the sample synthesis and sample quality, the crystal structure
of the antiferroelectric side is questioned not being tetragonal, and hence the true symmetry is still
lacking.

4.1.2. Hysteresis loop

From the phase diagram it can be seen that the PLZST series features a transition from the AFE to the
FE phase with increasing Ti content. This tendency can also be observed in the hysteresis loops, as
shown in Figure 4.21. A characteristic double hysteresis loop is seen in C9, with a transition field from
the AFE to FE phase at about 5 kV/mm and an almost zero remanent polarization. By increasing the
1Binxiang Huang (ESM, TU Darmstadt) is acknowledged for the hysteresis loop measurements.
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Figure 4.1.: The phase diagram of the PLZST system, where the compositions of the C series are lying along
the red arrow in the diagram. AO, AT, FT, FR, FR(HT) and FR(LT) stand for the orthorhomic AFE,
tetragonal AFE, rhombohedral FE and rhombohedral FE at high and low temperature, respectively.
Reproduced by permission from Ref. [74], © IEEE.

Ti/Sn ratio, a much less pronounced double hysteresis loop is obtained in C10. The transition field
from the AFE to FE phase is significantly decreased to approximately 3 kV/mm, and the remanent
polarization is as high as nearly 20 µC/cm2, indicating a partial stabilization of the FE phase. In
contrast to C9 and C10, which experience a reversible phase transition, C11 behaves initially like a
typical AFE material in the virgin state and transits abruptly into the FE phase at an electric field
of around 2 kV/mm. It is followed by a typical ferroelectric hysteresis loop with a considerably
high remanent polarization with a value of about 20 µC/cm2, suggesting the ferroelectric phase is
stabilized in this composition. In short summary, the decrease of Sn/Ti ratio promotes the instability
of the AFE phase but the stability of FE phase, evidenced by an decrease of the transition field from
the AFE to the FE phase, which is significantly pronounced in C11.

Figure 4.2.: The hysteresis loops of the PLZST C series. C9 (a) and C10 (b) have the characteristic double
hysteresis loop of AFEs while C11 (c) has a typical FE hysteresis loop after the first cycle of the
application of the electric field.

It has to be noted that the hysteresis loop characterizes the macroscopic property of the material.
To have an insight into the local structure at room temperature, the TEM characterization was
performed, presented in the following sections.
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4.2. TEM characterization of PbZrO3 and PLZST series

In this section, initially the domain and atomic structure of the benchmark material PZ ceramic
was characterized via CTEM and STEM techniques. Subsequently, the domain morphology and
crystallography of the PLZST series were investigated. Of particular interest was the interface
between the AFE and FE phases, studied via HRTEM and HRSTEM techniques. The microstructure
characterization of the PLZST series using SEM can be found in Figure A.1.

4.2.1. Domain and atomic structure of PbZrO3

Figure 4.3.: The crystallography and domain morphology of PZ. a. The SAED pattern in the zone axis of [001],
where characteristic ¼ superlattice reflections along [110] direction are denoted by the white
arrows. b. The CDF image obtained by using one of these ¼ superlattice reflections, showing the
dark lines of antiphase boundaries and the splitting marked by the white circle. c. The HRTEM
image, where a 4-fold modulation along the [110] direction is observed, originating from the
antiparallel Pb displacement.

Characteristic ¼ superlattice reflections along the [110] direction are observed in the SAED pattern
(Figure 4.3 a). By using one of the ¼ superlattice reflections in the CDF imaging, the domain structure
reveals itself as dark lines, which are the common planar defects – antiphase boundaries (APB).
The splitting of APBs is also observed, marked by the white circle shown in Figure 4.3 b. When
taking a close look at the ¼ superlattice reflections, a slight streaking feature was observed around
the satellites, which was assumed to arise from an intergrowth of different structural modulations
[21]. In other words, updated with our knowledge nowadays, the streaking arises from the APBs
distributed randomly in the domain, further illustrated in Chapter 6. APBs certainly attracted some
attention with respect to the domain wall engineering [31], [38]. They were demonstrated to possess
ferroelectricity in a non-polar PZ single crystal and could be a candidate for high-density non-volatile
memory devices [38]. The HRTEM image of PZ in Figure 4.3 c clearly shows a 4-fold modulated
commensurate structure arising from the antiparallel Pb displacement. However, it is difficult to
identify the atom columns in the phase-contrast image due to the high sensitivity to defocus and
specimen thickness.

Thus, the atomic structure was further investigated via HRSTEM technique. In the HAADF image
shown in Figure 4.4 a, the Pb and Zr atoms can easily be recognized due to their significant difference
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Figure 4.4.: The high-resolution image and analysis of PZ. a. The HAADF image of PZ where the unit cell
structure of the cubic PZ is overlaid with the enlarged image for atomic identity reference.
The grey, green and red coloured atoms denote Pb, Zr and O, respectively. The ¼ superlattice
reflections are denoted by the red arrows in the corresponding attached FFT image. b and
c. Two types of displacement vector mapping, featuring an uncompensated magnitude b and
a comparable magnitude c of the displacement. Both styles demonstrate a quasi-orthogonal
displacement configuration.

in the atomic number (Pb:82, Zr:40) and oxygen atoms are not observable. The atomic structure is
overlaid with the enlarged image for better visualization. The characteristic ¼ superlattice reflections
are marked by the arrows in the attached FFT, giving reference to the crystallographic orientations.
It is known that the displacement of Pb atoms is responsible for the antiferroelectricity in PZ and is
almost three times that of Zr atoms [197], thus it is reasonable to calculate the relative displacement
of Pb with respect to the geometric center of the four surrounding Zr atom columns. The positions of
each atom column were extracted via Atomap by applying a center of mass and 2D Gaussian fitting.
The results demonstrate two types of displacement mapping, overlaid to the HAADF image, shown
in Figure 4.4 b and c. In both modes, a 4-fold modulation along the [110] direction is observed,
which is consistent with the 4-fold nature of the atomic structure of PZ. However, in the first type, the
displacement of Pb atoms is not fully antiparallel or compensated in the magnitude, described by the
major segment with a larger magnitude parallel to the [-110] direction and the minor segment with
a smaller magnitude parallel to the [110] direction. Each modulation consisting of one major and
minor segment has an orthogonal configuration, which is similarly observed in PZ-based materials
(PNZST) [30], [31]. In the second type, the displacement of Pb atoms in two segments is relatively
comparable and perpendicular to the [-110] and [110] directions, respectively. Therefore, both yield
an uncompensated polarization in the system, which contradicts Sawaguchi’s model. Note that the
observed configuration is also different from the ferrielectric model proposed by Aramberri [103]
that has an ’up-up-down-up-up-down’ fashion. Given that the calculation provides modest results
which are reasonably consistent with recent literature, it is concluded that pure PZ is indeed not AFE
at RT but instead possesses an uncompensated polarization.

4.2.2. Domain morphology of PLZST series

In this section, firstly, the domain morphology of the hierarchical AFE phase C9 was examined,
serving as an example of the terminology for the AFE domains. One should be aware that although
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Figure 4.5.: Domain morphology of C9. a. The BF image of one AFE domain, with the inset of the SAED
pattern in the zone axis of [001] taken at the domain boundary showing two sets of ICM satellites.
b. The CDF image by using the satellites circled in white, visualizing the individual ICM domains
(a subset of the AFE domain) separated by a 90° domain boundary (DB), illustrated by the curved
blue dashed line. c and d. The nano-domains within one ICM domain using the marked satellite
in the CDF imaging, showing orientational striation contrast denoted by the red and green arrows,
respectively.

the term incommensurate (ICM) is continuously used, it is not true ICM. The SAED patterns shown in
this section, unless noted in particular, are all indexed with respect to the pseudo-cubic structure in
the zone axis of [001]. In many cases, the SAED patterns are taken at the domain boundary between
two AFE domains. The domains are termed the [110] and [-110] type when the satellite along the
respective direction is used in the corresponding CDF imaging.

4.2.2.1. TEM characterization of C9

Figure 4.5 shows the domain morphology of one representative domain with a micrometer width
in C9. The SAED pattern is inserted to each figure to indicate the satellites (white circle in a and
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b, arrows in c and d) for the BF and the CDF imaging. Each main reflection is accompanied by
two satellites along [110] and [-110] directions, sitting at an irrational position, respectively. Thus,
such satellites are termed incommensurate (ICM) satellites, which are characteristic for PZ-based
AFEs [21], [68]. The formation of the ICM structure in PLZST is widely accepted to arise from the
competition between the AFE and FE orderings as was first brought up by Xu and Viehland [21], [91].
The positions of ICM satellites are commonly expressed by a reciprocal of an irrational value n, defined
as a ratio between the distance from the satellite to the main reflections and the distance between
the main reflections. The n value is proportional to the wavelength of the modulation, which can be
calculated when the lattice parameter is known. However, due to the complexity of the structure of
PLZST, the interpretation of the lattice parameter from XRD data is hardly obtainable. Nevertheless,
n was calculated to be 7.44 and 7.75 along the [110] and [-110] directions, respectively, further
illustrated in Figure 4.6. In the BF image (Figure 4.5 a), the grain shows no domain contrast. Thus,
it is named as an AFE domain/grain [205]. When two sets of satellites marked by the white circle in
Figure 4.5 b were taken for the CDF imaging, two individual domains with contrast perpendicular
to each other were observed (seen in enlarged region), separated by a zig-zag shaped 90° domain
boundary (DB). Corresponding to the ICM satellites, the domains are named ICM domains as a
second level AFE domain [68]. The ICM domains are further manifested as nano-domains with
striation contrast perpendicular to the corresponding satellite used for the CDF imaging.

Figure 4.6.: Close-up examination of the 90° domain boundary with increasing magnifications in C9. a. The
low-magnification image of the 90° DB, indicated by the curved blue dashed line. b. The HRTEM
image of the 90° DB, showing the ICM blocks on both sides, perpendicular to each other. c. The
HRTEM image of the [110] type ICM blocks, attached with the modulation period value n along
the [110] direction.

To have a closer look at the 90° DB, the magnification is increased step-wise till high resolution, as
shown in Figure 4.6. The 90° DB appears wavy, and the ICM blocks on both sides penetrate into
each other in a non-homogeneous way (Figure 4.6 b). They consist of either 7 or 8 atomic columns,
yielding an average value of the modulation period of 7.75 and 7.44 along the [-110] and [110]
direction, respectively, shown in Figure 4.6 b and c. It was assumed that the residual stresses might
be responsible for such changes of n value across a 90° wall [26]. Recent atomically resolved 90° DB
has been revealed to have a complex dipole arrangement, causing the curvature or the zig-zag shape.
They have a thickness of minimum two primitive unit cells with a roughly aligned dipole moment
[31].

Another representative domain of C9 is shown in Figure 4.7, where an intergrowth of AFE domains
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Figure 4.7.: The intergrowth of AFE domains in another representative grain of C9. a. The CDF image showing
the striation contrast of [-110] type domains using the [-110] type satellite, inserted in a SAED
pattern taken at the 90° DB. An intergrowth of AFE domains is evidenced by the appearance
of the other type of AFE domains with dark contrast, denoted by the red dashed line. b. The
enlarged graph of the region at the 90° DB from the white rectangle in a. c and d. The HRTEM
images of individual ICM blocks on both sides of the DB, with the respective modulation period
value n along the [-110] and [110] directions, respectively.

is highlighted. When using only the [-110] type satellite in the CDF imaging (Figure 4.7 a), the
corresponding domains show striation contrast while the other type of AFE domains are darkened.
The 90° DB is rather irregular, having various curvature and step-wise features, as seen in Figure
4.7 b. Moreover, a small irregular shaped [110] type domain (marked by the red dashed line) is
found inside of the [-110] type domain. The modulation period value n is calculated to be 7.53 and
7.60 along the [-110] and [110] directions, respectively. It can be seen that the ICM modulation
wavelength varies from domain to domain. In general, only AFE domains are observed in C9 with
various shapes and sizes with the intergrowth of the AFE domains being a common feature.
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4.2.2.2. TEM characterization of C10

Figure 4.8.: a. The SAED pattern with characteristic ICM satellites. b. The typical checkerboard domain
pattern of C10, where the neighbouring domains have alternating striation and dark contrast.

The typical checkerboard patterns are observed in one grain of C10, as shown in Figure 4.8, which
has been commonly observed in Pb based AFEs [29], [88]. The SAED pattern shows two sets of ICM
satellites when taken at 90° DB. By using the [110] type satellite in the CDF imaging, the domains
reveal the characteristic checkerboard domain morphology with striation contrast.

Figure 4.9.: Domain morphology of one representative grain of C10. a. The CDF image showing the [-110]
type domain, with the SAED pattern as inset. The U-shaped DB is indicated by the white dashed
line. b. The medium HRTEM image of the 90° DB. c. The HRTEM images of the [110] type ICM
blocks, with the modulation period value n along the [110] direction indicated.

However, more often, the domains in C10 have an irregular shape similar to C9. For instance, Figure
4.9 shows the characterization of one representative grain, where two irregular-shaped domains
are displayed, separated by a U-shaped 90° DB (white dashed line). It has to be noted that the
two domains are not oriented exactly in the same zone axis, indicated by the darker contrast of the
bottom domain in the medium-high resolution TEM image (Figure 4.9 b). The modulation period n
experienced a slight difference across the 90° DB, from 7.89 to 7.78, which is slightly higher than
that of the domains investigated in C9.

As the composition of C10 approaches the vicinity of the phase boundary, the coexistence of AFE and
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FE phases is often observed in C10 due to the close free energy, as shown in Figure 4.10. The AFE
and FE phase is identified by the presence or the absence of the satellites along the [110] direction,
respectively [94], [206]. Though the zone axis of SAED patterns is [-113], the characteristic ICM
satellites along the [110] direction are visible, see Figure 4.10 b. By using one of such satellites in
the CDF imaging, a relatively straight interface was observed (red dashed line in Figure 4.10 a),
separating the AFE domain with striation contrast and the featureless FE domain. It can be further
seen in the medium high-resolution TEM image (Figure 4.10 d), where the modulated stripes or
blocks of the AFE domain transit into the homogeneously distributed lattice planes of the FE domain.
In short, checkerboard domain patterns are occasionally observed in C10, but irregularly shaped AFE
domains are more common, similar to C9. Moreover, the coexistence of AFE and FE phases starts to
occur at this composition.

Figure 4.10.: The coexistence of AFE and FE phases in one grain in C10. a. The CDF image obtained by using
one of the satellites along [110] direction. he AFE-FE boundary is indicated by the red dashed
line, separating the AFE phase with striation contrast and featureless FE phase. b and c. The
SAED patterns in the zone axis [-113] of the AFE and FE phases, respectively. The ICM satellites
in b is along the [110] direction. d. The medium high-resolution TEM image of the AFE-FE
interface, where the AFE and FE regions are enlarged as inset.

4.2.2.3. TEM characterization of C11

In C11, the intergrowth of irregular AFE domains is shown in Figure 4.11, which exhibit the striation
contrast perpendicular to each other. The domains vary in shape and size. For instance, two small
AFE domains embodied in the other type AFE domains have a droplet shape with a width of 300-400
nm. The modulation period value n is calculated to be 9.07 and 9.45 along the [110] and [-110]
directions, respectively, being significantly higher than that in C9 and C10.

Not surprisingly, more coexistence of the AFE and the FE phases were observed, with one of the
examples shown in Figure 4.12. The rectangular-like AFE domain with striation contrast was found
inside a FE domain matrix due to a small energy difference between these two states. The SAED
patterns unambiguously identify the AFE and FE nature of the domains with (Figure 4.12 b) and
without (Figure 4.12 c) satellites, respectively. The HRTEM image shows a smooth transition from
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Figure 4.11.: Domain morphology of one representative grain of C11 shown via BF (a) and CDF (b and c)
imaging, with the SAED patterns inserted where the satellite used for the imaging is indicated
by the arrow, respectively, and the modulation period value n along [110] and [-110] direction.

the ICM blocks of the AFE phase to the featureless region of the FE phase. Derived from the SAED
pattern, the modulation period value n is calculated to be 8.53 along the [110] direction.

Figure 4.12.: The coexistence of AFE and FE phases in C11. a. The CDF imaging illustrates the coexistence of
the AFE domain with striation contrast (highlighted by the red dashed line) and the FE domain
without features. b and c. The SAED patterns of AFE and FE phases, with and without the ICM
satellites, respectively. d. HRTEM image, where the interface between AFE and FE phases was
evidenced by the transformation from the modulated AFE region to the featureless FE region.
The modulation period value n is 8.53.

It is worth noting that FE domains were much more likely to be found in C11. In contrast, the
chance to locate AFE domains is quite low. More often, the AFE domains were found inside a FE
domain/grain matrix with the width ranging from 150 to 400 nm, as also shown in Figure A.2.
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4.2.3. Atomic structure of the AFE-FE interface

In order to gain a deeper insight into the structure at the interface, high-resolution STEM image
analysis via Atomap was carried out [195], as shown in Figure 4.13. In the HAADF image, only
the A/B site atoms instead of individual atoms at each site are differentiated and assigned, with
reference to the overlaid crystal structure of cubic PZ. The ICM satellites in the FFT image circled
in yellow can be used to identify the crystallographic directions and predict the orientation of the
modulation. Moreover, due to the presence and absence of the satellites of such ICM satellites, the
top and bottom right regions inside the dashed rectangle belong unambiguously to the AFE and FE
phases, respectively.

Figure 4.13.: High-resolution image and analysis of C11. a. HAADF image of C11, where the unit cell of
the cubic PZ is overlaid to identify the A and B site atoms. The FFT images at the top left and
bottom right inside the yellow dashed rectangle identify the coexistence of AFE and FE phases
by the appearance and absence of the ICM satellites, respectively, marked by the yellow circles.
b. Displacement vector mapping overlaid onto the HAADF image, where two segments with
different magnitudes and orientations are recognized. The major segments are shadowed in
yellow with different widths. The green triangle represents the displacement vector mapping of
Pb in the FE phase. c. The enlarged vortex feature in the displacement mapping.

The displacement of Pb is obtained by comparing the actual position of Pb columns to the geometric
centering of the four neighboring B site atoms (Zn, Sn, Ti) [30], as shown in Figure 4.13 b. Similar
to the case of pure PZ, the Pb displacement of the AFE phase on the top is neither antiparallel
nor compensated in magnitude. Such a configuration, consisting of the major segment (yellow
regions) with larger and almost homogeneous displacement and the minor segment with smaller
and inhomogeneous displacement, is in consistent with the description of PZ. The width of the major
or the minor segments is not homogeneous either, corresponding to the ICM modulation period of
7, 8, and 9, yielding an average value of 8.53. It can be seen that the major segment transits into
the minor segment initially in an orthogonal-like shape, and then the minor segment proceeds in
a vortex fashion (enlarged in Figure 4.13 c) to meet the next neighboring major segment. In the
region of the FE phase, the displacement of Pb follows the major segment from the AFE phase with a
comparable magnitude. This observation can help to define the orientation of the displacement in
the FE domains when there is a neighboring AFE domain since there are no superlattice reflections
in the SAED pattern of FE domains to indicate the displacement vector.
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4.2.4. Discussion

A systematical investigation of the domain structure and crystallography of the PLZST series, which
allows to establish a compositional dependence on the Sn/Ti content, is discussed below.

4.2.4.1. Crystallography

Table 4.1.: The modulation period value n of PZ and the PLZST C series
PZ C9 C10 C11

110 4 7.44 7.89 9.07
-110 4 7.75 7.78 9.45

Judging from the positions of the superlattice reflections with respect to the main reflections, a
significant change of the modulation period value with increasing Ti content was observed, as shown
in Table 4.1. Firstly, there is a transformation from the CM structure in PZ to the ICM structures in
the C series, evidenced by the change from the integer to the non-integer of the n value. Secondly,
C9 and C10 have a relatively close n value, which is an average value from the ensemble of 7 and 8
atomic columns in the ICM blocks. The n value dramatically increased in C11, which may indicate
the instability of the AFE phase. This phenomenon coincides with the electrical property of C11
where the FE phase is stabilized upon the subjection to the electric field. It is accepted that the
ICM structure is formed due to the competition between AFE and FE ordering. The wavelength λ of
the ICM structure is considered as an indication of the AFE stability, i.e., the higher the value of λ
or n, the less stable is the antiferroelectricity [85]. Earlier intensive studies of PNZST series have
demonstrated that the modulation length λ increases with Ti content which promotes the stability
of ferroelectricity [68], while it decreases with Sn content favoring the ICM AFE state [44]. It has
been argued that the substitution of Ti by Sn may generate considerable lattice distortion and hence
modulate the ICM structure as the Sn has a larger ionic size and electronegativity than Ti [205].
However, no further experimental or theoretical proof was provided. Generally speaking, the effect of
Sn or Ti content on the modulation of the ICM structure can only be illustrated by the experimental
trend, which is confirmed by the study of the C series. Supported by previous literature and the
current investigation of the PLZST series, one can conclude that the crystallography clearly shows a
Sn/Ti dependence, and the wavelength or the modulation period value n derived from the SAED can
be regarded as an indication for the stability of the AFE phase, that is, the higher the value, the less
stability the AFE phase has.

4.2.4.2. Domain morphology

In PZ, the domains display arrays of the dark lines of APBs, which are absent in the PLZST C
series. Instead, they demonstrate non-homogeneous striation contrast (a mixture of bright and dark
striations) when observed at low magnification. At higher magnification, they reveal themselves
gradually as the ICM blocks composed of either 7, 8 or 9, maybe even 10 atomic columns derived
from the n value. The AFE domains in the PLZST series vary significantly in morphology hence no
obvious compositional dependence can be established. The typical checkerboard domain patterns are
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only observed in C10, though the possibility of their existence in C9 and C11 could not be excluded.
The interface between AFE phases is typically curved, further illustrated as the interpenetration of
the ICM blocks perpendicular to each other.

Figure 4.14.: The correlation between the domain structure and macroscopic property in the PLZST series. a.
The AFE domains in C9 and its corresponding double hysteresis loop. b. The coexistence of the
AFE and FE domains in C10 and its corresponding less pronounced double hysteresis loop. c.
One AFE domain in the FE domain matrix and its corresponding hysteresis loop. The hysteresis
loops are taken from Figure 4.2 and are shown here to demonstrate the structure-property
correlation.

Furthermore, the coexistence of AFE and FE phases is frequently observed in the C10 and C11, which
can explain the trend recorded by the electrical property characterization, as shown in Figure 4.14.
C9 is purely AFE at RT, suggesting the AFE state is strongly favored over the FE state. It corresponds
to a well-defined double hysteresis loop. As the Ti/Sn ratio increases in C10, the AFE domains are
often found to coexist with the FE domains in one grain, separated by a relatively straight AFE-FE
interface (Figure 4.14 b), indicating a reduced free energy difference between the AFE and FE phases.
Consequently, the FE phase can be partially stabilized assisted by the electric field, giving rise to
a considerable remanent polarization. Supposing the quantity of the domains in the investigated
specimens is a constant, the quantity of the AFE domains in C10 is presumed lower than that in C9.
Note that the AFE to FE transition is accompanied by a large increase of the volume and hence the
lattice strain. Considering the AFE domain is surrounded by another AFE domain in C9, enormous
strain will be created at the domain boundaries at the field-induced phase transition from AFE to FE.
Thus, it is assumed the AFE domains in C10 experience less constraint from the neighboring domains
which are already in the FE state. Therefore, a lower transition field is required to accommodate
the transition conditions. With further increase of the Ti/Sn ratio, the FE state is more preferred
with lower free energy than the AFE state, manifested by the AFE domain embodied within the FE
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domain matrix, as shown in Figure 4.14 c. In this case, it requires an even lower transition field as
the AFE domain experiences constraint only from the surrounding FE domains.

Figure 4.15.: The proposed schematic model of the domain switching dynamics in C11, illustrated with the
hysteresis loop. In the virgin state, FE domains dominate over the AFE domains, represented
by the green rhombohedral and red squared shapes, respectively. The arrows indicate the
polarization vector. Between O-A, the almost linear response of the polarization is postulated
to be a superposition effect of the response of the AFE and FE domains; that is, the AFE
domain remains unchanged, and the FE domain walls experience a reversible motion. Above
the transition field (between A-B), the AFE domains transform to the FE state, together with
the switching of the FE domains with unfavorable orientation, causing a dramatic increase of
the polarization. When the electric field is reduced (between B-C), most FE domains remain
orientated, and only a few are switched back, responsible for the high remanent polarization.

Macroscopic characterization strongly indicates C11 is AFE at RT, evidenced by the linear response
between the O-A segment, as shown in Figure 4.15, which is however refuted by the TEM investigation
presenting that the FE phase is dominant. It has been demonstrated by Liu et al. [57] that the AFE
domains rarely change with the electric field during this step (O-A), and the response of the FE
domains cannot either be excluded. It is therefore postulated that this linear response is superimposed
from the nearly unchanged AFE domains and the reversible FE domain wall motion. When the
electric field reaches the transition field, the AFE domains switch to the FE state together with the
formation of new FE domains and switching of the domains with unfavorable orientation, causing a
pronounced increase of the polarization. The FE domains are stabilized when the electric field is
reduced though a few can switch back during stage B-C.
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4.2.4.3. Atomic structure

The displacement vector of the benchmark material PZ and the sample C11 was mapped. For better
comparison, the HAADF images are overlaid with the displacement mapping of PZ and C11 displayed
in Figure 4.16. The comparison can be addressed with the following points: (i). the magnitude of
the displacement in one modulation; (ii). the orientation; and (iii). the width of the modulation. In
general, the antiparallel and compensated Pb displacement model from Sawaguchi fails in both cases.
Instead, both displacement configurations can be described by the major (larger magnitude) and the
minor (smaller magnitude) segments. They form a nearly orthogonal shape. But the displacement
of the major segments is still roughly aligned perpendicular to the [110] direction. Due to this
arrangement, both PZ and PLZST C11 bear the uncompensated polarization, consistent with recent
literature [30], [32], indicating that they are not genuinely AFE but belong to the ferrielectric group.

Figure 4.16.: The HAADF images overlaid with the displacement vector mapping of Pb in PZ (a) and PLZST
C11 (b) with a modulation period value n of 4 and 8.53, respectively.

In PZ, the 4-fold modulation of Pb displacement is well established, consisting of one major and minor
segment with the same width, i.e., two atomic layers of Pb columns, represented by the modulation
period value n equaling to 4. In contrast to this integer number, it is calculated to be 8.53 in C11,
which arises from the average effect of ICM blocks consisting of 7, 8 and 9-layered atomic columns.
The significantly larger width of one segment is believed to indicate a stronger preference of the FE
ordering [32], [98], which can be used to explain the lack of a reversible phase transition in C11.
Since the AFE ordering is less favored, the FE state can easily be stabilized assisted by the electric
field and not transform back to the AFE state after the removal of the electric field. In another word,
the FE phase has a lower free energy than the AFE phase in C11, as the composition is in close vicinity
to the phase boundary.

4.3. Summary

The domain morphology and crystallography the PZ and PLZST series were characterized in this
chapter. As a benchmark material, PZ has presented a commensurate structure manifested by the
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¼ superlattice reflections, while the domain morphology features APBs with dark line contrast.
Both elements are lost in the PLZST series, embodied with the appearance of the incommensurate
satellites and striation contrast in the domains. Based on the increasing incommensurate modulation
wavelength and the rising chance to observe the coexistence of antiferroelectric and ferroelectric
domains, it was confirmed that the ferroelectricity is promoted with increasing Ti/Sn content. These
findings are complementary to the macroscopic hysteresis loops recorded, such as the decrease of
the transition field and the increase of the remanent polarization with increasing Ti/Sn content.

Moreover, it is postulated that the initial linear response of the polarization to the electric field can
be regarded as superposition of the nearly unchanged AFE domain motion and the reversible FE
domain wall motion, as supported by literature and evidenced by TEM characterization showing that
FE domains dominate in the high Ti content composition.

More importantly, the atomistic results directly confront the classic Sawaguchi model. Both PZ and
PLZST have demonstrated the displacement modulation consisting of one major segment with a
larger magnitude and one minor segment with a smaller magnitude. These two segments are not
antiparallel to each other. Instead, they form a nearly orthogonal shape. Due to this particular
arrangement of the magnitude and orientation of the Pb displacement, both PZ and PLZST C11
bear an uncompensated polarization. Moreover, in contrast to the ordered 4-fold modulation of Pb
displacement in PZ, the ICM modulation in C11 demonstrates an inhomogeneous feature consisting
of 7, 8 and 9-layered atomic columns. The broader segment with the same sign of the displacement
is believed to indicate a stronger preference of the FE ordering [32], [98], which can well explain
the lack of a reversible phase transition in C11 at room temperature. Benefiting from the atomistic
investigations of the interface between AFE and FE, it is also demonstrated that the Pb displacement
in the featureless ferroelectric phase follows the major segment of a neighboring antiferroelectric
phase.
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5. Domain structure of NaNbO3 and
NaNbO3-SrSnO3 ceramics

In this chapter, the main goal is to present the CTEM characterization of the domain morphology and
crystallography of the prototype lead-free NaNbO3 (NN) ceramics and the newly designed NaNbO3-
SrSnO3 (NN-SS) solid solutions which revealed double hysteresis loops at room temperature, using
BF and CDF imaging in conjunction with SAED technique. Before presenting the CTEM investigation,
the influence of the specimen preparation on the domain structure will be discussed.

With the P phase in NN as an example, an updated concept of domain boundary (compared to the
domain wall in ferroelectrics) is elucidated in the realm of AFE materials. Of great importance is
to reconcile the arguments such as whether there are incommensurate structures in NN at room
temperature and to determine the origin of the streaking in the diffraction patterns. Then the domain
structure and crystallography of the P and the Q phase in NN is investigated to establish a primary
picture of the most important RT structures of NN.

Subsequently, the stabilized antiferroelectricity of NN-SS solid solution is validated by the presence of
characteristic superlattice reflections. The influence of incorporating SrSnO3 into NN ceramic can be
categorized intrinsically (unit cell structure, local chemical and electronic environment, and so forth)
and extrinsically (domain structure), where the latter effect is the main focus in this investigation.

5.1. Electrical and microstructure characterization

5.1.1. Hysteresis loop

As can be seen from Figure 5.12, NN experienced an irreversible phase transition upon the application
of an external electric field, indicated by the square-like hysteresis loop. That means the FE state is
stabilized when the electric field is removed and can not be induced back to the AFE state. Note that
the hysteresis loop in the second electric field cycle is displayed here. By adding 3% SrSnO3, the
reversible phase transition was established, though with a relatively high remanent polarization. The
double hysteresis loop became more pronounced with increasing SrSnO3 content, manifested by the
significant decrease of the remanent polarization in NN-5SS, which suggests that AFE order is at
least partially maintained. The remanent polarization decreases from 32.6 (NN) to 13.9 (NN-5SS)
µC/cm2. When 7% SrSnO3 is added to the system, the hysteresis loop cannot be recorded due to the
higher critical transition field than the breakdown strength.
2Dr. Maohua Zhang (NAW, TU Darmstadt) is acknowledged for the hysteresis loop measurements.
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Figure 5.1.: The hysteresis loop of NN and NN-SS series, where a typical ferroelectric hysteresis loop is
observed in NN while the double hysteresis loops are recorded in the NN-SS series. In particular,
a pinched feature is noticed in the hysteresis loop of NN-5SS.

5.1.2. Microstructure characterization

The microstructures of NN and NN-SS series are shown in Figure 5.2. The average grain size of NN
is 8.9 μm, while average grain sizes of 10.7, 11.5 and 8.1 μm were determined for NN-xSS (x=3, 4
and 5) respectively. In addition, the white particles starting to appear from NN-5SS are identified as
tin oxide, as shown in the EDX spectra.

Figure 5.2.: The microstructure and chemical characterization of the NN and NN-SS series via SEM and EDX
spectra.
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5.2. Specimen preparation influence on the domain structure

In this section the influence of external conditions on the domain structure is presented via TEM
investigation. Note that the specimens investigated are normally prepared following the operational
flow shown in Figure 3.1. Here, an alternative method is employed to prepare a wedged TEM
specimen by saw-cutting and polishing without an annealing process. During the examination of the
domain structure, defects such as dislocations and APBs with high density are detected, presented in
Figure 5.3 a-c. However, the antiferroelectricity is well-maintained (manifested by the ¼ superlattice
reflections), as shown in Figure 5.3 d-f. These dislocations indicated by the red arrows are assumed to
be formed during the saw-cutting process, introducing great mechanical stress to the thin specimen.
In contrast, no such dense dislocations were observed in the quenched NaBiTiO3–BaTiO3 by applying
the same preparation routine in the same lab. Therefore, special attention is required during sample
preparation of antiferroelectric materials.

Figure 5.3.: The defects in the NN-based ceramic prepared by saw-cutting. a-c. The domain morphology of
three regions, where high density of defects such as dislocation (indicated by the red arrows),
antiphase boundaries (well-parallel lines) are recognized. d-f. The corresponding SAED patterns,
where the antiferroelectricity is identified by the ¼ type superlattice reflections.

In summary, external condition plays a crucial role in the investigation of the domain structure,
especially of materials that are sensitive to mechanical stress. Therefore, post-processing such as
annealing before each TEM examination is highly recommended.
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5.3. TEM characterization of NaNbO3

Prior to the results and discussion, a few points are addressed here to avoid confusion or doubts in
the main text. The first bullet point regards the domain wall/boundary concept in AFEs, also seen in
Chapter 2. Note that AFE domains are non-polar and thus experience no electrostatic interaction
due to the cancellation of the antiparallel polarization, which is different from ferroelectrics. One
consequence is that there is no 180° domain in AFEs. They are often described as mechanical twins
[50] and the term domain boundary (DB) or twin boundary (TB) fits better to describe AFE domains.
In orthorhombic NN, it has been established that there are only 90° and 60° twin domains based on
the symmetry [49], [127], which was confirmed by TEM investigations [51], [129].

Secondly, the nature of P and Q phases is usually confirmed by the characteristic ¼ and ½ superlattice
reflections along the [010] direction due to the quadrupling and doubling of the unit cell along the
long b axis, respectively. By using one of these satellites in CDF imaging, the domain morphology can
be revealed, which was employed through all the following investigations and will not be mentioned
again through the text unless another satellite was used.

Thirdly, the discussion of APB in the following is in the regime of ferroics, where the polarization
configuration also plays a role in the periodicity of the lattice. Consequently, the definition of APB is
expanded so that the APB has a finite thickness, separating the translational domains [38].

Last but not least, it is shortly explained here what translational and orientational domains are.
Determined by the symmetry, the polarization can take different but crystallographic equivalent
orientations, when the paraelectric phase is cooled down from Curie temperature. Thus, domains
are formed with different polarization orientations, which are termed orientational domains. The
translational domains are the ones with the same polarization direction in a given orientational state.

5.3.1. Domain morphology of the antiferroelectric phase

Figure 5.4.: Domain morphology of representative translational domains in NN. a. SAED pattern of the P
phase in NN with characteristic ¼ superlattice reflections in the [101] zone axis. b. The signature
domain blocks in CDF imaging, separated by the 90° domain boundary denoted by blue dashed
lines. c. Lattice fringes with a width of 1.62 nm in one domain block and the thicker dark straight
lines of the APBs.

As can be seen in Figure 5.4 a, the antiferroelectricity is readily recognized by the characteristic ¼
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superlattice reflections, marked by the white arrows. The signature domain blocks with rectangle
shapes were observed (blue dashed line) with a width ranging from 0.5 to 0.9 µm, accompanied by
a high density of the straight dark lines. The domain blocks are essentially 90° twins, resulting from
the minimization of mechanical stress. These lines are believed to be the common planar defects,
antiphase boundaries (APB), which were often reported in lead-containing materials [43], [88].
When increasing the magnification within one domain block, the lattice fringes with a width of about
1.62 nm become visible, interrupted by the APBs with a wider width, as shown in Figure 5.4 c. Note
that there is no regularity of the APB distribution in the domain block.

Figure 5.5.: HRTEM image of one domain block of the P phase in NN and its corresponding line intensity
profile along the green dashed line, where two types of modulation with a modulation length of
1.62 and 2.46 nm, respectively, are presented.

HRTEM was carried out to reveal the APB structure, as shown in Figure 5.5 with the corresponding
line intensity profile. In the HRTEM image, one modulation consisting of 4 layer atomic planes is
recognized, featuring two bright and two dark planes, further illustrated by the two high and two
low peaks in the intensity profile with a width of 1.62 nm. The 4-layer modulation corresponds
to the quadrupling of the cubic unit cell in the P phase. In addition to this ideal modulation, one
region containing 6-layer atomic planes was recognized with a width of 2.46 nm, which denotes the
existence of APB. Back to the medium-high magnification image (Figure 5.4 c), the lattice fringes
are essentially the 4-layer modulated structure, while the thicker dark straight lines are APBs with a
6-layer modulated structure. More atomistic investigation of APB will be presented in Chapter 6.

Figure 5.6 shows another representative grain with orientational AFE domains of NN. By selecting
both the bright beam and the surrounding two sets of satellites in the BF imaging, one can observe
four domains with various geometry and different orientation of polarization indicated by the APBs
with faint contrast. In particular, one triangular domain is found to grow in the middle of neighboring
domains. The determination of 90° DB is similar to the case of domain blocks, except that the domain
here is more triangular than rectangular shaped. Another domain boundary is determined to be a
60° DB, where the out-of-plane polarization orientations intersect with each other. By selecting the
satellite as denoted by the white arrow in each corresponding SAED pattern in the CDF image, the
domain variants on both sides of the 60° DB display straight lines of APBs with solid contrast, as
shown in Figure 5.6 b and c, respectively.

In short, domain blocks consisting of 90° twinned domains are formed due to the reduction of
mechanical stresses. On the other hand, the orientational domains featuring a 60° DB originate from
the polarization taking different equivalent directions. The investigation of pure NN will serve as a
reference for the analysis of NN-SS series.
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Figure 5.6.: Domain morphology of the representative orientational domains in NN. a. BF image of one grain
consisting of several domains, featuring 90° and 60° DB, when the selected area aperture includes
the bright beam and the neighbouring 4 satellites, as circled in the SAED pattern in the [101]
zone axis, taken at the domain boundary. b and c. CDF image revealing individual domains on
both sides of the 60° DB, showing the characteristic APBs.

5.3.2. Further insight into the APB and the streaking feature

Figure 5.7.: Revealing APBs via the HRTEM technique. a. The SAED pattern along the [101] zone axis, where
the characteristic ¼ type superlattice reflections are indicated by white arrows. Streaking is
visible around the ¼ superlattice reflections and is encircled in red. b. CDF image obtained by
using the ¼ superlattice reflection, revealing APBs as the well-parallel lines. c-f. Increasing the
magnification stepwise, from 120k, 300k to 500k. Each red dashed square region is enlarged in
the subsequent magnified image. f. Two modulated structures, corresponding to the 4-fold P
phase and the 6-fold APB.
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In general, the APB is observed as a characteristic feature in all the investigated AFE domains of
NN, manifested as dark straight lines. Meanwhile, the streaking is always observed and relatively
strong in the SAED pattern. Literature suggests the streaking arises from the ICM structures in NN
[132]. However, as can be seen from Figure 5.5, there is no ICM structure presented in the NN as
both modulated structures are commensurate within the fundamental structure. Thus, the origin of
such streaking invites further interpretation.

Here, one domain block is analyzed in more detail with HRTEM technique and Fast Fourier transform
(FFT) method. The domain morphology and its corresponding SAED pattern are shown in Figure 5.7
a and b, where characteristic APBs and the streaking around the ¼ type superlattice reflections are
observed. By increasing the magnification stepwise as shown in Figure 5.7 c-f, the APB is gradually
resolved to have a modulation length of 2.465 nm, which is a 6-fold modulated structure, in addition
to the P phase with a modulation length of 1.614 nm.

Figure 5.8.: Revealing APBs via FFT and IFFT techniques. a and b. The HRTEM images with and without
the 6-fold APBs. c and d. The corresponding IFFT images with insets of the FFT images, where
the APBs are marked by the orange arrows. An enhanced streaking of the ¼ type superlattice
reflection circled in orange is highlighted in (d).

To study the relation between the APBs and the streaking, two regions with and without such
6-fold modulated APBs are compared, as shown in Figure 5.8 a and b. When there is only 4-fold
modulation, the corresponding inverse fast Fourier transform (IFFT) image (Figure 5.7 c) shows
regularly distributed lattice planes by masking the ¼ superlattice reflection. As a result, such
superlattice reflection appears round, as denoted by the orange circle. For comparison, a region
with both 4-fold and 6-fold modulations is shown in Figure 5.7 b. The corresponding IFFT image
(Figure 5.7 d) presents the ordered lattice planes from the dark background of the disordered regions
denoted by the orange arrows, indicating the existence of APBs. Moreover, the superlattice reflection
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is significantly streaked. Therefore, it is concluded that the streaking observed in the SAED patterns
or FFT is directly associated with the existence of APBs. More examples are shown in Figure 5.9,
where the streaking becomes more significant with an increasing density of APBs. Note that the
6-layer structure is ascribed to the APB at this point, which will be disclosed to comprise one normal
4-fold modulation plus a 2-fold modulation of APB by using HRSTEM in chapter 6.

Figure 5.9.: The relation between APBs and the streaking feature. a-c. the HRTEM images, where the
blue dashed lines denote the atomic layers with the line intensity profile. d-e. The FFT patterns
corresponding to the HRTEM images in a-c, respectively. The¼ superlattice reflections highlighted
by the red circles change from the round dots (d) to a slightly streaking feature (e) and then to a
significant streaking feature (f), as the regions contain increasing density of APBs. g-i. The line
intensity profile corresponding the green dashed lines in a-c, respectively. In (g), only 4-layer
structure modulation is present while in (h) and (i), a mixture of 4-layer and 6-layer structure
modulation is detected.

5.3.3. Domain morphology of the ferroelectric phase

The ferroelectric phase can be induced by an external electric field and stabilized in NN ceramics
after the removal of the electric field, as confirmed by X-ray and electron diffraction methods [12].
Thus, no double hysteresis loop can be recorded in the pure NN ceramic, as shown in Figure 5.10 a.
In the virgin state, the specimen is purely AFE state. After applying the electric filed up to 12 kV/mm
and then removing it, only about half the AFE phase is recovered, and the other half remains the
stabilized Q phase as indicated by the NMR spectra shown in Figure 5.10 b and c. The quantification
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of the P and the Q phases is achieved by the separation of the overlapping P and Q signals at lower
magnetic fields using two-dimensional solid-state nuclear magnetic resonance (NMR) techniques
based on 23Na method [207]. In order to characterize the domain structure of the Q phase, the
poled sample is studied.

Figure 5.10.: The characterization of NN before and after poling. a. The PE loop of NN ceramics, where the
P phase at the virgin state and the coexistence of the P and Q phases at the poled state are
indicated, respectively. b and c. The coexistence confirmed by the 23NMR studies based on the
Na environment. Reproduced from Ref. [12]

Figure 5.11 a shows an overview of the Q phase regions, where seven domains are numbered in colors.
These micron-sized ferroelectric domains have a block feature as can be seen in domain 1-4, while
domain 5 and 6 have a triangle shape. The shape and the size vary between the domains. Domain
1 and 3 share the same SAED pattern, where the Q phase nature is characterized by the strong
½ (010) reflections. When taken a closer look at the diffraction pattern, a streaking along [010]
direction is noticed approximately at the position of ¼ (010) reflections, which has been reported in
several publications and is believed to arise from the diffuse nature and structural stability of the
Q phase [129], [131]. After a careful examination on the simulated electron diffraction patterns
of the Q phase with P21ma space group, very weak ¼ (010) reflections are observed in addition to
the much stronger ½ (010) reflections shown in Figure A.3. For domains 2, 4 and 6, such streaking
feature is absent. Instead, ½ (001) and ½ (011) type reflections appear, as shown in Figure 5.11 c.
In domain 5 and 7, only ½ (011) type reflections are revealed in Figure 5.11 d. It is assumed that
this is a domain variance effect, since the neighboring domains are not oriented along the same zone
axis simultaneously, also seen in Figure 5.12. Note that the SAED patterns in Figure 5.11 b-d are
recorded separately after each tilt to the [100] zone axis. The HRTEM image in Figure 5.11 e reveals
a 2-fold modulation with a width of 0.74 nm along the [010] direction, which is consistent with the
lattice parameters of the Q phase. The modulation originates from the oxygen octahedron tilting.

By using the ½ (010) reflections in the CDF imaging, the domain variance effect between 4-6 and 6-8
is clearly demonstrated in Figure 5.12. Domain 8 can be found in Figure A.4. The domain structure of
the Q phase differs significantly from the P phase. They are composed of several nano-sized domains,
where some exhibit a needle-like or wedged morphology, as shown in Figure 5.12 b and c. The lines
are the translational domain walls and are believed to belong to the mixed inversion-translation type
[17], [51].
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Figure 5.11.: Domainmorphology and crystallography of the Q phase in NN. a. An overview of the orientational
domains in one region, where seven domains are numbered in three colors. Note the domains
with the same SAED pattern are numbered in the same color. b-d. The corresponding SAED
patterns of these seven domains, marked by the corresponding outline colors. e. The HRTEM
image of the Q phase, revealing a modulated structure with a width of 0.74 nm along the [010]
direction.

Figure 5.12.: CDF imaging of the domain structure of the Q phase. a. SAED pattern, where the circled
superlattice reflection of ½ (001) is utilized for the CDF imaging. b and c. CDF images of the
domain structures that consisting of nano-sized domains with a needle-like or wedge morphology
(indicated by the red arrows), separated by the translational domain walls. The domain tilt
effect between domains 4, 6 and 8 is clearly demonstrated.
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5.4. TEM characterization of NaNbO3-SrSnO3 series

5.4.1. Why SrSnO3?

It is known that the AFE and FE states are energetically close to each other, which enables an easy
reversible transition between these two states upon the subjection to the electric field. However,
this is rarely observed in NN ceramics due to the stabilization of the Q phase after the removal of
the electric field. Shimizu et al. [17] has shown that the FE state of NN at room temperature is
favored by 2.4 meV/f.u. using first principle calculations [17]. Thus, the criteria in the compositional
design of NN-based solid solutions lies in the increase of the stability of the AFE state. Evidenced
by the study of PLZST series shown in Chapter 4, it is clear that Sn is an effective AFE stabilizer,
also seen in the composition NaNbO3-CaSnO3, which has shown a well-defined double hysteresis
loop at ambient conditions [208]. Park has also reported the stabilization of antiferroelectricity by
adding Sr to PZ-based materials [209]. Therefore, a preliminary composition of NaNbO3-SrSnO3

(NN-SS) is formulated. Pure NN and NN-SS with the exact composition of 0.9375NN-0.0625SS
are first theoretically examined by density functional theory (DFT). The calculation demonstrates
that by substitution of 6.25 mol % SS into pure NN, the AFE state is favored by 1.4 meV/f.u., when
compared to the FE state [210]. The result is consistent with the electrical characterization of NN-SS,
showing pronounced double hysteresis loops at RT. In addition to the increased AFE stability, energy
storage density is strongly enhanced (8-times higher) as compared to pure NN [12].

5.4.2. Domain morphology of NaNbO3-SrSnO3 series

5.4.2.1. Domain morphology and crystallography characterization of NN-3SS

Figure 5.13.: Domain morphology of one representative translational domain in NN-3SS. a. SAED pattern in
the [001] zone axis, illustrating characteristic ¼ superlattice reflections, indicated by the arrows.
b. CDF imaging revealing one irregular-shaped AFE domain accompanied by the APBs, where
the annihilation of the APBs is denoted by the red arrow. c. The lattice fringes with a width of
1.50 nm along the [010] direction, are accompanied by APBs with inhomegenous periodicities.

The domain morphology of one translational domain in NN-3SS is shown in Figure 5.13. The
antiferroelectricity is easily recognized from the SAED pattern with characteristic ¼ superlattice
reflections, which are streaked. In the CDF image, the APBs are distributed randomly through the
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whole domain. Marked by the red arrow is the annihilation of two APBs. In the medium-high
resolution image, the lattice fringes with a width of about 1.50 nm along the [010] direction are
observed, which is smaller than that in pure NN. They are separated by a significant amount of APBs.

Figure 5.14.: Domain morphology of the representative orientational domains in NN-3SS. a. BF imaging
viewed along the [101] zone axis, by selecting the bright beam and the surrounding satellites
in the SAED patterns, where the signature domain blocks (marked by the blue dashed lines)
and orientational domains (separated by the 60° DB) are displayed. b and c. SAED patterns
taken at the top and bottom regions in the [101] zone axis, respectively. d. A zig-zag-shaped
domain boundary between the orientational domains in the BF image, selecting both the direct
beam and the surrounding ¼ and ½ superlattice reflections. e. The enlarged feature of splitting
and curvature of APBs from the orange dashed square in (a). f. Schematic graph of this grain
composed of several domains, where the purple lines depict the zig-zag-shaped domain boundary,
and double arrows indicate the antiparallel polarization vectors.

In addition to the translational domains, orientational domains are preserved as well in NN-3SS,
as shown in Figure 5.14. This investigated grain is composed of several orientational domains
(separated by the purple dashed lines), as also recognized by the superposition of two sets of the
superlattice reflections in the SAED patterns taken at the 60° DB shown in Figure 5.14 b. The evident
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¼ superlattice reflections confirm the presence of the antiferroelectric phase. The width of the
domain blocks separated by the blue dashed lines varies from 300 to 800 nm. The characteristic
straight lines of APB can be curved or annihilated, as seen enlarged in Figure 5.14 c. More details of
the 60° DB are revealed in Figure 5.14 d, where a zig-zag-shaped boundary is observed, denoted
by the purple lines. Such a zig-zag-shaped boundary usually is a result of reducing the electrostatic
energy in ferroelectrics, where the polarization is arranged in a fashion of head-to-tail [211]–[213].
As mentioned previously, the AFE domain experiences no electrostatic energy due to the cancellation
of the polarization within one domain. Thus, it was proposed that the zig-zag-shaped DB is formed to
gain mechanical compatibility and release mechanical stress [214]. It is assumed that the nucleation
of AFE domains occurs independently in different parts of the grain or near grain boundaries. When
the domains with different orientations get in contact, they form a domain boundary in a zig-zag
shape to enable mechanical stress release. In a recent report, such zig-zag-shaped DB, observed on
the atomic scale, were found in PZ ceramics and associated to compensate the unit cell shift caused
by the APBs that had formed [31].

In general, the domain morphology and crystallography of pure NN are maintained in NN-3SS. The
domain morphology is presented as a combination of both translational and orientational domains
within one grain, including domain blocks with a smaller and more homogeneously distributed size,
as can be seen in the lower part of the grain shown in Figure 5.14 d. The APB arrays appear straight
in pure NN but are partially curved in NN-0.03SS.

5.4.2.2. Domain morphology and crystallography characterization of NN-4SS

Figure 5.15.: Domain morphology of one representative translational domains in NN-4SS. a. SAED pattern
in the [001] zone axis, illustrating characteristic ¼ superlattice reflections, denoted by white
arrows. b. CDF imaging revealing one polygonal domain with considerably less density of APBs.
c. Lattice fringes with a width of 1.52 nm along the [010] direction, accompanied by the APBs
with a thickness significantly larger than one lattice fringe width.

Figure 5.15 reveals one translational domain in NN-4SS. The SAED pattern shows the characteristic ¼
superlattice reflections, which appear well-defined and round. In other words, the streaking feature
around the ¼ superlattice reflections observed in pure NN and NN-3SS is much less pronounced
here. In the CDF image, this domain with a polygonal shape is revealed with a significantly less
density of APBs, further seen in Figure 5.15 c. The lattice fringes have a width of 1.52 nm, slightly
higher than that in NN-3SS, while the APB region contains approximately 3-layer lattice fringes.
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A complicated orientational domain configuration was also observed, as shown in Figure 5.16. The
antiferroelectricity is easily recognized by the round ¼ superlattice reflections in the SAED pattern.
The orientational domains have the domain-block-like style as well but are less regular. Note that the
domain boundary planes are strongly inclined, as indicated by the thickness fringes at the boundaries.
The width of the domains in this grain varies between 250 to 900 nm. Details of APBs in one
translational domain are shown in Figure 5.16 c. In the lattice fringe image, the modulation length
is determined to be 1.50 nm along the [010] direction. In addition, the APBs appear again thicker,
similar to the case in Figure 5.15 c.

Figure 5.16.: Domain morphology of the representative orientational domains in NN-4SS. a. SAED pattern in
the [001] zone axis, illustrating characteristic ¼ superlattice reflections, indicated by the arrows.
b. CDF imaging revealing several orientational domains within one grain. The thickness fringes
indicate that the domains are inclined to the observed direction. c. One enlarged translational
domain from the blue dashed region in (b) with a width of about 900 nm, accompanied by arrays
of the APBs. d. The lattice fringes with a width of 1.50 nm along [010] direction, interrupted
by the APBs with a thickness significantly larger than one lattice fringe width.

In general, NN-4SS features a low density of APBs, as evidenced by the well-defined ¼ superlattice
reflections. However, the domain-block feature is still preserved at this composition.
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5.4.2.3. Domain morphology and crystallography characterization of NN-5SS

Figure 5.17 shows one representative translational domain in NN-5SS, where the antiferroelectricity
is identified by the well-defined and round ¼ superlattice reflections, indicated by the arrows in
Figure 5.17 a. This suggests a well-ordered 4-fold structure, which are accompanied by APBs with
parallel dark line feature in Figure 5.17 b. In the HRTEM image, the 4-fold modulation with a length
of 1.66 nm is clearly visible. Here, the influence of the defocus in the phase contrast HRTEM is
noticed as only one lattice plane has strong contrast when compared to the other 3 lattice planes
within one modulation, which is different from the case in pure NN when two lattice planes are in
focus while the other two are not (manifested by the two high and two low peaks in the intensity
profile), as shown in Figure 5.5. Therefore, when using the HRTEM technique, it is possible to
observe the structural modulation which however is constrained when it comes to the atomistic
analysis of the modulation due to its sensitivity of defocus and sample thickness.

Figure 5.17.: Domain morphology of one representative translational domain in NN-5SS. a. The SAED pattern
in the [001] zone axis, illustrating characteristic ¼ superlattice reflections, indicated by the
arrows. b. CDF imaging revealing the domain-block morphology, accompanied with arrays of
the APBs. c. Lattice fringes with a width of 1.66 nm along the [010] direction.

The characterization of the orientational domains in NN-5SS is shown in Figure 5.18. A defined and
distinct domain morphology with sharp domain boundaries is observed. This distinct morphology
was named ‘parallelogram domains’ due to the similarity in shape. The ¼ superlattice reflections
in the SAED pattern in the zone axis of [103] as shown in Figure 5.18 d reveals the existence of
antiferroelectricity readily. In the CDF images, characteristic APBs with line contrast are observed, as
shown in Figure 5.18 b and c. They contains approximately 3 or 4 lattice fringes with a width of
1.56 nm along the [010] direction. Based on the observed domain morphology, a schematic model
was constructed from several images of this region, where the double-headed arrows denote the
antiparallel polarization vector in each domain.

Three domains are assigned accordingly for the following analysis of local twining shown in Figure
5.19. From this schematic graph, domain twinning can easily be demonstrated. Judging from the
intensity of the reflections, it can be seen that only domain 2 and domain 3 are tilted close to the zone
axis of [0 2 1], while domain 1 is not (as can also be seen from the domain contrast between domain
1 and 3). A slight flip of the reflection spots was observed in the SAED pattern upon crossing the
domain boundary between domains 1 and 3 after carefully making sure that the spot splitting does
not arise from the beam’s defocus setting. The SAED pattern taken at the boundary between domains
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Figure 5.18.: Domain morphology of the representative orientational domains in NN-5SS. a-c. BF and CDF
images, demonstrating a well-defined domain morphology with a distinct geometry, where the
blue dashed lines in (a-c) represent the same domain boundary. Characteristic APBs are observed
in the CDF images (b and c). d. The SAED pattern in the [103] zone axis, demonstrating ¼
superlattice reflections, indicated by the white arrows. e. The lattice fringe image with a width
of 1.56 nm along the [010] direction, accompanied by APBs with a thickness significantly larger
than one lattice fringe width. f. A schematic model constructed based on several images from
this region, where three domains are numbered for the following analysis of local twining. The
orange double-headed arrows indicate the antiparallel displacement vector.

1 and 3 is shown in Figure 5.19 e, where the white circle marks the spot splitting. Since domains 2
and 3 have the same polarization directions, spot splitting is not observable in the corresponding
SAED patterns.

As previously observed in pure NN and NN-3SS, the domain block feature can also be found in
NN-5SS. The well-defined superlattice reflections similar to NN-4SS are maintained. Moreover, the
parallelogram domains exhibit a very defined shape and twin domains are formed possibly to reduce
mechanical stress [215].
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Figure 5.19.: Twinning characterization of one region in NN-5SS. a. BF image of three neighbouring domains.
b-d. SAED patterns of domain 1, 2 and 3 with zone axis of [0 2 1], respectively. e. the SAED
pattern taken at the boundary between domain 1 and 3 (strongly enlarged).

5.4.2.4. Domain morphology and crystallography characterization of NN-7SS

When more than 5% SrSnO3 is introduced to NN, the hysteresis loop cannot be recorded anymore
due to the critical field of the AFE-FE transition exceeding the dielectric breakdown field. The TEM
investigation of NN-7SS is shown in Figure 5.20. The domain block feature is not observed any longer,
and the grains are likely to be composed of one single domain, as shown in Figure 5.20 a and b.
Note that the observed thickness fringes in Figure 5.20 a indicate an inclined grain boundary, in this
case at all interfaces to the adjacent grains. The examined grains are still of antiferroelectric nature,
revealed by the ¼ superlattice reflections along with streaking features visible in the SAED pattern in
Figure 5.20 b. In the CDF image, APBs and dislocation loops [216] are revealed. Other defects such
as secondary phases (SnO2) and misfit and threading dislocations [217] are also introduced at this
high incorporation level. It is assumed that the single domain grain morphology and the appearance
of a considerable number of defects may be partially responsible for the lack of the respective double
polarization hysteresis loops. Note that dislocations were previously demonstrated to interact with
domain structures in ferroelectrics and influence the electromechanical properties by decreasing
the strain [218], [219]. The absence of stress-compensating domain boundaries could also indicate
a higher level of residual stresses in this sample, which additionally increases the critical AFE-FE
transition field beyond the breakdown field; however, further experimental work is needed to clarify
this hypothesis.

Overall, the domain morphology of pure NN is lost in NN-7SS, with single domain grains being
characteristic for this composition. However, the antiferroelectricity is maintained, revealed by the
characteristic ¼ superlattice reflections. In addition, the irregular periodicity of APBs persists at this
composition and the resulting streaking feature becomes again more significant as seen in Figure
5.20 b.
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Figure 5.20.: Domain morphology and crystallography of NN-7SS. a. BF image of one representative grain.
b. The SAED pattern recorded along the [-310] zone axis. c. CDF image obtained by selecting
one of the ¼ superlattice reflection, where the circles denote the dislocation loop. d. Domain
morphology of another representative grain. e-f. Close-up images of dislocations present in this
sample, which are marked by arrows.

5.4.3. Discussion

5.4.3.1. Domain structure and symmetry

In the present study, the NN-SS series has been systematically investigated by TEM, summarized in
Figure 5.21, where the corresponding hysteresis loops are aslo indicated. The signature domain-block
feature of pure NN ceramic is maintained in the NN-SS series for low incorporation levels (up to 5%).
However, it is absent in NN-7SS where one single domain occupies the entire grain, of which the
hysteresis loop is not obtainable. The size of the domain blocks varies from domains to domains,
but a trend of more homogeneous and smaller width is noticed. More interestingly, NN-5SS has
demonstrated a well-defined domain morphology with parallelogram domains, coincidental with the
pronounced double hysteresis loop.
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Figure 5.21.: A comparison of the domain morphology of NN-SS series. a-d. The domain structures of NN,
NN-3SS, NN-4SS and NN-5SS. e-i. The corresponding hysteresis loops.

The symmetry of the P phase with the Pbma space group is preserved in the entire NN-SS series,
confirmed by the observation of the characteristic ¼ superlattice reflections in all the investigated
compositions, independent of the incorporation level of SrSnO3. This behavior contrasts the reported
behavior in PZ-based modified materials, where both the domain morphology and the resulting
crystal structures are strongly compositional dependent [220].

5.4.3.2. Modulation length

(a) TEM (b) XRD

Figure 5.22.: The change of the lattice parameters with respect to the incorporation level of SS content in NN
via microscopic (TEM) and macroscopic (XRD) characterization methods. The XRD graph is
reprinted with permission from Ref. [210], American Chemical Society.
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The modulation length (lattice fringe width) has a compositional dependence, as displayed in Figure
5.22 a. It first drops significantly with the SS content and then gradually increases with SS content,
the latter of which can be understood with the expansion of the unit cell by the corporation of SS
in the NN structure. Similar trend was reported in Ca doped Si3N4 ceramics that the intergranular
film thickness first decreases with increasing Ca content but then increased, which can be explained
by the initial structural rearrangement at the atomic scale at low doping content, followed by the
increase of the volume at high doping concentration [221]. In principle, the modulation length along
the [010] direction here is the lattice parameter along the long b axis in the orthorhombic structure
of the P phase. However, when compared to the macroscopic characterization via XRD, shown in
Figure 5.22 b, the trend is not consistent that the unit cell parameter, especially along the long b axis,
is linearly changing with the content of SS. This discrepancy can be explained by the difference of
these two techniques - TEM is a technique that resolves the local structure while XRD is a technique
that detects the average structure. In general, the incorporation of SS causes the increase of the
unit cell volume and, more importantly, an increase in the disorder of the local Na environment, as
confirmed by XRD and NMR measurements [210].

5.5. Summary

The newly designed NN-SS solid solution series were systematically investigated by TEM, focusing
on the domain morphology and crystallography, i.e., the resulting crystal structures after chemical
modification. It was confirmed that the antiferroelectricity is maintained in all the investigated
compositions, revealed by the characteristic ¼ superlattice reflections in the electron diffraction
patterns. The APBs, manifested as lines with dark contrast, are resolved to be a 6-fold modulated
structure via HRTEM technique, whose irregular periodicity is directly responsible for the streaking
features around the ¼ superlattice reflections in NN. Moreover, the higher the density of APBs is,
the more pronounced the streaking is. The signature of domain blocks in pure NN is preserved in
the NN-SS series, except for NN-7SS where single domain grains are preferred. In particular, a well-
defined and distinct domain configuration is observed in NN-5SS, including the parallelogram domain
morphology. The lattice fringe width or the modulation length in NN-SS shows a compositional
dependence that drops initially with increasing SS content (NN-3SS) and then increases with SS
content, arising from the expansion of the unit cell by the SS corporation.

The characterization of the ferroelectric phase in NN demonstrates a needle-like morphology of the
micrometer-sized domains consisting of nanodomains, separated by the translational ferroelectric
domain walls. A modulation length of 0.74 nm in the HRTEM image corresponds to the unit cell
parameter of the Q phase, which is essentially half of the P phase.

Last but not least, it should be noted that the sample preparation can also influence the domain
structure significantly, i.e., by introducing dislocations, which emphasizes the importance of the
annealing step to release possible mechanical stress introduced during the preparation.

Results in this chapter were partially published in

“Ding H, Zhang M-H, Koruza J, Molina‐Luna L, Kleebe H-J. Domain Morphology of Newly Designed
Lead-Free Antiferroelectric NaNbO3–xSrSnO3 Ceramics. J. Am. Ceram. Soc., 104(7):3715–25 (2021),
John Wiley and Sons, Inc.”
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6. Atomic structure of NaNbO3 ceramic

In this chapter, the first part focuses on the atomistic study of NN by resolving the atomic structure
of the AFE (P) and the FE (Q) phase and the APBs for the first time using high-resolution STEM
techniques. By analyzing the presence of atomic contrast in the STEM images, the polarity of APBs
can be readily determined. Subsequently, the nature of the APB is studied by density functional
theory (DFT), such as the free energy and charge density distribution.

The second part aims to provide an insight into the reversibility of NN’s electric field-induced phase
transition, which was initially inspired by the comparison of domain structure between PZ and NN
ceramics. A dramatic increase of the APB density is noticed in pure NN ceramic, which coincides
with the lack of the reversible field-induced phase transition. This aroused intense interest in a more
detailed investigation of APBs in the NN-SS ceramics, which achieved double hysteresis loops at RT.
The analysis of the density of APBs in the NN-SS series strongly supports the idea that these highly
dense APBs may stabilize the Q phase, which hinders the reverse transformation and contributes to
the irreversibility of the field-induced phase transition. This investigation of the influence of APBs
on the reversibility of the field-induced phase transitions aims to provide a fundamental approach
for the design of NN-based compositions by focusing on the elimination of APBs to compete with
lead-containing AFEs.

6.1. The current state of NaNbO3 ceramic as lead-free AFEs

6.1.1. Is there an alternative to achieve double hysteresis loop?

Antiferroelectric (AFE) materials have great potential in energy storage applications due to their
reversible electric field-induced phase transitions between AFE and FE states. The transition manifests
itself as the characteristic double polarization hysteresis loop, which is commonly observed in lead-
based AFEs such as PbZrO3 [5], [222] and PbHfO3-based [223] materials. Therefore, efforts have
been devoted to the characterization and development of lead-based AFEs, some of which have
already reached commercialization in the industry as multi-layer ceramic capacitors [13]. However,
the toxicity of lead has dramatically inclined the scientific community towards finding non-toxic
and inexpensive alternatives [14], which are now well-known as lead-free materials [15], [224].
Among the prototype lead-free AFEs, only high-quality AgNbO3 ceramics have shown a double
hysteresis loop at room temperature [225]. Still, mass production is limited due to the high costs of
Ag. Another alternative is single crystalline NN, which presents a well-defined double hysteresis loop
at room temperature [8]. However, this has not been observed in polycrystalline ceramics due to the
stabilization of the ferroelectric phase upon the removal of the electric field [12], [226]. In order to
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achieve reversible field-induced phase transitions at room temperature, intense research has been
dedicated to the development of NN-based solid solutions by decreasing the tolerance factor (e.g.,
NaNbO3-CaZrO3 [17], NaNbO3-BiNaTiO3 [18], [122], and NaNbO3-BiMgNbO3 [19]) or by using
first-principle calculations (NaNbO3-SrSnO3, abbreviated as NN-SS [210]). Nevertheless, so far, the
performance of NN-based ceramics cannot compete with that of PZ-based AFEs [18], [77]. This
poses a question of whether there is a possibility to tailor the performance directly and, thus, the
reversibility of the field-induced transitions at the microstructure or even atomic-scale level instead
of solely relying on empirical rules.

6.1.2. Lack of atomistic study

A literature survey in Chapter 2 on NN ceramics clearly shows that the up-to-date understanding of
the P and Q phase is mainly derived from characterization based studies that implement techniques
such as X-ray and neutron diffraction [110], [113], Raman spectroscopy [204], [227], nuclear
magnetic resonance [207], dielectric analysis [119], [152] and optical microscopy [49], [125].
Although these techniques can reveal the average structures, they cannot clarify the local atomic
structure (particularly point or planar defects). Only few studies are reported using transmission
electron microscopy (TEM), which is a potent technique to analyze the local atomic structure of
materials. During the late 1980s, conventional transmission electron microscopy was employed to
reveal the domain morphology and the crystallography of NN single crystals [51]. These studies
provided valuable guidance for the subsequent TEM-based investigations. Nowadays, thanks to the
development of spherical aberration (Cs)-corrected (S)TEM [228], our understanding of the atomic
structure, domains and domain boundaries in lead-containing materials has greatly improved [96],
[229], [230]. More importantly, (S)TEM allows a detailed structural analysis of defects, such as
antiphase boundaries (APB), commonly observed in ferroelectric materials. For example, APBs were
found to be ferroelectric in non-polar PZ [39]. In lead free AFEs, only AgNbO3 based materials have
been investigated by HAADF [163], [165]. Although NN-based materials have been extensively
developed, a fundamental understanding of NN regarding the atomic structure of the P and Q phases
and their transformation is lacking. To the best of our knowledge, there is no literature on the room
temperature structure of NN resolved by high-resolution (S)TEM techniques.

6.2. High-resolution (S)TEM characterization

6.2.1. The atomic structure of the P phase

The most important crystal structure feature of the P phase is that Nb atoms are displaced antiparallel
in pairs along the orthorhombic b-axis, associated with the oxygen octahedra tilting [113]. When
observed in the [101] zone axis, the displacement of Nb has two components: firstly, the in-plane
displacement, marked by the arrows with opposite directions in the orthorhombic crystal structure,
and secondly, the out-of-plane displacement, manifested by the difference of the intensity of Nb
columns in the electron density projection image, as shown in Figure 6.1 a and b. More images of
the electron density projection taken at various spacing along the [101] direction can be found in
Figure A.5. Note that the in-plane displacement of Nb can be observed in the projected electron
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density image as well, guided by the white dashed line (Figure 6.1 b).

Figure 6.1.: The crystal structure of the P phase. a. The in-plane displacement of Nb in the orthorhombic
crystal structure of the P phase projected along the [101] zone axis, indicated by the arrows. Note
green, red and yellow colored atoms represent Nb, O and Na, respectively. b. The out-of-plane
displacement of Nb, indicated by the change of the intensity in the projected electron density
graph. c. The oxygen octahedra tilting in the P phase of NN.

To directly visualize the atomic structure of the P phase, both HRTEM and HRSTEM techniques
were employed, as shown in Figure 6.2. The 4-fold structural modulation is conspicuous in the
HRTEM image (Figure 6.2 a), where two bright and two dark atomic columns alternate along the
[010] direction. As aforementioned in Chapter 3, HRTEM is a phase-contrast imaging technique
and, thus, is strongly sensitive to the defocus and specimen thickness. Complementarily, HAADF
provides a so-called Z-contrast image, where the intensity is roughly proportional to the square of the
atomic number. The same alternating atomic contrast is observed in the experimental and simulated
HAADF image shown in Figure 6.2 b and e3. According to the projected electron density shown in
Figure 6.1 b, it is concluded that the out-of-plane displacement is responsible for the atomic contrast.
Furthermore, the in-plane displacement can be directly visualized, indicated by the upward red and
downward blue arrows along the dashed orange line, as shown in Figure 6.2 b. The ABF image
is shown in Figure 6.2 c, where the 4-fold modulation is not as pronounced as it is in the HRTEM
and HAADF images. Instead, the simulated ABF image (Figure 6.2 f) demonstrates a strong atomic
contrast. The length of this 4-fold modulation is about 15.8 Å. The atomic contrast presented in the
HAADF image provides a guideline for identifying the polarity (or antipolarity if there is any) for the
ensuing investigation.

6.2.2. The atomic structure and antipolarity of the APBs

Figure 6.3 a is a processed HAADF image in false color for improved visibility. Every four atomic
columns consist of one modulation, interrupted by a 2-fold APB region (marked by the dashed
orange lines) with the same bright and dark contrast as seen in the P phase. As previously discussed,
such contrast originates from the out-of-plane Nb displacement. It is worth mentioning that this
2-fold structure of the APB is essentially different from the 2-fold structure of the ferroelectric Q
phase, where the atomic contrast will not be expected. The in-plane displacement in the P phase
perpendicular to the [010] direction is indicated by the red and blue arrows with the opposite
directions in the enlarged Figure 6.3 b. However, such displacement is barely visible in the region of
the 2-fold APB, indicating the absence of the in-plane displacement. Nevertheless, the presence of

3Tianshu Jiang (AEM, TU Darmstadt) is acknowledged for the simulation of the STEM images.
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Figure 6.2.: High-resolution and simulated images of the unit cell structure of the P phase. a-b. The HRTEM
and HAADF image with attached line intensity profile along the [010] direction, with insets of
an enlarged region overlaid with the crystal structure, where green- and yellow-colored atoms
denote Nb and Na atoms, respectively. c. The ABF image with insets of an enlarged region
overlaid with the crystal structure. d. The crystal structure of the P phase, associated with the
cation displacement and oxygen octahedra tilting. e-f. The simulated HAADF image attached
with the line intensity profile and ABF image, where atomic contrast is conspicuous.

the out-of-plane displacement clearly illustrates the antipolarity of APBs.

As Nb is the heaviest atom in NN, the displacement of Nb can be calculated independently from Na
and O [113]. In order to quantify the displacement of Nb along the [010] direction, the fast-scanning
direction in STEM was then chosen along this direction to minimize possible drift as shown in Figure
6.3 c (HAADF) and e (ABF). The analysis of the atomic column positions was carried out using Atomap
[195]. The unit cell of the P phase and the APB can be identified by performing a line intensity profile
analysis as shown in Figure 6.3 d. As can be seen, the intensity profile corresponding to one P phase
structure features two-high and two-low peaks while demonstrating only one type of peaks in the
region of APBs, further confirms the absence of the in-plane antiparallel displacement. The inserted
model structure of the APB was obtained by DFT calculations as explained in the corresponding
section. The vertical positions of Nb atomic columns along the [010] direction are plotted in Figure
2f. Although the value of the displacement of Nb (12 pm) is within the resolution limit (80 pm)
of the (scanning) transmission electron microscope, the general trend of the 4-fold modulation is
obvious, as can be further seen in Figure A.6. In summary, APBs are found to be antipolar with a
2-fold structure as revealed by HAADF imaging. Note the unprocessed images for Figure 6.3 is shown
in Figure A.7.
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Figure 6.3.: Existence of APBs in the P phase as revealed by HRSTEM techniques. a. The HAADF image of the
P phase shown in false colors for improved visibility. The 4-fold structural modulation is observed
along the [010] direction, interrupted by an APB of two atomic layers as indicated by the orange
dashed lines in the image. b. Enlarged area from red dashed rectangle in the HAADF image with
an inset showing the displacement configuration of the Nb atomic columns. c and e. HAADF and
ABF images obtained with the fast-scanning direction perpendicular to [010], respectively. The
unit cell structure is identified based on the intensity profile and overlaid to the images while
the two APB regions are identified by the excessive intensity peaks and are marked by the grey
rectangles. d. Line intensity profile along [010]. Unit cells and APB regions are separated by
dashed lines. f. Relative displacement of Nb along the [010] direction with respect to the atomic
positions by subtracting the vertical coordinates of the Nb columns.

6.2.3. The atomically resolved structure of the Q phase

For comparisons with the P phase and the APB structure calculated by DFT shown below, the crystal
structure of the Q phase along the [101] and [010] zone axis is shown in Figure 6.4 a and b,
respectively. In the projected electron density graph, no in-plane or out-of-plane displacement of Nb
can be observed.

The atomic structure of the Q phase is explored by HRTEM and HRSTEM as well, as illustrated in
Figure 6.5. In the HRTEM image, a 2-fold modulation is readily observed, originating from the
oxygen octahedra tilting in the Q phase. The modulation length is determined to be about 0.77 nm
along the [010] direction, which is half of that in the P phase. This modulation is, however, hardly
observed in the HRSTEM images.
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Figure 6.4.: The crystal structure of the Q phase. a. The displacement of Nb in the orthorhombic crystal
structure of the Q phase projected along the [101] zone axis, denoted by the green arrows. b
and c. The crystal structure of the Q phase viewed in the zone axis of [010] and the projected
electron density graph, where no out-of-plane displacement of Nb can be observed.

Figure 6.5.: a-b. HRTEM and HAADF image of the Q phase viewed in the zone axis of [100]. c. ABF image
overlaid with the crystal structure, where green- and yellow-colored atoms denote Nb and Na
atoms, respectively.

6.2.4. The atomically resolved coexistence of the P, APB and the Q phase

In the poled NN ceramic, a ferroelectric-dominant grain was investigated, as shown in Figure 6.6,
where three regions are highlighted. The Q phase nature is confirmed by the characteristic ½
superlattice reflections, as seen in the SAED pattern in Figure 6.6 b. Furthermore, an evolution of
the reflections from regions 1 to 3 is demonstrated, manifested by the absence and presence of the ¼
superlattice reflections shown in Figure 6.6 b-d. This indicates that only the Q phase is presented
in region 1. In contrast, the Q and P phases co-exist in regions 2 and 3, which suggests that the
Q phase is only partially transformed to the P phase upon the removal of the electric field. The
co-existence of the P and Q phase in one grain designates the similarity of the structure and the
negligible difference of the free energy between the P and Q phase, commonly observed in NN-based
materials [129], [130]. In addition, the intensity of the ¼ (010) superlattice reflections (Figure 6.6
c and d) indicate that the ratio of P phase in this Q matrix grain in region 2 is higher than in region
3. More investigation about the reflection evolution can be found in Figure A.8.
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Figure 6.6.: The coexistence of the P and Q phases in one representative Q matrix grain. a. DF-TEM images
obtained by using one of the ½ (010) superlattice reflections, where 3 regions are numbered with
white circles, attached with an enlarged feature of APBs in region 1 (indicated by the arrows).
b-d. Corresponding SAED patterns of region 1-3, where characteristic ½ and ¼ (010) superlattice
reflections of the Q and P phase respectively are marked by arrows. e-g. IFFT images obtained
by masking the ¼ (010) (e) and ½ (010) (f) superlattice reflections in the corresponding FFT
and the superposition of these two IFFT images (g), see also Figure A.8 for the original HRTEM
image. The distortions denoted by the arrows are assigned to the Q phase and APB, respectively.

When taking a closer look at region 1 (the yellow dashed rectangle), the APBs and their annihilation
are observed in this Q phase region, indicated by the yellow arrows. As revealed by the in situ TEM
heating shown in Figure A.10, the streaking feature in the SAED patterns arising from the existence
of APBs is observed up to 400 °C and back to room temperature, which demonstrates the robust
stability of APB against heating. It seems that once an APB is formed in the P phase, it is remarkably
stable and resistant, though the exact mechanism is not known. The following DFT calculations
show that APBs have a higher free energy than the P and Q phases with a difference of 29 and
33 meV/f.u., respectively, which is much larger when compared to the negligible difference ( 2.4
meV/f.u.) between the P and Q phase [17]. Thus, when an electric field of 12 kV/mm is applied,
these stable APBs in the virgin P phase are highly likely to dwell in the Q phase. Therefore, it is
concluded the APBs observed in the Q phase region are essentially the ones from the virgin domains
of the P phase.

To gain atomic insight into the co-existence of P and Q phases, we applied IFFT to analyze the HRTEM
image (Figure A.8 g), as shown in Figure 6.6 e-g. Since both P and Q phases contribute to the ½
superlattice reflections (arising from the oxygen octahedra tilting), it is not easy to differentiate
them separately in the IFFT image obtained by masking the ½ reflections. However, the IFFT image
masked using ¼ reflections will exclusively highlight the P phase regions. Thus, comparing the IFFT
images obtained by masking ¼ and ½ reflections (shown in Figure 6.6 e and f, respectively), the
regions representing the Q phase can be attained by subtracting the regions that denote the P phase.
In Figure 6.6 e, regular lattice fringes in red color (corresponding to the P phase) are observed in
addition to the distortions with a width of about 2.4 nm (6-fold) marked by the white arrows. The
distortions depict the regions that do not contribute to the ¼ reflections, which could be assigned
to either a triple of the Q phase (if regular, with a width of about 0.8 nm) or one APB (if distorted,
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with a width of around 2.4 nm) shown in Figure 6.6 f. The slight distortion in the P phase region
that contributes to the ½ reflection is denoted by the circle in Figure 6.6 f. In Figure 6.6 g, the
superposition of these two images clearly demonstrates the co-existence of P, APBs, and Q phases
down to the nanoscale.

Figure 6.7.: The schematic graph of the evolution of the phase transitions upon the application and removal of
an electric field. a. Hysteresis loop of pure NN, where the blue, black, and green dots represent
the state of the material, which denotes the co-existence of P phase and APB (b), Q phase and
APB (c), P phase, APB and Q phase (d), respectively.

An in situ synchrotron study showed that the P phase is entirely transformed into the Q phase
when an electric field of 12 kV/mm is applied to the NN ceramic [226]. With this knowledge, a
complete picture of the structural evolution can be established during an irreversible field-induced
phase transition of NN, schematically shown in Figure 6.7. In the virgin state, the P phase is always
accompanied by APBs and fully transformed into the Q phase after the subjection to an electric field
of 12 kV/mm [226]. On the other hand, APBs stay residual and co-exist with the Q phase. Upon
removal of the electric field, the Q phase partially transforms back to the P phase, which leads to the
co-existence of the APB, P and Q phases. To assess the nature of APBs, DFT calculation was applied,
as presented in the following section.

6.3. DFT calculation of the APB

The main character of the 2-fold modulated APB structure is the antiparallel displacement of the
niobium ions in the distortion mode corresponding to the X+

5 irreducible representation (irrep) with
respect to the cubic structure. The energy of such a distorted phase after relaxation is shown in Figure
6.8 a in comparison with those of the other phases4. Apparently, considering only the X+

5 irrep
leads to a structure with a high energy as compared to the AFE and FE phases. Thus, other possible
distortions should be considered. There are in principle an infinite number of possible distorted
structures, thus only the superposition of two irreps in the first step is considered, i.e., one more
distortion irrep is combined with the X+

5 irrep. The resulting energies of such distorted structures
are shown in Figure 6.8 a in black. It is found that the distorted structure based on X+

5 and R−
5 irreps

is in the best agreement with the (S)TEM observations, which is characterized by the main niobium
ions displacement and oxygen octahedral rotations as specified in Figure 6.8 e. Apparently there are
some distorted structures with lower energy, but they are ignored as their lattice parameters do not
correspond to the experimental observations. For instance, after considering distorted structures

4Niloofar Hadaeghi (TMM, TU Darmstadt) is acknowledged for the DFT calculations.
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Figure 6.8.: Energy of different structures and the corresponding charge density distributions. a. Total
energies of the distorted structures with the special structures highlighted with red symbols. The
energies of the structures with the combination of one mode with the X+

5 mode are in black, and
those for the structures with the combination of one mode with the X+

5 and R−
5 modes are in

blue. b-d. The charge density distribution of the 4-fold AFE phase, 2-fold FE phase and 2-fold
predicted APB phase, respectively. e-f. The unit cell of the predicted 2-fold APB phase containing
both the X+

5 and R−
5 distortion modes, observed in the zone axis of [101] and [010], respectively.

g. The corresponding electron density projection of the cross section plane denoted in (e) and
(f). The change of intensity demonstrates the existence of the out-of-plane antiparallel niobium
displacement. The absence of the in-plane displacement is indicated by the white dashed line
along which no shift of Nb columns is observed.

obtained by a superposition of three irreps including the X+
5 and R−

5 modes, many structures with
even lower energies can be obtained as depicted in blue in Figure 6.8 a. However, the resulting
lattice parameters are not consistent with those obtained by the (S)TEM measurements performed.
Therefore, the distorted structure based on X+

5 and R−
5 irreps is considered as the metastable 2-fold

APB phase. Such a structure has a higher energy in comparison with those of the AFE/FE phases,
i.e., 29 meV/f.u. and 33 meV/f.u. higher than that of AFE and FE phases, respectively. These values
correspond to a temperature of 336 and 382 K, respectively. Thus, these three phases can co-exist.
In addition, the AFE, APB and FE phases have a 4-fold, 2-fold and 2-fold modulation, respectively,
as shown by the charge density plots in Figure 6.8 b-d. In the projected electron density shown in
Figure 6.8 g, taken from Figure 6.8 f, the change in intensity suggests the presence of the out-of-plane
displacement while no shift of Nb columns (guided by the white dashed line) suggests the absence
of the in-plane displacements, consistent with the experimental observation.
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6.4. Discussion

In this section, the role of APBs as a common planar defect is discussed by comparing pure NN with
PZ ceramics, followed by a comparison between NN-SS solid solutions, aiming to emphasize the
influence of APBs on the property of antiferroelectrics, especially in lead-free AFEs.

6.4.1. Comparisons of the microstructure of lead containing and free AFE ceramics

In chapter 4, it was noticed that the APBs in pure PZ ceramic (Figure 6.9 a) are absent in the PLZST
series (Figure 6.9 b). Instead, a striation contrast comprising ICM stripes/blocks is observed, as
shown in Figure 6.9 b. To better correlate the structure to the property, the hysteresis loops are
present below each corresponding domain structure graph. Note the PE loop from PZ is reproduced
from Ref. [71]. Distinguished double hysteresis loops are demonstrated in both PZ and PLZST (C9),
which can be only achieved near Curie temperature in PZ [71].

Figure 6.9.: Comparisons of the microstructure of PZ, PLZST and NN ceramics and their corresponding
hysteresis loop. The APBs are marked in both benchmark AFE materials - PZ (a) and NN (c) while
striation contrast comprising ICM stripes is illustrated in PLZST C9 (b). The double hysteresis
loop of PZ at 227°C is reproduced from Ref. [71].

The planar defects are also observed in the prototype lead-free NN ceramics, as shown in Figure 6.9
c, but with a significantly higher density. Correlating the APBs and the ability to demonstrate double
hysteresis loops, a patchy rule can be summarized: (1) a double hysteresis loop can be only realized
at high temperature when there are APBs as in the case of PZ; (2) a double hysteresis loop can be
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realized at RT when there are no planar defects as in the case of PLZST; (3) no double hysteresis
loop can be realized at RT or high temperature when there is a much higher density of APBs as in
the case of NN. Furthermore, from the analysis of the domain and atomic structure of NN, APBs were
shown to be strongly involved in the irreversible field-induced P-Q transition.

6.4.2. Comparisons of APBs in NaNbO3-SrSnO3 series

Based on these observations, the density of APBs in the NN-SS series was explored, which has already
shown reversible phase transitions at room temperature, see Figure 5.1. A detailed examination
of the domain morphology of the NN-SS series can be found in Chapter 5. Here, the main focus
is the role of APBs as shown in Figure 6.10 a-d. The density of APBs was quantified by measuring
the quantity across the distance over 1µm perpendicular to the lines, as illustrated in Figure A.9
and plotted in Figure 6.10 e. Note that all the SAED patterns are recorded for comparison with
the same exposure time. As can be seen, the domains of pure NN feature a very high density of
irregularly distributed APBs. Correspondingly, the ¼ (010) superlattice reflections are strongly
streaked, indicated by the arrows in Figure 5.1 a. When 3% SrSnO3 is added into NN, the density
of APBs significantly decreases. Although the streaking is still observable, it is less pronounced. In
NN-4SS, the ¼ (010) superlattice reflections are almost perfectly round, indicating a low density of
APBs, more often observed in NN-5SS (Figure 6.10 d and Figure A.9). The decrease of the density of
APBs coincides with the decrease of the remanent polarization (an indicator of the reversibility of
field-induced phase transitions) with increasing SS content as shown in Figure 6.10 e.

Figure 6.10.: APBs in NN and NN-SS series. a-d. The domain structure as revealed by TEM along with
inserted SAED patterns of pure NN, NN-3SS, NN-4SS and NN-5SS before poling, respectively,
where characteristic APBs are observed. e. Density plot of APBs and remanent polarization
with respect to the SS content, respectively. f. Schematic graph of the phase evolution during
the transition, at the virgin state, the fully poled state and back to zero field state, represented
by blue, black and green dashed rectangles, respectively.
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6.4.3. The stabilization of the Q phase via APBs

One needs to be aware that many factors can influence the field-induced phase transition. However,
up to now, the influence of APBs in NN, especially when compared to a pure PZ ceramic, has not
been considered yet. On the other hand, it has been demonstrated that the macroscopic property
of thin films can be tuned via controlling the density of planar defects such as APBs [231], [232].
Moreover, the stabilization of point defects or metastable phases via planar defect with a high density
has also been reported [233]–[235]. Analogously, it is proposed that the APBs in NN not only remain
residual but also form an interaction volume with the Q phase where the Q phase can be stabilized,
as schematically shown in Figure 6.10 f. For pure NN, the stabilization of the Q phase is rather
strong due to the presence of dense APBs, and thus, the reverse transition from the Q to P phase
was significantly frustrated. As the introduction of SrSnO3 strongly decreases the number of APBs,
especially in NN-5SS, the constraint from the interaction is so much weaker that more Q phase
can transform to the P phase, yielding the decreasing remanent polarization with increasing SS
content. Therefore, tailoring the density of APBs or even the elimination as in NN-based materials is
fundamentally vital to achieving fully reversible field-induced transitions.

6.5. Summary

The structure and the co-existence of AFE, FE states, and the planar defects- antiphase boundaries
(APB) on an atomic scale were resolved for the first time in NN. A 4-fold modulated atomic contrast
of the P phase was observed originating from the out-of-plane displacement of Nb atoms, which
allows the identification of the antipolarity of the 2-fold APBs, as opposed to the case in PZ where
the APB is found to be polar. Furthermore, the APBs demonstrate strong resistance against heating
up to 400°C and an electric field of 12 kV/mm.

Implementing the experimental data, density functional theory calculation was applied to gain
further insight into the APB structure. The simulated structure from the calculation clearly resembles
the experimental images with a higher free energy than AFE and FE phases with a difference of 29
and 33 meV/f.u., respectively, which is much larger than the negligible difference between the AFE
and FE phases. The projected electron density graph of the simulated structure further confirms the
lack of the in-plane but the presence of the out-of-plane displacement, consistent with the detailed
HRSTEM results.

By comparing the APBs between the PZ-based and NN-based materials, an increased reversibility of
the field-induced phase transition was detected accompanied by the decrease of the density of APBs.
The literature shows that planar defects can greatly influence the macroscopic property and stabilize
point defects or metastable phases. It is proposed that the APBs stabilize the Q phase, which hinders
the reverse transition from the Q to P phase when the electric field is removed. Hence, this study
provides a detailed atomistic insight into the APB structure. It emphasizes the importance of APB
engineering, which can guide future tailoring of the reversibility of field-induced phase transitions in
lead-free AFEs as energy storage devices.

100



Results in this chapter were partially submitted in

“Ding H, Hadaeghi N, Jiang T-S, Zinteler A, Carstensen L, Zhang M-H, Zhang Y-X, Donner W, Kleebe H-J,
Zhang H-B, Molina-Luna L. Atomistic Insight into the Reversibility of the Field-Induced Phase Transition
in Sodium Niobate Ceramics (2022)”.

101





7. Conclusions and outlook

In this dissertation, different (S)TEM techniques were employed to study the domain and atomic
structure of lead-containing and lead-free antiferroelectric ceramic materials, primarily focusing on
the prototype PbZrO3 and NaNbO3. The well-known PLZST system and newly-designed NaNbO3-
SrSnO3 solid solutions were also examined to correlate the structure to its corresponding property.

While investigating the domain structure of the benchmark PbZrO3 and PLZST ceramics, a transition
from antiphase boundaries in the PbZrO3 to the striation contrast in the PLZST systems was first
observed. It corresponds to the change from the commensurate ¼ superlattice reflections to the
incommensurate satellites in reciprocal space. Special attention was given to clarify that the incom-
mensuration is essentially a mixture of commensurate structures of different modulation wavelengths,
which shows a clear dependence on the Ti/Sn content, i.e., it increases with the Ti/Sn ratio, indicating
an increasing instability of antiferroelectricity. Apart from this, the rising chance to observe the
coexistence of antiferroelectric and ferroelectric domains further confirms that ferroelectricity is
promoted with increasing Ti/Sn content. The findings complement the macroscopic hysteresis loop
behaviors, seen in the decrease of the transition field and the increase of the remanent polarization
with the increasing Ti/Sn content. To rationalize the initial linear response of the polarization to the
electric field in the FE dominant compositions, a superposition effect of the nearly unchanged AFE
domain motion and reversible FE domain wall motion was postulated.

To facilitate a modern interpretation of antiferroelectricity, advanced STEM techniques and image
analysis were utilized. Thanks to the Pb displacement being dominant for the total polarization,
visualization of the polarization configuration is readily obtained by calculating the relative Pb
displacement with respect to the geometric center of the four neighboring B site atoms. The
results provide a new perspective that violates the antiparallel and compensated arrangement. Two
components are formulated in one modulated displacement arrangement: the major one with a larger
magnitude and the minor one with a smaller one, yet not exactly antiparallel. The segments with the
same sign of displacement in PLZST are significantly broader than in PZ and more inhomogenous in
width, suggesting an increasing ferroelectric ordering. This phenomenon was summarized to be of
ferrielectric nature. Benefiting from the atomistic investigation, it was also demonstrated that the Pb
displacement in the featureless ferroelectric phase aligns with the major segment of a neighboring
antiferroelectric phase.

Urged by environmental concerns, efforts gradually shift to developing lead-free AFE materials.
One of the examples is the design of the NaNbO3-SrSnO3 solid solutions guided by first principle
calculations, which realized double hysteresis loops at room temperature. To establish a structure-
property correlation, first a detailed examination of the antiferroelectric and ferroelectric domains of
the benchmark material NaNbO3 was conducted, which were identified as the characteristic ¼ and ½
type superlattice reflections, respectively. The antiferroelectric domains demonstrate a typical domain
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block feature, while the ferroelectric nanodomains present a needle-like or wedged morphology. The
maintenance of the ¼ superlattice reflections strongly confirms the enhanced antiferroelectricity in
the solid solutions. The signature domain blocks are maintained in the solid solutions but disappear
when the incorporation level reaches 7 mol.%. In particular, a well-defined and distinct domain
configuration is observed in the NaNbO3 sample modified with 5 mol.% SrSnO3, which presents
a parallelogram domain morphology, coinciding with the recorded pronounced double hysteresis
loop. Moreover, all the antiferroelectric domains display a certain amount of antiphase boundaries
not only in pure NaNbO3 but also in the solid solutions. The antiphase boundary was tentatively
resolved with a 6-fold modulated structure via the HRTEM technique, whose irregular periodicity is
responsible for the streaking features along the ¼ superlattice reflection and demonstrates that the
streaking is more pronounced with an increasing density of antiphase boundaries. As a side note, no
incommensurate structure was observed.

The domain structure of NaNbO3 is explored by high-resolution STEM techniques to be equipped
with a comparable atomistic knowledge as for PbZrO3. Based on the atomic contrast in the Z-contrast
images, it was demonstrated that antiphase boundaries have a 2-fold modulated antipolar structure,
different from the polar nature in PbZrO3. An in-situ TEM heating experiment demonstrates the
robust stability of antiphase boundaries up to 400°C. DFT calculations further validate that they
have higher free energy with a difference of 29 meV/f.u. and 33 meV/f.u. with respect to the
antiferroelectric and ferroelectric phases, respectively. The calculated structure fits perfectly with the
experimental results. Supported by the experimental observation and theoretical calculations, it was
concluded that the antiphase boundaries from the virgin antiferroelectric domains remain residual
inside the fully transformed ferroelectric state when subjected to an electric field. After removing
the electric field, the material has a coexisting state of the antiferroelectric, ferroelectric phases, and
antiphase boundaries down to the nano-scale.

To outline the absence of a double hysteresis loop in NaNbO3, the prototype PbZrO3 and PLZST series
are considered ideal reference materials for comparison. First the absence of the APBs was noticed
in the PLZST, which coincides with the double hysteresis loop at RT compared with PbZrO3, which
can only realize the double hysteresis loop near the Curie temperature. Secondly, a much higher
density of antiphase boundaries was observed in NaNbO3 than in PbZrO3. Intrigued by these two
observations, the APBs were studied in more detail in the NaNbO3 based solid solutions. Strikingly,
the increase of the reversibility of the field-induced phase transition (decrease of the remanent
polarization) was found to be accompanied by a decrease in the density of antiphase boundaries.
From the literature review, it was known that planar defects with a high density can influence the
macroscopic property such as magnetization and polarization and stabilize defects or metastable
phases. Thus, it is proposed that the ferroelectric phase may be stabilized by a high density of
antiphase boundaries, frustrating the reverse ferroelectric to antiferroelectric phase transformation.
Therefore, tailoring the density of APBs or even the elimination in NaNbO3 based materials is
fundamentally vital to achieve complete reversibility of the field-induced transitions. These findings
highlight the importance of APB engineering and provide a novel perspective for the future design
of lead-free energy storage materials. To fully appreciate the proposed concept, an in situ TEM
biasing experiment, as well as theoretical defect studies on the formation of antiphase boundaries
and their interaction with the antiferroelectric and ferroelectric phases, are equivalently essential to
fully understand the irreversibility of the field-induced phase transitions in NaNbO3-based ceramics.

In summary, (S)TEM techniques have shown their exceptional ability to probe the local atomic and
domain structure of lead-containing and lead-free antiferroelectric ceramics. As a result, the state-of-
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the-art displacement mapping in lead-containing antiferroelectrics advances our understanding of
antiferroelectricity while the investigation of antiphase boundaries in lead-free antiferroelectrics as
common planar defects paves the way for future compositional design in conjunction with theoretical
studies.
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A. Appendix

A.1. The microstructure of PLZST series

Figure A.1.: The SEM characterization of the microstructure of PLZST C series, obtained at a low voltage of 8
kV in the BSE mode. Grain contrast is visible.
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A.2. The domain morphology of PLZST series

Figure A.2.: More examples of the coexistence of AFE and FE phases in C11, manifested by the presence and
the absence of the ICM satellites, respectively. The lines and the corresponding distance denote
the width of the AFE domains.

108



A.3. Conventional TEM characterization of NaNbO3 ceramic

Figure A.3.: The simulated electron diffraction patterns of the Q phase under several low indexed zone axis,
where weak 1/4 (010) reflection is noticed, indicated by the red arrow, in addition to the strong
1/2 (010) reflection marked by the blue arrow in the zone axis of [100].
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Figure A.4.: An overview and a close-up of Q phase domains, where 8 domains with various shape and size
are highlighted. The domains numbered in the same color share the same SAED pattern.
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A.4. High-resolution (S)TEM characterization of NaNbO3 ceramic

Figure A.5.: The slice through three-dimensional electron density in the (101) plane with various spacings
along the [101] direction, visualized and obtained via Vesta software, where the out-of-plane
displacement can be observed at d spacing equaling 0.8 and -0.8 d, also seen in Figure 6.1 b.

Figure A.6.: The relative displacement of Nb along the [010] direction with respect to the atomic column
positions. The positions were obtained by subtracting the vertical coordinates of the Nb atomic
columns via Atomap, where a 4-fold modulation was identified.
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Figure A.7.: The original HAADF and ABF-STEM images for Figure 6.3. HAADF (a) and ABF (b) images for
Figure 6.3 a and b before rotation and cropping, where a modulation is observed in both images.
The original HAADF (c) and ABF (d) images for Figure 6.3 c-f.
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Figure A.8.: a. Characteristic domain morphology of the representative Q phase domain investigated in Figure
6.6. b-f. The corresponding SAED patterns of 5 regions, marked in (a), where characteristic
superlattice reflections are marked in each figure by the arrows. g. HRTEM image with an FFT
image inset for the IFFT analysis.

Figure A.9.: APBs in NN and NN-SS series. The density of APBs is defined by the number of APBs across
a distance over 1µm, shown in the images. More examples of NN-5SS are given with the
corresponding SAED patterns and enlarged feature from the red dashed rectangles.
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A.5. In situ TEM heating of NaNbO3

The in situ TEM heating experiment was carried out using conventional heating holder (Model 652,
Gatan, USA). The temperature profile was controlled by the SmartSet Hot Stage controller (Model
901, Gatan, USA). The temperature ranges from room temperature to 400°C for NN with a heating
rate of 5-10 K/min.

Figure A.10.: SAED patterns recorded during the in situ TEM heating of the P phase in the NN ceramic, where
the streaking feature (representative of the existence of APBs) is observed while heating up to
400°C and back to room temperature.
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