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Abstract

Lead-free ferroelectrics increasingly gain significance as replacement for lead-containing ceramic
materials in electronic devices. A main focus lies in modifying their functional properties in
order to meet industry demands. Quenching of the lead-free relaxor ferroelectric solid solu-
tion (1 − x)(Na1/2Bi1/2)TiO3-xBaTiO3 (NBT-BT) was developed as a procedure for increasing
the material’s low depolarization temperature (Td), which strongly limits the application range.
Quenching also increases the lattice distortion and affects the temperature-dependent permittivity
response. However, there is a lack of clear understanding about the interrelation of such characteris-
tics and the local microstructure. This work investigates the compositional range of (1− x)NBT-xBT
ceramics (0.03 ≤ x ≤ 0.12), primarily using transmission electron microscopy (TEM) and scan-
ning transmission electron microscopy (STEM). It sheds light on the relaxor ferroelectric micro-
and nanostructural features and examines the microstructure-structure-property correlation upon
quenching.

Di- and piezoelectric properties of NBT-BT ceramics vary profoundly, dependent on the composition.
Close to the morphotropic phase boundary (MPB) of x ≈ 0.06, the relaxor behavior reflects in the
presence of short-range polar structures (nanodomains/polar nanoregions) and the coexistence of
rhombohedral and tetragonal symmetries. The stabilization of a more ferroelectric character upon
quenching is accompanied by a shift in the phase assemblage towards the formation of abundant
lamellar tetragonal (P4mm) and rhombohedral (R3c) domains, coexisting with the relaxor P4bm

phase. Quenching thus promotes a spontaneous onset of ferroelectric order in unpoled relaxor
compositions, where the increased non-cubic lattice distortions manifest in an enforced formation
of lamellar ferroelastic domains in order to accommodate the corresponding strain.

In-situ TEM analyses illustrate the temperature-dependent evolution of the domain and phase
assemblage and investigate on the stability of the quenched structural features with increasing
temperature. The depolarization of the material (Td) is strongly linked to the disintegration of the
ferroelectric domain structure. The lamellar P4mm domains in the quenched MPB composition
exhibit a partial stability up to elevated temperatures (∼300 °C), which benefits a delayed depolar-
ization and relates to the overall increase in Td . The reversibility of the temperature-dependent
structural transitions is furthermore investigated.

TEM dark-field imaging using superlattice reflections visualizes the relaxor nanostructure of P4bm

and R3c nanodomains. High-resolution STEM investigations display a heterogeneous cation displace-
ment with nanometer-sized polar fluctuations, which are denoted as polar nanoregions (PNRs) and
relate to the relaxor behavior. In BT-rich compositions, a complex hierarchical domain configuration
is revealed, where a reduced population of P4bm and R3c nanodomains prevails embedded within
the lamellar P4mm domain structure. The findings demonstrate that TEM constitutes a viable tool
for unravelling the complex nanostructure of multi-phase relaxor ferroelectric systems.
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1 Introduction

1.1 Motivation

Ferroelectrics represent an important class of functional materials. They are characterized by a
spontaneous and switchable electric polarization (PS), but also exhibit various useful di-, pyro-
and piezoelectric properties. While ferroelectric materials are manifold, perovskite oxides are most
widely studied and find versatile applications. The beginning of the electroceramic industry during
the 1940s is connected to the commercial use of BaTiO3 in ceramic capacitors [1]. Nowadays,
ferroelectric ceramics are widely deployed in sensor and actuator technologies, transducers, res-
onators, as well as sonar and ultrasonic systems [2]. Such applications do not necessarily exploit
the ferroelectricity itself, but rather make use of the superior piezoelectric properties [3]. During
the late 1980s, ferroelectric thin-films became important as components in micro-electromechanical
systems (MEMS) [4].

Since 2002, focus of the scientific research has been shifted towards the development of lead-
free ferroelectrics, based on the European Union (EU) directive for the Restriction of Hazardous
Substances (RoHS). Until today, Pb(ZrxTi1− x)O3 (PZT) and related Pb-containing materials are
among the most widely used electroceramics. While there is no universal replacement for PZT,
various lead-free materials are suited for specific applications [5]. They comprise (Na1/2Bi1/2)TiO3
(NBT)-based, (K0.5Na0.5)NbO3 (KNN)-based, BaTiO3 (BT)-based and BiFeO3 (BFO)-based ceramics.
In more recent years, tailoring and tuning the electrical and structural properties in order to meet
specific requirements plays an important role in the development of lead-free materials.

The lead-free (Na1/2Bi1/2)TiO3-BaTiO3 (NBT-BT) system is a solid solution between the relaxor
ferroelectric NBT and the classical ferroelectric BT. The latter exhibits ferroelectric domains, which
are regions with a consistent polarization direction. Relaxor ferroelectrics feature more complex
nano-and mesoscale polar structures, such as polar nanoregions (PNRs) and nanodomains [6, 7]. The
unique structural characteristics give rise to a high permittivity and an enhanced electromechanical
response [8, 9]. Di-and piezoelectric properties of the relaxor ferroelectric solid solution peak at its
morphotropic phase boundary (MPB) [10]. While NBT-BT is specially suited for high-frequency and
high-power applications, such as required for ultrasonic devices [11, 12], the low depolarization
temperature (Td), where piezoelectric properties disappear, limits the temperature range of possible
applications.

In order to overcome this limitation, the procedure of air-quenching NBT-based ceramics from
sintering temperatures has been established [13, 14]. Quenching NBT-BT compositions close to
the MPB results in an increase in Td and an enhanced lattice distortion, as well as a decrease in
permittivity; all suggesting a stabilization of the ferroelectric order [15]. Therefore, a detailed
microscopic investigation in order to correlate the quenching-induced property changes to the
microstructural characteristics is important.
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Transmission electron microscopy (TEM) is a widely applied method for examining the microstruc-
ture of ferroelectric materials. TEM offers a combination of various imaging methods such as
bright-field (BF) and dark-field (DF) imaging, electron diffraction, in-situ techniques and high-
resolution (HR) imaging down to the atomic level, which are well suited for analyzing domain
configurations, local symmetries and other microstructural features. While many studies on NBT-BT
focus on the long-range average structure, TEM allows for a detailed, locally resolved analysis.

1.2 Objective & Concept

Quenching lead-free ceramics can tailor specific application-relevant characteristics without sig-
nificantly impairing the piezoelectric and electromechanical properties. However, little is known
about quenching-induced changes on a microstructural level. Therefore, this work addresses the
following three questions:

• How does quenching affect the domain structure?

• How does quenching-induced microstructural changes correlate with the phase assemblage?

• How does the temperature-dependent evolution of the domain structure and phase assemblage
correlate to the increased depolarization temperature upon quenching?

In order to determine and assess the structural changes upon quenching, the conventionally furnace
cooled structure requires a detailed identification. Domain features and phases strongly differ in the
composition-dependent relaxor and ferroelectric states, which are characterized via TEM. Subse-
quently, alterations in the domain structure and phase assemblage upon quenching are investigated
in detail. The qualitative phase fractions before and after quenching are compared. Complementary
imaging techniques, such as SEM and PFM append information about the domain structure. In
addition to the unpoled state, the quenched structure in poled MPB compositions is investigated.
Correlations between the microstructure and average structure are drawn, which in turn influence
the relaxor/ferroelectric behavior. Mechanisms for the quenching-induced structural changes are
discussed. In-situ TEM analysis comparatively investigates on the temperature-dependent develop-
ment of the domain structure, the phase assemblage and the reversibility of the phase transitions
in furnace cooled and quenched MPB compositions.

In order to better understand the complex nature of relaxor ferroelectric ceramics, a detailed and
highly resolved examination of the NBT-BT nanostructure is executed. It emphasizes the following
two major questions:

• How can nanostructural characteristics, such as the spatial distribution and morphology of
coexisting symmetries be linked to the relaxor/ferroelectric behavior?

• How are relaxor and ferroelectric structural features associated in the relaxor-to-ferroelectric
transition of the solid solution?

Using DF imaging in TEM, nanometer-sized domains of different symmetries and octahedral tilt
systems can be displayed. Their morphology and association is investigated, which provides direct
experimental evidence for the nanoscale relaxor structure. High-resolution scanning transmission
electron microscopy (HRSTEM) investigations on the local polar displacement are performed. The
relaxor-to-ferroelectric transition is analyzed with increasing BT content, starting from the MPB,
revealing the association of nanoscale and large-scale ferroelectric structures.
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2 Theory & Literature Review

2.1 Ferroelectrics

2.1.1 From Di- over Piezo- to Pyroelectrics

Ferroelectric materials are per definition characterized by the existence of a spontaneous and
permanent electric polarization (PS), which exhibits a reversibility under the application of an
external electric field [16]. Ferroelectricity is a property inherent to certain dielectric materials.
Dielectrics can be classified in a hierarchical way into the subgroups of piezo-, pyro- and ferroelectrics
(Fig. 2.1). Detailed information on dielectric properties in polar oxides and electroceramics can be
found in Refs. 17±19.

Figure 2.1: Hierarchical classification of dielectrics and their subgroups.

Dielectrics are insulating materials. Opposed to electrical conductors, they do not enable the flow
of electric charges [20]. However, dielectrics can be polarized in an external electric field (Ei). In
response to the stimulus of the electric field, charges are displaced over short distances along the
electrical field vector, creating dipole moments and a dielectric polarization (Pi) within the material.
Several mechanisms (Fig. 2.2) can contribute to the net polarization and the dielectric response [17,
18]. Electronic polarization, common to all dielectrics, describes the shift of negative electron shells
against the positive atom cores. Ionic polarization refers to the displacement of anions and cations
in an ionic crystal lattice. If the material consists of molecules with permanent dipole moments, they
can realign under an electric field (orientation polarization). Space charge polarization describes
the displacement of mobile charge carriers up to a potential barrier, e.g., a grain boundary. In a
ferroelectric crystal, ionic polarization is the major contributor to the net polarization [16], which
is also termed lattice polarization, since it describes the relative displacement of the respective
sublattices.

The dielectric displacement of a material, Di [C/m
2], depends on the applied electric field, Ei

[V/m], and the induced macroscopic polarization, Pi [C/m
2], according to [21]:

Di = ϵ0Ei + Pi (2.1)

with ϵ0 as the electric permittivity of vacuum, which has a value of 8.854 x 10-12 F/m. The
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Figure 2.2: Different polarization mechanisms arising in dielectrics upon application of an external electric field (redrawn
after Ref. 18).

polarization, Pi , induced by the electric field, is defined as:

Pi = ϵ0χi j E j (2.2)

The electric susceptibility, χi j , is a quantitative measure of the materials ability to be polarized in
an electric field. From Equations 2.1 and 2.2 follows that Di can be expressed as:

Di = ϵ0Ei + Pi = ϵ0(1+χi j)E j = ϵ0ϵr E j (2.3)

with ϵr = (1+χi j) as the relative permittivity (or also termed dielectric constant). The permittivity
of a certain material, ϵi j, is the product of ϵ0 and ϵr , a property describing the capacity of the
insulating material to store electric energy. In alternating electric fields, the dielectric permittivity
comprises a real part, ϵ′

i j
, and an imaginary part, ϵ′′

i j
:

ϵi j = ϵ
′
i j − iϵ′′i j (2.4)

with i being the imaginary number i =
⎷
−1. The ratio of ϵ′′

i j
and ϵ′

i j
results in the dielectric loss,

tanδ, which is another important measure for the dielectric quality of the material. The dielectric
loss is the dissipation factor of the electric energy. For materials with a small loss, tanδ is close to 0.

Regarding crystal structures, dielectric behavior comprises all 32 crystallographic point groups,
while piezoelectricity is demonstrated only in non-centrosymmetric crystal structures, which leaves
20 point groups [22]. In piezoelectrics, polarization can not only be induced by the application
of an external electric field, but also by applying mechanical stress [21]. The direct piezoelectric
effect describes the formation of a polarization (Pi or Di) when applying pressure to the material,
creating a potential difference and thus electric charges at the outer surfaces of the crystal. The
direct piezoelectric effect is mathematically expressed as:

Pi = di jkσ jk (2.5)

with di jk [pC/N] as the piezoelectric coefficient and σ jk [N/m
2] as the applied stress. In contrast,

the converse piezoelectric effect describes the deformation of the material upon the application of
an electric field. The field-induced strain, S jk, is defined as:

S jk = di jkEi (2.6)

Here, di jk has the unit pm/V. The piezoelectric coefficient is a third rank tensor, but can be expressed
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in reduced matrix notation, di j, with i denoting the direction of the electrical component and
j representing the direction of the mechanical component [23]. The longitudinal piezoelectric
coefficient, d33, applies for the strain (deformation) in direction of the electric field and polarization
vector [18]. The transverse piezoelectric coefficient, d31, relates to the strain perpendicular to the
polarization axis and the field, while d15 describes the shear component. Concerning electroceramics,
d33 is an important property since it connects the mechanical strain to the applied electric field.
Large d33 values are therefore related to large mechanical displacements in the material.

Another important parameter of piezoelectrics is the electromechanical coupling factor, ki j. It
describes the ratio between the stored mechanical energy and the applied electrical energy in % [2].
When assessing the quality and performance of piezo- and ferroelectrics, properties like the relative
permittivity (ϵr), the d33 coefficient, the dielectric loss (tanδ) and the coupling factor (ki j) are
descriptive parameters. It needs to be noted that these properties can also be strongly temperature
dependent.

Among the 20 non-centrosymmetric point groups which give rise to piezoelectric properties, 10
possess a unique polar axis and are characterized by the existence of a spontaneous polarization,
PS . The lattice exhibits a permanent electric dipole moment [21] and PS is also present, when no
external electric field is applied. Such materials are known as pyroelectrics. The name arises from
the temperature-dependency of PS . The pyroelectric effect relates to a change in PS with changing
temperature according to:

∆PS,i = pi∆T (2.7)

where∆PS,i is the induced polarization upon the temperature difference∆T [K] and pi [Cm−2K−1]

denotes the pyroelectric coefficient.

2.1.2 Ferroelectric Characteristics

In ferroelectrics, the spontaneous polarization (PS) has the ability to switch its direction when an
external electric field is applied. Ferroelectrics are therefore always pyro- and piezoelectric, but
not vice versa. The spontaneous polarization arises from the ionic displacement within the unit
cells (Fig. 2.3). When the cations and/or anions are displaced, the centers of positive and negative
charges become separated, leading to the creation of a polarization vector along the displacement.
Therefore, ferroelectrics possess at least two equivalent orientations for the polarization [21].

Figure 2.3: Schematic of the BaTiO3 unit cell in the paraelectric and ferroelectric state. Below TC (120 °C), a spontaneous
polarization (PS) emerges from the ionic displacement.
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Switching can also occur under the application of mechanical stress. Such a behavior is denoted as
ferroelastic and a material can both be ferroelectric and ferroelastic.

Perovskite oxides form the major group among ferroelectric ceramics with a technological signif-
icance [24]. Ferroelectric perovskites with a ABO3 structure usually undergo several symmetry
changes with temperature. The high-temperature phase is always cubic and hence centrosymmetric;
so no ferroelectricity occurs. This state is referred to as the paraelectric state. When cooled down,
a transition to a low symmetry ferroelectric phase takes place at the Curie temperature, TC. A
classical ferroelectric ceramic is BaTiO3 (BT). Since the discovery of its ferroelectric properties
in the mid-1940s, it has been widely studied [25±27]. Below TC, the displacement of Ti4+ along
the [001]pc direction is accompanied by a tetragonal distortion of the structure, giving rise to the
formation of the permanent spontaneous polarization (Fig. 2.3). It should be noted that in BT, the
O2 ± anions are slightly displaced as well [27]. The succession of temperature-dependent symmetry
changes in BT is [27, 28]:

Cubic (Pm3m)
120 °C−−−→ Tetragonal (P4mm)

5 °C−−→ Orthorhombic ( Amm2 )
-90 °C−−−→ Rhombohedral (R3m).

In the rhombohedral symmetry, the cation displacement is along 〈111〉pc, while it is along 〈110〉pc in
the orthorhombic phase. The polarization and relative permittivity change upon a phase transition,
as does the dimension of the unit cell, as illustrated in Fig. 2.4. The phase transitions in BT are first
order transitions, featuring a sharp discontinuity of the above mentioned properties. A slight thermal

Figure 2.4: Temperature-dependent phase transitions in BaTiO3 and corresponding changes in (a) the lattice constants,
(b) the spontaneous polarization, PS , and (c) the relative permittivity, ϵr (redrawn after Ref. 17).
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hysteresis occurs, which can be due to various factors, e.g., the temperature rate or an intrinsic
inhomogeneity [17]. The transition to the ferroelectric phases is associated with the formation
of ferroelectric domains (discussed in more detail in section 2.2). The relative permittivity (ϵr)
exhibits a sharp peak at TC. Above TC, the temperature dependence of ϵr follows the Curie-Weiss
law (ϵr = C/(T − T0) with C as the Curie constant and T0 as the extrapolated Curie temperature)
[29].

A descriptive feature of ferroelectrics is the hysteresis character of polarization and strain, obtained
from field-dependent macroscopic measurements. The relation between the polarization and
the applied electric field (P-E loop) and between the strain and the electric field (S-E loop) is
schematically displayed in Figs. 2.5(a) and (b), respectively. In a polycrystalline material, the
polarization vectors are statistically equally distributed between possible directions. Hence, on a
macroscopic level they cancel each other out and the overall polarization is zero. When an electric
field is applied, the polarization of an initial unpoled material increases from zero until a saturated
state is reached and the polarization vectors are aligned along the field. The realignment is closely
related to domain reorientation (see section 2.2.3). The intersection of the linear extrapolation of
the saturated polarization, Pmax , with E = 0 determines the value for the spontaneous polarization,
PS . When the electric field is turned off, a certain amount of dipoles will switch back and a stable
state will adjust itself with a remanent polarization, Pr . When the field is increased in the opposite
direction, a coercive field, Ec, has to be reached in order to overcome the potential barrier for
reorienting the dipoles and switching the net polarization to the other direction. Then again a
saturated state is reached. Returning the electric field to zero will leave a remanent polarization
with negative value. Single crystals exhibit more rectangular P-E loops with square shoulders,
while polycrystalline materials often show rotated and round loops. The finer the grain size, the
thinner the P-E loop. Ferroelectrics which require a high coercive field for switching are called ‘hard’
ferroelectrics, while ‘soft’ ferroelectrics can be more easily poled. The strain hysteresis is mainly
determined by the converse piezoelectric effect. The S-E loop typically exhibits a butterfly shape
(Fig. 2.5(b)). Analogous to the polarization, a saturated value, Smax , and a remanent strain, Sr , is
reached.

Figure 2.5: (a) Schematic field-dependent polarization (P-E) hysteresis loop and (b) strain (S-E) hysteresis loop of a
ferroelectric ceramic. The dotted lines relate to the curves starting from the unpoled state (modified after Ref. 30).
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In contrast to normal ferroelectrics, where adjacent dipoles are oriented in the same direction,
antiferroelectric materials exhibit an antiparallel dipolar displacement. Within the crystal structure,
a line of ions is shifted in one direction, while the ions in the neighboring line are shifted in the
opposite direction [31]. On a macroscopic level, the antiparallel dipoles cancel each other out.
When an electric field is applied, one set of the dipoles is switched and the material is transferred
from the antiferroelectric (AFE) to a ferroelectric (FE) state [32] (Fig. 2.6(a)). Upon removal of
the field, the material transforms back to the AFE state, showing no remanent polarization. If the
field is reversed, the switching process is reversed as well, leading to double P-E loops (Fig. 2.6(b)),
which are a typical characteristic of antiferroelectrics [20].

Figure 2.6: (a) Schematic illustrating the anti-parallel ionic displacement within the unit cells of an antiferroelectric
at zero electric field. One set of ions (A) is switched under a positive electric field, while the other set of ions (B) is
switched under a negative electric field. (b) Schematic double hysteresis P-E curve of an antiferroelectric. No remanent
polarization state is present (modified after Ref. 32).

2.1.3 Morphotropic Phase Boundary

In ferroelectric materials, superior dielectric and piezoelectric properties are often found in compo-
sitions close to a MPB. In a solid solution with two (or more) end members, a MPB relates to the
composition-dependent transition between two phases of different symmetry. A MPB is usually not
a sharp line, but rather a transition area where several phases coexist. At the MPB, the polarizability
of the material is enhanced due to the interplay of phases with equivalent energy/polarization
states [33]. This enables a facilitated dipole (domain) reorientation upon poling. The classical
example of a ferroelectric material with a MPB is found in lead zirconate titanate. PZT is a solid
solution of PbTiO3 and PbZrO3 and has a MPB at x = 0.52, where rhombohedral (R) and tetragonal
(T) phases occur [22]. At the MPB, properties such as ϵr , d33 and kp exhibit very high values,
arising from the increased polarizability between R and T polar directions via an intermediate local
monoclinic phase, serving as a bridging link [34, 35]. A flattening of Gibbs free energy profiles is
present, allowing for easy polarization reversal [36, 37]. The complexity of the local structure at
the MPB plays a significant role in achieving a high piezoelectric response [38, 39].

2.1.4 Lead-Free Ferroelectrics

In the past two decades, the development of lead-free ferroelectrics has been an important research
topic in order to replace lead-containing materials. The extensive implementation of PZT and related
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Pb-containing systems is owed to their superior dielectric and piezoelectric properties. An easy
processing and availability of precursors, as well as low cost, are further advantages of PZT-based
materials [40]. Lead, however, is toxic to the human body and causes various environmental issues.
The World Health Organization states lead poisoning as a high health risk, since the cumulative
toxin is distributed to the liver, kidney and bones and damages the brain and central nerve system
during physical development [41]. Concerning PZT-based electroceramics, the health risks for
end-users is relatively low, since the Pb-containing units are usually installed in devices where they
cannot be accessed easily [42]. However, PZT-containing devices include a chain of manufacturing
processes where the risk of lead poisoning is enhanced, especially in developing countries, where no
strict work safety regulations apply. During sintering and processing, lead can evaporate in the form
of toxic PbO [43, 44]. Recycling of lead-containing products plays another big role in the release of
lead to the environment. Based on the EU’s RoHS directive of 2002 and its revisions (RoHS-2 in
2011 and RoHS-3 in 2019), the content of lead and other toxic substances in electronic equipment
has been restricted to 0.1 wt. % [45]. However, there are numerous exemptions in the regulation for
areas where lead-free replacements are not yet available, including piezoelectric materials. The EU
Commission extended the exemptions for the use of lead in electroceramics to July 2021. Requests
for a renewal of the exemptions have been surveyed and new recommendations including a further
extension period were published in December 2021 [46]. Currently, the exemptions remain in force
until a new decision is reached by the EU Commission.

Most promising lead-free material groups are (Na1/2Bi1/2)TiO3 (NBT)-based, (K0.5 Na0.5)NbO3
(KNN)-based, BaTiO3 (BT)-based, (Ba,Ca)(Zr,Ti)O3 (BCZT)-based and BiFeO3 (BFO)-based ceram-
ics. Since PZT exhibits a MPB-related property enhancement, lead-free solid solutions inherent
of a MPB are especially of interest. Comprehensive overviews of the development of lead-free
electroceramics have been covered in multiple reviews [47±52]. Fig. 2.7 underlines that there
is no single lead-free substitute for all PZT applications [5]. However, different materials can be
considered as replacement for certain requirements, such as for high piezoelectricity and strain, or
a high temperature stability of piezoelectric properties.

Figure 2.7: The large-signal piezoelectric coefficient d∗33 as function of depolarization temperature for different lead-free
materials and PZT (reprinted from Ref. 5 with permission from Elsevier).

9



Bi-based materials are of interest, because Bi3+ and Pb2+ display a similar behavior in the perovskite
structure, since they feature the same outermost electron shell. The 6s2 lone pair of Pb2+ is known
to cause large structural distortions from the cubic symmetry [53]. The off-centering of the Bi3+ ion
from its cation site due to its 6s2 lone pair hybridization with the oxygen p-orbitals also promotes the
stabilization of a distorted perovskite structure [54, 55]. Bi-containing NBT features a high remanent
polarization, but is limited by a high coercive field and conductivity. Therefore, solid solutions with
improved properties of MPB compositions were developed, e.g., with BT or K0.5Bi0.5TiO3 (KBT).
Ternary systems, such as NBT-BT-KNN or NBT-KBT-KNN, which also form solid solutions, allow
for further complex compositions with enhanced properties. NBT-BT-KNN ceramics were found to
display an extremely large strain (0.45 %) [56] and are therefore well suited for electromechanical
applications. Pure KNN has some processing disadvantages concerning the preparation of dense
ceramics [57]. However, KNN-based ceramics doped with elements such as Li or Ta achieve high d33
values comparable to PZT [58]. BCZT has excellent piezoelectric properties near the crystallographic
(phase) triple point [59], but only at low temperatures. BFO has the unique property of being
both ferroelectric and ferromagnetic. BFO-BT solid solutions are promising candidates for high
temperature applications [60].

More recently, emphasize is laid on bringing lead-free ferroelectrics into application and tailor-
ing material properties in order to comply with specific requirements [5]. Besides piezoelectric
properties, life cycle assessment, cost-benefit, reproducibility, mechanical and thermal properties
and fatigue behavior are crucial parameters for replacing a lead-based with a lead-free material
[44, 50]. Recent industrial developments of lead-free products and prototype devices include, e.g.,
transducers with a NBT-based piezoceramic for fabrication of an ultrasonic cleaner by Honda Elec-
tronics Co., Ltd. (Japan) [11]. KNN-based actuator materials and NBT-based ultrasonic transducers
for sonar and hydrophonic applications were developed by PI Ceramic GmbH (Germany) [61, 62].
Further application examples, such as a KNN-based ring-type ultrasonic motor for auto-focusing in
digital cameras, are given in Refs. 51 and 63 and are displayed in Fig. 2.8.

Figure 2.8: Devices with lead-free piezoceramics. (a) Transducer with a NBT ceramic, (b) KNN-based ring-type ultrasonic
motor for cameras, (c) NBT-based bolt-clamped Langevin-type transducer for ultrasonic cleaning and (d) knock sensor
for car engines (reprinted from Ref. 51 under Creative Commons License CC BY-NC-ND 4.0).
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2.2 Ferroelectric Domains

2.2.1 Domain Formation

The characteristic microstructural feature of ferroelectric ceramics are ferroelectric domains. A
domain is an area which exhibits the same direction of spontaneous polarization. The interface
which separates areas of different polarization directions is called domain wall. The width of the
domain wall spans few unit cells over which the ionic displacement changes direction (Fig. 2.9). A
180° domain wall separates two neighboring domains, where the polarization direction is orientated
in opposite direction (Fig. 2.9(a)). A non-180° domain wall separates two domains, where the
polarization directions are not anti-parallel but, e.g., oriented perpendicular to each other as in 90°
domains (Fig. 2.9(b)).

Figure 2.9: Schematic of the ionic displacement and spontaneous polarization (PS) near a 180° domain wall (a) and a
90° domain wall (b) in a tetragonal ferroelectric structure (redrawn after Ref. 21).

The creation of PS during the transition from the paraelectric to the ferroelectric phase leads to the
formation of bound charges which in turn create a depolarization field, Ed , within the material.
Bound charges can appear as surface charges on the outside of the sample, or in the bulk ceramic
when PS is heterogeneous [64]. In order to minimize the electric energy associated with Ed , domains
with opposite polarization are created by the formation of 180° domain walls [65]. While they are
solely ferroelectric, reducing the electric energy, non-180° domain walls are both ferroelectric and
ferroelastic. At the phase transition from the cubic to the ferroelectric state, strain emerges due
to the change of the lattice dimensions. However, in a polycrystalline material, the grains cannot
deform freely since space is restricted by their neighboring grains. They are forced to maintain their
shape which leads to high internal stress [66]. The stress can be compensated by the formation
of ferroelastic domains minimizing the elastic energy, however not by 180° domain walls. The
formation of ferroelastic domains can be regarded analogues to crystal twinning [66]. Ferroelastic
domains can also form under the application of external stress. Note that the term ‘ferroelectric
domains’ used in this work refers to both ferroelectric and ferroelastic domains.

The total energy density (wtot) of the ferroelectric system consists of the sum of the elastic energy,
the electric energy, the domain wall energy and the surface energy [66]. In ferroelectric bulk
ceramics, the elastic and domain wall energy mainly determine the process of domain formation,
while the electric and surface energy are rather small. In order to minimize wtot , the elastic (and
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electric) energy is reduced at the expense of the domain wall energy. The number of domain walls
(and the domain size) thus reflects the equilibrium state between the domain wall energy and the
energies arising during the phase transition [67].

2.2.2 Domain Wall Orientation

Non-180° domain walls are oriented on crystallographic planes, which depend on the symmetry of
the ferroelectric upon the phase transition. The point group of the ferroelectric phase is always
a subgroup of the paraelectric phase. Mirror planes form permissible domain walls, which are
missing in the ferroelectric phase [68]. Along those planes, conditions of both orientation states
show mechanical compatibility so that the spontaneous strain arising within two adjacent domains
matches each other [69]. Regarding BT, the polarization direction in the tetragonal phase is aligned
along one of the six energetically equivalent 〈001〉pc directions. During the cubic P 4

m3 2
m to tetragonal

P4mm transition upon cooling, four of the six {101}pc mirror planes present in the cubic phase

are lost (the third viewing direction in the cubic system comprises the six [011], [011], [101],
[101], [110] and [110] directions). Two of the {101}pc mirror planes remain in P4mm, where the

third viewing direction in the tetragonal system comprises the [110] and [110] directions. The lost
{101}pc mirror planes can then act as 90° domain walls. When taking all six 〈001〉pc polarization
directions within the tetragonal phase into account, six 90° domain wall orientations are possible,
which form three orientation types with two perpendicular planes each [67, 68], illustrated in
Fig. 2.10(a). Across the 90° domain wall, the polarization vectors are arranged in a head-to-tail
configuration in order to reduce the local charge at the interface [70].

Figure 2.10: Domain wall orientations in a tetragonal perovskite. (a) The six orientations for 90° domain walls. (b)
Wavy 180° domain wall, called ‘watermark’ (redrawn after Ref. 67).

In the tetragonal phase, 180° domain walls can lie on {001}pc planes. In BT, they are found to be
crisscrossing lamellar 90° domains [71]. However, 180° domain walls often exhibit a wavy shape
and do not follow a specific crystallographic direction [70, 72, 73]. Due to their irregular rounded
shape, they are denoted as ‘watermarks’ (Fig. 2.10(b)). Their wavy form is a result of electrostatic
energy minimization, since 180° domain walls do not possess a head-to-tail orientation of the
polarization vectors [74]. In contrast to uncharged domain walls, charged domain walls exhibit an
accumulation of positive or negative charges at the wall boundary. In charged 180° domain walls,
the polarization direction either points towards the domain wall in a head-to-head configuration,
or away from it in a tail-to-tail configuration [75].

Depending on the orientation of the a and c axes with respect to the image plane, it can be
distinguished between a-a, a-c and c-c domains [70] (Fig. 2.11). 90° a-a and a-c domains are
structurally identical, only viewed from different directions. For a 90° a-a domain, both polarization
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vectors (and with that the tetragonal cT axes) lie in the image plane, while for a 90° a-c domain,
one polarization vector is perpendicular to the image plane. The notations ‘a’ and ‘c’ should not be
confused with the actual lattice parameters. 180° a-a and c-c domains are also structurally identical.
The former exhibit polarization vectors parallel to the image plane, while they are perpendicular to
the image plane in the latter configuration.

Figure 2.11: Domain configurations in a tetragonal ferroelectric, dependent on the viewing direction. Polarization
vectors are depicted as red arrows (modified after Ref. 70).

In a rhombohedral ferroelectric phase, 180° domain walls can lie on {111}pc planes, parallel to the
〈111〉pc polarization orientation [76]. Ferroelastic domain walls lie on {110}pc and {100}pc planes,
which are permissible twin boundaries [68, 77]. In the transition from P 4

m3 2
m to R3m, all {100}pc

mirror planes (first cubic viewing direction) and three of the {110}pc mirror planes are lost, while

three remain (second viewing direction in the trigonal system: [110], [011], [101]).

The orientation states on both sides of ferroelastic domain walls in the rhombohedral phase can
form an angle of 109° and 71°. Initially, it was postulated that 71° walls lie on {100}pc planes, while
109° walls lie on {110}pc planes [76, 78]. Schierholz [79] and Wang et al. [80] suggested to turn
the nomenclature around and showed that for {100}pc walls the mathematical angle between the
polarization vectors is 109° (Fig. 2.12(a)), while it is 71° for {110}pc walls (Fig. 2.12(b)). In an
orthorhombic ferroelectric, the polarization vectors are oriented along 〈110〉pc directions and 180°,
90°, 60° and 120° domain walls can occur [81, 82].

Figure 2.12: Ferroelastic domain walls in a rhombohedral ferroelectric. (a) 109° domain wall on a (100)pc plane. (b) 71°
domain wall on a (110)pc plane. The polarization directions are depicted as red arrows (redrawn after Ref. 79).
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In polycrystalline ceramics, the domain formation is dependent on the grain size. In a very fine-
grained material, lamellar two dimensional twins are formed, while twinning with a more complex
three dimensional structure takes place in coarse grained ceramics, in order to accommodate the
phase transition strain [66]. Arlt & Sasko [67] observed a herringbone pattern in BT, built of
{101}pc and {001}pc domain walls (Fig. 2.13). The herringbone pattern is not only a common
domain configuration in tetragonal ferroelectrics. It also appears in rhombohedral NBT [83, 84], in
rhombohedral PZT with near-MPB composition [38, 76, 85] and in orthorhombic KNN [73]. It has
to be noted that an ideal domain configuration can be interrupted by intrinsic defects, pores or
compositional variations.

Figure 2.13: Schematic of the herringbone domain configuration. Colors represent domains with identical polarization
directions, indicated with arrows. Polarization vectors pointing out and into the viewing plane are denoted with • and
×, respectively (redrawn after Ref. 67).

2.2.3 Poling of Domains

By applying an external electric field, ferroelectric ceramics are brought to a poled state (compare
P-E loop in Fig. 2.5(a) on page 7). Poling is thus associated with a reorientation of the domains
in the direction of the applied electric field vector. The switching of 90° domains also produces a
measurable strain (elongation) oriented along the polarization direction. The alignment of domains
upon poling depends on the possible polarization states within the structure. Since crystallites in a
ceramic are randomly oriented, a high number of potential polarization orientations allows for a
more feasible domain reorientation. In consequence, the polarizability of a material is increased in
compositions, where different symmetries account for an increase in possible orientation states.
Ideally, upon poling, the material develops a single-domain state, which can be observed in single
crystals when the poling direction is along one of the polar axes of the crystal [86]. However, the
grains in a polycrystalline material exhibit complex combinations of internal electric fields and
stresses, which do not allow for all domains to be reoriented [21]. Upon removal of the field, some
domains may switch back and a remanent macroscopic polarization (Pr) and a residual change of
dimensions (Sr) remains (Fig. 2.14).

Mechanisms such as domain wall motion and domain nucleation enable the reorientation of polar-
ization during the poling process. Domains with an energetically favored polarization orientation
in relation to the poling field can expand while unfavorable domain orientations diminish. Energet-
ically favored domains grow and increase in number. The formation and reorientation of domains
can be demonstrated on ferroelectric thin films, where anti-parallel wedge-shaped domains appear
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Figure 2.14: Schematic of a polycrystalline ceramic in the paraelectric state, the unpoled ferroelectric state and the
poled ferroelectric state with a remanent macroscopic polarization (Pr).

once an electric field is applied in opposite direction of the polarization state [87]. The domains
grow forward and coalesce into larger domains or adopt a sideways expansion and sideways
domain wall motion [88, 89] (Fig. 2.15). The velocity of the domain wall motion depends on the
applied electric field strength [90, 91]. Motion of ferroelastic domain walls can be dictated by a
stop-and-go pinning at lattice defects [92]. With increasing field strength, pinned domain walls can
proceed further. The effect of domain wall pinning can be reduced by poling the ceramics at high
temperatures [93].

Figure 2.15: Sequence of polarization switching in a ferroelectric thin film. Upon application of an electric field (E)
domains start to nucleate and grow, then expand sideways until the entire specimen is poled along the electric field
vector (modified after Ref. 89).

2.3 Tilt Systems in Perovskite Oxides

The general formula of the perovskite structure, which comprises the major group of ferroelectric
ceramics, is defined as ABX3. Perovskites are ionic compounds build up by BX6 octahedra and
usually large A-site cations (rA > rB) situated in the cuboctahedral cage site [94] (Fig.2.16(a)). In
perovskite oxides, X is occupied by oxygen forming a corner-connected oxygen octahedra network
(Fig. 2.16(b)). The aristotype for perovskites is SrTiO3, which is cubic at room temperature. It has
the ideal perovskite structure and a Goldschmidt tolerance factor (GTF) of 1. The GTF is a measure
for the stability of the perovskite structure. It depends on the chemical formula and the ionic radii
rA, rB and rX of the A, B and X ions [94, 95]:

GTF=
rA+ rX⎷

2(rB + rX )
(2.8)

If the GTF is between 0.9 and 1.0, the cubic perovskite structure is likely to form. When the
GTF is between 0.71 and 0.9, lower symmetries occur. A change in composition can therefore be
accompanied by a change in lattice parameters and hence in symmetry. The perovskite structure
can host a great number of different ions. Thus, physical properties of perovskites can be manifold
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Figure 2.16: (a) Generic perovskite structure (oxygen = blue, A-site cations = yellow, B-site cations = gray). (b) Different
representation showing corner-connected BO6 octahedra (structure created with Vesta [97]).

[96]. Substitution often occurs at the A site, but is also possible at the B site. The occupation of one
site by several atoms can be random or ordered.

Structural distortions of perovskite oxides are mainly attributed to three different mechanisms [96]:
tilting of the BO6 octahedra, distortion of the BO6 octahedra and cation displacement on the A and
B site. Cation displacement is the fundamental mechanism for creating a spontaneous polarization
and is therefore essential to the resulting ferroelectric properties.

Oxygen octahedral tilting is the most common distortion mechanism in perovskite oxides. It always
produces a symmetry lower than the cubic aristotype [98]. The BO6 octahedra are tilted while
maintaining their corner connectivity. Tilting of one octahedron always provokes tilting of its
neighboring octahedra in the opposite sense. Octahedral tilting occurs, when the A-site cation is too
small for the A-site interstice. By tilting the oxygen octahedra, the volume of the A-site interstice is
reduced, forming a more energetically efficient structure [99, 100]. Tilting therefore allows for a
larger variety in the elemental occupancy on the A site, while the surrounding of the B site is left
unaltered [98].

Glazer [101] established a classification and nomenclature for octahedral tilting in perovskites. The
Glazer notation consist of a set of three letters a, b and c, which refer to the tetrad axes [100],
[010] and [001]. If tilting is equal along two or three axes, the letter is repeated. As example,
aac refers to equal tilts about [100] and [010] and a different tilt about [001]. A superscript is
added, to specify the sense of tilting of two adjacent perovskite layers, which can be in-phase (+)
or anti-phase (−). For in-phase tilting, octahedra are tilted in the same direction around the tilt
axis, while for anti-phase tilting, octahedra in adjacent layers are tilted in opposite direction around
the tilt axis. If no tilting is present, the superscript 0 is used. An ideal perovskite structure without
tilting has the Glazer notation a0a0a0. In-phase and anti-phase tilted perovskites, where the c axis
is the tilt axis, have the notation a0a0c+ and a0a0c−, respectively (Fig. 2.17(a)). Since the corners
of the octahedra remain connected, tilting along one axis decreases the distance between octahedra
centers perpendicular to the tilt axis. Denoting the angle of tilt (α, β and γ) to each of the tetrad
axes, the pseudocubic (pc) axial lengths (apc, bpc and cpc) can be derived [102]:

apc = a0 ∗ cosβ ∗ cosγ

bpc = a0 ∗ cosα ∗ cosγ

cpc = a0 ∗ cosα ∗ cosβ

(2.9)
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with a0 being the lattice parameter of the non-tilted perovskite structure. The same tilt about all
three axes (a+a+a+) results in apc = bpc = cpc with 〈111〉pc being the rotation axis [101]. In total,
23 different tilt systems are possible. They are listed by Glazer with their corresponding notation,
unit cell parameters and space group [101] .

Figure 2.17: (a) In-phase a0a0c+ tilt system, where adjacent oxygen octahedra layers are tilted in the same sense around
the c axis and anti-phase a0a0c− tilt system, where the layers are tilted in an opposite sense. (b) The repeat distance of
lattice parameters perpendicular to the tilt axis is doubled (2apc); (modified after Refs. 96 and 102).

From the illustration in Fig. 2.17(b) it becomes apparent that the repeat distances along the apc
and bpc axes, perpendicular to the tilt axis, are doubled (2apc). Regarding diffraction patterns, the
doubling of the unit-cell parameters causes reflections that lie on half-integral reciprocal distances
[102]. While the main reflections have integer hkl, the superlattice reflections (SRs) have 1

2 {hkl}
indices. Howard & Stokes [98] derived group-subgroup relationships between the different tilt
systems. While Glazer’s 23 tilt systems are partly in the same space group, their analyses led to 15
distinct tilt patterns with distinct space groups. The group-subgroup relations are shown in Fig.
2.18. All known perovskite structures (except one that requires octahedral distortion) fall within
these 15 tilt systems.

In ferroelectric perovskites, octahedral tilting and cation displacement often become superimposed
[103]. The combination of both can therefore lead to changes in the symmetry. When the cation
displacement is anti-parallel, the structure is centrosymmetric and the space group stays the
same as defined by the tilt system. If cation displacement is parallel, the structure becomes non-
centrosymmetric and the space group is a subgroup of the group defined by the tilt system [102]. As
an example, rhombohedral NBT-BT exhibits the tilt system a−a−a− (R3c) and additionally parallel
cation displacement along 〈111〉pc. Due to the parallel displacement, R3c becomes R3c since the
inversion centre is lost. A similar reduction in symmetry occurs in the tetragonal phase, which
exhibits a0a0c+ tilting and parallel cation displacement along [001]T. Due to the cation shift, the
mirror plane perpendicular to the c axis in P 4

mbm is lost, resulting in the P4bm space group. It has
to be noted that cation displacement itself can also produce superlattice reflections analogous to
octahedral tilting, however, only if the displacement is anti-parallel [102]. Chemical ordering of
ions can also result in superlattice reflections. Chemical ordering generates reflections of 1

y {hkl},
where y is the number of planes in the repeat distance [100]. Exemplary, ordering of 2:1 results in
y = 3. As long as y ≠ 2, such SRs can be distinguished from the SRs caused by oxygen octahedral
tilting, where y always equals 2.

Generally, the scattering from oxygen atoms is considered weaker than the scattering from the
cations in the lattice [100]. A clear advantage of electron diffraction is the possibility to image weak
SRs, while other X-ray techniques may be insensitive to monitoring such reflections. Woodward &
Reaney [100] simulated electron diffraction patterns for all known perovskite structures, based on

17



Figure 2.18: (a) Group-subgroup relations of the allowed space groups by the 15 possible tilt systems. C = cubic, T =
tetragonal, Tr = trigonal, O = orthorhombic, M = monoclinic, Tri = triclinic (redrawn after Ref. 98).

ideal kinematical assumptions, which regard only a single scattering event. Allowed SRs underlie
specific hkl conditions. However, usually no perfectly kinematical scattering is present, but multiple
scattering events occur (dynamical theory). As a result, reflections can arise in positions where they
are kinematically absent.

Anti-phase tilting results in SRs of the type 1
2 {ooo}, where ‘o’ stands for odd hkl indices. They occur

in 〈110〉pc zone axes [100]. Kinematically, the 1
2 {ooo} SRs are absent from 〈110〉pc zone axes that

are perpendicular to the tilt axis. For a−a−a− with its tilt axis 〈111〉pc, six of the possible twelve
〈110〉pc zone axes do not contain SRs. A clear differentiation of the anti-phase tilt systems a0a0c−,
a0 b−b− and a−a−a− under kinematical assumptions is only theoretically possible by analyzing all
〈110〉pc electron diffraction patterns (which is practically unfeasible due to the restricted tilting
range in the TEM and dynamical scattering). In-phase tilting results in SRs of the type 1

2 {ooe},
where ‘e’ denotes even hkl indices. For the single tilt a0a0c+, SRs occur in 〈100〉pc zone axes parallel
to the tilt axis and in all 〈111〉pc zone axes. When more than one axis is tilted in-phase, all variants
of 1

2 {ooe} SRs occur in 〈100〉pc, 〈110〉pc and 〈111〉pc. The a0a0c+ tilt system can thus clearly be
distinguished from the other in-phase tilt systems by the absence of SRs in 〈110〉pc. Mixed tilt
systems exhibit both 1

2 {ooo} and 1
2 {ooe} SRs, as well as additional reflections of the type 1

2 {oee}
[100].

In ferroelectric ceramics, such as NBT-BT, where the deviation in the unit cell from the cubic symme-
try is very small, electron diffraction patterns appear pseudocubic. The occurrence of superlattice
reflections is therefore crucial for identifying the present phases and tilt systems, as executed in
this work.

2.4 Relaxor Ferroelectrics

Relaxor ferroelectrics (or relaxors) are ferroelectric-like materials that exhibit some of the largest
known values of piezoelectric coefficients and strain [104]. Besides the strong electromechanical
response, they also show a large dielectric permittivity, which led to their broad industrial application
as capacitors and actuators [9]. The reason for their enhanced properties lies in their complex
and dynamic nanoscale polar structure, which differs profoundly from a conventional ferroelectric
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domain structure. A classical relaxor ferroelectric is Pb(Mg1/3Nb2/3)O3 (PMN) and its solid solutions,
which have been extensively studied [6, 105, 106]. Due to the legislative constraints for Pb-
containing materials, lead-free relaxors gained considerable attention [8, 107]. Still, despite decades
of research, understanding the structural origins of relaxor behavior remains a challenging quest
[108]. As stated by Cohen, while being fascinating materials, relaxor ferroelectrics seem to be
‘heterogeneous and hopeless messes’ [109].

2.4.1 Relaxor vs. Ferroelectric Characteristics

Unlike classical ferroelectrics, relaxors with a perovskite structure possess a random distribution of
different atoms at either or both the A and B site in the ABO3 lattice. If both the A and B sublattice is
occupied by two different cations, the chemical formula is A′xA′′

(1−x)
B′y B′′

(1−y)
O3 [6]. The A′ and A′′

ions (respectively B′ and B′′) can have different charges, however x and y are defined to maintain
an overall charge neutrality.

One of the most prominent dielectric features of relaxors, which distinguishes them from a normal
ferroelectric, is a broad and diffuse maximum of the temperature-dependent permittivity [111].
The curve of the permittivity further exhibits a strong frequency dependence, whose dispersion
is broadened for temperatures below the temperature of the maximum of permittivity, Tm [110].
Fig. 2.19(a) compares the temperature-dependent permittivity of a normal ferroelectric, showing a
sharp transition at TC , and a relaxor displaying a diffuse transition over Tm. With higher frequency
of the probing field, Tm is moved to higher temperatures. Unlike in ferroelectrics, above Tm,
relaxors do not obey the Curie-Weiss law [6, 110]. Tm therefore does not correspond to the phase
transition from the ferroelectric to paraelectric state, as does TC . This is due to the presence of
polar nanoregions (PNRs) which persist well above Tm [112]. The transformation to a non-polar
paraelectric phase occurs only at higher temperature, the so-called Burns temperature, TB [110].
At TB, no PNRs are present any more (Fig. 2.19(b)). The transformation at TB, however, is no
structural phase transition in the classical sense, because it is not accompanied by a macroscopic

Figure 2.19: Characteristics of a normal ferroelectric vs. a relaxor. (a) Sharp peak of ϵ′ at TC vs. dispersive and broad
maximum at Tm. (b) No ferroelectric domains and macroscopic polarization above TC vs. PNRs present up to TB. (c)
Broad P-E loop with high Pr vs. slim P-E loop and low Pr (redrawn and modified after Ref. 110).
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change in crystal symmetry [7]. In contrast to ferroelectrics, relaxors show slim hysteresis loops
with a small remanent polarization, Pr (Fig. 2.19(c)). The reason lies in a swift reversion of PNRs
to their random orientation after the electric field is removed [110]. Such relaxors are denoted
as ergodic and do not exhibit a remanent ferroelectric state once the electric field in removed.
Non-ergodic relaxors, however, are irreversibly transformed into a ferroelectric upon poling and
exhibit more square-shaped P-E loops with a higher remanent polarization.

2.4.2 Polar Nanoregions and Relaxor Models

There is no uniform definition for PNRs in literature. The term generally describes nanometer-
sized polar regions (dynamic or static) [108]. Unlike ferroelectric domains, which are large and
uniform, PNRs are nanoregions with a short-range polar order. The terms ‘PNRs’ and ‘nanodomains’
sometimes refer to the same structural feature. It reflects that the terminology for polar regions with
a short correlation length has a certain ambiguity. PNRs form below TB, where they are assumed
to be mobile and dynamic (ergodic). Their polar axis is thermally fluctuating between equivalent
states of polarization [113]. PNRs are assumed to grow in size with decreasing temperature [111].
Their temperature-dependent evolution is schematically illustrated in Fig. 2.20.

Figure 2.20: Schematic illustrating the evolution of the relaxor nanostructure with decreasing temperature (redrawn
after Ref. 114).

In a canonical relaxor, the dynamics of PNRs slow down until a critical freezing temperature (TV F )
is reached, where they are transferred into a ‘frozen’ state. Such behavior is known from dipole
glass phases. Therefore, slowing down and freezing of PNR dynamics is considered under the
dipolar glass model [115]. Macroscopically, the polarization is zero, since the PNR dipoles are
randomly distributed and the average symmetry appears pseudocubic [8]. A non-ergodic relaxor
can irreversibly be transformed into a ferroelectric state when an electrical field is applied [116].
Only when heated, the ferroelectric state is transformed back to the relaxor state at the ferroelectric-
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to-relaxor transition temperature, TF -R [117]. This transition is represented by an anomaly in the
permittivity when crossing from the non-dispersive to the dispersive region of the permittivity curve
[118, 119]. In non-canonical relaxors, the ergodic state is directly transformed into a ferroelectric
state upon cooling by a spontaneous phase transition and vice versa [7].

Relaxors derive their name from the dielectric relaxation response. Dielectric relaxation is considered
as the delayed and gradual response of polarization in a dielectric material to an external stimulus,
a small-signal electric field [111]. In relaxors, the relaxational dynamics reflect in the frequency
dependence of the permittivity and its maximum. The dielectric relaxation time, which increases
with decreasing temperature, is believed to originate from the reorientation of the PNR dipoles
[112]. The relaxational freezing temperature of PNRs, TV F , is considered under the Vogel-Fulcher
relation [113, 120, 121]:

f = f0 ex p

�

−Ea

kb(T
′′
m − TV F )

�

(2.10)

with the frequency, f , the cut-off frequency of the distribution of relaxation time, f0, the activation
energy, Ea, the Boltzmann constant, kb, and the temperature maximum of the imaginary part of
the permittivity, T ′′m.

Most interpretations for relaxor properties are subdivided into two underlying concepts: the already
mentioned dipolar glass model and the random-field model. A comparative overview of further
relaxor models is given by Ahn et al. [122]. In the dipolar glass model, PNRs are considered as
nanometer-sized phase fluctuations located within a non-polar cubic matrix [7] (Fig. 2.21(a)).
The PNRs can grow in size, but their percolation into large ferroelectric domains is prevented by
chemical disorder and random electric fields [123]. The random-field model [124±126] advocates
the assumption that the relaxor microstructure is build up by polar nanodomains separated by small
domain walls (Fig. 2.21(b)). The symmetry transition applies to the entire crystal and no cubic
matrix is present. The structure is broken up into ferroelectric nanodomains, which stay in their
small size due to constraint of random electric fields which originate from charged compositional
disorder [125]. The concept of PNRs is controversial, as illustrated by Hlinka [127], who makes
a clear distinction between PNRs and ferroelectric nanodomains. While the mechanisms of PNR
formation are not yet conclusively resolved, they are believed to be the central element for the
relaxor behavior. The occurrence of PNRs has been confirmed by a variety of analytical techniques,
including neutron diffraction [128, 129], nuclear magnetic resonance (NMR) spectroscopy [130]
and visualization via piezoresponse force microscopy (PFM) [131] and TEM [132].

Models describing PNR formation are manifold. Some earlier explanations relate to the disordered
distribution of the different ions in the relaxor perovskite structure. Below TB, polarization develops
in regions of several unit cells in size that are richer in one cation (e.g. B′ or B′′) and grow in size with

Figure 2.21: Models for the relaxor microstructure. (a) PNRs embedded in a cubic matrix and (b) PNRs/nanodomains
separated by domain walls (redrawn after Ref. 7). (c) Slush-like state with PNRs of different symmetries (redrawn after
Ref. 133).

21



decreasing temperature [134]. PNRs were also related to small areas of chemical ordering within a
disordered matrix. These ordered regions with short coherency are suggested as the nucleation site
of localized polar clusters [135]. Here, ordering of the cations constitutes a relaxation process via
diffusion, which can be quite fast at elevated temperatures. However, it needs to be noted that these
deductions were made from TEM diffraction studies, where superlattice reflections were assigned
to cation ordering, while such reflections can likewise be created by oxygen octahedral tilting.
Opposed to chemical short-range ordering, it could be shown for doped BT relaxor ferroelectrics
that PNRs arise from Ti and O off-center displacement induced by the dopant ions, which cause
random local strain fields suppressing a ferroelectric long-range order [136]. More recent molecular
dynamics simulations on the solid solution of PMN with PbTiO3 (PMN-PT) suggest a multi-domain
state of domains being 2-10 nm in size (comparable to the slush state of water), rejecting the
presence of a cubic matrix [137]. For KNN-based ceramics, a slush-like multiphase coexistence of
polar nanoregions (Fig. 2.21(c)) was demonstrated [133]. Observations of a dynamic nature of
diffuse scattering opposes the concept of static PNRs [138, 139]. The multitude of scientific works
illustrates that solving the questions concerning the complex microstructure of relaxor ferroelectrics
and the formation of PNRs still remains challenging. This is also owed to the wide variety of
different relaxor materials, rendering the adoption of one single descriptive model inapplicable.

Chemical substitution in solid solutions allows mixing of relaxors with classical ferroelectrics, which
display a crossover from relaxor to ferroelectric properties dependent on their composition. Such
systems include, e.g., PMN-PT, but also numerous lead-free materials, such as BT-, KNN- and
NBT-based solid solutions. Among them is NBT-BT, which is surveyed in detail in the following
section.

2.5 The NBT-BT System

(1− x)Na1/2Bi1/2TiO3-xBaTiO3 (NBT-BT) is a well-investigated lead-free material system which
exhibits relaxor behavior close to its MPB and close to the NBT end member. Takenaka et al. [10]
firstly described the enhancement of piezoelectric properties at the MPB for x ≈ 0.06, where
rhombohedral and tetragonal phases coexist. NBT is a relaxor, where the A site is occupied by Na+

and Bi3+ in equivalent amounts, while BT is a classical ferroelectric. In the relaxor-ferroelectric
solid solution with perovskite structure, Na+, Bi3+ and Ba2+ all occupy the A site.

2.5.1 Potential of NBT-BT Ceramics

Compared to pure NBT, which exhibits a relatively high coercive field (Ec), conductivity and
electrical loss [140], all being disadvantageous for the poling process, NBT-BT ceramics allow
for an easier poling. While NBT-BT exhibits lower piezoelectric and electromechanical coupling
coefficients (d33 and planar electromechanical coupling factor, kp) compared to other promising
lead-free materials, such as KNN-based systems [141], it has the advantage of enabling an easy
preparation of dense ceramics [13, 142]. Furthermore, NBT-BT shows a high electric field induced
strain response (∼0.4 %) [143], which makes it interesting for the application as actuator material.
The high mechanical strength and large kt/kp ratio (with kt being the thickness coupling coefficient)
makes NBT-BT suitable for high-frequency and high-power applications [10, 12, 144]. Superior
high-power and high-frequency properties are especially promising for ultrasonic techniques, such
as ultrasonic cleaning devices. Tou et al. [11] could demonstrate that NBT-BT-based ceramics
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display a higher mechanical quality factor compared to PZT at high vibration velocities. Transducers
with a NBT-BT-based ceramic installed in an ultrasonic cleaning device (displayed in Fig. 2.8(c) on
page 10) show a higher vibration velocity and lower power loss compared to the same transducer
with a PZT ceramic [11]. However, the drawback of the NBT-BT system is its comparably low
depolarization temperature, Td , where piezoelectric properties disappear [145, 146]. A low Td

limits the range of potential operating temperatures for NBT-BT ceramics.

2.5.2 Di- and Piezoelectric Properties & Phase Diagrams

Piezoelectric properties of NBT-BT ceramics peak at the MPB (x = 0.05-0.08) [10, 12, 147±151].
The MPB is no sharp transition, but a transition region with coexisting phases. Different ranges of
the MPB are reported in literature, with the electromechanical properties demonstrating a maximum
around x = 0.06-0.07. Room temperature values for a d33 of 167 pC/N [152] and a high kp of
29 % [12, 152] are reported for x = 0.06-0.07. The dielectric loss (tanδ) is reduced to 0.04 (for x

= 0.07) [153]. For x = 0.06, Td decreases and exhibits the lowest value of ∼100 °C [145, 154]. Td

is most accurately obtained from the decrease of the piezoelectric coefficient, d33, as a function of
temperature [155]. It is argued that at the MPB, poling-induced domains align more easily from
the nanoscale relaxor structure and in turn can be more easily disintegrated by temperature, thus
reducing the thermal stability of domains and resulting in a low Td [156]. Others argue that the
phase mixture at the MPB increases lattice incompatibilities, resulting in less temperature-stable
domain structures [152].

In unpoled samples, the non-ergodic relaxor behavior at the MPB is characterized by a diffuse phase
transition with a broad peak over Tm and a frequency dispersion of the temperature-dependent
permittivity (ϵ′) on the low temperature side (Fig. 2.22(a)), relating to the coexistence of rhom-
bohedral R3c and tetragonal P4bm PNRs [157]. At higher BT fraction (x > 0.10), the frequency

Figure 2.22: Temperature-dependent real (ϵ′) and imaginary (ϵ′′) part of the relative permittivity at different frequencies
in unpoled (a) and poled (b) NBT-6BT (with 6 mol % BT). Arrows indicate the increasing frequency. The inset in (a)
displays the Vogel-Fulcher fitting of the dielectric data (reprinted from Ref. 121 with permission of the American Physical
Society).

23



dispersion at lower temperatures strongly decreases, indicating ferroelectric behavior at room tem-
perature. For compositions left to the MPB there is a certain discrepancy in published permittivity
data. The absence of a frequency dispersion suggesting a ferroelectric character was observed for
x = 0.04 [158], while pure NBT displays a relaxor-typical frequency dispersion [159].

Permittivity measurements of poled specimens vary profoundly from unpoled samples. When poling
MPB compositions at high electric field, the room temperature non-ergodic relaxor state can be
converted into a ferroelectric state. Here, the low-temperature frequency dispersion of permittivity
is lost [121] (Fig. 2.22(b)). When heated, the ferroelectric state is transformed back to the relaxor
state, manifested in the sharp transition at TF -R, where the induced ferroelectric domains lose
their macroscopic texture and piezoelectricity disappears [118]. Subsequently, a disintegration into
nanoscale PNRs takes place.

The NBT-BT system was initially believed to undergo a transition from a FE to an AFE state at
elevated temperatures, deduced from anomalies in the permittivity and a doubled P-E hysteresis
loop [10, 141, 143, 153, 160]. Fig. 2.23 shows the temperature-dependent polarization hysteresis
of NBT-6BT (with 6 mol % BT), where a constriction appears at 85-100 °C [157]. The AFE state
was believed to persist between Td and Tm and then transform into the paraelectric state at higher
temperature. However, this subject experienced a lot of controversy. A constriction of the P-E loop
can also arise due to other mechanisms, such as the field-induced relaxor-ferroelectric transition
[157], or domain wall pinning at defects and formation of internal bias fields [21]. Raman scattering
studies could not confirm any indications for a structural phase boundary in the compositional
range of 0.00 < x < 0.09, which would be expected for a FE-AFE transition [161, 162]. Due to
missing structural and thermal characteristics, the FE-AFE transition was consequently omitted
[157].

Figure 2.23: P-E hysteresis of the MPB composition NBT-6BT at different temperatures (reprinted from Ref. 157 with
permission of AIP Publishing).

Ma & Tan [160] published a structural phase diagram for unpoled NBT-BT based on in-situ
temperature-dependent TEM investigations (Fig. 2.24). In addition to the MPB of coexisting R3c

+ P4bm phases, they identified a second MPB for x ≈ 0.11, where P4bm nanodomains and large
ferroelectric P4mm domains coexist. Ferroelectric domains start to disappear when reaching Td

and all compositions subsequently exhibit the nanoscale P4bm structure. The transition to the
paraelectric cubic phase takes place in a large temperature range well above Tm. Subsequently, a
further MPB on the NBT-rich side for x = 0.03-0.04 was introduced, separating a Cc from a R3c

phase field [163]. Another setup with two MPBs, one showing a R3c-to-R3m transition for x = 0.05
and a R3m-to-P4mm transition for x = 0.11 was proposed based on in-situ synchrotron diffraction
[164].
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Figure 2.24: Structural phase diagram of unpoled (1− x)NBT-xBT. Dotted lines indicate temperatures derived from
anomalies in the permittivity response. TRE denotes the vanishing of the frequency dispersion (reprinted from Ref. 160
with permission of John Wiley and Sons).

While the structural phase diagram in Fig. 2.24 is mainly based on TEM investigations, Adhikary
et al. [150] lately presented an updated phase diagram for unpoled (Fig. 2.25(a)), as well as
for poled NBT-BT (Fig. 2.25(b)), based on temperature-dependent X-ray and neutron powder
diffraction. In unpoled specimens, the R3c + P4bm MPB spans the compositional range of 0.03 < x

< 0.065 and develops into a coexisting phase field of P4bm + P4mm for x > 0.065. In contrast to
Fig. 2.24, a single P4bm phase field is absent. The P4mm + P4bm coexistence spans over a wide
compositional range up to x = 0.18. The distinction between an ordered and disordered P4bm

phase is made based on an accurate fit of the P4bm structural model for the superlattice reflections.
In the structural phase diagram of poled NBT-BT (Fig. 2.25(b)), a Cc + R3c MPB is absent. The
coexisting phase field of R3c + P4bm only exists at higher temperatures between 150 and 300 °C.
Compositions are rhombohedral for x < 0.065 and tetragonal (P4mm + P4bm) for x > 0.065.
Structural characteristics of unpoled and poled NBT-BT are further discussed in section 2.5.4 and
2.5.5, respectively.

2.5.3 The End Members NBT and BT

The properties of NBT-BT are strongly linked to the complex structural characteristics of the relaxor
ferroelectric end member NBT. Its temperature-dependent phase transition from Pm3m to P4bm

takes place at ∼500-540 °C [165]. The P4bm phase exhibits in-phase a0a0c+ octahedral tilting and
cation displacement along the polar [001]pc axis [166]. P4bm transforms into rhombohedral R3c at
250-400 °C, exhibiting anti-phase a−a−a− octahedral tilting and cation displacement along [111]pc
[165]. However, the structure of NBT at room temperature is debated [167]. Besides being described
with a R3c symmetry, high-resolution X-ray diffraction showed that the average structure of NBT can
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Figure 2.25: Structural phase diagram of unpoled (a) and poled (b) (1− x)NBT-xBT. Besides TV F (unpoled), Td (poled)
and Tm, the R3c-to-P4bm transition temperature, T2, the P4bm-to-Pm3m transition temperature, T1, the temperature for
the onset of in-phase octahedral tilting, T ′2, and the P4mm-to-Pm3m transition temperature, T ′′, is given (reprinted from
Ref. 150 with permission of the American Physical Society).

also be fitted with the monoclinic Cc space group, comprising a−a−c− octahedral tilting [168, 169].
A coexistence of R3c + Cc is also reported [170], which transforms to pure R3c upon poling [171,
172]. Concerning the domain structure, Dorcet & Trolliard [84] observed lamellar needle-shaped
domains lying in {110}pc and {100}pc planes, a cross pattern of orientations and a herringbone-type
structure. NBT ceramics investigated by Otoničar et al. [83] show differently oriented domains
forming a uniform complex domain pattern (Figs. 2.26(a) and (b)) and a triangular shaped pattern
of three directions when viewed along the 〈111〉pc zone axes (Fig. 2.26(c)). NBT single crystals
exhibit similar domain configurations [173, 174].
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Figure 2.26: TEM micrographs of the domain patterns in pure NBT. (a) Needle-shaped domains, which form a square-net
pattern in (b) and a triangular pattern in (c) (reprinted with permission from Ref. 83, copyright 2011 IEEE).

In electron diffraction, elongated 1
2 {ooe} SRs indicate the presence of small tetragonal P4bm

platelets lying in {100}pc planes within the R3c matrix [84]. The platelets are interpreted as
remnants of the high temperature P4bm phase. Levin & Reaney [175] proposed an even more
complex model comprising three plate-like orthorhombic variants with short-range a−a−c+ tilting,
resulting in an average pseudorhombohedral or pseudomonoclinic structure for scale lengths
larger than 10 nm. Furthermore, local orthorhombic octahedral tilting within a rhombohedral
matrix due to an easy a−a−a− to a−a−c+ tilt transition is considered as nucleation site for PNRs
[176]. An intermediate orthorhombic phase was further suggested to bridge the rhombohedral to
tetragonal phase transition between 230 and 300 °C [177, 178]. The occupancy of the A site by
different cations causes varying A-O bonding environments and local structural deviations [179].
Structural distortion of the octahedra is further enhanced by the hybridization of the Bi3+ lone
pairs with the oxygen’s p-orbitals [54]. Lines of diffuse intensity in selected area electron diffraction
(SAED) patterns were attributed to a locally correlated cation displacement along 〈111〉pc and
〈100〉pc chains [175]. No direct evidence of A-site cation ordering could be observed via scanning
transmission electron microscopy (STEM), suggesting a random distribution of Bi3+ and Na+ ions
[175]. Nevertheless, the possibility of local short-range cation ordering can be considered [180,
181]. Gröting et al. [182] investigated the Bi/Na-order in NBT and found that short-range ordering
is plausible. They argue that these locally order areas can induce PNR formation, giving rise to the
relaxor behavior of NBT.

In contrast, the end member BT is a classical ferroelectric perovskite. The domain structure (Fig.
2.27) displays long-range ferroelectric 90° domains with a herringbone-type domain configuration
[67], sometimes also termed zig-zag domains [72]. The temperature-dependent phase transitions

Figure 2.27: Scanning electron microscopy (SEM) micrograph of ferroelectric lamellar 90° a-a and a-c domains in
a chemically etched BT ceramic displaying a herringbone-type domain configuration (reprinted from Ref. 72 with
permission of John Wiley and Sons).
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in BT were already addressed in section 2.1.2. At room temperature, BT is of tetragonal P4mm

symmetry, where the Ti4+ cations are displaced along [001]pc. Reported lattice constants are
a = 3.9998 Å and c = 4.0180 Å [183].

2.5.4 Structure of Unpoled NBT-BT

As already illustrated, there is a lot of discussion about the structure of NBT-BT at room temperature,
the phase transitions and the compositional range of the MPB. Varying results may arise from
differences in the synthesis and especially in the conducted structural characterization methods
[142]. NBT-BT has a near cubic structure and distortions from the cubic unit cell are small and
sometimes hard to detect or leave room for interpretation. The observed average structure therefore
can vary from the actual local structure.

The long-range order at the MPB is often described as pseudocubic, based on X-ray diffraction
analysis. A transition from a rhombohedral to a pseudocubic phase at x = 0.055 is reported [184].
For x > 0.06, an average tetragonal symmetry develops [152, 154]. High-resolution neutron
diffraction showed the presence of two types of superlattice reflections, 1

2 {ooo} (a−a−a− tilt
system) and 1

2 {ooe} (a0a0c+ tilt system), confirming the coexistence of pseudocubic phases with
tetragonal and rhombohedral distortions at the MPB [185]. While Jo et al. [164] assigned the
range of 0.06< x < 0.10 to space group R3m, another X-ray study suggests a transition from R3c

to P4mm with coexisting phases for 0.06< x < 0.07 [186]. Here, it has to be noted that weak SRs
may not be observable with X-ray techniques, influencing the phase assignment.

The existence of a monoclinic (M) phase alongside the R and T phases at the MPB (analogous
to the PZT system) is debated. A monoclinic phase would allow a continuous and easy change
of polarization between 〈001〉pc and 〈111〉pc directions and could explain high electromechanical
coupling at the MPB [187]. While one synchrotron X-ray study on NBT-BT single crystals reports a
Cc + P4bm MPB [188], no direct evidence of a M phase was found by others [187]. They argue
that, if monoclinic distortions exist, they must be related to only local short correlation lengths. A
comprehensive study by Garg et al. [121] assigned the range of 0< x < 0.05 to a phase coexistence
of R3c + Cc. However, they assumed that the Cc phase does not play a role in the piezoelectric
response, since it disappears upon poling when the structure turns into a single R3c phase.

Streaking of SRs observed in diffuse scattering experiments on NBT-4BT confirmed the presence
of planar tetragonal regions within the R3c symmetry [189]. The streaking is reduced in poled
samples, indicating the removal of the tetragonal platelets and growth of the rhombohedral domains
[189]. In NBT-3.6BT, the thickness of tetragonal platelets, separated from the rhombohedral phase
by an intermediate cubic phase, increases with temperature and thus shows a clear correlation
with the change in permittivity [190]. L-shaped streaking in neutron diffuse scattering along two
〈001〉pc directions is assigned to an enhanced Bi3+ displacement along 〈001〉pc, forming PNRs [191].
Increasing the BT amount changes the shape of streaking to a 〈011〉pc orientation, which is related
to a change in cation displacement and corroborates a higher PNR mobility and enhanced relaxor
properties at the MPB [191, 192]. It should be noted that all diffuse scattering experiments have
been conducted on single crystals.

While some earlier works consider chemical A-site ordering in MPB compositions [193, 194], a
more profound investigation by Kling et al. [195] simulated NBT-6BT structures with different
A-site occupation and compared them to experimental high-resolution TEM images. No evidence
for chemical ordering could be found. Broad Raman bands also suggest the existence of disorder
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on the A site [196]. The random distribution of Na+, Bi3+ and Ba2+ facilitates the appearance of
relaxor characteristics and the diffuse phase transition at Tm [154]. Local displacive order of A- and
B-site cations in an disordered matrix is discussed by Guo et al. [141]. Diffuse streaking in SAED
patterns of MPB compositions are assigned to 1-D correlated off-center displacements of the A and
B ions along 〈001〉pc chains. In NBT-10BT, lines of diffuse intensity indicate off-center displacement
along 〈111〉pc direction. The 1-D chains are not correlated with each other and Ba2+ disrupts a
long-range order, giving rise to only nanoscale ordered regions (PNRs).

A systematic TEM study of the domain morphology in unpoled NBT-BT ceramics was conducted
by Ma et al. [158]. NBT-4BT shows a complex structure with domains of 100 nm in length (Fig.
2.28(a)). They exhibit the R3c symmetry with a−a−a− octahedral tilting, which is evident from the
presence of 1

2 {ooo} SRs. With increasing BT fraction, a transition towards a nanodomain structure
was observed. The NBT-6BT composition exhibits a two-phase mixture which is represented by a
complex domain structure in the center of the grains, surrounded by a faint nanodomain contrast
[158] (Fig. 2.28(b)). The core still exhibits R3c symmetry, while the nanodomains show 1

2 {ooe}
SRs and are thus of P4bm symmetry with a0a0c+ octahedral tilting. Other TEM studies on NBT-6BT
display a similar diffuse and ‘grainy’ or even homogeneous contrast, indicating the nanoscale
structure at the MPB [157, 197, 198]. From the elongation of 1

2 {ooe} SRs, it can be inferred
that the P4bm nanoregions are platelets with a thickness of only few nanometers [157]. A similar
coexistence of phases is also known from TEM studies on NBT-BT-KNN, where small P4bm platelets
and R3c domains can be found in the same grain [199]. The P4bm phase with its nanometer-sized
polar regions is often denoted as the relaxor phase, being responsible for the strong frequency
dispersion of ϵr [148, 158]. In the NBT-9BT composition, Ma et al. [158] solely observed the P4bm

phase (Fig. 2.28(c)). In NBT-11BT, lamellar ferroelectric domains of tetragonal P4mm symmetry
lying on {101}pc planes occur (Fig. 2.28(d)), while small remaining areas of P4bm symmetry are
still present.

Figure 2.28: TEM-BF images of the domain structures in NBT-BT. (a) NBT-4BT with a complex domain configuration and
SAED pattern with 1

2 {ooo} SRs (R3c). (b) NBT-6BT with R3c domains surrounded by P4bm nanodomains, (c) NBT-9BT
with nanodomains and SAED pattern with 1

2 {ooe} SRs (P4bm). (d) NBT-11BT with lamellar ferroelectric P4mm domains
and a remaining central area of P4bm symmetry (reprinted from Ref. 158 with permission of AIP publishing).
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In NBT-6BT ceramics prepared from hydrothermally synthesized nanoparticles, tetragonal PNRs in
the size of 3-5 nm embedded within a rhombohedral matrix are reported [200]. In TEM-related
studies on NBT-BT single crystals, nanodomains with tetragonal symmetry were observed as well
[201], indicating an increased volume fraction close to the MPB by intensified 1

2 {ooe} SRs [202].

In-situ heating TEM experiments on NBT-6BT show that the complex R3c domains disappear with
increasing temperature and that the P4bm fraction increases until it occupies the entire grain at
170 °C [160]. In NBT-11BT, the ferroelectric P4mm domains start to disappear at 170 °C. The
dissolution of the domain structure and transition to the P4bm phase is believed to correspond with
Td . Gradual weakening of the 1

2 {ooe} SRs starts at 335 °C, indicating the beginning transition from
the tetragonal to the paraelectric cubic phase. The temperatures where the dielectric frequency
dispersion vanishes (∼240 °C) and the permittivity peaks (Tm, ∼280 °C) do not seem to correspond
to any structural phase transitions, since no structural changes were observed in the TEM study in
this temperature range [160].

In summary, reports about the coexistence of R3c (a−a−a− tilting) and P4bm (a0a0c+ tilting) phases
in MPB compositions are numerous. It is comprehensively argued that the nanodomains/PNRs
enable low energy barriers for dipole switching and hence contribute to enhanced piezoelectric
properties and relaxor behavior at the MPB.

2.5.5 Structure of Poled NBT-BT

Relaxor NBT-BT compositions can be transformed into a ferroelectric by the application of an
external electric field. A systematic comparison of poled and unpoled NBT-BT ceramics with 0-20
mol % BT revealed significant differences in unit cell parameters [203]. Upon poling, the lattice
distortion for both the T and R phase is increased. In NBT-7B, the field-induced transition from
a pseudocubic to a tetragonal phase increases the tetragonal volume fraction [203, 204]. The
field-induced strain is correlated to a textured ferroelectric domain structure, where the c axis of
the tetragonal phase is predominately aligned with the electric field [204]. A transformation from
the pseudocubic to a predominantly rhombohedral structure was reported for NBT-6BT [185]. Both
a0a0c+ and a−a−a− tilt systems are present in the unpoled state and transform to solely a−a−a−

tilting upon poling, implying a P4bm-to-R3c transformation. Diffuse scattering from structural short-
range ordering disappears upon poling, indicating a field-induced transformation to a long-range
ferroelectric order [205]. The transition is irreversible, having a remanent ferroelectric state upon
field removal [185, 189, 206]. Interestingly, the phase stability at the MPB upon poling seems to be
also dependent on the direction of the applied electric field [207]. In NBT-5.6BT single crystals,
a transition from pseudocubic to tetragonal was observed when the electric field was parallel to
[001]pc, whereas a rhombohedral phase was established in the very same composition, when the
electric field was parallel to [111]pc. The development of the cubic phase fraction upon poling and
annealing was examined via 23Na NMR analysis [130]. The fraction of the cubic phase is diminished
in poled samples, suggesting that PNRs grow and percolate throughout the structure. The cubic
phase fraction rises again when samples are annealed and the ferroelectric state is transformed
back to the relaxor state.

Ma et al. [149] investigated the field-induced transitions by in-situ E-field-dependent TEM analyses
and observed the formation and degradation of MPBs during the poling process. They summarized
the results in a E-field-composition phase diagram (Fig. 2.29). For x = 0.55, the P4bm+ R3c mixture
transforms to pure R3c. For x = 0.06, the phase transitions with increasing field strength can be
described as: R3c + P4bm→ R3c + P4mm→ R3c. For x = 0.07, P4bm nanodomains firstly transform
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to P4mm lamellar domains, then also enter the MPB phase field with P4mm + R3c. Hence, poling
not only causes a relaxor-to-ferroelectric transition, but also a ferroelectric-to-ferroelectric phase
transition. The piezoelectric coefficient (d33) increases, once the relaxor P4bm phase is transformed
into a ferroelectric domain structure. In-situ E-field TEM analysis on the related NBT-BT-KNN
system also showed that grains with tetragonal nanoregions can be transformed into long-range
ferroelectric domains of rhombohedral symmetry [208]. TEM imaging of the fatigue remanent
state after electric cycling shows a strong rhombohedral and weak tetragonal distortion in cycled
NBT-6BT, while it is vice versa in NBT-7BT [198].

Figure 2.29: E-field-composition phase diagram and d33 of NBT-BT. (a)-(c) display the d33 values for NBT-5.5BT, NBT-6BT
and NBT-7BT, respectively. (e) illustrates the Epol vs. phase diagram. The R3c + P4mm MBP region is colored in green
(reprinted from Ref. 149 with permission of the American Physical Society).

2.5.6 Quenching of NBT-BT-Based Ceramics

Improving the performance of NBT-based ceramics has been a central research goal in more recent
years. So far, the low Td of ∼100 °C at the MPB [15, 145] was seen as a major drawback. This
issue has been approached by different methods. The formation of composites, where an additional
phase is introduced, such as ZnO [209±211] or Al2O3 [212], defers the thermal depolarization.
The incorporation of ZnO effects mechanical hardening and leads to a stabilization of the induced
ferroelectric state [213, 214]. With 20 mol % ZnO in NBT-6BT, Td could be increased up to 150 °C
[209]. The formation of new solid solutions, such as NBT-BFO [215], as well as the introduction of
oxygen vacancies through chemical substitution with BaAlO2.5 [216] proves as alternative ways in
overcoming existing temperature limits.

The procedure of quenching constitutes another effective tool for deferring Td to higher temperatures
while retaining the desired piezoelectric properties. Quenching of NBT-6BT was firstly reported
under the aspect of aging, where samples were furnace cooled to 400-600 °C and then quenched
in water, suppressing the integrated aging process (permittivity degradation) of furnace cooled
samples [217]. First quenching experiments demonstrating an increased Td were conducted on
NBT, Li-doped NBT and Li-doped NBT-BT (BNLBT) samples [13, 14]. Quenched samples were
removed from the furnace at 600-1100 °C and cooled in air with a fan. A maximum increase in Td of
60-80 °C was achieved for quenching from 1100 °C [14]. Quenching from below 800 °C resulted in
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negligible changes [13] (Fig. 2.30(a)). The quenching process stabilizes the rhombohedral phase in
pure NBT [218] and on the NBT-rich side of the MPB, where the rhombohedrality (given as 90◦−α)
increases. The tetragonality (c/a ratio) increases for compositions on the BT-rich side of the MPB
[14] (Fig. 2.30(b)). The increased lattice distortion is related to the enhanced off-centering of the
Bi3+ cation in the cubic phase at high temperatures [14]. Nagata et al. [219] could demonstrate
that Bi3+ ions are frozen in stronger off-centered positions with a more ordered structure upon
quenching compared to furnace cooled specimens.

Figure 2.30: Quenching-induced property changes in NBT-based ceramics. (a) In NBT, Td increases when quenched over
800 °C (reprinted from Ref. 13 with permission of IOP Publishing, Ltd). (b) Rhombohedral (90◦ −α) and tetragonal
(c/a) distortion in furnace cooled (OF) and quenched (q) Li-substituted NBT-BT (BNLBT4-100y) as a function of the BT
content, y (reprinted from Ref. 14 with permission of IOP Publishing, Ltd).

Investigations on NBT-6BT and -9BT ceramics conducted by Lalitha K. V. et al. [15] confirmed the
above findings of an increased lattice distortion upon quenching. Since enhanced lattice distortion is
usually observed close to the field-induced relaxor-to-ferroelectric transition, one can conclude that
quenching stabilizes the ferroelectric order [15]. Furthermore, the permittivity in quenched samples
is lower compared to their furnace cooled counterpart, which is also the case for ferroelectrics
compared to relaxors. Td exhibits a value of 140 °C for quenched NBT-6BT (increase by 40 °C) and
200 °C for NBT-9BT (increase by 60 °C) as illustrated in Fig.2.31(a) [15].

TF -R of poled samples is likewise shifted to higher temperatures upon quenching (Fig. 2.31(b)). No-
ticeably, a spontaneous relaxor-to-ferroelectric transition can be observed in unpoled and quenched
NBT-9BT (Fig. 2.31(b)). This implies that the stabilization of ferroelectric order upon quenching is
strong enough to induce a spontaneous transformation. When quenched samples were annealed at
800 °C, TF -R shifts back to the value of the furnace cooled samples and NBT-9BT reverts back to
the relaxor state [15, 220].

The quenching procedure itself has been proven to be feasible without causing mechanical dete-
rioration of the ceramics [221]. However, this only applies for quenching in air with moderate
quenching rates and not for quenching in water or oil. Air-quenching NBT with a quenching rate of
3.85 °C/s in the 1100-800 °C temperature range results in a similar bending strength as obtained
for furnace cooled NBT, while the bending strength is decreased for faster quenching rates [222].

Quenching has been adopted as a tool to related Bi-based systems and opens new pathways for the
modification and improvement of ferroelectric perovskites [223]. Quenched BFO-BT ceramics with
Mn exhibit improved piezoelectric properties, such as a decrease in the dielectric loss and an increase
in the remanent polarization [224]. The ternary system of NBT, BT and AgNbO3 (NBT-6BT-3AN)
transforms from an ergodic to a non-ergodic relaxor upon quenching [225].
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Figure 2.31: (a) Temperature-dependent d33 of furnace cooled (FC) and quenched (Q1100) NBT-6BT and NBT-9BT. (b)
Temperature-dependent permittivity of poled and unpoled furnace cooled and quenched NBT-6BT and -9BT at different
frequencies. TF -R marks the ferroelectric-to-relaxor transition temperature of poled specimens (reprinted from Ref. [15]
with permission of AIP Publishing).

Besides the off-centering of Bi3+, point defects like oxygen vacancies might play an important role
in the stabilization of the ferroelectric order upon quenching [15, 226]. Quenched La-doped BT
and SnO2 ceramics show an increase in oxygen vacancies [227, 228], which generate easily at high
temperatures. Quenching can freeze-in the high-temperature vacancy distribution and prohibit
vacancy annealing and ordering [229]. Furthermore, quenched and poled NBT-BT-KBT samples
show a more irregular domain morphology compared to the furnace cooled state [230]. Here, an
increased defect concentration is believed to pin the domains, thereby impeding the domain mobility
and domain switching during poling. While the conductivity increase in quenched NBT-BT suggests
an increased oxygen vacancy concentration, annealing in oxygen atmosphere, however, leaves the
conductivity unaltered [220]. Alternatively, residual stress from the quenching procedure may also
be beneficial for stabilizing a ferroelectric phase and increasing Td . Stress states, which cannot be
released by microcracking may cause local stress fields, inducing a pseudocubic-to-rhombohedral
phase transition in NBT-6BT [231].
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3 Materials & Methods

3.1 Specimen Preparation

3.1.1 Ceramic Pellet Sintering

NBT-BT ceramics with varying stoichiometric amounts of BT were prepared via solid state synthesis
route in the research group Nonmetallic-Inorganic Materials by Andreas Wohninsland. The four
compositions with 3, 6, 9 and 12 mol % BT are denoted as NBT-3BT, NBT-6BT, NBT-9BT and NBT-
12BT, respectively. As initial raw powders (all by Alfa Aesar, Kandel, Germany), Na2CO3 (99.5 %),
BaCO3 (99.8 %), Bi2O3 (99.975 %) and TiO2 (99.6 %) were used. Their respective purities are
given in parenthesis. The raw powders were dried at 100 °C in a drying cabinet for 24 h in order to
evaporate residual water. Afterwards, they were weighed in stoichiometric amounts. The powder
blends were immersed in ethanol and milled in a planetary mill (250 rpm) for 24 h. The powders
were then dried and ground in an agate mortar. Successively, calcination was conducted at 900 °C
for 3 h, which was followed by a second milling step. Subsequently, the powders were sieved with
a 160 µm sieve and compacted to pellets. Sintering was conducted with a heating rate of 5 K/min
at 1150 °C and a dwell time of 3 h. The green bodies were placed in sacrificial powder during
sintering in order to avoid the loss of volatile elements, such as Na and Bi. The reference samples
were cooled down in the furnace and are denoted with ‘FC’ for ‘furnace cooled’. The quenched
samples, denoted with ‘Q’, were quickly removed from the furnace after the sintering dwell time at
1150 °C and cooled in air with an conventional air fan.

3.1.2 TEM Specimen Preparation

TEM analysis generally requires the preparation of an electron transparent specimen, where sample
thicknesses are usually in the range of 20 to 100 nm. For the NBT-BT ceramics, several TEM
preparation routes were adopted (Fig. 3.1), governed by the sample requirement and the conducted
TEM technique.

For investigations on unpoled ceramics, plane-parallel TEM specimens were prepared. Discs with
a diameter of 3 mm were cut from the ceramic pellets with an ultrasonic disc cutter Model 601
(Gatan, Pleasanton, USA) in order to comply to the standardized TEM specimen geometry. Each
disc was ground and polished on both sides with a MultiPrepTM sample preparation grinding and
polishing machine (Allied High Tech Products Inc., Rancho Dominguez, USA). For this procedure,
the ceramic disc was mounted onto a sample holder with a mounting adhesive (CrystalbondTM

509-3, Aremco Products Inc., New York, USA) by heating both on a heating plate to ∼160 °C, at
which the mounting adhesive becomes liquid. Diamond lapping films (Allied High Tech Products
Inc., Rancho Dominguez, USA) with grain sizes of 15, 9, 6, 3 and 1 µm were used successively
for polishing each sample side. The rotation of the MultiPrepTM plate was reduced with smaller
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Figure 3.1: Schematic illustrating the preparation steps for obtaining a dimpled, a plane-parallel and a wedge-shaped
TEM specimen.

polishing grain size from 60 rpm to 35 rmp. During the final 1 µm polishing step, a mixture of
50 % hexylene glycol and 50 % water was used as lubricant. The thickness of the sample foils
after polishing was in the range of 15-20 µm. Samples were then annealed in a furnace at 400 °C
with a heating rate of 1 °C/min and a holding time of 30 min, in order to compensate and relieve
mechanically induced stress from grinding and polishing. After cooling in the furnace, the sample
foils were then glued onto a molybdenum TEM grid for support with a two-component adhesive.
Successively, the TEM specimens were Ar+-ion thinned from both sides in a DuoMill 600 (Gatan,
Pleasanton, USA). An angle of 14° between the rotating sample and the Ar+-ion beam and a current
voltage of 4 kV was applied. Ion thinning was carried out for several hours until perforations
appeared in the specimen (compare Fig. 3.2(a)). At the edges of the perforations, the specimen is
thin enough to be examined in the TEM. A last cleaning step with a low angle of 12° and a voltage
of 2.5 kV was conducted in the Ar+-ion mill for approx. 10 min, in order to reduce the amorphous
surface layer on the specimen, which develops during thinning by the invasive influence of the
Ar+-ion beam. Before investigating the specimens in the TEM, they were sputtered with a thin
carbon layer using a MED 010 deposition system (Balzers Union, Balzers, Liechtenstein) in order to
avoid charging in the microscope by the incident electron beam.

For TEM investigations on poled compositions, the ceramic pellets were electroded with silver
paste and poled at room temperature in silicone oil with an electric field amplitude of 6 kV/mm
for 20 min (conducted by A. Wohninsland). In order to verify a successful poling process, the d33
value was recorded. Subsequently, wedge-shaped TEM foils were prepared (Fig. 3.2(b)). Since
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Figure 3.2: Different types of TEM specimens prepared from the NBT-BT ceramics. (a) Plane-parallel specimen glued to
a carrier TEM grid, (b) wedge-shaped specimen on half of a pinhole aperture, (c) self-supporting dimpled specimen.

poled NBT-6BT is known to depolarize at ∼100 °C, thermal treatment of the poled specimens had
to be avoided during sample preparation. Therefore, a different sample preparation technique was
adopted. The 3 mm ceramic discs were halved using a diamond cutting saw and one semicircular
piece was mounted to the sampler holder of the MultiPrepTM at room temperature with the help of
a low viscous superglue (Sico Met 40, Henkel, Düsseldorf, Germany). One side of the semicircular
sample was polished plane-parallel. For polishing the other side, the sample holder was tilted by
1° with respect to the polishing plate, in order to obtain a wedge-shaped geometry. For a smooth
sample surface, diamond lapping films of 0.5 and 0.1 µm grain size were used as last polishing
steps on both sides. The wedge tip of the sample ought to be as thin as possible, which in turn
rendered it very fragile, so cautious polishing with minimal load on the sample was required. When
the wedge tip was thin enough, colored interference lines running parallel to the edge became
visible under the light microscope (Fig. 3.3).

Figure 3.3: Micrograph of a wedge-shaped TEM foil of poled NBT-6BT. Colored interference lines running parallel to the
tip of the wedge indicate electron transparency (dark spots are pores within the ceramic specimen).

The specimen was then glued onto a semicircular pinhole aperture serving as sample support
analogous to a TEM grid. Consequently, the annealing step at 400 °C was omitted for all poled
samples. Since the tip of the wedge-shaped samples was already close to the desired sample
thickness, only a short thinning time in the Ar+-ion mill was required. The thinning process was
conducted under liquid nitrogen cooling, in order to avoid heating of the sample under the influence
of the ion beam. After allowing enough time for the entire sample stage of the DuoMill 600 to
cool down (∼45 min), the wedge-shaped samples were thinned in three intervals of 10 min with a
10 min break in between to minimize heating of the specimen. A low thinning angle of 12° and a
reduced voltage of 3 kV was used. When the interference lines on the sample tip ranged towards
an alternating black and white color, the sample was suited for TEM microscopy.
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Poled specimens of NBT-6BT FC and Q, which were used for in-situ heating experiments were
prepared in the above described wedge-shaped geometry. However, no sample-supporting pinhole
aperture was used in order to avoid applying the two-component adhesive, which might decompose
under high temperature and vacuum in the TEM. Instead, the free-standing wedge-shaped specimens
were directly placed into the TEM heating holder.

For the in-situ heating experiments on unpoled NBT-6BT, specimens were prepared via the conven-
tional dimpling method (compare Fig. 3.1). A dimpled sample is self-supporting and thus, gluing
of the sample onto a grid can be avoided. Firstly, a 3 mm disc was ground to a thickness of 120 µm.
One side was polished with diamond lapping films down to a 1 µm polish. An indentation was
then ground into the other side of the sample with a dimple grinder Model 656 (Gatan, Pleasanton,
USA). During dimpling, abrasive diamond paste of 9, 6, 3 and 1 µm was successively applied onto
the dimpling wheel until a final thickness of 20 µm in the center of the indentation was reached.
The sample was then thinned in the Ar+-ion mill under the same conditions used for plane-parallel
specimens. The thinning process was carried out until a single perforation emerged in the center of
the sample (Fig. 3.2(c)).

3.1.3 SEM and PFM Specimen Preparation

Sample preparation for SEM analyses on chemically etched surfaces of NBT-BT ceramics was
conducted by Andreas Wohninsland. The pellets were polished with 15, 6, 3, 1 and 0.25 µm
diamond paste. Poled specimens were electroded with silver paint and poled in a silicon oil bath at
6 kV/mm for 20 min at room temperature. The specimens were chemically etched by immersing
them into a solution of 4 % HCl, 2 % HF and 94 % distilled water. The dwell time in the etching
solution was between 30 s and 60 s.

For PFM analyses, 3 mm sample discs were polished with 15, 9, 6, 3 and 1 µm diamond lapping
films and successively with 1 and 0.25 µm diamond paste. For improving the final surface finish,
vibration polishing was conducted for 10 h in a suspension of distilled water and colloidal silica
with a 50 nm particle size. The samples were then annealed at 400 °C for 30 min with a heating rate
of 5 °C/min in order to relieve mechanically induces stresses. Poling was conducted as described
above.

3.2 Conventional Transmission Electron Microscopy (TEM)

Conventional TEM investigations were carried out with a JEM-2100F microscope (JEOL, Tokyo,
Japan), equipped with a field emission electron gun operating at 200 kV. A double-tilt beryllium
sample holder (JEOL, Tokyo, Japan) allowed for a theoretical tilting of the specimen by +/- 25°
in two direction, which is crucial for grain orientation along zone axes of interest. Images were
recorded with a UltraScan® 1000 charge-coupled device (CCD) camera (Gatan, Pleasanton, USA).
Image acquisition was carried out via the Gatan Microscopy Suit® software. SAED patterns were
either indexed by hand or with PIEP [232], a program for interpreting electron diffraction patterns.
The SAED patterns in this work were color inverted for a better visibility of weak reflections. The JEM-
2100F microscope is further equipped with a TEM 250 SDD energy-dispersive X-ray spectroscopy
(EDS) detector and the corresponding INCA Energy software (both Oxford Instruments, Abingdon,
UK) for the acquisition of EDS data in TEM and STEM mode.
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3.2.1 Theoretical Aspects of TEM

TEM combines a row of versatile characterization techniques for solid materials, especially for
those of crystalline nature. Since this work is primarily based on investigations conducted via
conventional TEM, the most important theoretical aspects and techniques are briefly outlined. A
more detailed introduction to TEM is given in Ref. 233.

In the TEM, image contrast arises by the interaction of electrons with the specimen volume. The
electron beam is generated in the gun, accelerated (100-300 kV) and passes the column of the
TEM, which comprises various electromagnetic lens systems [234±236]. From top to bottom, the
usual succession in a TEM column starts with the condenser lens system for adjusting the spot size
and focusing or opening the beam. The sample is situated right inside the objective lens, which
is split in an upper and lower polepiece. Below, the intermediate lens system is used to switch
between imaging and diffraction mode by either selecting the image plane of the objective lens or
its back focal plane, where the diffraction pattern is formed. The projector lens system allows the
adjustment of the desired magnification of the image displayed on the fluorescent viewing screen.
Figs. 3.4(a) and (b) schematically illustrate the ray path in a TEM in imaging and diffraction mode,
respectively.

Figure 3.4: Schematic ray path within a TEM column for (a) imaging mode, (b) diffraction mode, (c) bright-field, (d)
off-axis dark-field and (e) on-axis dark-field imaging.

In electron (and optical light) microscopy, the resolution limit is directly linked to the wavelength
(λ) of the light source [234]. Using electrons as the radiation source (λ = 0.0025 nm for the JEM-
2100F microscope) allows for the HR capacity of TEMs, since the wavelength of the source has to be
smaller than the structural features, which need to be resolved. However, the theoretical resolution
is limited by lens aberrations, caused by non-perfect conditions of the electromagnetic lenses [237].
The most relevant aberrations are the spherical aberration and the chromatic aberration [238]. The
spherical abberation is based on the stronger deflection of rays passing the outer rim of the lenses.
A point source is thus imaged as a disc with the diameter ds =

1
2 Csτ

3 (with the spherical aberration
coefficient, Cs, and the collection semi-angle of the lens, τ) [239]. The chromatic aberration is
caused by a certain energy spread, ∆E, in the emitted electron beam and can similary be expressed
by a disc diameter dc = Ccτ

∆E
E0

, with the chromatic aberration coefficient, Cc, and the energy of
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the incident beam, E0 [239]. Modern TEMs and high voltage instruments can achieve a resolution
limit of 1 Å. When the machine is Cs- and Cc-corrected, a resolution down to 0.5 Å can be reached.

When the electron beam interacts with the specimen, elastic scattering is the main process generating
the image contrast [240, 241]. The beam-specimen interaction also causes other signals, such
as Auger electrons, secondary and backscattered electrons or X-rays, which can be used for e.g.
chemical analyses via EDS. Inelastically scattered electrons can be exploited by electron energy-loss
spectroscopy (EELS, see section 3.5).

When the electron wave is scattered elastically within the specimen volume, it can change both its
amplitude and phase. Both mechanisms result in image contrast. Amplitude contrast is crucial for
lower and intermediate magnifications and phase contrast becomes important for high-resolution
TEM (HRTEM) imaging [234, 240]. Amplitude contrast can be divided into mass-thickness contrast
(by incoherent elastic scattering) and diffraction contrast (by coherent elastic scattering under Bragg
condition). The first is dependent on the atomic number, Z , and the thickness of the specimen. Areas
with heavier atoms cause stronger scattering and will appear darker in BF images. In BF mode, the
primary beam on the optical axis is selected via the objective aperture and strongly scattered beams
are blocked and do not contribute to the image forming process (Fig. 3.4(c)). Diffraction contrast
is crucial for crystalline specimens. Diffraction on lattice planes in the crystalline material occurs
according to Bragg’s law (nλ= 2dsinθ with d as the lattice spacing, θ as the diffraction angle, n

as the diffraction order and λ as the electron wavelength). Diffraction contrast thus highly depends
on the crystal orientation towards the incident beam, defining the lattice planes which are in Bragg
condition. By choosing a small objective aperture, more diffracted beams are excluded from the
image forming process, which leads to an overall increase in the BF image contrast. Opposed to
BF imaging, DF imaging excludes the direct beam. Here, usually one diffracted beam is chosen
with a small objective aperture in the SAED pattern and hence only areas in the specimen which
contribute to this specific beam under Bragg condition appear bright, while the rest of the sample
remains dark. It can further be distinguished between off-axis dark-field (Fig. 3.4(d)), wherein the
direct beam is kept on the optical axis and on-axis dark-field (Fig. 3.4(e)), wherein the chosen
diffracted beam is tilted to the optical axis by deflection coils in the TEM column, thus reducing the
impact of the spherical aberration.

The switching between imaging and diffraction mode allows the simultaneous recording of BF/DF
images and diffraction patterns of specific sample regions. A SAED pattern (Fig. 3.5(a)) is formed
by defining the region of interest with a SAED aperture, usually a single crystalline grain. The
corresponding diffraction pattern can be observed and analyzed in reciprocal space, where discrete
diffraction spots correspond to specific lattice spacings, dhkl , of the analyzed crystallite. The lattice
spacing is equal to the inverse length of the reciprocal lattice vector, ghkl (dhkl = 1/|ghkl |) [234].
In order to record an SAED pattern, the grain has to be oriented along a crystallographic zone
axis. This can be achieved by deploying Kikuchi lines. These lines are formed due to inelastically
scattered electrons, which are then diffracted by a set of lattice planes in Bragg condition [240].
Two diffraction cones (Kossel cones) arise corresponding to hkl and hkl, forming a Kikuchi band. A
crystal is oriented along a specific zone axis, when the Kikuchi bands all cross at the center of the
optical axis (Fig. 3.5(b)). In order to carry out this procedure, the sample has to be tilted while
being illuminated with a convergent electron beam in diffraction mode.
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Figure 3.5: (a) SAED pattern of a NBT-BT grain displaying discrete diffraction spots. (b) According Kikuchi bands under
convergent illumination settings in diffraction mode. The bands cross at the center, indicating precise orientation along
the [110]pc zone axis.

In order to demonstrate the relationship between the reciprocal lattice and the wave vectors of
the incident and diffracted beam (Fig. 3.6), the Ewald sphere construction is used [235]. The
incident wave is represented by a wave vector (ki), which length is equal to the reciprocal electron
wavelength and thus defines the radius of the Ewald sphere (|ki | = 1/λ). If a reciprocal lattice
point is cut by the Ewald sphere, the Laue criterion and Bragg’s law is fulfilled. The diffracted wave
vector (kd) points towards that lattice point. Since the radius of the Ewald sphere is very large
(generating an approximated flat surface), several lattice points in the Zero Order Laue Zone are
intersected, yielding the material and symmetry specific diffraction pattern. Is has to be noted
that also diffraction spots are imaged, which deviated from the exact Bragg condition to a small
degree and slightly lie inside or outside of the Ewald sphere. Here, the excitation error (s) serves
as a measure for the deviation from the exact Bragg condition. The scattering vector (K) is then
the sum of the reciprocal lattice vector (g) and s. The excitation error can be positive or negative,
depending on the location of the diffraction spot (G) with respect to the Ewald sphere.

Figure 3.6: Ewald sphere construction showing the incident wave vector (ki), the diffracted wave vector (kd), the
reciprocal lattice vector (g) and the scattering vector (K). The intensity of the diffracted beam depends on the excitation
error, s (redrawn after Ref. 233).
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For magnifications higher than 150 000 x, phase contrast becomes the dominating image forming
process in the TEM [234, 242]. Contrast arises from the phase shift introduced by the scattering of
the wave on the atomic column with respect to the incident wave. Both waves interfere and intensity
variations arise which can be interpreted as lattice spacing contrast. However, an additional phase
shift can also be introduced by the spherical aberration and the defocus of the objective lens, which
contributes to the final image. For optimal resolution, defocusing of the objective lens can slightly
compensate for the spherical aberration (Scherzer defocus [237]). The contrast of the HRTEM
image also depends on the sample thickness and atom type. In consequence, the actual location
of the atom columns cannot be directly derived from the contrast in the HRTEM image. Image
simulations are required to interpret experimentally recorded HRTEM images.

3.2.2 Ferroelectric Domain Imaging in TEM

Imaging of domains in TEM is a widely deployed method for analyzing the micro- and nanostructure
and domain patterns of crystalline ferroelectric materials. Imaging of non-180° domain walls in the
TEM is based on diffraction contrast. If, for example, 90° domain walls in the tetragonal ferroelectric
phase are viewed ‘edge-on’ (aligned parallel to the incident electron beam), no strong domain wall
contrast is visible. When the domain wall is inclined with respect to the electron beam, stronger
diffraction contrast can be observed. As the wave of the electron beam propagates along the domain
wall, a phase shift is induced which reflects in the appearance of fringes [244]. These alternating
bright and dark lines propagate parallel to the intersection of the domain wall and sample surface
(Fig. 3.7(a)). Their appearance is analogous to thickness fringes, which can typically be observed
in TEM, when a sample thins out at the edge and its thickness (z) changes. It is apparent from Fig.
3.7(a) that both domains on each side of the 90° domain wall exhibit a wedge shape when the
domain wall is inclined towards the viewing direction. The alternating bright and dark contrast
lines can be explained with the help of the Howie-Whelan equations, which describe the coupling
and oscillating intensity of the direct and diffracted beam as function of the specimen thickness, z,
in beam direction [234]:

dφg

dz
=
πi

ξg

φ0e−2πisz +
πi

ξ0
φg and

dφ0

dz
=
πi

ξ0
φ0 +

πi

ξg

φg e2πisz (3.11)

with the amplitude of the direct (φ0) and diffracted (φg) beam, the excitation error (s) and the

Figure 3.7: (a) Schematic of inclined 90° domain wall exhibiting alternating bright and dark fringes. The different
orientations in both domains results in a contrast difference. (b) The Ewald sphere construction illustrates the difference
in the excitation error, ∆sg , between domain 1 and domain 2 (redrawn after Ref. 243).
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extinction distance for the direct (ξ0) and diffracted (ξg) beam, which constitutes the distance
that is needed to transfer the intensity of the direct beam to the diffracted beam. ξg depends on
the atomic number, the scattering angle, the lattice parameters and the electron wavelength [234].

The difference in the unit cell orientation of two neighboring 90° domains, given by the 90° rotation
of the polarization direction, results in slightly different diffraction conditions for each side of the
domain wall. As a consequence, the excitation error (s) varies for both domains and they can thus
exhibit an alternating bright (domain 1) and dark (domain 2) contrast, as depicted in Fig. 3.7(a)
[243]. The difference between both excitation errors, sg(1) and sg(2), for a specific reciprocal lattice
vector (g) is illustrated by the Ewald sphere construction in Fig. 3.7(b).

For purely 180° domains, no domain wall contrast is visible in BF imaging. Since both domains
on each side of the wall are related by an inversion symmetry, there is no difference in lattice
parameters and Friedel’s law is obeyed [70, 245]. According to Friedel’s law, a diffraction pattern is
always centrosymmetrical and the intensity of the hkl reflection is identical to the intensity of the
hkl reflection (Ihkl = I

hkl
). 180° domain walls can however be visible in DF imaging, because for

non-centrosymmetric crystals (as for non-cubic perovskites) Friedel’s law holds for the transmitted
000 beam but not necessarily for diffracted beams [70, 246]. Therefore, 180° domain walls can
only be imaged in TEM in DF mode, or in BF mode when a larger aperture is used also including
some diffracted beams.

A typical feature of twin planes and lamellar domains is the occurrence of spot splitting in electron
diffraction patterns (Fig. 3.8(a)). When the domain wall is aligned parallel to the electron beam
(edge-on), splitting of reflection spots can be observed in reciprocal space along the direction which
is perpendicular to the domain wall [76, 245]. The term ‘spot splitting’ is slightly misleading, since
it is actually an image of two overlapping diffraction patterns, one from each side of the twin
boundary. In Fig. 3.8(a), the diffraction pattern is viewed from the [001]pc direction. One row of
unsplit spots is present along the [110]pc direction passing through the direct beam. Due to (110)pc
twin planes (domain walls), reflection splitting can be observed in [110]pc direction in the rows
that are further away from the center of the diffraction pattern. Since the a and c lattice constants
in the tetragonal structure slightly differ from each other, the unit cells on both sides of the 90°
domain wall are slightly rotated towards each other, due to the mirrored orientation relationship of
the a and c axes in both domains [70, 247] (Fig. 3.8(b)). As a result, the angle between the [001]T
directions in two adjacent domains is in fact not exactly 90°, but slightly smaller [244].

Figure 3.8: (a) SAED pattern of a tetragonal PZT grain with 90° twin domains. Splitting of reflections occurs along the
[110]pc direction and is due to (110)pc oriented domain walls. (b) Illustration of the unit cell orientation on both sides of
the (110)pc twin boundary, which is slightly rotated towards each other (redrawn after Ref. 247).
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3.3 In-Situ Hot-Stage TEM

For in-situ heating experiments conducted with the JEM-2100F microscope, an in-situ heating
holder Model 652 (Gatan, Pleasanton, USA) with a tantalum furnace was utilized, which allowed
tilting of the specimen in two directions. The sample was clamped between two tantalum washers
for optimal heat conductivity. For monitoring the temperature, a Model 901 SmartSet Hot Stage
Controller (Gatan, Pleasanton, USA) was used, which allowed to specify the heating rates and
holding times. Fig. 3.9(a) shows a free-standing poled NBT-BT wedge-shaped sample located in
the furnace of the heating holder.

The samples were heated with a heating rate of 15 °C/min. The temperature was held at points
of interest for ∼10 min to allow for stabilization of the temperature reading. Then, images and
diffraction patterns were recorded. This approach resulted in a stepwise heating of the sample up
to a maximum temperature of 400 °C. The cooling of the specimen was conducted in a similar
stepwise manner and controlled manually, since the device does not allow to apply a cooling rate.
Figure 3.9(b) schematically illustrates the temperature profile as function of time for a heated and
cooled NBT-BT specimen.

Figure 3.9: (a) TEM in-situ heating holder with a wedge-shaped NBT-BT sample. (b) Schematic temperature profile as a
function of time for a TEM heating experiment.

For illustrating the changing intensity of superlattice reflections as function of the applied heating
temperature (depicted in Fig. 4.36 on page 93), the intensities were determined from the SAED
patterns recorded at each respective temperature. An intensity line profile with a width of 2.5 1

nm

and a length of 4 1
nm was drawn over a main reflection and one neighboring 1

2 {ooe} and 1
2 {ooo}

SR. The intensity of the background between the reflections was averaged over a distance of 0.4
1

nm . Subsequently, the ratio between the maximum intensity value of each superlattice reflection
(ISR) and the determined background value (IB) was calculated and plotted.

3.4 Scanning Transmission Electron Microscopy (STEM)

STEM analyses were performed with a Cs-corrected JEM ARM 200F microscope (Jeol, Tokyo, Japan)
operating at 200 kV and allowing for a resolution of 0.8 Å in STEM mode. In STEM, the beam is
focused to a fine spot and scans over the specimen area in a raster pattern. The signals arising
from the beam-specimen interaction are correlated with the beam position and therefore with each
location in the image. Detailed descriptions relating to STEM analysis can be found in Pennycook
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& Nellist [248]. BF images were recorded with a 3 mm BF aperture corresponding to an angle
detection range of 0-23 mrad. For high-angle annular dark-field (HAADF) images, a camera length
of 6 cm was used, resulting in an inner detector acceptance angle of 90 mrad and an outer angle of
370 mrad, while annular bright-field (ABF) imaging corresponds to a detector range of 10-23 mrad.
In a BF image, which includes the transmitted beam, atoms appear dark on a bright background,
while the contrast is reversed for a HAADF image. The HAADF technique produces a dark-field
image formed from incoherently scattered electrons under very high angles [249]. The technique
is very sensitive to the atomic number (Z) of the analyzed material. Elements with a higher Z

value result in a stronger interaction of the electron beam and atomic nucleus, leading to stronger
scattering of electrons under high angles. Heavy atoms therefore appear brighter than lighter atoms,
which is useful in identifying elements in an atomically resolved HAADF image. Since the signal
strongly depends on the atomic number, very light atoms (Z < 8) are usually not imaged by HAADF.
In contrast, ABF images are formed from weakly scattered electrons and have the advantage of
being more sensitive to light elements (e.g. oxygen), which can simultaneously be displayed with
the more heavy atoms [250].

Atomically resolved HAADF images obtained along 〈001〉pc zone axes were used for subsequent anal-
yses of the cation displacement. HAADF images were recorded with a resolution of 2048x2048 px,
which resulted in a pixel size of 0.055 Å for a x20 Mio. magnified image. In order to minimize the

Figure 3.10: Workflow for analyzing a HAADF image with the Atomap and TEMUL Toolkit [251, 252]. After defining the
atomic positions, sublattices and groups of lattice planes, the polar displacement (yellow arrows) of the B cation site can
be mapped.

45



impact of image drift, a sequential imaging tool was used. Five images with a pixel scan time of 3
µs were successively recorded and then stacked and corrected for the image drift. Subsequently,
the HAADF images were used for analyses with the freely available software tools Atomap [251]
and TEMUL Toolkit [252], in order to map the local polar displacement. The tools comprise a
Python-based script library for analyzing atomically resolved STEM images. The work flow for
analyzing a HAADF image of NBT-BT is illustrated in Fig. 3.10. Since the A cation site is occupied
by Na+, Bi3+ and Ba2+ and the B cation site by Ti4+, two sublattices have to be defined. Both A

and B sublattices are identified by locating and refining the positions of the atomic columns. Firstly,
the center of mass for refining the atom positions is used, then a 2D-Gaussian fitting [251]. Once
both sublattices are defined, groups of lattice planes can be constructed. The Ti4+ atom shift with
reference to the A sublattice can then be calculated [252]. The polar displacement is displayed as
yellow arrows showing the direction and magnitude of the shift. By convention, the displacement
vectors point towards the negative center of charge (so opposite to the Ti4+ displacement direction).

3.5 Electron Energy-Loss Spectroscopy (EELS)

EELS analyses were carried out on the JEM ARM 200F microscope, which is equipped with an Enfina
EELS Spectrometer (Gatan, Pleasanton, USA). A dispersion of 0.05 eV and 0.1 eV was used for
the measurements, allowing a high energy resolution. EELS extracts information from inelastically
scattered electrons, which lose energy while they interact with the specimen [253]. The energy
loss is then measured by the EELS detector. Electron energy-loss can arise from ionization of inner
atom shells of the elements present in the specimen. Thus, chemical information can be gained
from the high-loss spectrum (> 50 eV), which contains the characteristic ionization edges of the
present elements [253, 254], the so called energy-loss near edge structure (ELNES). The low-loss
spectrum (< 50 eV) contains the zero-loss peak at 0 eV and the plasmon peaks (Fig. 3.11). EELS can
not only give chemical information about atoms, but also information about their bonding states,
coordination number and local environment. The ELNES thus provides details about the electronic
structure of an element. The L3, 2-edges of transition metals such as Ti4+ can, for example, give
conclusions about the valence state and site coordination [255]. Compared to EDS, EELS allows
elemental identification of nanometer-sized areas, a high energy resolution and more sensitivity to
lighter elements. A low specimen thickness is crucial for a high peak-to-background ratio, so very
thin NBT-BT grains were used for the analyses.

Figure 3.11: Schematic EELS spectrum showing the low-loss region and the high-loss region with the ELNES of atom A
and B (modified after Ref. 253).
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3.6 Scanning Electron Microscopy (SEM)

SEM analyses were carried out with a JSM-7600F microscope (Jeol, Tokyo, Japan), equipped with
an X-Max80 EDS detector (Oxford Instruments, Abingdon, UK). Chemically etched NBT-BT samples
were coated with a thin carbon layer prior to the analyses, in order to prevent charging in the
SEM. Images were obtained with an acceleration voltage of 15 kV in back-scattered electron (BSE)
mode. With increasing atomic number, Z , atoms in the specimen backscatter incident electrons
more strongly due to stronger interaction with the heavier atom nuclei. Hence, the BSE signal
strength and with that the contrast in the image is very sensitive to the elemental composition
of the sample [256]. Since backscattered electrons can emerge from deeper areas of the samples
excitation volume, BSE images show a lower resolution than surface sensitive secondary electron
(SE) images. The BSE image contrast is not only influenced by the atomic number of the analyzed
elements, but also by the surface topography of the specimen [257]. Inclined surface areas can,
for example, cause shadowing effects. Etched domain structures of ceramic specimens relate to
variations in the surface topography due to varying etching conditions for different domains and
can thus be imaged in BSE mode.

3.7 Piezoresponse Force Microscopy (PFM)

PFM measurements were conducted with the assistance of Dr. Fangping Zhuo. A Cypher atomic
force microscope (Asylum Research, Santa Barbara, USA) was utilized in vector PFM mode to
collect the piezoresponse signal in vertical and lateral direction. Conductive cantilevers with a
platinum and chromium coating, a tip with an apex curvature radius of 25 nm and a resonance
frequency of 75 kHz were used (ElectriMulti75-G, Budget Sensors, Sofia, Bulgaria). The cantilever
was tuned with a starting contact resonance frequency of 350 kHz for the vertical and 800 kHz
for the lateral component. PFM images with a scan size of 4x4 µm2 and a resolution of 512x512
px were acquired. The image area was scanned with a 0.5 Hz scan rate. An AC driving voltage of
1-2 V was applied to the cantilever.

PFM analysis makes use of the electromechanical coupling of a material. Through the conductive
cantilever tip, an electric current is conducted to the sample surface, which results in a mechanical
displacement according to the converse piezoelectric effect. The local surface deformation causes
the cantilever to deflect, which is tracked via a reflected laser beam [258]. The deflection of the
cantilever, while scanning over the sample, can be vertical (out-of-plane) or lateral (in-plane)
to the surface, relating to vertical and lateral components of the piezoelectric deformation. The
ability to record displacements in the picometer-range has rendered PFM a widely applied method
for mapping ferroelectric domains [259]. By applying a AC driving voltage (V = V0cos(ωt)), the
sample surface expands and contracts periodically, which is translated in the vertical vibration of the
cantilever [260], where the first harmonic component of the oscillation is given by the amplitude
AAC [261, 262]:

AAC = A0 + A1ωcos(ωt +ϕ) (3.12)

A0 is the static surface displacement induced by the applied voltage, ω the driving frequeny and ϕ
the phase difference between the driving voltage and the voltage-induced piezoresponse of the
sample surface. The vibration amplitude of the cantilever, A1ω, directly relates to the converse
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piezoelectric effect and thus to the piezoelectric response of the sample surface. A1ω represents
the surface displacement and can be expressed as A1ω = d

e f f

33 V0, with the effective piezoelectric

coefficient d
e f f

33 ≈ d33 for ferroelectric c-domains, where the polarization direction is aligned
vertical to the sample surface [260]. Both amplitude (A1ω) and phase (ϕ) can be recorded as PFM
images. The phase gives information about the polarization direction. When the polarization vector
is oriented downwards (positive c-domain), the surface expands and vibrates in phase with the
applied voltage, so ϕ = 0° (Fig. 3.12(a)). For an upwards pointing polarization vector (negative
c-domain), ϕ = 180° and the local surface contracts (Fig. 3.12(b)). In a-domains, where the
polarization direction is parallel to the sample surface, an in-plane displacement is induced by the
electrical field, which results in a torsional motion of the cantilever [258] (Figs. 3.12(c) and (d)).

Figure 3.12: Piezoelectric response in a ferroelectric by PFM analysis. The parallel (a) or anti-parallel (b) alignment
of the electric field (E) and the spontaneous polarization (PS) results in vertical (out-of-plane) displacement of the
sample and cantilever, which is proportional to d

e f f

33 V0. (c), (d) When the applied field is perpendicular to Ps, a shear
deformation results, which leads to a horizontal (in-plane) deflection of the signal (redrawn after Refs. 258 and 262).
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4 Results & Discussion

4.1 Composition-Dependent Domain Structure and Phase
Assemblage

Four NBT-BT compositions with a BT content spanning over a wide compositional range were
examined. NBT-3BT is located on the rhombohedral NBT-rich side, NBT-6BT represents a MPB
composition, NBT-9BT a near-MPB and NBT-12BT a tetragonal BT-rich composition. Accordingly,
the four furnace cooled specimens exhibit variations in the domain structure, as well as in the phase
assemblage. Fig. 4.1 depicts comparable grains viewed along the [110]pc zone axis. A complex and
irregular domain configuration is present in NBT-3BT (Fig. 4.1(a)). NBT-6BT, on the other hand, is

Figure 4.1: TEM-BF micrographs of the furnace cooled NBT-BT compositions (all viewed along the [110]pc zone axis).
(a) NBT-3BT, (b) NBT-6BT, (c) NBT-9BT and (d) NBT-12BT.
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characterized by the absence of a distinct domain contrast (Fig. 4.1(b)), while NBT-9BT and -12BT
both exhibit lamellar domains (Figs. 4.1(c) and (d)). Grain sizes range from approx. 500 nm up
to 3-4 µm, while smaller grains are predominately found in the BT-rich compositions. This is in
agreement with other observations of sintered NBT-BT ceramics, where the grain size decreases
with increasing BT content [151, 152, 154].

The correct assignment of phases is complicated by the rather small deviations of both rhombohedral
and tetragonal symmetries from the cubic perovskite structure. Indexing simply the main reflections
in SAED patterns is not applicable, since they appear pseudocubic. However, the structural symmetry
can be derived from superlattice reflections (SRs), arising from the different oxygen octahedral tilt
systems inherent to the rhombohedral R3c and tetragonal P4bm structure. Table 4.1 illustrates an
overview of SRs occurring in different zone axes in the four compositions. Anti-phase octahedral
tilting results in 1

2 {ooo} SRs [100], which are present in 〈110〉pc zone axes and can be assigned to
the rhombohedral R3c phase (a−a−a− tilt system). In-phase octahedral tilting causes the formation
of 1

2 {ooe} SRs, which are absent from the 〈110〉pc zone axes and present in the 〈001〉pc and 〈111〉pc
viewing directions. They can be assigned to the tetragonal P4bm phase (a0a0c+ tilt system). SRs
are also present in zones axes of lower symmetry, while some of them can display both types
of SRs, such as 〈112〉pc, 〈103〉pc and 〈213〉pc. In Table 4.1, the observed SRs are marked with
a color coding, indicating the reflection intensity from strong to very weak (or only occasional
appearance). Fig. 4.2 exemplarily depicts the SAED patterns of the eight zone axes listed in Table
4.1. The location of 1

2 {ooo} and 1
2 {ooe} SRs on half-integral reciprocal positions is marked. The

transition from a solely rhombohedral R3c symmetry to a phase coexistence of R3c + P4bm in

Table 4.1: Different zone axes and possible and observed superlattice reflections (SRs) in the four NBT-BT compositions.
The 1

2 {ooo} SRs can be associated to R3c and the 1
2 {ooe} SRs to P4bm.

Zone axis
Possible

superlattice

reflections

Observed superlattice reflections

NBT-3BT NBT-6BT NBT-9BT NBT-12BT

〈001〉pc
1
2 {ooe} - 1

2 {ooe} 1
2 {ooe} 1

2 {ooe}
〈110〉pc

1
2 {ooo} 1

2 {ooo} 1
2 {ooo} 1

2 {ooo} 1
2 {ooo}

〈111〉pc
1
2 {ooe} - 1

2 {ooe} 1
2 {ooe} 1

2 {ooe}
〈102〉pc

1
2 {ooe} - 1

2 {ooe} 1
2 {ooe} 1

2 {ooe}

〈112〉pc

1
2 {ooe},
1
2 {ooo}

1
2 {ooo}

1
2 {ooe},
1
2 {ooo}

1
2 {ooe},
1
2 {ooo}

1
2 {ooe}

〈103〉pc

1
2 {ooe},
1
2 {ooo}

1
2 {ooo}

1
2 {ooe},
1
2 {ooo}

1
2 {ooe},
1
2 {ooo}

1
2 {ooe},
1
2 {ooo}

〈113〉pc
1
2 {ooe} - 1

2 {ooe} 1
2 {ooe} 1

2 {ooe}

〈213〉pc

1
2 {ooe},
1
2 {ooo}

1
2 {ooo}

1
2 {ooe},
1
2 {ooo}

1
2 {ooe} 1

2 {ooe}

Intensity of SRs: strong weak very weak - none
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Figure 4.2: SAED patterns of the eight zone axes listed in Table 4.1, exemplarily shown for NBT-6BT FC. The locations
of 1

2 {ooo} and 1
2 {ooe} SRs are marked with arrows.
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MPB-close compositions towards a predominantly tetragonal symmetry is illustrated with increasing
BT content. Note that the tetragonal P4mm phase, which is present in BT-rich compositions, does
not feature oxygen octahedral tilting and hence no SRs. In the following, a detailed examination of
the phase assemblage and domain structure of each composition is given.

4.1.1 NBT-Rich Composition (NBT-3BT)

The complex domain configuration in NBT-3BT comprises small and irregularly shaped domains
of up to 150 nm in length. Partially, these domains can have a lamellar character. A square-net
pattern with two dominating perpendicular directions becomes visible along the [131]pc zone axis
(Fig. 4.3(a)). No 1

2 {ooe} SRs occur in the corresponding SAED pattern (Fig. 4.3(b)). However, in
the 〈110〉pc zone axes, strong 1

2 {ooo} SRs (R3c) can be observed (Fig. 4.3(c)). The corresponding
BF image displays a faint domain wall contrast (Fig. 4.3(d)). In the DF image obtained from the
001 main reflection (encircled in (c)), the irregular and detailed domain features are more clearly
visible (Fig. 4.3(e)). Wavy structures indicated by the arrow are likely related to 180° domain
walls. The complex domain configuration in NBT-3BT is comparable to observations made in pure
NBT ceramics [83]. DF imaging of the 1

2 {ooo} SRs gives information about the grain areas which
exhibit the a−a−a− oxygen octahedral tilt system. Fig. 4.3(f) displays a DF image obtained from
the 1

2 (111) SR (marked in (c)). Intensity arises from the whole grain, indicating its R3c symmetry.
However, small dark areas of ∼100 nm in size appear as well (indicated by arrows). A certain
degree of tilt disorder can be inferred, disrupting coherent anti-phase tilting.

Figure 4.3: TEM images of NBT-3BT FC. (a) A grain with square-net pattern viewed along [131]pc and corresponding

SAED pattern (b). (c) SAED pattern of the [110]pc zone axis, depicting 1
2 {ooo} SRs (R3c) and corresponding grain in BF

mode in (d), in DF mode obtained from the main 001 reflection in (e) and from the 1
2 (111) SR in (f).
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4.1.2 Relaxor MPB Composition (NBT-6BT)

In NBT-6BT, large domain structures are mostly absent. Many grains appear completely homoge-
neous. On a closer look, a nanoscale contrast is present, illustrated in an enlarged grain section in
Fig. 4.4(a). Small lamellar nanodomains with a length of up to approx. 40 nm can occasionally be
observed (indicated with arrows). Predominantly, the nanoscale contrast has a ‘grainy’ character
without any orientation preference. A small fraction of grains displays few lamellar domains. Grains
can show roundish areas of enhanced contrast embedded within the more homogeneous grain
matrix, as shown in Fig. 4.4(b). The latter, to which the nanodomain contrast is inherent, exhibits
1
2 {ooe} SRs and the P4bm symmetry (Fig. 4.4(c)). In the SAED pattern from the small circular
area (marked as (d)), 1

2 {ooe} SRs are absent, indicating a different symmetry (Fig. 4.4(d)).

Figure 4.4: TEM micrographs of NBT-6BT FC. (a) The P4bm phase can show nanometer-sized domains (indicated by
arrows). (b) A grain with a circular area (d), where 1

2 {ooe} SRs are absent from the corresponding SAED pattern, while
they are present in the rest of the grain indicating the P4bm symmetry (c). The position of the SAED aperture for (c) and
(d) is marked in (b).

Such grain areas are in fact of R3c symmetry. This can be illustrated by choosing a zone axis, where
both types of SRs can be observed, such as the [103]pc axis in Fig. 4.5. The SAED pattern exhibits
1
2 {ooe} SRs, which are elongated along the [010]pc direction and show a strong intensity. Circular
1
2 {ooo} SRs are present in the same reflection row, showing a weaker intensity. A SR of each type
encircled in Fig. 4.5(a) is chosen for DF imaging in order to illustrate the morphology and location
of the R3c and P4bm phase, respectively. A BF image of an enlarged grain section is displayed in
Fig. 4.5(b). The corresponding DF image of the 1

2 {ooo} SR (Fig. 4.5(c)) reveals that the lamellar
domains on the bottom right side are of R3c symmetry. The R phase manifests in a coherent area
separated from the rest of the grain. Here, it verges on the grain boundary, while it can also be
located within the grain completely surrounded by the P4bm phase. The DF image of the 1

2 {ooe}
SR displays thin and elongated bright entities, which have a length of 10-35 nm and a thickness
of up to 5 nm (Fig. 4.5(d)). Thus, the P4bm phase consists of a dense population of plate-like
nanodomains. Their elongation direction is perpendicular to the [010]pc stretching direction of the
SRs in reciprocal space. Hence, they are oriented along (010)pc planes. The plate-like nanoscale
morphology of P4bm is in accordance with other TEM studies [160, 199]. Their terminological
description ranges from tetragonal ‘platelets’ or ‘nanodomains’ to ‘nanoregions’ or ‘PNRs’. In this
work, the nanoscale P4bm regions observed in DF imaging are referred to as ‘nanodomains’. They
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are commonly related to the relaxor behavior of NBT-BT and P4bm is thus denoted as the relaxor
phase [150, 158, 200]. It appears likely that the nanodomains observed in the DF image relate to
the nanodomain contrast observed in BF imaging (compare Fig. 4.4(a)), also corroborated by the
similarity in correlation length. Interestingly, the lamellar domains on the left side in Fig. 4.5(b)
are not of rhombohedral symmetry. Instead, a reduced population of P4bm nanodomains is present
among those larger domains (4.5(d)). This configuration is discussed in a separate chapter (see
section 4.4.3) relating to the nanostructural characteristics of NBT-BT.

Figure 4.5: (a) TEM-BF image of a grain in NBT-6BT FC and corresponding [103]pc SAED pattern as inset where both
1
2 {ooo} and 1

2 {ooe} SRs occur. The area framed in white is enlarged in (b), displaying some lamellar domains. (c)

Corresponding DF image obtained from the encircled 1
2 (311) SR showing the R3c phase. (d) DF image obtained from

the encircled 1
2 (301) SR, depicting plate-like P4bm nanodomains.
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4.1.3 Near-MPB Composition (NBT-9BT)

The domain structure in the NBT-9BT composition differs strongly from NBT-6BT and is character-
ized by an abundance of long-range ferroelectric domains. These lamellar domains show a width
of 20-40 nm. Many grains also exhibit smaller grain areas, where no domains are present (Fig.
4.6(a)), while others are fully occupied by lamellar domains. Since NBT-9BT is located on the
BT-rich tetragonal side of the MPB, the occurrence of lamellar domains can be associated with the
tetragonal P4mm phase. However, weak 1

2 {ooe} SRs can still be found throughout this composition
in all grains (Fig. 4.6(b)), indicating that a coexistence of both tetragonal phases P4mm and P4bm

is prevalent in NBT-9BT. Additionally, weak 1
2 {ooo} SRs were observed in some grains in 〈110〉pc

zone axes (Fig. 4.6(d)). In the corresponding DF image in Fig. 4.6(c), the R phase comprises only
several small regions in the central area of the grain. The volume fraction of R3c within the grains
is thus strongly reduced compared to NBT-6BT and -3BT.

Figure 4.6: TEM micrographs of NBT-9BT FC. (a) A grain with lamellar domains (P4mm) and small areas, where
domains are absent (P4bm). (b) The corresponding SAED pattern exhibits weak 1

2 {ooe} SRs. (c) DF image of another
grain with small R3c areas (BF image as inset), obtained from a weak 1

2 {ooo} SR marked in the SAED pattern in (d).
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4.1.4 BT-Rich Composition (NBT-12BT)

The domain structure of the NBT-12BT composition is largely comparable to NBT-9BT, featuring
predominantly long-range lamellar domains, as displayed in Fig. 4.7(a). Here, the grain is viewed
along a 〈001〉pc direction, where the domain walls are oriented edge-on. Thus, they appear as
narrow lines with reduced contrast. From this viewing direction, the location of the domain wall
planes can be inferred by comparing the BF image with the SAED pattern (inset in Fig. 4.7(a)).
The two sets of lamellar domain walls are located on (011)pc and (011)pc planes. {101}pc planes
are permissible 90° domain walls in the tetragonal ferroelectric phase (compare section 2.2.2).
Both sets of (011)pc and (011)pc domain walls form a perpendicular plane pair as depicted in
Fig. 2.10(a) (page 12). This further confirms that the lamellar domains are of tetragonal P4mm

symmetry. The appearance of weak 1
2 {ooe} SRs in the [100]pc SAED pattern (Fig. 4.7(a)) points

towards a minor volume fraction of in-phase tilted P4bm regions. Comparable to NBT-9BT, some
grains exhibit minor homogeneous regions where domains are absent, as in Fig. 4.7(b). The [110]pc

SAED pattern of the homogeneous region reveals very weak 1
2 {ooo} SRs (Fig. 4.7(c)), while they

are absent from areas with strong domain contrast (Fig. 4.7(d)). The R3c symmetry with a−a−a−

oxygen octahedral tilting is thus present to a minor degree, probably only on a very local length
scale, similar to NBT-9BT.

Figure 4.7: (a) TEM image of a grain in NBT-12BT FC depicted along the [100]pc zone axis (SAED pattern as inset). The

(011)pc and (011)pc domain walls are oriented edge-on and indicated with dashed lines. (b) Another grain, where the
homogeneous region shows very weak 1

2 {ooo} SRs associated to R3c in the [110]pc SAED pattern (c), while they are
absent in the SAED pattern of the lamellar domains (d).

4.1.5 Secondary Phase and Grain Boundaries

In all NBT-BT specimens, a secondary phase was observed, located at multi-grain junctions. In
order to estimate its abundance, 150 multi-grain junctions in each composition have been inspected
via TEM. Only 15-30 % displayed the presence of an additional phase. The majority of multi-grain
junctions (70-85 %) did not show any indications for the presence of a secondary phase.

In Fig. 4.8(a), a non-wetted triple-grain junction is displayed. Grain 1 and grain 2 are aligned along
the [111]pc and [110]pc zone axis, respectively. Lattice fringes reflecting the respective symmetry
orientation can be seen in both grains in HRTEM (Fig. 4.8(b)). The third adjacent grain is not
oriented along a low-indexed zone axis (grain 3), hence no lattice fringes appear here. The boundary
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between the grains is inconspicuous and not coherent, which reflects the general appearance of
grain boundaries in the NBT-BT ceramics. No secondary phase is present in the triple-grain junction.

In contrast, Fig. 4.8(c) depicts a triple-grain junction with a secondary phase. Its amorphous nature
becomes apparent from the HRTEM image in Fig. 4.8(d). In the fast Fourier transform (FFT) image,
only an amorphous-characteristic halo ring pattern is present and reflection spots are absent. The
secondary phase exhibits a vesicular appearance. Under a focused electron beam in the TEM, which
increases the energy density and local specimen temperature, bubbles were observed to form within
the amorphous phase. A low melting point and the separation of a gaseous compound can be
inferred. The secondary phase thus likely forms as a melting phase during sintering, which collects
at pores and grain junctions and transforms into an amorphous solid glassy phase upon cooling.
EDS analysis reveals a high barium content, as well as a noticeable phosphorus and silicon peak
(inset in Fig. 4.8(c)). The raw powders used for preparing the ceramics have been analyzed by EDS
and a small P and Si peak was observed in the TiO2 starting powder (99.6 % purity), likely being
the source of the impurities.

Figure 4.8: TEM micrographs of triple-grain junctions in NBT-9BT FC. (a) Non-wetted grain junction (SAED patterns
of grain 1 and 2 as insets) and (b) corresponding HRTEM image. (c) Triple-grain junction with secondary phase (EDS
spectrum as inset). (d) HRTEM image and FFT (inset) showing the amorphous nature of the secondary phase.
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Only one out of five grain boundaries, which adjoins a multi-grain junction with a secondary phase,
shows indications for the presence of an amorphous interface layer. This implies that overall only
approx. 3-6 % of all grain boundaries in NBT-BT are wetted. A defocus imaging series in TEM
can be executed, in order to measure the thickness of the amorphous film between two grains
(Fig. 4.9). The defocus Fresnel fringe imaging technique makes use of the appearance of dark and
bright contrast fringes in under- and overfocused images, respectively, which originate from the
interface of the grain and the amorphous film [263, 264]. Changing from the focused image (Fig.
4.9(c)) towards negative defocus (df) values, leads to the appearance of two dark contrast lines
(Fresnel fringes) and a central bright line (Fig. 4.9(b)). The two dark fringes propagate further
away from each other with decreasing df. For positive defocus values, the contrast is vice versa
(Fig. 4.9(d)). By drawing intensity profiles perpendicular to the grain boundary and measuring
the distance between the two intensity minima or maxima, respectively, the fringe distance is
determined. Plotting the fringe distance as function of the defocus value results in a V-shaped
dependency (Fig. 4.9(a)). Extrapolating the curves to df = 0 gives the thickness of the film, which

Figure 4.9: Film thickness determination of a wetted grain boundary in NBT-3BT FC. The graph in (a) is obtained by
measuring fringe distances at different defocus values. (b) BF image of the grain boundary at a negative defocus value
(df). The fringe distance is measured in the corresponding intensity profile. (c) The grain boundary in focus and (d) at a
positive defocus value.
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is 1.3-1.6 nm (1.3 nm for the overfocused series and 1.6 nm for the underfocused series). Cinibulk
et al. [263] showed that the film thickness (z) and the fringe distance (W ) follow a dependency
according to z =W − (3λ∆df)

1
2 , with the electron wavelength, λ, and the defocus distance, ∆df.

The indirect method of defocus Fresnel fringe imaging usually yields a 20-35 % wider film thickness
as measured in a comparable HRTEM image [263].

Wetting of grain boundaries can occur in order to minimize the interface surface energy of adjacent
grains. If the surface energy between solid grains is smaller than the surface energy of a grain-
liquid interface, grain boundaries are non-wetted and the wetting angle of isolated melt pockets in
triple-grain junctions is larger than 60° [265]. This is the case for the majority of wetting angles in
the NBT-BT ceramics. Secondary phases can generally have an influence on the ceramics properties,
such as the conductivity. This is especially the case, when grains are surrounded by an interconnected
network of a secondary phase. In the four NBT-BT compositions, however, 94-97 % of all examined
grain boundaries are non-wetted. Therefore, no relevant influences on the electrical properties can
be assumed.

The incorporation of Ba in the secondary phase needs to be considered critically, since it may
influence the stoichiometry within the grains. Therefore, several grains in each composition have
been analyzed by EDS in TEM. Measuring spots located within central regions of the grains have
been chosen, excluding grain boundaries or grain junctions. An exemplary EDS spectra of a grain in
NBT-6BT is displayed in Fig. 4.10(a). Note that the Mo peak is due to the Mo TEM grid, on which
the sample is mounted. Since the Ba Lα1 and Lβ1 lines overlap with Ti, the intensity increase of

Figure 4.10: Ba content determined in the four NBT-BT FC compositions. (a) Exemplary EDS spectrum of a grain in
NBT-6BT FC. The inset depicts the Ba Kα1 and Kα2 peaks and stoichiometric (nominal) and measured Ba atom %
values of the four compositions. (b) EELS spectra displaying the Ba M5- and M4-edges, which exhibit an increasing peak
intensity with increasing Ba content.
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the Ba Kα1 and Kα2 peaks at 32.2 and 31.8 keV is illustrated for comparison. The stoichiometric
(nominal) and measured Ba atom % of each composition is given in the inset of Fig. 4.10(a). A clear
trend towards an increasing Ba content, which is close to the stoichiometric value, was determined
in the four compositions. Via EELS analysis, an increasing intensity of the Ba M5- and M4-edges
with increasing BT content could also be verified (Fig. 4.10(b)). The amount of Ba incorporated in
the secondary phase can therefore be considered as negligible.

4.1.6 Discussion of Composition-Dependent Domain and Phase Evolution

TEM investigations on the unpoled NBT-BT specimens show a composition-dependent transition
from a complex domain pattern (R3c) over a predominantly nanoscale structure (P4bm) towards
a lamellar ferroelectric domain configuration (P4mm). Reported values for the R3c + P4bm MPB
vary from a narrow range between 6-7 mol % [10] to a wider range of 6-10 mol % BT [152]. In the
present study, the NBT-6BT, -9BT and -12BT specimens all display a phase coexistence, which is
inferred from the presence of different SRs and regions of varying domain contrast within single
grains. However, the three compositions show very different phase proportions, thereby influencing
the appearance of the overall domain structure. Fig. 4.11 illustrates the qualitative phase fractions
deduced from the TEM study in the compositional range between 3 and 12 mol % BT and the
characteristic domain structure of each phase.

Figure 4.11: Qualitative volume fractions of the phase assemblage in the compositional range between 3 and 12 mol %
BT deduced from the TEM study. The characteristic domain/nanodomain features of each phase are illustrated in the
TEM-BF images.

The P4bm phase is known to initially occur at ∼5 mol % BT, so that the transition between the
R3c and P4bm phase can be assumed to be rather sharp. In NBT-6BT, the relaxor P4bm phase
with its plate-like nanodomains is the dominant feature. Areas of R3c symmetry constitute a minor
volume fraction. Few lamellar domains in NBT-6BT, which are not rhombohedral (compare Fig.
4.5), hint towards a minor fraction of tetragonal P4mm domains. While the TEM study by Ma et
al. [158] shows a similar domain and phase assemblage for NBT-6BT, results strongly vary for the
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compositions with higher BT content. In their study, NBT-9BT is of pure P4bm and NBT-11BT of
P4bm + P4mm symmetry. These observations lead to the postulation of a second P4bm + P4mm

MPB between 10 and 11.5 mol % BT and a single-phase-field of P4bm between the two MPBs
(compare the phase diagram given in Fig. 2.24 on page 25). The results here, however, show a
strong lamellar domain contrast in NBT-9BT, attributed to a dominating P4mm symmetry, while
minor P4bm and R3c fractions are present as well. This also holds true for NBT-12BT, which strongly
resembles NBT-9BT in domain configuration and phase assemblage. The minor amounts of P4bm

and R3c decline only gradually with increasing BT content. The results thus illustrate that a wide
region of phase coexistence is present, comprising not only R3c and P4bm, but in fact all three
phases (R3c + P4bm + P4mm).

As a solid solution of a relaxor and a ferroelectric, NBT-BT displays a transition between relaxor
and ferroelectric properties, which also manifests in the composition-dependent change in domain
configuration. The relaxor characteristics, such as a strong frequency dispersion of the temperature-
dependent permittivity, a diffuse phase transition (Tm) and high permittivity values in general
were observed in compositions close to the MPB [10, 153]. Enhanced piezoelectric properties, such
as high d33 and kp values [12, 152] are linked to the R and T phase coexistence, providing an
enhanced polarizability due to an increase in equivalent polarization orientations with low energy
barriers [33]. The relaxor characteristics in NBT-BT relate to the appearance of P4bm, its nanoscale
structure and coexistence with R3c [148], which can be confirmed by the present TEM study. The
observed absence of larger domains corresponds to the reported pseudocubic nature [184] of the
NBT-6BT composition. A profound lamellar domain formation is usually accompanied by a notable
non-cubic lattice distortion, which is absent in NBT-6BT. Instead, nanoscale regions (nanodomains,
PNRs) are abundant. The thermal evolution of PNRs, comprising a dynamic and fluctuating nature
at elevated temperatures, has been correlated to the frequency-dependent permittivity response
[148, 157]. In contrast, lamellar ferroelectric domains correspond to a pronounced reduction in
the frequency dependence [158]. The TEM results illustrate the short coherence length of P4bm

nanodomains in NBT-6BT, opposed to lamellar long-range domains observed in NBT-12BT, relating
to the relaxor-to-ferroelectric transition with increasing BT content.

NBT-3BT is assigned to a single-phase composition of R3c symmetry. Note that the occurrence
of 1

2 {ooo} SRs is not necessarily a clear evidence for the a−a−a− (R3c) oxygen octahedral tilt
system. Other anti-phase tilt systems, such as a−a−c− (Cc), produce the same type of superlattice
reflections. The existence of a local monoclinic phase at the MPB, serving as a bridging link between
R and T phases, was debated [121, 187]. However, several studies on pure NBT prefer an average
monoclinic (Cc) over the rhombohedral (R3c) structure [168, 169]. This led to the establishment of
a further MPB, separating Cc on the NBT-side from R3c with a coexisting region ranging from 3 to 4
mol % BT [163] (compare also with the phase diagram in Fig. 2.25(a) on page 26). The distinction
between Cc and R3c can theoretically be made based on the occurrence of 1

2 {ooo} SRs in the
〈101〉pc zone axes. For a domain wall lying on {010}pc, SRs are absent when the 〈111〉pc tilt axis of
both adjacent domains is perpendicular to the 〈101〉pc viewing axis [100]. For R3c, this is the case
for one of the two adjacent 〈101〉pc zone axes. For Cc, only one of the three possible {010}pc domain
wall configurations fulfills the same requirement, resulting in a lower extinction probability for
the SRs [163]. However, tilting to both 〈101〉pc axes in order to discern between both symmetries
requires a tilting range of ± 45°, which a conventional TEM sample holder (as used in the present
study) cannot provide. Ma et al. [163] observed different domain regions within single NBT-3.5BT
grains and assigned them to R3c and Cc. In the present study, the NBT-3BT composition did not
display such distinct regions. A continuous complex domain configuration is present throughout the
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grains suggesting a single phase. High-resolution XRD studies on powder samples obtained from
the same sample batch as used for the TEM characterization show that the NBT-3BT composition
can be refined with the rhombohedral R3c phase and an only minor cubic phase fraction [266]. It
is therefore concluded that the 1

2 {ooo} SRs are most plausibly assigned to R3c with its a−a−a−

oxygen octahedral tilt system.

Short Summary

The domain structure and phase assemblage in unpoled NBT-BT ceramics strongly varies with
the BT content. NBT-3BT exhibits a complex domain pattern and strong 1

2 {ooo} SRs (a−a−a−

tilting), attributed to the R3c phase. In NBT-6BT, the major volume fraction is characterized
by nanodomains of P4bm symmetry with 1

2 {ooe} SRs (a0a0c+ tilting). The prevalence of
the P4bm phase and wide absence of a ferroelectric domain contrast reflects in the relaxor
behavior and pseudocubic average structure of the MPB composition. However, a minor
volume fraction of R3c and P4mm domains occur. The phase coexistence spans over a large
compositional range, while the SR intensity declines with increasing BT content. Both NBT-
9BT and -12BT are predominantly characterized by a lamellar ferroelectric P4mm domain
structure. In all ceramics, an amorphous secondary phase is present at multi-grain junctions.
However, grain boundaries are largely non-wetted, suggesting no significant influence on the
electrical properties.
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4.2 Quenching-Induced Domain Structure and Phase Assemblage

4.2.1 Domains and Phase Mixture in Quenched NBT-3BT

Comparing NBT-3BT FC with its quenched (Q) counterpart reveals a striking change in the domain
structure. All NBT-3BT Q grains exhibit lamellar domains, opposed to the irregular and complex
domain configuration in the FC specimen (Fig. 4.12). The lamellar domains in NBT-3BT Q show a
width of 10-40 nm and domain walls are located on {001}pc and {110}pc planes. Twin boundaries
are present, along which the lamellar domain structure is mirrored (dashed lines in Fig. 4.12(b)).
Along the twin boundary, domains on both sides are coherent.

Figure 4.12: TEM-BF images comparing NBT-3BT FC and Q (both viewed along the [131]pc zone axis). A complex
domain structure is present in NBT-3BT FC (a), while the Q specimen exhibits a lamellar domain structure (b).

Furthermore, a change in the phase assemblage was observed. While 1
2 {ooo} SRs are present

throughout NBT-3BT FC, they occur only in certain grain regions in NBT-3BT Q. Fig. 4.13(a)
displays a grain in the Q specimen, where the corresponding SAED pattern (Fig. 4.13(b)) clearly
shows 1

2 {ooo} SRs. However, forming a DF image from the 1
2 (111) SR reveals that only the lower

left grain section contributes to the SR formation (Fig. 4.13(c)). In the DF image, this section
appears bright, while the rest of the grain remains dark. It can be concluded that only the bright
area is of R3c symmetry and exhibits a−a−a− oxygen octahedral tilting. This grain section also
differs in domain structure. Here, domains show a more irregular lamellar appearance, while the
rest of the grain exhibits very straight lamellar domains with a herringbone-type configuration (Fig.
4.13(d)).

Within the herringbone structure, no superlattice reflections occur (Fig. 4.14(a)), therefore, no
oxygen octahedral tilting is present. Since NBT-3BT Q is of rhombohedral symmetry, as evidenced
by X-ray structural analyses [266, 267], R3m can be deduced as the space group of the herringbone-
type domains. R3m is a well know rhombohedral ferroelectric phase of perovskite structures, where
oxygen octahedral tilting is in fact absent [102, 268]. The presence of {001}pc and {110}pc domain
walls within the herringbone structure supports this presumption, since both planes are permissible
domain walls in a rhombohedral ferroelectric phase.
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Figure 4.13: TEM micrographs of NBT-3BT Q. (a) BF image of a grain viewed along [110]pc. The position of the SAED
aperture is indicated and the SAED pattern is displayed in (b). The encircled 1

2 (111) SR was used to obtain the DF
image in (c), where only the lower left grain section appears bright and is of R3c symmetry. The rest of the grain depicts
a herringbone-type domain configuration as illustrated in (d) with R3m symmetry.

Viewed along the [110]pc zone axis, the long lamellar domain walls in the herringbone pattern
appear edge-on and lie on (001)pc planes (Fig. 4.14(a)). Short domain walls of up to 50 nm in
length coherently cross the (001)pc domain walls in a zigzag-pattern. These {110}pc domain walls
appear as broader lines, since they are inclined towards the viewing direction. When considering
the distinct {110}pc planes, on which these domain walls are located, two variants are possible.

The domain walls can either lie on (011)pc and (011)pc or on (101)pc and (101)pc planes. The

two possible variants are schematically illustrated in Fig. 4.14(b) for the (011)pc / (011)pc and

in Fig. 4.14(c) for the (101)pc / (101)pc pair of planes. The respective left schematic illustrates
the orientation of the pair of planes (green and blue) and the (001)pc plane (red) within the unit

cell. The schematic in the middle shows the same configuration, only with the (110)pc viewing
plane as solid grey plane, thus indicating the intersection lines of the plane pairs with the viewing
plane. Both domain wall plane pairs form an angle of 90° towards each other, which is centrally
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Figure 4.14: (a) TEM-BF image of the herringbone structure in NBT-3BT Q. Domain walls are indicated as dashed
lines and the polarization (P) with arrows. The corresponding [110]pc SAED pattern, where 1

2 {ooo} SRs are absent, is
depicted in the inset. (b) and (c) illustrate unit cell schematics of the two possible {110}pc domain wall orientations

and polarization directions. (b) In the left schematic, the (011) / (011) plane pair is given in green and blue and the
(001) plane in red. In the middle schematic, the (110) viewing plane (gray), the [111] and [111] polarization directions
(white arrows), the [111] (pink arrow) and [111] (yellow arrow) polarization directions are shown. The schematic on
the right illustrates the polarization in the domains of the herringbone pattern. Domain walls are shown as lines and
polarization directions as arrows in the respective color (• for pointing out of the viewing plane and ⊗ for pointing into
the viewing plane). The same description as for (b) applies for the (101) / (101) plane pair in (c).

intercepted by the (001)pc plane. However, due to being tilted to the [110]pc viewing direction,
this angle appears as 71° in the image plane (indicated in the schematic and also measurable in the
TEM image in (a)).

For a rhombohedral ferroelectric, Schierholz [79] illustrated that 109° walls lie on {001}pc planes
and 71° walls on {110}pc planes (compare Fig. 2.12 on page 13). The present configuration agrees
with this description. The polarization vector in the rhombohedral phase is oriented along the
threefold 〈111〉pc axis. Two distinct directions lie in the viewing plane in Fig. 4.14: [111]pc and

[111]pc. These two polarization directions are indicated by the white arrows in the TEM image and
the schematics (Figs. 4.14(a)-(c)) and correspond with the 109° configuration illustrated in Fig.
2.12(a). The (001)pc planes, over which the two polarization directions are correlated, thus represent
the 109° domain walls. Consequently, the {110}pc planes are the 71° domain walls. For variant 1

(Fig. 4.14(b)), the [111]pc polarization direction correlates with the [111]pc polarization direction

(pink arrow) over the (011)pc plane (blue). The [111]pc polarization direction correlates with the

[111]pc polarization direction (yellow arrow) over the (011)pc plane (green). The domain walls
and polarization directions in the herringbone pattern are illustrated in the schematic on the very
right with the respective color (Fig. 4.14(b)). Note that the [111]pc polarization direction (yellow

arrow) points into the viewing plane (marked with ⊗), while the [111]pc direction (pink arrow)
points out of the viewing plane (marked with •). For variant 2 in Fig. 4.14(c), the correlation is
reversed: [111]pc correlates with [111]pc (yellow arrow) over the (101)pc plane (blue), while [111]pc

correlates with [111]pc (pink arrow) over the (101)pc plane (green). The above considerations
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show that the herringbone-type domain pattern can be nicely explained by the allowed domain
wall orientations and polarization directions in a rhombohedral ferroelectric phase. Since a direct
symmetry assignment in TEM is complicated by the pseudocubic nature of the SAED patterns,
identifying the specific locations of the domain walls affirms the allocation of the herringbone
structure to the rhombohedral R3m symmetry.

4.2.2 Lamellar Domain Contrast in Quenched NBT-6BT

Similar to the NBT-3BT Q specimen, an increased lamellar domain contrast is visible in NBT-6BT Q.
Compared to the widely homogeneous contrast in NBT-6BT FC (Fig. 4.15(a)) with only very few
lamellar domains, NBT-6BT Q displays a pronounced increase in lamellar domains upon quenching
(Fig. 4.15(b)). A wide variety in the domain width is present, ranging from 50 nm in large lamellae,
down to very fine domain structures. Nanometer-sized domains and domain walls lying on {101}pc
planes have been observed.

Figure 4.15: TEM-BF images comparing NBT-6BT FC and Q. (a) A grain with homogeneous contrast in NBT-6BT FC. (b)
A grain with enhanced lamellar domain contrast in NBT-6BT Q. Both grains are viewed along the [110]pc direction.

Since both rhombohedral and tetragonal phases are present in NBT-6BT FC, the question arises,
whether the increased domain contrast upon quenching can be assigned to an increase in rhombo-
hedral or tetragonal domains. Inspecting a grain along the [121]pc zone axis reveals strong 1

2 {ooo}
SRs alongside weaker 1

2 {ooe} SRs, indicating both R3c and P4bm (Fig. 4.16(a)). A DF image formed
with the 1

2 (113) SR illustrates that the R3c phase accounts for the majority of the lamellar domains
(Fig. 4.16(b)). Tetragonal areas can be surrounded by R3c, indicated by the dark irregular patches
in the DF image. The lamellar R3c domains show a slightly irregular appearance and therefore differ
from the very uniformly arranged domain structure of the R3m phase in NBT-3BT Q. Furthermore,
no herringbone-type domain configuration was observed in the R3c phase. Compared to the FC
specimen, where the R3c phase only occurs in smaller grain regions, it can be concluded that its
volume fraction is significantly increased by the quenching process.
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Figure 4.16: (a) TEM-BF image of a grain with strong lamellar domain contrast viewed along [121]pc. Both types of SRs

appear in the SAED pattern (inset). (b) DF image formed with the encircled 1
2 (113) SR showing a large volume fraction

of the R3c phase.

The lamellar domains in NBT-6BT Q, however, are not solely attributed to R3c, but can also be
assigned to the presence of tetragonal domains, as illustrated in Fig. 4.17. The BF image shows a
strong domain contrast and both types of SRs occur in the corresponding [112]pc SAED pattern
(Figs. 4.17(a) and (b)). The DF image in Fig. 4.17(c) illustrates the location of the R3c phase in two
separated grain regions, showing a lamellar domain morphology. However, the grain section which
remains dark also clearly exhibits lamellar domains of another orientation, as visible in the BF
image in (a). The DF image using a 1

2 {ooe} SR shows that P4bm nanodomains are dispersed among
those domains (Fig. 4.17(d)). It can be concluded that long-range lamellar domains of tetragonal
P4mm symmetry are present, which coexist with nanoscale regions of P4bm symmetry. The T phase
is thus composed of both P4mm and P4bm structures. Conclusively, the increased lamellar domain
contrast in NBT-6BT upon quenching can be assigned to both R3c and P4mm domains.

In addition to the conventionally air-quenched sample, a water-quenched NBT-6BT specimen was
also analyzed by TEM. It revealed a comparable significant increase in lamellar domain contrast
(see Fig. A.1 in Appendix on page 145). However, the high cooling rates of water-quenching result
in fracturing of the ceramic pellets, rendering the procedure unfavorable from an application point
of view. Furthermore, in order to examine whether there is a gradient in domain structure within
the ceramic pellet, NBT-6BT FC and Q specimens were additionally prepared from the near-surface
area of the sintered ceramic. Conventionally, TEM specimens were obtained from the central area of
the ceramic pellets by grinding the ceramic discs from both sides. Both near-surface samples show
the same characteristics as the conventionally obtained TEM specimens (see Fig. A.2 in Appendix
on page 145). Hence, it appears insignificant from which area of the pellet the TEM specimen is
produced. Moreover, omitting the annealing step at 400 °C after grinding and polishing did not
reveal any observable deviation from the above described domain structure and phase assemblage
of a conventionally prepared NBT-6BT Q sample (see Fig. A.3 in Appendix on page 146). This
conclusion is relevant with regard to the poled specimens, where the annealing step had to be
omitted, in order to avoid annealing of the poling-induced domain structure.
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Figure 4.17: (a) TEM-BF image of a grain in NBT-6BT Q showing R and T lamellar domains. (b) Corresponding SAED
pattern of the [112]pc zone axis where 1

2 {ooo} and 1
2 {ooe} SRs are visible. (c) DF image of the encircled 1

2 (131) SR

showing the R3c domains. (d) DF image of the encircled 1
2 (132) SR showing the P4bm nanodomains, which coexist

with P4mm lamellar domains.

4.2.3 Quenching of BT-Rich Compositions

Comparing FC and Q specimens of the NBT-9BT composition does not reveal any distinct difference
in the domain structure or phase assemblage. Lamellar domains assigned to P4mm dominate this
composition (Fig. 4.18(a) and (b)). Smaller regions where domains are absent and 1

2 {ooe} SRs
occur indicate the presence of P4bm. Small volume fractions of the R3c phase can still be found
in some grains in NBT-9BT Q as well, as it is the case in the FC specimen (compare Fig. 4.6(c)).
It can be concluded that quenching the NBT-9BT composition does not result in any significant
change of the local structure observable via TEM. In contrast, a transition from a relaxor to a
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ferroelectric-like behavior was observed for the temperature-dependent permittivity response upon
quenching (compare Fig. 4.32 on page 86 and according discussion).

Likewise, no differences could be identified in terms of domain structure and phase assemblage in
NBT-12BT when comparing FC and Q specimens (Fig. 4.18(c) and (d)). Both display a pronounced
formation of tetragonal lamellar domains lying on {101}pc planes. Weak 1

2 {ooe} and occasionally
weak 1

2 {ooo} SRs are present in NBT-12BT Q, indicating a minor fraction of P4bm and R3c. Small
R3c regions are observable in some grains as indicated in the inset of Fig. 4.18(d). From the TEM
perspective, quenching does not affect the existing phase assemblage. Additional information can
be gained from large scale analyses (such as XRD), which give complementary information about
quenching-induced changes in the average phase fractions.

Figure 4.18: BF images of NBT-9BT FC (a) and Q (b), showing a comparable domain contrast. Both grains are viewed
along the [120]pc zone axis. NBT-12BT FC (c) and Q (d) also show comparable lamellar domain configurations. Both
grains are depicted from the [110]pc zone axis. The inset in (d) shows a corresponding DF image of a residual R3c phase
obtained employing a 1

2 {ooo} SR.
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4.2.4 Tilt Series of Tetragonal Domains

The tetragonal compositions with its abundant lamellar domains can be used to demonstrate a
tilt series in the TEM (Fig. 4.19). In general, the observable diffraction contrast of 90° domains is
highly influenced by the orientation of the grain with respect to the viewing direction. An enhanced
domain contrast arises when the domain walls are tilted against the viewing direction, as it is the
case in Fig. 4.19(a). Here, the grain is aligned along the [120]pc zone axis (Fig. 4.19(b)). Fringes
running parallel to the domain walls become visible (magnified in the inset in Fig. 4.19(a)). The
fringes arise from the oscillating intensity of the direct and diffracted beam when propagating along
the domain wall (compare section 3.2.2, Howie-Whelan equation, Eq. 3.11, and Fig. 3.7 on page
42). Both domains on each side of the inclined domain wall can be regarded as complementary
wedges. Each wedge (domain) produces a set of fringes and the observable fringe pattern results
from the superimposition of the fringes arising from both domain areas [269].

When tilting the grain to the [010]pc zone axis, the 90° domain walls are viewed edge-on (Fig.
4.19(c)). The domain walls become narrow lines and an alternating bright and dark contrast is
visible resulting in a stripe-like pattern, where one set of domains appears brighter than the other.
These variations originate from the two alternating unit cell orientations within the 90° domains.
Both domain orientations have slightly different diffraction conditions and a varying excitation
error, s (also compare section 3.2.2). From the SAED pattern, it can be inferred that the edge-on 90°
domain walls lie on (101)pc and (101)pc planes. Reflection splitting along the [101]pc direction is
visible (Fig. 4.19(d)). The splitting is more pronounced in rows further away from the center of the
diffraction pattern (as magnified in the inset). It arises from the slightly rotated tetragonal unit cells
of the two domain orientations, creating two overlapping diffraction patterns (compare Fig. 3.8 on
page 43). The angle (Θ) between two split diffraction spots amounts to 1.9°. This implies that there
is a true angle of 88.1° between the [001]T directions of two adjacent 90° domains. Furthermore,
it should be noted that the intensity of the 1

2 {ooe} SRs is stronger in the SAED pattern of the
high-symmetry [010]pc zone axis compared to their weak intensity in the low-indexed zone axes in
(b) and (f).

In certain areas of the grain, the stripe-like bright and dark domain contrast is reversed along a
boundary crossing the lamellar domains in a zigzag-manner (inset in Fig. 4.19(c)). These boundaries
are 180° domain walls. Interestingly, they also become visible in BF imaging when viewed along the
[131]pc zone axis (Fig. 4.19(e) and (f)). The zigzag-shaped 180° domain walls marked with arrows
in the inset of Fig. 4.19(e) are most likely located on alternating (001)pc and (100)pc planes. 180°
domain walls often occur as wavy watermarks, but can also be located on {001}pc planes in the
tetragonal phase (see section 2.2.2). Usually, 180° domain walls can not be observed in BF imaging.
However, due to a breaking of Friedel’s law (Ihkl = I

hkl
) for the diffracted beams, it can be possible

to observe a weak fringe contrast in TEM-BF, when not only the direct beam but also diffracted
beams are involved in the image forming process. Furthermore, the contrast of the (101)pc 90°
domain walls has almost completely vanished, while the contrast of the (101)pc 90° walls becomes
very strong (Fig. 4.19(e)). This can be explained by their respective orientation towards the viewing
direction, which is edge-on for the (101)pc planes, while the (101)pc planes are strongly inclined
towards the viewing plane.
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Figure 4.19: TEM micrographs and SAED patterns of a grain in NBT-9BT Q viewed from different zone axes. (a) BF
image where fringes (see also the inset) appear along the inclined 90° domain walls (DW). (b) Corresponding [120]pc

SAED pattern. (c) The grain viewed from the [010]pc direction, where the 90° domain walls on (101)pc and (101)pc

planes (dashed lines) appear edge-on. Their alternating bright and dark contrast and a zigzag 180° domain wall is
magnified in the inset. (d) Reflection splitting is visible in the corresponding SAED pattern. The location of the SAED
aperture is marked in (c). (e) The grain viewed along [131]pc, where inclined 180° domain walls become visible (inset,
marked with arrows) and corresponding SAED pattern in (f). Note the pronounced contrast change of the 1

2 {ooe} SRs
with respective orientation of the SAED pattern.
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4.2.5 Polarization Orientation in Tetragonal Domains

Determining the polarization direction in ferroelectric domains is crucial for understanding the
overall domain configuration. Fig. 4.20(a) depicts lamellar needle-shaped 90° domains in NBT-12BT
Q, viewed edge-on along the [010]pc zone axis. Splitting of reflections in the corresponding FFT
(Fig. 4.20(c)) indicates the rotation of the [001]T c axis when crossing the 90° domain walls. From
the reflection splitting it can also be deduced that the polarization vectors lie within the image
plane (90° a-a domains, compare also Fig. 2.11 on page 13).

Figure 4.20: (a) TEM-BF image of tetragonal domains in NBT-12BT Q. The inset in (a) is magnified in the HRTEM image
in (b). The polarization direction is noted with arrows. (c) Corresponding FFT image, where the split 002 reflection
is masked as indicated by the yellow and blue circles. The superimposed inverse FFTs of both masked reflections is
depicted in (d). The magnified insets show lattice fringes which are perpendicular to the c and a axis in the blue and
yellow area, respectively.
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The approach reported by Moore et al. [270] is followed here, in order to determine the polar axes
in the tetragonal domains. A HRTEM image over several domains is recorded (Fig. 4.20(b)) and the
FFT is formed (Fig. 4.20(c)). Splitting of diffraction spots along [101]pc direction becomes visible.
Regarding the 001 split reflections, the one which is closer to the 000 center of the diffraction
pattern corresponds to the c axis (smaller reciprocal distance = larger lattice constant). This split
reflection is then masked and an inverse FFT is formed. Since the splitting can be better identified
the further away from the center of the FFT, here the 002 reflection was masked instead of 001
(Fig. 4.20(c), blue circle). The split reflection further away from 000 corresponds to the a axis
(yellow circle), which is masked as well. Both inverse FFTs can then be superimposed in one image,
depicted in Fig. 4.20(d). The blue area (corresponding to the c axis) covers the lamellar domain in
the middle of the HRTEM image. The c axis is oriented perpendicular to the lattice fringes present
in the inverse FFT image (see the inset of the blue area in Fig. 4.20(d)). The polarization axis of
the blue domain is thus the [001]pc direction. The a axis, oriented along the same pseudocubic
direction, corresponds with both domains on the left and right side (yellow in Fig. 4.20(d)). The
c axis in the yellow domains is thus perpendicular to [001]pc and oriented along [100]pc. Both
polarization directions are illustrated by the yellow and blue arrows in Fig. 4.20(b). Whether the
polar vectors point along [100]pc and [001]pc, or are reversed by 180° pointing along [100]pc

and [001]pc, cannot be specified here. However, their correlation in an alternating head-to-tail
configuration across the 90° a-a domain walls is identified.

4.2.6 Domain Configuration Analyzed by PFM

PFM analysis constitutes a further method, which provides information about the ferroelectric
polarization. Fig. 4.21 depicts a scanned area in the tetragonal NBT-9BT FC specimen. The images
of the vertical and lateral amplitude (Figs. 4.21(a) and (b)) illustrate the lamellar domain pattern.
High and low amplitude values relate to the alternating out-of-plane (or in-plane) displacement of
the sample surface due to the alternating polarization orientation within the domains. The lamellae
exhibit widths of 20-45 nm, which is in accordance with the TEM observations. Apart from the
90° domains, 180° domain walls become visible by PFM, providing additional information about
the overall domain structure. Two different configurations for the 180° domain walls exist. On
the one hand, they appear as wavy irregular watermarks, where they do not follow any specific
crystallographic direction (marked with arrows in Fig. 4.21(a)). On the other hand, they appear
as zigzag lines crossing the 90° domains (illustrated in the inset in Fig. 4.21(a)). The second
arrangement is equivalent to the TEM observations in Fig. 4.19(e), where the zigzag domain
walls lie on {001}pc planes. The considerable abundance of 180° domain walls is also illustrated
in the corresponding vertical and lateral phase (ϕ) images (Figs. 4.21(c) and (d)). The vertical
(out-of-plane) phase illustrates components of the polarization vectors pointing in and out of the
viewing plane, while the lateral (in-plane) phase is especially sensitive to the polarization directions
normal to the length of the cantilever needle (the needle is oriented horizontally and scans the
image from left to right). In Fig. 4.21(c), where ϕ is close to 0° (blue color), the polarization vector
points downwards (positive c-domains), while it points upwards for ϕ close to 180° (orange color).
An exemplary line profile (red line in Figs. 4.21(c) and (d)) is drawn over several domains and
illustrates the vertical and later phase in this specific area. While no change in vertical polarization
direction is visible in the line profile in (c), an in-plane alternating polarization direction is present
in (d), resulting in a stripe pattern of 180° domains.
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Figure 4.21: PFM analysis of domains in NBT-9BT FC. (a) Vertical amplitude image showing lamellar 90° domain walls
(DW), as well as 180° watermarks and zigzag domain walls (inset). (b) Corresponding lateral amplitude image. (c)
Vertical phase image and line profile (1) over several domains marked in red. (d) Lateral phase image and corresponding
line profile (2).

The domain pattern visualized by PFM in all NBT-BT FC and Q specimens is comparatively illustrated
in Fig. 4.22. The information gained from the lateral amplitude is chosen here for comparison.
The detailed and largely irregular domain structure of NBT-3BT FC (Fig. 4.22(a)) stands in clear
contrast to the lamellar domain formation in NBT-3BT Q (Fig. 4.22(b)). The domain width in
the quenched composition shows a large variety, ranging from 20 to 70 nm. The herringbone
configuration was not observed via PFM. The NBT-6BT FC specimen shows an indistinct grainy
signal and only very few lamellar domains (Fig. 4.22(c)). The grainy morphology can be interpreted
as a characteristic of the nanoscale structure. Imaging of structures which are only few nanometers
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Figure 4.22: Comparative PFM images (lateral amplitude) of the NBT-BT FC and Q specimens. (a) NBT-3BT FC, (b)
NBT-3BT Q, (c) NBT-6BT FC, (d) NBT-6BT Q, (e) NBT-9BT FC, (f) NBT-9BT Q, (g) NBT-12BT FC and (h) NBT-12BT Q.
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in size is difficult, since the lateral resolution in PFM is limited by the contact area of the cantilever
tip and sample surface, which depends on the apex curvature radius of the tip [271] (25 nm for
the tip used in the present analyses). However, other factors such as the dielectric properties also
highly influence the resolution, which is 20-50 nm for most ferroelectrics, but, e.g., 100-300 nm
for LiNbO3 [261]. In PFM dual AC resonance tracking mode, Liu et al. [131] were able to image
structures of 50 nm in size in a relaxor ferroelectric, which were interpreted as PNR signatures.

The NBT-6BT Q specimen shows a similar irregular appearance as the FC sample with a slightly
increased fraction of lamellar domains (Fig. 4.22(d)). Both FC and Q specimens of NBT-9BT and
-12BT are characterized by the abundant appearance of lamellar 90° and wavy 180° domains.
Analogous to the TEM observations, no significant differences were observed between FC and Q
samples. Lamellar domains in Fig. 4.22(h) are hardly visible, which is not due to their absence, but
rather to unfavorable imaging conditions reducing the resolution and image sharpness.

Overall, PFM analysis allows a large-scale imaging of the domain patterns in NBT-BT and comple-
ments the findings obtained by TEM. While 180° domain walls are rarely observed in TEM, the
PFM analysis supplements the characterization of the domain configuration and illustrates that
watermarks are in fact highly abundant in the NBT-9BT and -12BT compositions. Furthermore,
PFM allows a direct determination of polarization directions within the domains (compare Fig.
4.21), while indirect methods (as illustrated in Fig. 4.20) and symmetry considerations have to be
applied in TEM.

4.2.7 Structure of Poled MPB Compositions

Upon poling, the NBT-6BT composition is transformed from a relaxor to a ferroelectric, which
reflects in an enhanced lamellar domain contrast. Compared to the unpoled FC state, where large
domains are rather scarce, the poled FC specimen is occupied by ferroelectric lamellar domains (Fig.
4.23(a)). Domain widths are large and up to 100 nm in size. Rhombohedral R3c regions feature an
indistinct irregular domain contrast (Fig. 4.23(b)). Grains which are entirely characterized by such
an irregular contrast have been observed as well. Here, the 1

2 {ooo} SRs show an increased intensity
and the 1

2 {ooe} SRs are missing, which indicates a predominately rhombohedral symmetry. In

Figure 4.23: TEM micrographs of poled NBT-6BT FC. (a) BF image showing an enhanced lamellar domain contrast. (b)
Corresponding DF image obtained from the encircled 1

2 (111) SR illustrating the R3c phase (SAED pattern as inset).
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lamellar domain regions, only weak 1
2 {ooe} SRs are present. Therefore, a poling induced transition

from relaxor P4bm to a mixture of P4mm + P4bm occurs.

The quenched and poled NBT-6BT specimen features lamellar domains in the majority of grains (Fig.
4.24(a)), associated with an increased ferroelectric order and the abundance of P4mm domains.
Weak 1

2 {ooe} SRs occur in these areas, indicating a minor fraction of P4bm nanodomains. Irregular
structured areas of R3c symmetry are also present (Fig. 4.24(b)). In grains, where the R phase
accounts for a larger volume fraction, 1

2 {ooo} SRs are comparably more intense.

Summarizing the TEM observations on poled NBT-6BT, both FC and Q specimens show comparable
features regarding lamellar domain formation, domain widths and coexistence of R and T phases.
Lamellar domains of neighboring grains usually exhibit independently oriented domain patterns,
which are not coherent over grain boundaries.

Figure 4.24: TEM micrographs of poled NBT-6BT Q. (a) A grain viewed along the [131]pc zone axis (SAED pattern as

inset) displaying lamellar tetragonal domains. (b) DF image obtained with the encircled 1
2 (113) SR in the SAED pattern

(see inset), highlighting an irregular R3c area. (c) DF image obtained from the 110 reflection. (d) WBDF image of the
002 reflection. Bright discontinuities (defects) become visible and domain walls and thickness fringes appear as narrow
lines. Note the higher image resolution of the WBDF technique as compared to the regular DF image shown in (c).
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The grain in Fig. 4.24 can further be used to visualize the difference between a regular on-axis DF
image and a weak beam dark-field (WBDF) image. On-axis DF imaging of SRs has been extensively
used throughout the study to illustrate the morphology and location of P4bm and R3c phases. A
DF image of a main reflection (g) can help to highlight the domain structure (Fig. 4.24(c)). The
fringe pattern of the inclined lamellar domain walls exhibits an increased contrast in the DF image.
For obtaining a WBDF image, the grain is slightly tilted out of the oriented zone axis, so that the
excitation error (s) becomes large. Preferably, 000 and only one further reflection (2g or 3g) show
a high intensity, which is then selected via the objective aperture to obtain the WBDF image. For
example, WBDF is often used to image defects, visualizing dislocations as narrow lines and giving
the true position of the dislocation core [234]. As the grain is tilted away from the zone axis, only
bent regions directly at the dislocation may still fulfill the ideal Bragg condition (s = 0) and show a
high intensity. This effect is visible in the WBDF image in Fig. 4.24(d), which displays two bright
lines running perpendicular to the domains (marked with arrows). These discontinuities are likely
defect structures, interrupting the domain walls. Such defects have been found occasionally in both
FC and Q samples and are thus believed to be unrelated to the quenching process. Furthermore,
contrast fringes appear as rather narrow lines in the WBDF image as compared to the regular DF
image shown in Fig. 4.24(c). A detailed contour map of thickness fringes is visible at the grain
boundary, where the grain thickness declines.

As for the NBT-9BT composition, both poled FC and Q samples have been examined and display
an identical domain structure. Lamellar 90° domain walls are abundantly present in each sample
(Fig. 4.25), demonstrating a tetragonal ferroelectric long-range order. Weak 1

2 {ooe} SRs occur
throughout both specimens and also very weak 1

2 {ooo} SRs have occasionally been observed,
indicating a very minor fraction of rhombohedral phase.

Figure 4.25: TEM-BF images of poled NBT-9BT FC (a) and poled NBT-9BT Q (b), both characterized by abundant
tetragonal lamellar domains.

The domain pattern of unpoled and poled NBT-6BT and -9BT specimens was further investigated
by SEM on chemically etched sample surfaces (Fig. 4.26). Unpoled NBT-6BT FC is characterized by
an irregular small-scale etching structure and the absence of large domains (Fig. 4.26(a)), which
is consistent with the TEM observations. The poled specimen displays a similar appearance; how-
ever, few lamellar domains occur (indicated with arrows in Fig. 4.26(b)). The unpoled NBT-6BT Q
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Figure 4.26: SEM micrographs of chemically etched NBT-6BT and -9BT obtained in BSE mode. (a) Unpoled NBT-6BT
FC, (b) poled NBT-6BT FC, (c) unpoled NBT-6BT Q, (d) poled NBT-6BT Q, (e) unpoled NBT-9BT FC, (f) poled NBT-9BT
FC, (g) unpoled NBT-9BT Q and (h) poled NBT-9BT Q. The white arrows indicate fine lamellar domains in (b) and (c).
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specimen features fine lamellar domain structures (indicated with arrows in Fig. 4.26(c)). This
supports the TEM findings of an increased lamellar domain contrast upon quenching in unpoled
NBT-6BT. More prominent lamellar domains appear in the poled Q state (Fig. 4.26(d)), where they
have increased in width and length. Unpoled NBT-9BT FC displays fine lamellar domains with a
weak contrast (Fig. 4.26(e)), which are again more pronounced and larger in the poled NBT-9BT
FC specimen (Fig. 4.26(f)). The same applies for unpoled NBT-9BT Q (Fig. 4.26(g)) and poled
NBT-9BT Q (Fig. 4.26(h)). The SEM investigation demonstrates a trend towards an increasing
lamellar domain contrast upon poling and also upon quenching, rendering unpoled NBT-6BT FC as
the sample without any obvious domain structures and poled NBT-9BT Q as the sample with the
most prominent domain features.

Poled NBT-6BT and -9BT specimens were furthermore investigated by PFM (Fig. 4.27). Compared
to the PFM images of the unpoled specimens (Fig. 4.22), the portion of lamellar domains in poled
NBT-6BT FC and Q (Figs. 4.27(a) and (b)) has clearly increased. In poled NBT-9BT FC and Q
(Figs. 4.27(c) and (d)), long-range domains are even more abundant, which is in agreement with
the TEM and SEM results. Compared to the unpoled state, almost no wavy 180° domain walls
(watermarks) are present in the poled specimens. Poling thus results in a less complex domain
pattern where the amount of 180° domain walls is significantly decreased, while 90° domain walls
are still present in great abundance. Within most grains, only two or a single set of lamellar domains
is present. On average, domain widths are slightly increased compared to the unpoled specimens.

Figure 4.27: PFM images (lateral amplitude) illustrating the domain pattern in poled NBT-6BT and -9BT. (a) Poled
NBT-6BT FC, (b) poled NBT-6BT Q, (c) poled NBT-9BT FC and (d) poled NBT-9BT Q. Note that wavy 180° domain walls
are absent.

80



It should be noted that the electric field vector during poling has been applied perpendicular to the
sample surface. With the preferential alignment of the polarization vectors in the domains along the
electric field, enhanced reversal and domain wall motion for 180° domains leads to the vanishing of
watermarks and 180° zigzag domains. Since 180° domain walls are solely ferroelectric and domain
wall motion is not associated with any strain, they are believed to respond more easily to switching
processes during poling, compared to 90° ferroelastic domains [272]. Due to the spatial constraints
of the grains within the ceramic, retaining a high number of 90° domain walls in order to minimize
the elastic energy is also required during and after poling. Reorientation of 90° domains upon poling
is expected, leading to the slight increase in domain size. The disappearance of 180° watermarks
upon poling is a common feature, also observed in other lead-free ferroelectrics [273]. The absence
of 180° domain walls is also an indication that the poling induced domain structure of NBT-BT
remains stable and does not revert back after the poling process.

4.2.8 Electron Energy-Loss Spectroscopy on NBT-BT

EELS analysis was conducted on all FC and Q specimens, in order to obtain information about
the valence state and local electronic environment of titanium in the perovskite structure (Fig.
4.28). For Ti oxides, the ELNES of the Ti L3- and L2-edges, arising from 3d-orbital transitions,
provides information about the correlation of Ti with O, impacting the Ti electronic structure and
valence state [255]. Equally, the shape of the O K-edge is also influenced by the chemical bonding
and coordination of Ti and O, attributed to the hybridization of the O 2p-orbitals with the Ti
3d-orbitals. Regarding quenched NBT-BT ceramics, the enhanced formation of oxygen vacancies
has been hypothesized [226]. The creation of vacancies (V ••O ) on the oxygen lattice site (O×

O
)

in ferroelectric perovskites produces free electrons (e′), as can be described by the Kröger-Vink
notation: O×

O
⇋ V ••O + 2e′ + 1

2O2 [274]. The electrons can then be bound to titanium according to:
Ti4+ + e′⇋ Ti3+ [275]. Formation of oxygen vacancies would consequently lead to a reduction of
Ti4+ to Ti3+, in order to maintain charge neutrality. The presence of Ti3+ is thus expected to change
the near-edge signal of the Ti L2, 3- and O K-edges [276]. In pure Ti4+ compounds, a strong splitting
of both Ti L2, 3-edges occurs, which is characteristic for the octahedral coordination of Ti4+. The
splitting is ascribed to the crystal-field splitting of Ti 3d- into t2g - and eg -orbitals [277]. Likewise,
regarding the O K-edge, the peak at lower eV is due to the hybridization of O 2p and Ti 3d(t2g)

and the second peak to the hybridization of O 2p and Ti 3d(eg) [255]. Decreasing the amount of
Ti4+ and increasing the amount of Ti3+ leads to a distortion of the octahedral coordination and
to a less pronounced splitting of the Ti L2, 3-edges [278]. As an example, the splitting is reduced
in synthesized compounds of Ti3O5 (with a Ti4+:Ti3+ ratio of 1:2) and Ti2O3 (with solely Ti3+),
while it is absent in the compound TiO, which contains Ti2+ [255]. Simultaneously, a shift of Ti
L2, 3-edges to lower energies arises. The shift is reported to be 1.7-2.0 eV per decreased oxidation
state [255], while the O K-edge slightly shifts to higher eV values.

Under the above considerations, the EELS spectra of Ti and O edges in NBT-BT FC and Q specimens
were compared, in order to gain conclusions about the presence of Ti3+, which would be indicative
for a higher number of oxygen vacancies. Fig. 4.28 displays normalized EELS spectra of all four FC
and Q compositions. Since the zero loss peak can slightly shift in position during the measurements,
the O K-edge was used to calibrate the position of the spectra with respect to the eV axis. All
spectra were acquired within one analysis session, assuming a consistent dispersion. Note that the
respective FC and Q spectra show an almost identical morphology. Splitting of the Ti L2, 3- and
O K-edges is present to the same degree in all FC and Q specimens. Very slight variations in the
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morphology of the near-edge Ti spectra are visible, also occurring within a single sample when
comparing several grains (see Fig. A.4 in Appendix on page 146). However, no changes in the Ti
L2, 3-splitting, exceeding the variations that can occur within a single specimen, are present upon
quenching. No shift in the Ti L2, 3-edges is observable for any composition, when comparing FC
and Q. Also, variations of the O K-edge are marginal. It can be concluded that no increased amount
of Ti3+, relating to an increase in the oxygen vacancy concentration upon quenching, could be
observed. The role of oxygen vacancies is further discussed in the following section.

Figure 4.28: EELS spectra of NBT-BT FC and Q specimens, displaying the near-edge structure of the Ti L3- and L2-edges
and the O K-edge. No changes in peak position and in the fine structure could be discerned between FC and Q specimens,
implying that no change in Ti-valency occurred upon quenching.

4.2.9 Discussion of Quenching-Induced Structural Changes

Quenching is generally regarded as a procedure suppressing reactions and transformation processes,
which would take place upon slowly cooling the specimen down to ambient temperature. Known
from metallurgy, quenching is commonly associated with the hardening of steel, where the metal
is heated and successively cooled down quickly (quenched) in a medium such as water, in order
to induce a highly strained (thus hardened) martensitic structure [279]. In contrast, the interest
in quenching NBT-based ceramics developed under the aspect of increasing Td . Here, quenching
can be viewed as a procedure that allows to alter the materials properties and tailor them in a
beneficial way. High cooling rates, which can be achieved by quenching in water, lead to fracturing
and microcracking of the ceramics, whose thermal conductivity is generally poor compared to
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metals. Quenching in air was established as a method that allows fast cooling, but is not too fast, in
order to avoid mechanical degradation of the ceramic materials.

A stabilization of ferroelectric order upon quenching NBT-BT has been hypothesized [15], based on
an increased lattice distortion and lower permittivity values upon quenching. Both are characteristic
for ferroelectrics rather than for relaxors. The increased lamellar domain contrast observed in TEM
evidences the trend from a mere relaxor structure towards a ferroelectric morphology with long-
range polar structures. Fig. 4.29 schematically compares the domain patterns in the four FC and Q
specimens. A quenching-induced change of the microstructure becomes visible in NBT-3BT and
-6BT. The irregular and complex domain structure of NBT-3BT FC is contrasted by the appearance
of large lamellar domains in NBT-3BT Q. For the relaxor composition NBT-6BT, the furnace cooled
state is characterized by a nanoscale morphology with P4bm symmetry. Upon quenching, long-range
ferroelectric domains of tetragonal and rhombohedral symmetry appear in an increased amount.
Areas with no distinct domain contrast are still present, however reduced in favor of a larger
fraction of lamellar domains. For the compositions NBT-9BT and -12BT, no distinct changes in
the domain structure and phase assemblage upon quenching are apparent. The trend towards an
increased lamellar domain fraction does not become visible, since both compositions are already
characterized by lamellar P4mm domains in the FC state. Overall, the TEM observations corroborate
the stabilization of ferroelectric order upon quenching, reflected in a consolidated lamellar domain
configuration.

Figure 4.29: Schematic of the domain patterns in the four NBT-BT FC and Q compositions. Significant differences arise
for the NBT-3BT and -6BT specimens.

Fig. 4.30 compares the qualitative volume fraction of coexisting phases in NBT-BT FC and Q deduced
from the TEM study. An R3m symmetry appears on the NBT-rich side upon quenching the NBT-3BT
composition. Generally, when a rhombohedral distortion from the cubic perovskite structure with
cation displacement along the threefold 〈111〉pc axes is present, the space group R3m arises [102].
R3c (a−a−a−) is a subgroup of R3m (a0a0a0), where the difference is solely due to the tilting of
the oxygen octahedra around the threefold axis and the consequential doubling of the unit cell
[280]. Mirror planes in the R3m space group are replaced by glide planes in R3c. R3m is the low
temperature rhombohedral phase of BT [281] and was also reported for various other perovskite
oxides and their solid solutions, including NBT-KBT [282] and NBT-BT itself [164]. It is therefore
conclusive to identify the rhombohedral symmetry of the herringbone-type domains as R3m. The
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phase assemblage between 3 and 6 mol % BT remains speculative. From the investigations here, it
cannot be established, whether the R3m phase stretches towards the MPB, or a transition towards
a solely R3c symmetry exists for x > 0.03 as indicated in Fig. 4.30. Especially in NBT-6BT Q, the
volume fraction of the relaxor phase P4bm is reduced in favor of ferroelectric domains of P4mm

and R3c symmetry. For NBT-9BT and -12BT, it is conceivable that the average phase assemblage
slightly shifts towards a higher fraction of P4mm and slightly lower fractions of P4bm and R3c,
which not necessarily becomes evident by the highly localized TEM analysis.

Figure 4.30: Comparison of the qualitative phase volume fractions in the compositional range between 3 and 12 mol %
BT in NBT-BT FC and Q specimens.

Quenching is known to increase the lattice distortion of NBT-based ceramics [13±15]. A critical
quenching temperature appears to be 800-900 °C. Quenching from below 800 °C does not result
in any significant change in lattice distortion and Td [13], as well as d33 and ϵ′ [221] (whereas
the Young’s modulus is reduced for a quenching temperature of 800 °C). Note that the NBT-BT
ceramics in this study were quenched from the sintering temperature 1150 °C, where the change
in the unit cell parameters is most pronounced. The lattice distortion obtained by powder X-ray
diffraction on FC and Q specimens of the same sample batch as used for the TEM investigation is
illustrated in Fig. 4.31 [267]. The rhombohedral distortion is given as 90◦ −α (deviation from the
90° angle of the cubic unit cell). The tetragonal distortion is given in % derived from the ratio of
the c and a lattice constant as (c/a)− 1.

Conventional XRD analyses, which gives the average crystal symmetry, is not necessarily able to
resolve weak deviations from the cubic symmetry. The relaxor NBT-6BT FC composition, where a
very low lattice strain is present due to the P4bm phase, is therefore often described as pseudocubic
[121, 267]. This is also evident from Fig. 4.31, where 90◦ − α and (c/a) − 1 are both close to
zero. A high-resolution XRD study on the same sample batch resulted in 68 % cubic and 32 %
rhombohedral phase fraction for NBT-6BT FC [266]. Upon quenching, NBT-6BT Q exhibits a notable
increase in rhombohedral (68 %) and tetragonal (32 %) phase fraction [266]. The increase in
rhombohedrality relates to the increase of the R3c volume fraction and its lamellar domain structure
observed via TEM (right side in Fig. 4.31). The increased tetragonal distortion correlates well with
the occurrence of lamellar domains within the T phase, attributed to P4mm. It is further plausible
to link the enhanced rhombohedral distortion on the NBT-rich side to the appearance of R3m and
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Figure 4.31: Rhombohedral (90◦−α) and tetragonal ((c/a)−1) lattice distortion of NBT-BT FC and Q as function of the
BT content obtained from X-ray powder diffraction (data acquired by A. Wohninsland, graph reproduced from Ref. 267
with permission of AIP Publishing). R, T and C denote a rhombohedral, tetragonal and cubic symmetry. The increase in
rhombohedral and tetragonal distortion, especially in NBT-6BT Q, correlates to the increased lamellar domain contrast
observed via TEM and shown on the right.

the associated increase in lamellar domains. NBT-9BT Q and -12BT Q also exhibit an increase in
tetragonal distortion, indicating a stabilization of the tetragonal P4mm phase.

Ferroelastic domains form in order to accommodate the strain which arises from the transition of
the cubic to the room temperature ferroelectric phase. The strain is compensated by the formation
of predominantly lamellar ferroelastic domains (90° in the tetragonal and 109° and 71° in the
rhombohedral phase). The increased lamellar domain contrast upon quenching indicates that the
quenched samples have to accommodate a higher degree of deformation strain. This is especially
validated for NBT-6BT, showing the most significant change in lattice distortion compared to the
pseudocubic FC state. An increased lattice distortion thus results in the enforced formation of
long-range lamellar domains.

In NBT-6BT, the transition from the high-temperature cubic phase to P4bm spans over a large
temperature range [160]. PNRs start to nucleate and grow in number until TV F is reached, where
their dynamic behavior ceases and they are frozen-in to the non-ergodic relaxor state. It is likely that
the volume fraction of PNRs at elevated temperatures influences the domain formation observed at
room temperature. Wohninsland et al. [267] could show that NBT-6BT Q exhibits an increased
volume fraction of PNRs by 12 % at 300 °C. A higher fraction of PNRs might facilitate the formation
of larger polar domain structures, when further cooling the compositions. Whether PNRs coalesce
into larger polar regions, eventually forming domains, or undergo a structural transition is further
discussed in section 4.4.6.
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The real (ϵ′) and imaginary (ϵ′′) part of the temperature-dependent permittivity of the four unpoled
NBT-BT compositions is reproduced in Fig. 4.32 from the supplementary material of Wohninsland
et al. [267]. NBT-3BT FC is ferroelectric and does not display a frequency-dependent dispersion of
the permittivity in the low temperature regime. However, NBT-3BT Q exhibits a sharper transition
at ∼200 °C. The strengthened ferroelectric character of the permittivity curve upon quenching
correlates with the enhanced formation of lamellar ferroelectric domains and thus stabilization of
ferroelectric order. A shift of the transition to a higher temperature is also visible for ferroelectric
NBT-12BT Q. For NBT-9BT FC, it appears difficult to align the dielectric data with the observed
domain structure: The composition exhibits a relaxor character indicated by the strong frequency
dispersion of ϵ′, whereas a predominantly ferroelectric lamellar domain contrast was observed in
TEM and PFM. It can be argued that the volume fraction of PNRs/nanodomains and consequently
the P4bm phase is nevertheless still large enough to result in an overall relaxor behavior that was
monitored for this composition. Judging from the strong domain contrast, NBT-9BT FC appears
close to the verge of transforming into a ferroelectric. Indeed, the quenching treatment enables

Figure 4.32: Real (ϵ′) and imaginary (ϵ′′) part of the temperature-dependent permittivity of the four unpoled NBT-BT FC
and Q compositions (data acquired by A. Wohninsland and reprinted from Ref. 267 with permission of AIP Publishing).
Both permittivity and TEM data was obtained from the same sample batch.
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to cross this threshold by slightly increasing the tetragonal distortion and ferroelectric domain
fraction. A spontaneous transformation into a ferroelectric, where a frequency dispersion at lower
temperatures is absent results for NBT-9BT Q. For NBT-6BT, the increase in R and T lamellar
domains upon quenching appears to be insufficient for transforming the relaxor composition into a
ferroelectric. A frequency dispersion of the permittivity is still visible for the Q sample. However,
its permittivity curve depicts a slight kink at ∼115 °C (marked with an arrow in Fig. 4.32), which
indicates the onset of a transition towards a more ferroelectric character as a consequence of the
consolidated ferroelectric order and domain structure.

Moreover, regarding the effect of an external electric field on the domain structure, poling of
NBT-BT ceramics results in a field-induced transition, where tetragonal and rhombohedral lattice
distortions are enhanced [203, 204]. Poled NBT-6BT FC and Q exhibit a comparable domain
structure, featuring lamellar tetragonal domains and also grains with a large rhombohedral volume
fraction. This is mostly in accordance with in-situ field-dependent TEM analyses by Ma et al. [149],
where the R3c + P4bm assemblage transforms to lamellar domains of R3c + P4mm symmetry and
eventually to a pure R3c phase at a poling field of 6 kV/mm (compare Fig. 2.29 on page 31). In
the present study, however, abundant tetragonal P4mm domains are present, although poling was
similarly conducted at 6 kV/mm. This difference is likely related to the differing techniques of
in-situ biasing and ex-situ poling prior to the TEM sample preparation. Nevertheless, some grains
display strong 1

2 {ooo} SRs, which aligns with the trend towards a consolidated rhombohedral
structure upon poling, as also observed by others [149, 185]. Weak 1

2 {ooe} SRs in both poled FC
and Q specimens illustrate that the relaxor P4bm phase is not completely transformed upon poling
and remains as a subordinate phase.

It becomes apparent that the quenching-induced domain structure and phase assemblage in un-
poled NBT-BT shows similarities to the changes observed upon poling: increase of ferroelectric
lamellar P4mm and R3c domains in NBT-6BT, relative decrease of the P4bm fraction and enhanced
lattice distortion in all compositions. It can be reasoned that the transition towards an increased
ferroelectric order upon quenching is further consolidated by the poling process. The quenching
treatment may be regarded as a ‘booster’ for initializing the relaxor-to-ferroelectric transition. The
spontaneous onset of ferroelectric order upon quenching also results in less pronounced average
structural changes when poled. While NBT-6BT and -9BT FC exhibit a change in volumetric (phase
transition) strain when an E-field is applied, no changes in the volumetric strain as a function of the
poling field is reported for the quenched specimens, indicating weakened or even absent structural
changes during poling [283].

Quenching increases the lattice distortion, which consequently leads to an increase in Td . Three
underlying mechanisms causing these changes have been discussed in literature:

• Residual thermal stress [231]

• Increased oxygen vacancy concentration [15, 226, 230]

• Off-centering of Bi3+ cations [14, 219]

When the thermal stress during cooling of the ceramics exceeds the critical stress required for
fracturing, crack formation occurs. This is the case for NBT-BT quenched in liquid nitrogen [231]
and NBT quenched in water and silicon oil [222], however, not for air quenched samples. Ren et
al. [231] argue that thermal stresses nevertheless arise during air quenching of NBT-6BT, leading
to significant micro-stress, being responsible for the broadening of XRD profiles and inducing a
pseudocubic-to-rhombohedral transition within the grains. Air quenching with a rate of 15 °C/s in
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the 1100-800 °C regime reduces the bending strength of NBT ceramics to a quarter of the value of
FC samples, likely due to microcrack formation [222]. Zhang et al. [221] measured the surface
temperature and modelled the temperature gradient within cylindrical NBT-BT samples of 3 mm
thickness when quenched in air from 1100 °C. After 20 s, the surface temperature has decreased to
900 °C (which corresponds to a quenching rate of 10 °C/s), while the temperature in the center of
the specimen is ∼920 °C [221]. They concluded that the thermal stress induced by the temperature
gradient within the specimens is four times lower than the critical value required for fracture
formation. The microstructural investigations on the quenched NBT-BT samples conducted in this
work confirm this assumption. No microcracks, whether inter- nor transgranular were observed in
the ceramic pellets and TEM specimens. Furthermore, strain contours on grain boundaries, which
would indicate the presence of residual stresses within the material, were not observed. Thus, a
pronounced influence of residual thermal stress on the lattice distortion seems rather unlikely.

The role of an increased oxygen vacancy concentration in quenched NBT-BT is controversial. Oxygen
vacancies form more easily at high temperatures and quenching is known to freeze-in the high
defect concentration [227, 228]. It is deduced that oxygen vacancies can provoke the stabilization of
ferroelectric order [15]. At a high enough oxygen vacancy concentration, it could be demonstrated
on a Pb-based relaxor that an induced ferroelectric phase emerges [284]. Oxygen vacancies can pin
the domain walls and are thus believed to result in an increase of Td [226]. Prolonged annealing of
NBT-BT Q in oxygen atmosphere above 800 °C, which promotes annealing of oxygen vacancies,
leads to the disappearance of the quenching-induced properties, such as the shift in TF -R [15].
It could, however, also be demonstrated that annealing NBT-6BT Q in nitrogen atmosphere also
reverts TF -R to its original value [231]. This is contradictory to the assumption that TF -R and Td are
governed by the oxygen vacancy concentration, which would be expected to increase in nitrogen
atmosphere and thus increase Td .

Since the conductivity of ferroelectric perovskites is predominantly ascribed to the electromigration
of oxygen vacancies [284], an increased conductivity observed for NBT-BT Q [220] could in
principle be attributed to an increased oxygen vacancy concentration. However, annealing in
oxygen atmosphere does not significantly reduce the conductivity, which suggests no or only a
weak influence of oxygen vacancies on the quenching-induced characteristics [220]. Also, acceptor
doping of NBT-BT with Fe3+ on the Ti4+ site, which generates oxygen vacancies, was not reported
to increase Td and even decreases Td for high dopant levels [285]. On the other hand, doping with
Zn2+ (which is also incorporated on the B site) leads to an increase in Td and in conductivity [286].
Td is even further increased when Zn-doped NBT-BT is quenched, while the conductivity remains
unchanged, relating the Td increase to a stabilized tetragonal phase rather than to an increased
oxygen vacancy concentration [286].

An increased amount of oxygen vacancies and Ti3+ upon quenching NBT-6BT was reported based on
X-ray photoelectron spectroscopy (XPS) and electron paramagnetic resonance (EPR) analysis [226].
This can, however, not be confirmed from the EELS analysis of this work. Between FC and Q samples,
no shift and change in the morphology of Ti and O ionization edges was observed, exceeding the
slight variations that are present within one specimen. As comparison, NBT-BT features a shift
of 1.5 eV of the Ti L2, 3-edges and a well visible decline of the peak splitting when annealed in
nitrogen atmosphere [287]. The absence of such features in the EELS spectra of the Q samples
indicates that there is no increased amount of Ti3+ and consequently no increased amount of
oxygen vacancies present. Furthermore, Zhang et al. [230] argue that point defects, such as oxygen
vacancies, can have a pinning effect on the domain walls during poling, which results in more
irregular domain shapes as observed for quenched and poled NBT-KBT-BT ceramics. In NBT-BT,
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however, both poled FC and Q specimens exhibit a comparable regular lamellar domain structure,
giving no indication for domain wall pinning by an increased oxygen vacancy concentration. The
present findings thus exclude oxygen vacancies as governing mechanism for the enhancement of
Td and increased ferroelectric stability.

It is most likely that the off-centering nature of Bi3+ acts as the dominating mechanism, which
causes the increased lattice distortion and pronounced domain formation. In NBT-based perovskites,
Bi3+ shows larger off-centering than the other cations on the A site, due to its lone-pair electrons and
orbital hybridization [288]. While it has been argued that the depolarization of NBT is dictated by
the loss of the Bi-O hybridization through thermal vibrations, allowing for a more cubic environment
[54], Moriyoshi et al. [288] showed that Bi3+ also exhibits strong off-centering at high temperatures.
This suggests that Bi3+ also hybridizes with oxygen in the paraelectric cubic phase. Quenching then
freezes-in the large off-center positions of Bi3+ when rapidly cooled down to room temperature
[219]. Furnace cooled and Li-doped NBT ceramics display a disordered structure around the A

site according to pair distribution function (PDF) analysis, while quenched samples show a more
ordered Bi off-centering along 〈111〉pc, which facilitates the larger rhombohedral distortion [219].
The favored displacement of Bi3+ along 〈100〉 in the cubic phase [288] may easily facilitate the
increased tetragonal distortion observed in NBT-6BT, -9BT and -12BT.

All these observations suggest that the off-centering characteristic of Bi3+ can strongly influence
the local structure upon quenching, enhancing structural deviations from the cubic/pseudocubic
symmetry. Since the present investigations do not support an increase in residual stresses or oxygen
vacancy concentration as governing mechanism in NBT-BT, the effect of the Bi3+ cation displacement
can be deduced as being most influential on the enhanced lattice distortion upon quenching.

Short Summary

Quenching NBT-BT ceramics from sintering temperatures in air leads to a pronounced forma-
tion of a lamellar domain contrast. The NBT-3BT Q composition develops a rhombohedral
R3m phase, which exhibits a lamellar herringbone-type domain configuration. The MPB-
composition NBT-6BT Q is characterized by a volume fraction increase in lamellar R3c

and P4mm domains. Similar domain features can be observed upon the poling-induced
relaxor-to-ferroelectric transition. The quenched domain structure thus corroborates the
hypothesized strengthened ferroelectric character of relaxor compositions. The enhanced
lamellar domain formation correlates with the increase in rhombohedral and tetragonal
lattice distortion especially noted for NBT-6BT Q. Ferroeleastic domains form in order to
accommodate the occurring lattice strain upon quenching. Freezing-in the high-temperature
off-center displacement of the Bi3+ ions most likely plays a crucial role for the enhanced
lattice distortion. Other mechanisms, such as an increased oxygen vacancy concentration or
residual thermal stresses could not be confirmed in the present study.
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4.3 Temperature-Dependent Domain and Phase Assemblage

4.3.1 Temperature-Dependent Evolution of Furnace Cooled NBT-6BT

The temperature-dependent structural transitions of the MPB composition NBT-6BT were studied in
the temperature range from 25 °C to 400 °C. The room temperature P4bm + R3c phase coexistence
in NBT-6BT FC is illustrated in a grain in Figs. 4.33(a)-(d). The left area of the grain shows a
strong R3c domain contrast (Fig. 4.33(b)), while small bright nanodomains of P4bm symmetry are
present in the rest of the grain (Fig. 4.33(c)). A faint lamellar structure is visible, which relates to a
more pronounced cluster of P4bm nanodomains (marked with an arrow). No 1

2 {ooe} SRs could

Figure 4.33: Temperature-dependent evolution in NBT-6BT FC. (a) BF image of the grain at 25 °C, depicting R3c domains
and a homogeneous P4bm area. (b) DF image of the 1

2 {ooo} SR encircled in (d), showing the R3c phase. (c) DF image

of the 1
2 {ooe} SR encircled in (d), showing the P4bm nanodomains. (d) SAED pattern of the depicted [121]pc zone

axis. The same applies for the grain imaged at 120 °C in (e)-(f) and at 220 °C in (i)-(l) (reprinted from Ref. 289 with
permission of John Wiley and Sons).
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be observed within the R3c phase, however, a very weak DF intensity of P4bm also arises from
within the R3c domains. Heating the grain results in the disappearance of the R3c phase. The R3c

domain contrast starts to diminish between 100 and 120 °C and the 1
2 {ooo} SRs decline in intensity

(Figs. 4.33(e), (f) and (h)). The intensity of the 1
2 {ooe} SRs is unchanged and the size of P4bm

nanodomains (∼10 nm) is constant (Fig. 4.33(g)). However, the lamellar cluster has disappeared.
At a temperature of 220 °C, the R3c phase has almost completely vanished (Figs. 4.33(i) and (j)).
Likewise, the 1

2 {ooo} SRs are barely visible (Fig. 4.33(l)) and have disappeared at 240 °C. In the
former R3c area, newly formed nanodomains have appeared (indicated by an arrow in Fig. 4.33(k)).
The observations illustrate the temperature-dependent transition from the P4bm + R3c mixture to
a pure P4bm phase assemblage, which is stable at higher temperatures. The overall nanodomain
contrast at 220 °C has slightly decreased and DF imaging becomes increasingly more difficult
with higher temperature. A faint nanodomain contrast is still visible at the maximum heating
temperature of 400 °C, which indicates a very gradual transition towards the high-temperature
cubic phase.

The rhombohedral phase gradually vanishes in a large temperature range between 100 and 220 °C.
Although the domain contrast has disappeared, very faint 1

2 {ooo} SRs could be observed at higher
temperatures up to 400 °C. The grain in Fig. 4.34(a) features a R3c domain contrast in its upper
right area and 1

2 {ooo} SRs in the corresponding SAED pattern (Fig. 4.34(b)). Heated to 400 °C, the
contrast has vanished and the grain appears homogeneous without distinct features (Fig. 4.34(c)).
In this temperature range, the NBT-BT system is ascribed to a mixture of P4bm and cubic Pm3m

[160]. At first glance, 1
2 {ooo} SRs are absent from the corresponding SAED pattern (Fig. 4.34(d)).

Figure 4.34: Temperature-dependent evolution of a grain in NBT-6BT FC. (a) BF image of the grain at 25 °C and
corresponding SAED pattern in (b). The comparing BF image and SAED pattern of the grain at 400 °C is displayed in (c)
and (d) and after the experiment when the grain is cooled down again to 25 °C in (e) and (f). Weak 1

2 {ooo} SRs prevail
at 400 °C, although the R3c domain contrast has disappeared.
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However, increasing the contrast setting of the image, reveals very faint 1
2 {ooo} SRs, as illustrated

in the inset. This indicates that local rhombohedral a−a−a− tilted regions are still present at 400 °C,
while a macroscopically visible coherent R3c phase is absent. It also demonstrates that phase
transitions in the NBT-BT system are not sharp, but dispersed over larger temperature ranges. This
makes a clear assignment of temperature-dependent stable phase fields more difficult.

When cooling NBT-6BT FC, the R3c domain contrast starts to reappear in a temperature range from
180 to 140 °C, illustrating the reversibility of the rhombohedral-to-tetragonal transition, however
with a slight temperature delay. In Fig. 4.34(e), the R3c contrast has returned in its former location
after the heating experiment and the 1

2 {ooo} SRs are well visible again (Fig. 4.34(f)).

4.3.2 Temperature-Dependent Evolution of Quenched NBT-6BT

In NBT-6BT Q, the R3c-to-P4bm transition temperature is comparable to the FC state. The R3c

domains start to disappear above 80 °C and vanish below 220 °C. Fig. 4.35 depicts a grain along
the [123]pc zone axis, where both sets of SRs are visible (Fig. 4.35(a)). A DF image of the grain
area hosting the R3c domains is illustrated in Fig. 4.35(b) at room temperature (25 °C) before
the heating experiment. In Fig. 4.35(c), the very same grain area is illustrated by a DF image of a
1
2 {ooe} SR at 200 °C. Here, the R3c phase has completely vanished and transformed into a P4bm

nanodomain contrast.

Figure 4.35: (a) SAED pattern of a grain in NBT-6BT Q viewed along the [123]pc zone axis. (b) DF image at room
temperature obtained from the encircled 1

2 {ooo} SR in (a) showing the R3c phase. (c) DF image at 200 °C obtained
from the encircled 1

2 {ooe} SR, illustrating that the area has transformed into P4bm nanodomains.

Fig. 4.36 illustrates the temperature-dependent intensity change of both 1
2 {ooo} and 1

2 {ooe} SRs in
NBT-6BT FC and Q. Note that for the FC sample, the intensity values were obtained from a [121]pc

zone axis, while for the Q sample, a [123]pc zone axis was chosen. However, the common feature
to both zone axes is the appearance of both sets of SRs. The trends observed in both specimens are
comparable. The 1

2 {ooo} SRs show a high intensity before heating. Their intensity then strongly
declines between 80 and 220 °C, indicating the vanishing of the R3c volume fraction. As illustrated
in Fig. 4.34, extremely faint 1

2 {ooo} SRs can persist between 240 and 400 °C, which also holds
true for the quenched specimen. For both FC and Q, the R3c domain contrast starts to reappear at
∼180 °C upon cooling, accompanied by an increasing intensity of 1

2 {ooo} SRs. In both samples,
the SR intensity after the experiment does not match the initial intensity. The reappeared R3c area
upon cooling at 25 °C is somewhat smaller in size than before heating. This observation and the
temperature delay of approx. 60 °C in the R3c reappearance indicate a certain sluggishness of
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the system and deferred transitions. The intensity of 1
2 {ooe} SRs lies within a consistent range

during the experiment, in accordance with the continuous presence of P4bm during the heating and
cooling process. It should be noted that variations in the SR intensity can not only be caused by the
relative volume fraction of each phase, but may also be slightly influenced by imaging conditions
at each respective temperature and exact orientation of the zone axis with respect to the incident
electron beam.

Figure 4.36: Intensity of 1
2 {ooo} and 1

2 {ooe} SRs in a single grain in NBT-6BT FC (a) and Q (b) during the heating and
cooling process in the TEM derived from SAED patterns recorded at the specific temperatures. The ratio between the
maximum intensity of the SR (ISR) and the mean background intensity (IB) is depicted.

A difference in the evolution of NBT-6BT FC and Q arises from the temperature-dependent stability of
the tetragonal ferroelectric domain fraction, which is significantly higher in the quenched specimen.
On average, the tetragonal P4mm domains are found to be stable up to higher temperatures
compared to the R3c domains. Fig. 4.37(b) displays such tetragonal domains in a grain, viewed
along the [111]pc zone axis (Fig. 4.37(a)). Tilting the grain to a 〈110〉pc zone axis did not reveal any
1
2 {ooo} SRs. The domains can thus with certainty be attributed to P4mm. At 260 °C, the contrast has
slightly declined, but the domains are still well visible (Fig. 4.37(c)). Even at a high temperature of
300 °C, the domains have not yet completely disappeared (Fig. 4.37(d)). Over 340 °C, the contrast
then strongly fades out. An interesting observation can be made when cooling the grain. The P4mm

domains only reappear partly. At room temperature directly after the heating experiment, a central
area within the grain exhibits few reappeared domains, which are surrounded by an increased
grainy nanoscale contrast (Fig. 4.37(e)). However, when examining the grain several days later,
the domains have grown in length and more domains have appeared (Fig. 4.37(f)). The grainy
nanoscale contrast has transformed back to a lamellar domain structure, which is comparable to
the state before the heating experiment.

93



Figure 4.37: A grain in NBT-6BT Q viewed along the [111]pc zone axis. (a) SAED pattern with 1
2 {ooe} SRs. (b) BF

image at 25 °C, (c) at 260 °C, (d) at 300 °C, (e) directly after cooling at 25 °C and (f) three days later at 25 °C.

Similar observations can be made in Fig. 4.38. The central and upper grains depict tetragonal
domains, while the grain on the left shows rhombohedral domains as noted in Fig. 4.38(b). At
140 °C, the rhombohedral domains have completely disappeared, while the tetragonal P4mm

domains display a higher temperature stability (Fig. 4.38(c)). They start to slowly disintegrate
from 120 °C onward and are still visible at 180 °C (Fig. 4.38(d)). Up to 240 °C, few tetragonal
domains remain in the central grain (Fig. 4.38(e)). Imaged at 300 °C, the domain contrast in all
grains has disappeared (Fig. 4.38(f)). A grainy contrast, characteristic for the relaxor nanostructure,
starts to appear upon cooling around 220 °C (Fig. 4.38(g)) and becomes increasingly stronger with
further temperature decrease. Lamellar tetragonal domains only start to reappear in the central
grain between 140 °C and 100 °C and grow in size until room temperature is reached again (Fig.
4.38(h)). The rhombohedral domains on the left have not reappeared at all. Instead, a strong grainy
contrast is visible directly after cooling. Reexamining the grains a couple of weeks later shows that
the lamellar domain contrast has returned. Again, rhombohedral domains are present in the grain
on the left and tetragonal domains are visible in the upper and central grain (Fig. 4.38(i)).
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Figure 4.38: Evolution of tetragonal (P4mm) and rhombohedral (R3c) domains in NBT-6BT Q. (a) SAED pattern of the
central grain, (b) BF image at 25 °C, (c) at 140 °C, (d) at 180 °C, (e) at 240 °C and (f) at 300 °C. (g) The grains upon
cooling at 220 °C and at room temperature (h). Only few domains reappear directly after cooling, but have returned in
(i), when imaged several days later (image rotation is due to the rotation of the sample in the holder).

4.3.3 Temperature-Dependent Depolarization of Poled NBT-6BT

The temperature-dependent evolution of poled NBT-6BT FC and Q has been examined. Td , which
lies around 100 °C for NBT-6BT FC, can be correlated to the onset of the loss of domain contrast
upon heating. Fig. 4.39(b) depicts a grain with strong domain contrast, induced by the relaxor-to-
ferroelectric transition upon poling. It can be observed that first few domains start to disappear
at 80 °C, indicated with an arrow in Fig. 4.39(c). Interestingly, few new domain walls emerge at
100 °C (indicated with arrows in Fig. 4.39(d)). At 120 °C, the lamellar domain contrast within
the grain is strongly reduced (Fig. 4.39(e)). Few remnants of domains are still visible at 160 °C
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and have almost disappeared at 200 °C (Figs. 4.39(f) and (g)). Dark irregular structures visible
at 200 °C (indicated by the arrow) are assigned to agglomerations of point defects, which are
believed to be unrelated to the domain contrast. Upon cooling, a grainy nanodomain contrast
emerges (Fig. 4.39(h)), which can be observed the next day as well (Fig. 4.39(i)). The poling-
induced ferroelectric domain structure has completely transformed back to the relaxor features,
characteristic for unpoled NBT-6BT FC. No delayed reappearance of ferroelectric domains occurred.
The observations also verify that the poling-induced domain structure could be preserved during
the TEM sample preparation under N2-cooling in the ion mill. The most pronounced changes in the
domain contrast during the depoling process in the TEM take place between 80 and 120 °C. This
confirms that Td (∼100 °C) is strongly linked to the disintegration of ferroelectric domains.

Figure 4.39: Temperature-dependent depolarization of a grain in poled NBT-6BT FC. (a) [131]pc SAED pattern and (b)
BF image at 25 °C before heating. (c) Domains start to disappear at 80 °C and further vanish at 100 °C (d), 120 °C (e),
160 °C (f) and up to 200 °C (g). (h) The grain at 25 °C directly after cooling, exhibiting a grainy nanoscale contrast. (i)
No domains have reappeared the next day, indicating that the relaxor state is stable upon annealing.
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Poling has been reported to stabilize the rhombohedral phase in NBT-6BT [185]. This can be
visualized in Fig. 4.40, depicting DF images of the rhombohedral phase within a grain at different
temperatures. Before heating, the poled grain exhibits a rhombohedral volume fraction on its left
side (Fig. 4.40(a)). It is reduced at 100 °C (Fig. 4.40(b)) and mostly gone at 120 °C (Fig. 4.40(c)).
Upon cooling, the rhombohedral volume fraction does not reappear. Reviewing the grain the next
day shows only very small irregular rhombohedral areas of less than 50 nm in size (indicated with
arrows in Fig. 34.40(d)). Accordingly, the SAED pattern before the depolarization features strong
1
2 {ooo} SRs (Fig. 4.40(e)), while they are almost not visible after the heating experiment (Fig.
4.40(f)). These observations indicate that the R3c fraction has formed upon the poling process.
Once the grain is transferred to its unpoled state, the poling-induced large R3c phase fraction
disappeared.

Figure 4.40: DF images illustrating the evolution of the R3c phase in poled NBT-6BT FC. (a) The large R3c volume
fraction at 25 °C becomes smaller when heated to 100 °C (b) and has almost disappeared at 120 °C (c). Only very small
rhombohedral areas (indicated with arrows) reappear after cooling (d). Accordingly, 1

2 {ooo} SRs feature a high intensity
before heating (e) and are almost gone upon cooling (f).

In poled NBT-6BT Q, the disintegration of the lamellar domains sets in at a higher temperature
compared to the poled FC specimen. Fig. 4.41(b) displays a grain with pronounced tetragonal
lamellar domains. At 130 °C, the domain contrast is practically unchanged (Fig. 4.41(c)). Note that
at this temperature, most of the domains in the poled NBT-6BT FC sample have already disappeared
(compare Fig. 4.39). At around 150 °C, the onset of disintegration of the domains can be observed
(indicated with an arrow in Fig. 4.41(d)). Lamellar domains are still visible at 170 °C (Fig. 4.41(e)),
while they have almost disappeared at 200 °C (Fig. 4.41(f)). Unlike the FC sample, lamellar domains
do reappear upon cooling (Figs. 4.41(h) and (i)). This is expected and shows that the unpoled
quenched state is restored, which is characterized by a pronounced lamellar domain contrast. The
reappeared domains are consistent in orientation with the poled state in (b).
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A highly irregular contrast emerged throughout the entire grain at high temperature (Figs. 4.41(f)
and (g)). Its origin is unclear, but it can be assumed that it is unrelated to the domain structure and
is most likely caused by clusters of point defects. Within such clusters, a ‘coffee-bean’-like contrast
can occasionally be observed, indicating the presence of local strain fields. Coffee-bean defects are
usually related to the local incorporation of elemental impurities or precipitates, but can in principle
also be caused by agglomerations of vacancies, small fluid inclusions or local dislocations and
stacking faults [290, 291]. Whether these defects have an influence on the domain reorientation
during poling, cannot be excluded.

Figure 4.41: Temperature-dependent depolarization of a grain in poled NBT-6BT Q. (a) [120]pc SAED pattern, (b) BF
image at 25 °C with strong lamellar domain contrast, which is still present at 130 °C (c) and 150 °C (d). Domains start to
disintegrate visibly at 170 °C (e), which continues through 200 °C (f) to 250 °C (g). Domains reappear upon cooling (h)
and are visible the next day (i).
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4.3.4 Discussion of Temperature-Dependent Domain and Phase Evolution

The in-situ TEM investigations illustrate that temperature-dependent transitions in NBT-BT stretch
over a wide temperature range and occur rather gradual. The start and end points of the transitions
obtained from the heating experiments thus bear a certain subjectivity. Transition temperatures can
also slightly vary between examined grains, depending, e.g., on the volume fraction of the different
phases. It should be noted that the reproduced temperatures reflect the furnace temperature of the
TEM heating holder, in which the specimen is situated. An exact temperature determination of the
investigated area on the specimen is not possible. Considering the volatile character of Na+ and
Bi3+, the heating experiments were limited to a maximum temperature of 400 °C. EDS analysis
conducted before and after heating on the same sample region did not indicate any elemental loss.

The R3c-to-P4bm transition occurs in the same temperature range for unpoled NBT-6BT FC and Q,
starting at 80-100 °C and continuing to 200-220 °C. In this range, which spans more than 100 °C,
the R3c domains gradually disappear and transform to P4bm nanodomains. Tetragonal P4mm

domains, which are abundant in NBT-6BT Q, but hardly present in NBT-6BT FC, persist up to higher
temperatures than the R domains. The observations are summarized in Fig. 4.42, illustrating the
temperature-dependent changes of the qualitatively estimated phase fractions of R3c, P4bm and
P4mm. Deduced from the marginal changes of 1

2 {ooe} SR intensities, the P4bm volume fraction is
still large at the maximum heating temperature of 400 °C. With regard to another study [160], a
coexistence with the paraelectric cubic phase can be assumed for the high-temperature range.

Figure 4.42: Schematic illustrating the temperature-dependent evolution of estimated phase fractions in unpoled
NBT-6BT FC (a) and NBT-6BT Q (b), deduced from the TEM heating experiments. Tetragonal P4mm domains are
abundant in NBT-6BT Q and stable at high temperatures, enhancing Td (dashed white line).
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It could further be emphasized that 1
2 {ooo} SRs of very low intensity persist up to 400 °C. The

high-temperature range is thus not a mere P4bm + Pm3m mixture as previously reported [150, 160],
but entails rhombohedral a−a−a− tilted regions as well. These presumably local rhombohedral
areas can facilitate growth of larger rhombohedral volume fractions upon cooling, which explains
the reappearance of the R3c domain contrast in the very same location as before the heating
experiment. A temperature hysteresis for the reoccurring R3c phase exists, indicating a kinetically
delayed retransformation of P4bm to R3c. During the experiments, identical heating and cooling
rates were adhered, with waiting periods of ∼10 min at temperatures of interest before image
acquisition. Supposing the system is allowed to equilibrate longer at certain temperature intervals,
a more consistent temperature range for the dis- and reappearance of the domains can be assumed.
Considerably larger waiting periods would, however, compromise the feasibility of the conducted
heating experiments.

Temperature ranges for the disappearance of the R and T domains upon heating and their respective
reappearance upon cooling are summarized in Table 4.2. In the quenched specimen, a wide
temperature variety for the disintegration of the T domains was observed. In some grains, they
disappear between 120 and 240 °C, while several grains showed a persisting domain contrast
even above 300 °C. This can be rationalized by assuming a certain degree of structural differences
between examined grains. As noted for NBT-6BT Q, the overall tetragonality is increased by
the quenching process. The local tetragonal distortion may slightly vary between grains. A high
tetragonal deviation from the cubic symmetry can imply a superior solidification of tetragonal
domains, which in turn may exhibit a larger temperature-dependent stability by dissipating only
at elevated temperatures. It is therefore conclusive to assume that the high-temperature stability
of the P4mm domains benefits the overall increase in Td (and TF -R) from 100 °C in NBT-6BT FC
to 140 °C in NBT-6BT Q. The persistence of tetragonal domains indicates a prolonged stability of
the ferroelectric order at higher temperatures. This aligns with findings of a stabilized tetragonal
phase in Zn-doped NBT-6BT and -9BT, which rationalizes an enhanced temperature-dependent
stability of piezoelectric properties [286]. In NBT-6BT FC, P4mm domains are almost absent and
the depolarization is rather dictated by the disintegration of the R3c domains, which takes place at
a lower temperature range.

Table 4.2: Temperature ranges for the disappearance and reappearance of domain structures in unpoled and poled
NBT-6BT FC and Q, deduced from the TEM-heating experiments.

R3c domains

disappear

R3c domains

reappear

P4mm domains

disappear

P4mm domains

reappear

P4bm
1
2 {ooe}

SRs present

NBT-6BT

FC
100-220 °C 180-25 °C

almost none
present

almost none
present

throughout

NBT-6BT

Q
80-200 °C 180-25 °C 120-300 °C 140-25 °C throughout

NBT-6BT

FC poled
80-140 °C almost none 80-200 °C almost none throughout

NBT-6BT

Q poled
80-130 °C partly 140-250 °C partly throughout
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Upon poling, P4mm domains appear in both NBT-6BT FC and Q specimens. Still, in poled NBT-6BT
Q, they start to disappear at higher temperatures compared to poled NBT-6BT FC. This likely
originates from a close correlation between the strengthened tetragonal distortion and higher
temperature-dependent domain stability in the quenched composition. It is, e.g., also reported
that P4mm domains in a BT-rich composition (NBT-11BT), where the tetragonal distortion is very
pronounced, only start to disappear at a high temperature of 170 °C [160]. The TEM observations in
this work illustrate that Td is strongly linked to the onset of the ferroelectric domain disintegration.
In poled NBT-6BT FC, the R and T domains start to disappear around 80 °C, which then progresses
significantly between 100 °C and 120 °C. Td and TF -R (∼100 °C) are thus dictated by the temperature
range, in which the largest portion of ferroelectric domains is transformed back to the relaxor
state. Fig. 4.43(a) illustrates this correlation by superimposing the temperature range in which the
domain contrast disappears with the development of the temperature-dependent permittivity curve.
In poled NBT-6BT Q, according to an increased Td , the onset of tetragonal domain disappearance
was observed to start at a higher temperature of 140 °C. Therefore, Td and TF -R seem to be mainly
influenced by the onset of the vanishing P4mm domain contrast (Fig. 4.43(b)), which in turn is
dictated by the enhanced degree of tetragonal distortion upon quenching. Previous reports on
NBT-based ceramics linked the increase in Td and the stabilization of ferroelectric order upon
quenching to the stabilization of a ferroelectric rhombohedral phase [13, 230, 231]. A poling-
induced increase in the rhombohedral fraction, which disappears upon depolarization and does not
(or only partly) return upon cooling, could be confirmed by the TEM investigations. However, no
significant differences in the temperature dependence of the R3c phase was observed for FC and Q.
Deduced from the TEM study here, the major differences in the temperature-dependent evolution
of NBT-BT FC and Q (unpoled and poled) relate to the tetragonal phase and the ferroelectric P4mm

domain contrast. This demonstrates that not only the increase in rhombohedrality, but also the
increase in tetragonal distortion and the subsequent stabilization of long-range T domains is highly
influential for retaining the ferroelectric order at elevated temperatures.

Figure 4.43: Temperature-dependent real (ϵ′) and imaginary (ϵ′′) part of the permittivity in poled NBT-6BT FC (a) and
Q (b). The temperature ranges where R and T domains disappear are noted in both graphs (permittivity data acquired
by A. Wohninsland).

Investigating the cooling process via TEM gives further insights about the dynamics of NBT-BT
ceramics. Domains do not directly reappear upon cooling; instead, a grainy nanodomain contrast
manifests itself between 220 °C and room temperature. This phenomenon was predominantly
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observed in NBT-6BT Q due to the high fraction of lamellar domains before heating. However, it
is also present in NBT-6BT FC, where it is less prominent due to fewer domains in the furnace
cooled state. Hence, this characteristic appears to be a feature of NBT-BT in general and is not
necessarily a consequence of quenching. While PNRs start to develop below TB (∼700-750 °C for
NBT-BT [292]) as dynamic polarization fluctuations with a short lifespan, the characteristic relaxor
behavior becomes visible in the temperature regime below TM (∼260 °C). Here, the relaxor typical
frequency dispersion of the permittivity is related to the thermal evolution of the PNR dynamics.
Their lifespan increases and local strain fields can develop, which can stabilize the existence of
permanent PNRs (or nanodomains) [293]. With decreasing temperature, the portion of static PNRs
increases [294] until the freezing temperature, TV F , is reached and PNRs are not dynamic any
longer. The onset of the appearing grainy contrast during cooling (∼220 °C) correlates well with
the onset of the strong frequency dispersion of the permittivity. The increasing nanoscale contrast
thus reflects the manifestation of a growing fraction of static PNRs/nanodomains during cooling.

The grainy contrast remains prominent directly after cooling and only partly transforms back into a
lamellar domain structure. After some time (observed the next day), more lamellar domains reappear
and the initial state as before the experiment is restored. The kinetically delayed retransformation
of nanodomains into larger domains implies that a metastable state exists directly after the heating
experiment and a certain amount of relaxation time is required in order to return to the original
domain structure. Regarding relaxor ferroelectrics in the light of the random-field model, it is argued
that the slowing down and freezing of PNR dynamics results from constraints of internal random
electric fields, also preventing the formation of large scale ferroelectric structures [106, 125]. The
random distribution of the heterovalent cations in relaxors results in structural and chemical charge
disorder, causing the formation of such local random electric fields [125, 295], which energetically
favor the formation of polar nanoregions [296]. It is conceivable that the presence of such random
electric fields in the bulk of NBT-6BT may hinder an immediate and large-scale domain formation
upon cooling. Instead, a slow relaxation and kinetically delayed formation of a long-range domain
structure is promoted.

Short Summary

In-situ heating experiments on the NBT-6BT FC and Q composition illustrate that phase
transitions occur gradually over wide temperature ranges. The R3c-to-P4bm transition takes
place between 80 °C and 220 °C, deduced from the declining R3c domain contrast in favor
of newly formed P4bm nanodomains. However, very weak 1

2 {ooo} SRs also persist up to
400 °C, accounting for the reversibility of the transition. The pronounced lamellar P4mm

domain contrast in the quenched sample partially persists up to 300 °C. The initial domain
structure in both FC and Q samples can be restored upon cooling, however, is kinetically
delayed. In poled NBT-6BT FC, the temperature-dependent depolarization is reflected in
the disintegration of the domain contrast, starting at 80-100 °C, which correlates with a
Td of 100 °C. Poled NBT-6BT Q exhibits a later onset of tetragonal domain disappearance
(∼140 °C), according to an increase in Td . The differences in the temperature-dependent
stability of the tetragonal domain structure are likely correlated to the more pronounced
tetragonal lattice distortions in the quenched composition.
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4.4 The Nanoscale Structure of NBT-BT

4.4.1 Ferroelectric Domains and Nanodomains in HRTEM

HRTEM allows to comparatively image the typical ferroelectric structure (lamellar domains) and
the nanoscale relaxor structure (nanodomains) at high magnification (Fig. 4.44). Ferroelectric
domains are well visible in TEM-BF at low magnifications (Fig. 4.44(a)). In HRTEM, the domain-
wall contrast becomes less pronounced. Nevertheless, a blurred dark line is visible in Fig. 4.44(b),
representing a 90° domain wall. The width of the domain wall amounts to 1.5 nm (edge-on view).
It corresponds to approx. 4 unit cells, over which the [001]T polarization direction changes by 90°.
This is consistent with observations made by HAADF imaging (compare Fig. 4.55 on page 113),
where the polar displacement of the Ti4+ cation gradually changes direction over several unit cells.
On the left side of the domain wall in Fig. 4.44(b), lattice fringes are well visible, while they are
less pronounced on the right side. The varying contrast can be rationalized by the slightly different
diffraction conditions within each domain, causing a difference in phase shift. The phase contrast
is also highly influenced by slight thickness variations in the specimen.

Figure 4.44: Comparison of the ferroelectric and relaxor structure. (a) TEM-BF image of ferroelectric domains in
NBT-9BT Q, viewed along [100]pc (SAED pattern as inset). (b) Domain wall in HRTEM with a width of 1.5 nm. (c)
TEM-BF image of the grainy nanoscale relaxor structure in NBT-6BT Q, viewed along [010]pc (SAED pattern as inset). (d)
Corresponding area in HRTEM showing no distinct features. The inset illustrates a magnified view of the HRTEM image.
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In contrast to the ferroelectric domains, the relaxor structure is characterized by a grainy appearance
at low magnifications (Fig. 4.44(c)). However, no distinct features appear in the HRTEM image
(Fig. 4.44(d)). This is largely comparable to another TEM study on NBT-BT by Zhou et al. [200],
showing a grainy contrast (interpreted as PNRs), but no distinct characteristics in HRTEM. The inset
in Fig. 4.44(d) illustrates a magnified area of the image. Lattice spacings can generally be deduced
from HRTEM images. Whether the image shows bright atoms on a dark background (negative
contrast) or dark atoms on a bright background (positive contrast) is not directly interpretable.
In order to specify the atomic positions and interpret the contrast correctly, image simulations
can be conducted. For obtaining a simulated image which is comparable to the imaged HRTEM
micrograph, parameters such as the specimen thickness, the alignment of the specimen with respect
to the optical axis, the defocus and aberration values need to be known [234].

4.4.2 Nanodomains in Relaxor NBT-6BT

As already illustrated in the previous chapters, TEM-DF imaging acts as a viable tool to directly
visualize the nanodomains in the relaxor compositions. The P4bm nanodomains are characterized
by a plate-like morphology. These platelets lie in the (100)pc, (010)pc and (001)pc planes of the
pseudocubic crystal lattice. All three orientation variants occur in the same grain region, as illustrated
in Fig. 4.45. The BF image shows a grainy nanoscale contrast (Fig. 4.45(a)). The corresponding
SAED pattern features three variants of the 1

2 {ooe} SRs: 1
2 (oeo), 1

2 (eoo) and 1
2 (ooe) (Fig. 4.45(b)).

Figure 4.45: Plate-like P4bm nanodomains in NBT-6BT FC. (a) BF image with grainy nanoscale contrast. The inset
illustrates the location of the three {001}pc platelet variants within the unit cell. (b) Corresponding [111]pc SAED pattern.
(c) Enlarged region indicating the three SR variants: 1

2 (oeo), 1
2 (eoo) and 1

2 (ooe). (d)-(f) DF images obtained from
each SR variant, noted with the respective color. The elongation direction of the nanodomains projected on the viewing
plane is indicated by the colored arrows and corresponds to the arrows in the schematic in (a).
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The SR variants show a slight elongation in three different reciprocal directions as illustrated in
the magnified section of the diffraction pattern in Fig. 4.45(c). From each variant, a DF image is
obtained, reflecting the same grain area as depicted in the BF image. Corresponding DF images
and encircled SR are noted with the same color. In each DF image, the bright nanodomains show a
slight elongation direction projected on the viewing plane, which is indicated by colored arrows
(Figs. 4.45(d)-(f)). The three variants arise from P4bm nanodomains lying in {001}pc planes and
corresponding SRs stretching along 〈001〉pc. The location of the P4bm platelets in the pseudocubic
unit cell in real space is illustrated in the schematic in Fig. 4.45(a) with the respective color.
Note that the platelets are inclined towards the viewing direction, when imaged along 〈111〉pc. A
comparable configuration was also noted for pure NBT, where P4bm platelets were found to be
dispersed within the rhombohedral matrix [84, 175].

The presence of three nanodomain variants within a grain region can also be illustrated by masking
a FFT obtained from a HRTEM image and forming an inverse FFT. Fig. 4.46(a) shows a HRTEM
micrograph viewed along [111]pc. In the corresponding FFT (Fig. 4.46(b)), the three different
1
2 {ooe} SR variants are selected and masked (red, green and blue circles). From each variant, an
inverse FFT image is formed, containing the image information which corresponds to the selected
SRs. The three inverse FFTs can then be merged into one single image as illustrated in Fig. 4.46(c).
The regions corresponding to the three SR variants are displayed in the respective color. A close
network of differently oriented nanodomains becomes visible.

Figure 4.46: (a) HRTEM image of a grain in NBT-6BT FC viewed along the [111]pc zone axis. (b) Corresponding FFT,
where the three SR variants, 1

2 (oeo), 1
2 (eoo) and 1

2 (ooe) are masked. (c) Overlay of the three inverse FFTs obtained
from the masked SRs. Nanoregions corresponding to the SR variants are displayed in the respective color.

The plate-like morphology of the nanodomains becomes especially visible when viewed along the
[013]pc direction as in Fig. 4.47. The 1

2 (eoo) SR variant visible in the SAED pattern stretches along
the [100]pc direction (Fig. 4.47(a)) and corresponds to P4bm nanodomains, which lie in (100)pc
planes (Fig. 4.47(b)). Here, the (100)pc plane and the platelets are oriented parallel to the viewing
direction (edge-on). The platelets exhibit a maximum thickness of 3.5 nm and a lateral expansion
of up to 35 nm. Taking a closer look at the SAED pattern also reveals very weak 1

2 {ooo} SRs. A DF
image obtained from such an SR, the 1

2 (131) reflection, reveals small R3c nanodomains (4.47(c)).
Both DF images of the P4bm and R3c phase were obtained from the exact same grain regions. The
R3c nanodomains are fewer in number and exhibit a less pronounced contrast in DF imaging, which
corresponds to the very weak 1

2 {ooo} SR intensity. Furthermore, the rhombohedral nanodomains
do not exhibit a plate-like morphology. Their size ranges from approx. 1 nm up to 5 nm.
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Figure 4.47: (a) SAED pattern of NBT-6BT FC viewed along the [013]pc zone axis. A 1
2 (eoo) SR, the 1

2 (031) reflection,

and a 1
2 {ooo} SR, the 1

2 (131) reflection, are encircled and corresponding DF images are displayed in (b) and (c),
respectively. Among the plate-like P4bm nanodomains, a minor fraction of R3c nanodomains is present, depicted in (c).

4.4.3 Association of Nanodomains and Ferroelectric Domains

In the compositions NBT-9BT and -12BT, the ferroelectric domain contrast is increased, however,
1
2 {ooe} SRs still indicate the presence of P4bm nanodomains. NBT-9BT marks a transition between
relaxor and ferroelectric state. Deduced from the strong frequency dispersion of the permittivity,
the composition exhibits relaxor behavior, while the domain structure is already characterized by
abundant ferroelectric P4mm domains. A grain is illustrated in Fig. 4.48(a), displaying lamellar
domains, which completely occupy the right half of the grain. The left half is characterized by
both lamellar domains and areas without domain contrast. An SAED pattern obtained from the
latter region (Fig. 4.48(b)) exhibits well visible 1

2 {ooe} SRs, while the lamellar domain area shows
no obvious SRs (Fig. 4.48(c)). Drawing an intensity profile over the main and the superlattice
reflections, however, reveals weakly intense remnants of 1

2 {ooe} SRs also for the lamellar domain
region. A corresponding DF image in Fig. 4.48(d) illustrates the location of the P4bm nanodomains.
They are abundant in regions, where a lamellar domain contrast is absent. An intergrown structure
of nanodomains and lamellar domain bands results, which is visualized in Fig. 4.48(e) by a color
map. Furthermore, it can be observed that a very weak nanodomain signal also arises from within
the lamellar domains (Fig. 4.48(d) as indicated), which corresponds to the weak SRs observed in
the SAED pattern. Therefore, a significantly reduced population of nanodomains exists within the
lamellar ferroelectric domains. This demonstrates a highly complex structure, where nanoscale
polar areas and long-range domains are closely associated within the same grain region.
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Figure 4.48: (a) BF image of a grain in NBT-9BT FC. The location of the SAED aperture for obtaining the SAED patterns
in (b) and (c) is noted. In (b), 1

2 {ooe} SRs are clearly visible in the diffraction pattern and the intensity profile (location
marked by the rectangle in the SAED pattern). In (c), very weak SRs only become visible in the intensity profile. (d)
DF image obtained from a 1

2 {ooe} SR. (e) Color overlay emphasizing the intergrowth of nanodomains and lamellar
domains (reproduced from Ref. 297 with permission of the American Physical Society).

The same feature can also be observed in NBT-12BT. The tetragonal composition exhibits a ferro-
electric character and lamellar P4mm domains, while P4bm and R3c only occur in minor phase
fractions. However, 1

2 {ooe} SRs were also observed within areas, which are occupied by long-range
P4mm domains (Fig. 4.49(a)). The DF image obtained from the encircled SR reveals nanodomains
embedded within the ferroelectric domain structure (Fig. 4.49(b)). This illustrates a complex
hierarchical configuration of nanodomains and lamellar domains. Such an observation can only be
made by combining BF, DF and SAED methods and cannot be inferred from BF imaging alone.
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Figure 4.49: (a) A grain in NBT-12BT FC displaying lamellar ferroelectric P4mm domains. (b) Corresponding DF image
of the same area obtained from the encircled 1

2 {ooe} SR, visible in the [001]pc SAED pattern (inset). The image reveals
P4bm nanodomains embedded within the lamellar P4mm domains.

In the NBT-12BT composition, the P4bm nanodomains also display a plate-like character as
illustrated in Fig. 4.50, when viewed along the [013]pc direction. However, their size is reduced
compared to NBT-6BT and is now in the range of 3-15 nm. It can further be observed that the
nanodomains are partly absent or strongly reduced in size and number within specific domain
bands. Fig. 4.50(a) shows a BF image, where lamellar domains are visible in the lower half of the
image. The location of the domain walls in the corresponding DF images is indicated with dashed
lines. The displayed P4bm nanodomain variant is absent from a domain band, but present in the
neighboring domain (Fig. 4.50(b)). While all three variants occur within the same region where
large domains are absent, it can be concluded that this is not necessarily the case for nanodomains
embedded within the lamellar domains. The number of present variants can be reduced to two
or only one, which is further discussed in section 4.4.6. Interestingly, R3c nanodomains are also
present in NBT-12BT as illustrated in the DF image in Fig. 4.50(c). Here, they occur through-
out the displayed grain region, also within the lamellar domains. This demonstrates that local
rhombohedral distorted regions still prevail in NBT-BT compositions with such a high BT content.
The same could also be observed for the quenched composition (Figs. 4.50(d)-(f)). Although the
average tetragonality is increased upon quenching, R3c nanodomains still prevail in NBT-12BT Q
(Fig. 4.50(f)). Therefore, quenching does not necessarily change the phase assemblage on a local
level, but shifts the proportional phase fractions on an average scale. Regarding the association of
nanodomains and lamellar domains, an alternating appearance can be observed. In the domain
bands where the P4bm nanodomains are less prominent (Fig. 4.50(e)), more R3c nanodomains
occur (Fig. 4.50(f)).
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Figure 4.50: P4bm and R3c nanodomains in NBT-12BT. (a) BF image of a grain in NBT-12BT FC. (b) Corresponding DF
image showing the P4bm nanodomains. The location of the domain walls is indicated with dashed lines. (c) Corresponding
DF image of the R3c nanodomains. The same description applies for NBT-12BT Q in (d)-(f).

4.4.4 High-Resolution STEM and Chemical Disorder

The atomic positions in the lattice can be imaged by HRSTEM. Fig. 4.51 comparatively displays
a HAADF, BF and ABF image of NBT-BT. The structural model indicates the location of the A-site
(Na+, Bi3+, Ba2+) and B-site (Ti4+) atoms and the oxygen octahedra. In the HAADF image, which
is sensitive to the atomic number (Z), the A-site atoms appear brighter than Ti4+ (Fig. 4.51(a)).
The corresponding BF image shows a reversed image contrast (Fig. 4.51(b)). Light atoms, such as
oxygen, contribute weakly to HAADF and BF images. They can be visualized by ABF, where the

Figure 4.51: HRSTEM imaging of a NBT-6BT ceramic. (a) HAADF image, (b) BF image and (c) ABF image. The structural
schematic illustrates the positions of the respective atoms.
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location of the oxygen columns becomes visible (Fig. 4.51(c)).

Chemical ordering on the A site in NBT and NBT-based solid solutions is debatable. No direct
evidence for long-range chemical ordering could be detected [175]. However, ordering on very local
and short length scales, playing a role in the formation of PNRs, is hypothesized [180, 182]. The
Z-sensitive HAADF image contrast in STEM can give indications, whether an ordered or random
distribution of the A-site cations is present, since Bi3+ (Z = 83) and Ba2+ (Z = 56) are much
heavier than Na+ (Z = 11). Fig. 4.52(a) and (b) show unfiltered HAADF images viewed along
the [001]pc zone axis of NBT-6BT FC and Q, respectively. Slight contrast variations on the A site
are visible in both specimens. Line profiles of the intensity distribution on the A site in vertical
and horizontal direction are displayed in Fig. 4.52(c). Their position within the HAADF images is
marked with the respective color. Intensity variations from column to column are present in both
specimens, suggesting a heterogeneous distribution on the A site. No obvious ordering patterns,
such as alternating bright and dark columns, are visible. This holds true for both the FC and Q
specimen. However, the intensity range, which is indicated by the dashed lines in the intensity
profiles, is slightly more narrow for the quenched specimen. This suggests a more homogeneous
distribution of the cations, which can be expected when quenching the high-temperature state. The

Figure 4.52: HAADF images of NBT-6BT FC (a) and Q (b). The inset on the bottom right depicts the respective same
image with increased contrast. Colored rectangles illustrate positions of intensity line profiles, which are displayed in (c).
No chemical ordering pattern is visible.
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insets in Figs. 4.52(a) and (b) display the respective same HAADF image, however, with largely
exaggerated contrast settings, in order to better visualize the positions of bright and dark atom
columns. A random and heterogeneous distribution with rows and patches spanning several unit
cells comprising more of heavier (brighter) or lighter (darker) A-site atoms is present. A well-defined
ordering effect cannot be determined, also not for short correlation lengths of few unit cells in size.
The absence of chemical ordering on the A site observed here is in agreement with a previous TEM
study on NBT-6BT, where experimental and simulated images were compared [195]. It should
further be noted that due to a certain thickness of the TEM foil, HAADF images usually do not show
a single atom layer, but stacks of several unit cells. The intensity of each position is thus influenced
by the elemental distribution within the atomic column, which makes it more difficult to chemically
interpret the image.

4.4.5 Polar Displacement

Advanced imaging analysis allows to gain multiple information about the materials structure from
atomically resolved Cs-corrected STEM images. Characteristics of the local structure can be deduced
from measuring atomic positions and distances with a picometer accuracy [298]. Thus, the local
polar displacement of ions in high-resolution HAADF images can be mapped. The applied image
analysis tool [251, 252] was firstly tested on a tetragonal PZT specimen, in order to verify the
feasibility of the method. The B-site displacement of Ti4+/Zr4+ in PZT is reported to be about 0.3 Å
[299, 300] which is somewhat large than the Ti4+ displacement of 0.1-0.15 Å reported for BT
and NBT-BT [301, 302]. Fig. 4.53(b) shows the polarization mapping in tetragonal PZT over a
domain wall, viewed edge-on along the [001]pc direction. The grain contains numerous tetragonal
ferroelectric 90° domain walls, as displayed in the STEM-BF image in (a). The polarization vectors
are displayed as yellow arrows and the location of the domain walls is indicated with dashed
lines. The direction of the polarization vectors rotates by 90° when crossing the domain wall. The
magnitude of polar displacement within each domain, indicated by the vector length, is highly

Figure 4.53: (a) STEM-BF image of tetragonal PZT with lamellar 90° domains. The boxed area indicates the position of
the HAADF image displayed in (b). The polar displacement of Ti4+/Zr4+ with reference to the A-site lattice is given as
yellow arrows. The polarization vectors change by 90° when crossing the domain wall (dashed line).
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uniform. These results illustrate that the applied method can be used to map the polar displacement
in HAADF images of ferroelectric perovskites.

In order to image the local polarization in the nanodomain-containing compositions (NBT-6BT,
-9BT and -12BT), the method was uniformly adopted to respective atomically resolved HAADF
images. The relative displacement of Ti4+ with respect to the A-site positions of Na+, Bi3+ and
Ba2+ is illustrated in Fig. 4.54. The nanoscale polar structure of the relaxor composition NBT-6BT
reflects in short-range fluctuations of the polarization direction and magnitude (Figs. 4.54(a)-(c)).

Figure 4.54: Mapping of the polar displacement in NBT-6BT, -9BT and -12BT FC. (a) High-resolution HAADF image
of NBT-6BT viewed along [010]pc, illustrating the relative displacement of Ti4+ with reference to the A-site lattice
(yellow arrows). Island-like regions (PNRs) with a pronounced polarization are highlighted with dotted white lines. (b)
Magnitude of the polar displacement. (c) Angle color map emphasizing the direction changes of the polar displacement.
The same description applies for NBT-9BT in (d)-(f) and for NBT-12BT in (g)-(i). The boxed area in (i) is magnified in
Fig. 4.55 (reprinted from Ref. 297 with permission of the American Physical Society).
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Here, these fluctuations are denoted as PNRs. The polarization vectors show variations in the polar
displacement on the nanoscale length (Fig. 4.54(a)). Small PNRs, up to 4 nm in size, display a
coherent polarization direction. They are indicated with dotted white lines. Within those island-
like regions, the magnitude of polarization is more pronounced than in the surrounding area, as
illustrated in Fig. 4.54(b). The relative Ti4+ displacement reaches values of up to 0.3 Å. Those PNRs,
however, are not clearly separated from each other. The transition between the PNRs is smooth
and the magnitude and direction of polarization changes gradually. Significant areas, where the
magnitude is close to zero, are absent. The variations in the polarization direction are emphasized
by a color map in Fig. 4.54(c). The deviation from an average polarization direction amounts to
approx. ± 90°. Across only a few unit cells, the direction of polarization can change, which leads
to an overall heterogeneous polar structure. A similar configuration is visible in NBT-9BT (Figs.
4.54(d)-(f)). The analysis was conducted on an area dominated by nanodomains. Here as well, a
disordered polar structure is present, which manifests in changes of the displacement direction and
magnitude comparable to NBT-6BT.

A difference becomes visible when imaging a region in NBT-12BT FC, occupied by long-range
ferroelectric domains. Figs. 4.54(g)-(i) display the polarization in an area near a 90° domain wall,
which is indicated by the dashed white line. In contrast to the HAADF images obtained from
NBT-6BT and -9BT, a more homogeneous and ordered polar structure is present. The polarization
direction on each side of the domain wall is largely coherent (Fig. 4.54(g)). The magnitude of
polarization within the domains is slightly increased up to 0.35 Å (Fig. 4.54(h)). Directly at the
domain wall, the magnitude is the lowest and close to zero. Although the overall polarization
in NBT-12BT appears to be more homogeneous compared to the MPB-close compositions, small
regions are still present, which differ from the average polarization (marked with dotted white
lines in Figs. 4.54(g)-(i)). This illustrates that within the ferroelectric domains, nanoscale regions
with a deviating polarization direction still exist, however, in reduced number. The findings align
with the fact that both R3c and P4bm nanodomains could be imaged via TEM-DF embedded within
the ferroelectric domains of NBT-12BT (compare Fig. 4.50).

Figure 4.55: (a) HAADF image of a 90° domain wall in NBT-12BT FC (inset in Fig. 4.54(i)). The polarization direction
is given as yellow arrows and the domain wall is indicated by the dashed line. The c and a axes are denoted in each
domain. The colored rectangles indicate intensity profiles, exemplary depicted in (b). The plot in (c) illustrates the
differences in lattice spacing along the a and c axes in both domains. Values were obtained from ten intensity profiles
each.
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The boxed area in Fig. 4.54(i) marks a region, in which no PNRs are present. It is magnified in
Fig. 4.55(a), showing the change of polarization direction over the ferroelectric 90° domain wall
(dashed line). The image is viewed along the [010]pc direction and the polar displacement changes
from [100]pc to [001]pc when crossing the (101)pc domain wall. By measuring atomic distances in
the HAADF image, the lattice parameters on both sides of the domain wall can be determined and
assigned to the a and c axes, respectively. Profiles over ten atom spacings along the main axes in
both domains where drawn, indicated by colored rectangles in Fig. 4.55(a). An exemplary profile
is illustrated in Fig. 4.55(b). For each direction, ten profiles where obtained and analyzed. The
boxplot in Fig. 4.55(c) depicts the measured values of the lattice spacing in the respective color. A
clear difference in lattice parameters between a and c directions within each domain arises. The c

lattice constants amount to approx. 4.04-4.06 Å while the a lattice constants amount to approx.
3.99 Å, which accounts for ∼2-3 % deviation from the cubic lattice setting. In the neighboring
domain, the a and c axes are reversed, illustrating the 90° rotation over the domain wall.

The heterogeneous local structure in the MPB composition can also be observed upon quenching.
Fig. 4.56(a) and (b) compares HAADF images of the NBT-6BT FC and Q specimen. Both samples
display a short-ranged variation in the polar displacement direction and magnitude similar to the
PNR regions shown in Figs. 4.54(a)-(c). This agrees with the observation that a high fraction of
nanodomains can still be observed upon quenching (compare Fig. 4.17 on page 68). The difference
between the two specimens may not necessarily reflect in the local nanoscale structure but rather
in the overall proportion of nanodomains and long-range ferroelectric domains.

Figure 4.56: High-resolution HAADF images of NBT-6BT FC (a) and Q (b) viewed along [001]pc with comparable
heterogeneous polar displacements (yellow arrows). PNRs with a pronounced displacement are noted with dotted lines.

Determining the location of HAADF images in STEM mode with respect to the nanodomains imaged
in TEM-DF mode, in order to correlate both imaging techniques, is challenging. Fig. 4.57(a) shows
a DF image of an area within a NBT-6BT grain, where P4bm nanodomains appear. Bright clusters
of approx. 25 nm in size are visible. Within one cluster (defined as one nanodomain) variations in
the brightness arise. Boundaries of the nanodomain clusters are not well defined and appear rather
diffuse. This suggest a certain heterogeneity within a single nanodomain. A HAADF image was
recorded from the very same grain area and is displayed in Fig. 4.57(b). Its location with respect to
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the DF image is indicated by the yellow box in (a). Variances in the polar displacement direction
and magnitude become visible in (b). Areas with pronounced polar displacement are indicated
with dashed lines. This implies that within the boundaries of a single P4bm nanodomain, small
fluctuations in the local polar displacement are present, which can be denoted as PNRs. On average,
the displacement of the PNRs fluctuates around a consistent tetragonal [001]T direction. The image
suggests that nanodomains can be composed of multiple PNRs. Following this interpretation would
add another level to the already existing complexity of the relaxor structure.

Figure 4.57: (a) TEM-DF image of a grain in NBT-6BT FC showing P4bm nanodomains (obtained from a 1
2 {ooe} SR).

Bright clusters as indicated of approx. 25 nm in size appear. (b) HAADF image of the yellow boxed region marked in (a),
which illustrates that variances in the polar displacement occur within a nanodomain.

4.4.6 Discussion of Nanoscale Structure in NBT-BT

The TEM and STEM observations emphasize the complexity of the NBT-BT nanoscale structure.
It could be illustrated that the bulk of NBT-6BT is build up by three variants of plate-like P4bm

nanodomains lying in {001}pc planes. Between these densely packed tetragonal nanodomains,
nanometer-sized rhombohedral domains of R3c symmetry occur. It can be concluded that the R3c

phase within the MPB compositions exhibits two different morphologies. It is present as large
volume fractions with a large-scale domain contrast and as nanoscale regions dispersed within
the P4bm nanodomains. The coexistence of both R3c and P4bm nanodomains has previously been
deduced for NBT-6BT from the appearance of both types of SRs in electron diffraction [157].
The results here consolidate this picture. The TEM-DF images provide visual evidence about the
nanodomain morphology and distribution. With nanoscale regions of R + T symmetry, the polar
vector can potentially fluctuate among equivalent eight 〈111〉pc and six 〈001〉pc directions. It is
assumed that rhombohedral PNRs can easily convert into tetragonal PNRs and vice versa, due to
low energy barriers between both symmetries [157] (note that the nanoscale R + T regions are
termed ‘nanodomains’ in this work, while others refer to them as ‘PNRs’). The relaxor behavior of
NBT-BT can thus be explained by the existence and thermal evolution of the PNRs [147]. Within the
temperature range of frequency dispersion, a conversion of R3c to P4bm nanoregions is expected
with increasing temperature [157]. The observed very weak 1

2 {ooo} SRs at 400 °C, however,
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suggest that R3c nanodomains also prevail in a reduced population alongside P4bm at elevated
temperatures. MPB regions have been associated with the flattening of Gibbs free energy profiles,
which allows an easy conversion and polarization reversal between different symmetries [36]. The
formation of nanodomains at the MPB is thus associated with only a minimal energetic effort.
This can explain why the nanodomains in off-MPB compositions are reduced in size by ∼10 nm
compared to the nanodomains at the MPB, where they can form and grow more easily.

It was further proposed that the P4bm nanodomains are dispersed within a non-polar cubic phase
[130, 158], which would correspond to the dark area in the DF images. This picture, however,
may appear too simplified. As illustrated, only one type of SR variant can be imaged in a single
DF image. The dark matrix therefore also contains the other SR variants. Here, the controversial
models for the local structure of relaxors should be emphasized. The early picture of island-like
PNRs embedded within a cubic matrix is widely adopted. On the other hand, the volume of the
relaxor structure can also be seen as being ferroelectric, composed of nanometer-sized domains,
where a cubic phase is absent [127]. Investigations on PMN-based materials illustrate a gradual
change in polar displacement between different nanodomains [108]. A model with a high density
of nanometer-sized domains, compared to a slush-like state, and the absence of a polar matrix was
proposed [137]. In NBT-BT, the observed nanodomains are not necessarily discrete units. In the DF
images, their boundaries appear rather undefined and ragged. This does not indicate well-defined
domain walls following specific orientations, but rather gradual transitions between differently
orientated areas. A dense arrangement of R + T nanodomains can be assumed. This is more in
agreement with the modeled tilt disorder in NBT-5BT, where plate-like T regions are dispersed
within R nanodomains [303]. Whether a non-polar matrix is present or not, cannot be established
with certainty from the TEM/STEM investigations in this work.

Figure 4.58: Schematic of the evolution of the nanoscale structure in NBT-BT with increasing BT content. Nanodomains of
P4bm and R3c symmetry exist at the MPB and are embedded within ferroelectric P4mm domains in BT-rich compositions.

Fig. 4.58 schematically summarizes the evolution of the local structure with increasing BT content.
Within the NBT-3BT specimens, only rhombohedral 1

2 {ooo} SRs were observed. The absence of
1
2 {ooe} SRs or any other superlattice reflections indicates that there is no other phase present.
Other studies, however, observed plate-like tetragonal regions within the R domains in pure NBT
[84] and even local orthorhombic domains are reported [175]. In the specimens examined in this
work, the local nanodomain structure only emerges in NBT-6BT, -9BT and -12BT.

Increasing the BT content leads to an intergrown structure of lamellar P4mm domains and areas dom-
inated by nanodomains. Even in the BT-rich NBT-12BT composition, P4bm and R3c nanodomains
are found to be embedded within the ferroelectric P4mm domain structure in a reduced volume
fraction. Although having a largely ferroelectric character, the tilt disorder of the local structure
shows that NB-12BT clearly differentiates from a long-range ordered purely ferroelectric material.
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This also reflects in the minor, but still existing frequency dispersion of permittivity observed for
this composition [297].

It should be emphasized that the transition towards a ferroelectric structure is not accompanied by
a growth of the nanodomains. This contradicts previous assumptions, which expected an increase
in size and coherence length of PNRs/nanodomains when forming a ferroelectric long-range order
[130] either by poling or by an increase in BT content. The transition towards a long-range P4mm

structure can rather be viewed as a recrystallization process. Looking at the three phases, the
distinction merely arises from differently tilted oxygen octahedra. Fig. 4.59 illustrates the mode
of tilting in the pseudocubic perovskite structure of R3c and P4bm. In P4mm, tilting of oxygen
octahedra is absent. In order to transform to P4mm, the oxygen octahedra have to revert back to
the untilted state (a R3c-to-P4mm transition additionally requires a change in cation displacement
form 〈111〉pc to 〈001〉pc). Comparing both tetragonal phases, tilting of the oxygen octahedra causes
the occurrence of mirror glide planes in P4bm as illustrated in Fig. 4.59.

Figure 4.59: Schematics of the R3c, P4bm and P4mm crystal structure. The tilt axis in R3c and P4bm is noted. Differences
in the symmetry operations in P4bm and P4mm are displayed (solid lines = mirror planes, dashed lines = glide planes).

In perovskite oxides, tilting of oxygen octahedra is a common phenomenon due to an easy substitu-
tion of the cations. By tilting the oxygen octahedra, the volume of the A-site interstice is reduced,
which allows for a more stable structural configuration, once small cations occupy the A site [100].
The ionic radius of Ba2+ is relatively large, so pure BT exhibits a P4mm structure where tilting
is absent. In comparison, Na+ and Bi3+ possess rather small ionic radii. Tilting in NBT is thus
expected [165]. Continuously increasing the Ba2+ fraction on the A site thus drives the transition
to a structure where tilting is reduced and finally absent. In NBT-12BT, 12 % of the A-site ions are
Ba2+, while 88 % are still occupied by Na+ and Bi3+. Viewed from this perspective, it does not seem
surprising that an abundant tilt disorder persists in the composition. It can be assumed that local
chemical heterogeneities determine the local structure and present tilt system. Notably, these small
tilted nanodomains are embedded within a ferroelectric P4mm matrix. However, not necessarily
all three {001}pc variants of P4bm nanodomains occur within the P4mm domains. This implies
that certain variants transform more easily. It can be assumed that variants in which the polar
[001]T axis is aligned with the polar [001]T axis of the P4mm matrix will transform more easily by
simply reverting back the oxygen octahedra to the non-tilted state. This is energetically less costly
than changing the direction of the polar axis in addition to losing the octahedral tilting. While a
variant is absent in one domain, it is present in the neighboring domain, since the 90° rotation
of polarization favors another {001}pc nanodomain variant to be absent. The same effect is less
prominent for the R3c nanodomains, where no distinction between different variants can be made.
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HAADF imaging revealed a strongly heterogeneous local polar displacement in the MPB composition
NBT-6BT (compare 4.56 on page 114). The polarization is deduced from the displacement of the
B-site atoms (Ti4+). NBT and its solid solutions, however, not solely exhibit displacement of Ti4+,
but also of A-site cations [165]. The calculated polarization vectors thus represent the relative Ti4+

displacement with respect to the A-site sublattice. For clarification, mapping the displacement of
the A-site cations results in exactly the same image information, only with the polarization vectors
being reversed in direction. The net polarization of a material is usually determined by the relative
location of the cations and anions (O2 ± ) in the structure. Oxygen atoms, however, are not visible
in HAADF imaging. Nevertheless, it can be inferred that the polar displacement in the HAADF
images should be consistent with the local net polarization. Referring again to Fig. 4.59, the oxygen
octahedra in P4bm are tilted around the c axis. When viewed along one of the 〈001〉pc directions,
the plane in which the oxygen atoms are tilted either lies parallel to the image plane (as in Fig.
4.59), or perpendicular to it. So theoretically, the center of mass for the O2 ± anions does not change
when viewed along 〈001〉pc. For the a−a−a− tilt system, this consideration is more difficult, since
the octahedra are rotated around 〈111〉pc and adjacent octahedra layers are tilted in opposite sense
(compare Fig. 4.59). As soon as more than one octahedra layer is regarded, the offset in the center
of mass for O2 ± , when viewed along 〈001〉pc, is balanced by the offset of the adjacent layer. The net
polarization in both structures should thus be very similar to the polar displacement determined
from the cation positions.

In Figs. 4.54(a)-(f), the polar vector fluctuates with ± 90° around an average [001]pc direction.
Variances in the polar displacement within the vicinity of a nanodomain cluster could also be imaged
(compare Fig. 4.57). It can therefore be assumed that the fluctuations on the atomic scale (PNRs)
are possibly present within one P4bm nanodomain. The difference in size between those PNRs,
which only span few nanometers and the nanodomains, which can be up to 35 nm in diameter,
corroborates this assumption. This would imply that within a nanodomain, the polarization vector
can fluctuate around an average direction, which corresponds to the [001]T direction of the P4bm

variant. It should, however, be noted that superimposition of different polarization directions along
the viewing direction can complicate the interpretation of the projected HAADF image. Nevertheless,
a promotion of the relaxational behavior in MPB compositions by such a configuration is conclusive.

The overall more ordered local structure of NBT-12BT still entails small PNRs in HAADF imaging
(compare Figs. 4.54(g)-(i)), which aligns with the observed reduced population of nanodomains.
PNRs located within a ferroelectric matrix have been observed for other relaxor-ferroelectric systems
as well, such as PMN-PT [304]. Here, it could be demonstrated that the presence of nanoscale
PNRs can induce an easy polarization reversal of large-scale domains upon poling. According to
Li et al. [304], PNRs account for 50-80 % of the measurable piezoelectricity in the PMN-PT solid
solutions. A hierarchical association of nanodomains and large-scale domains could not only be
observed in the unpoled NBT-BT FC and Q, but also in the poled specimens (see Fig A.5 in Appendix
on page 147). Thus, it can be inferred that the PNRs/nanodomains within the long-range P4mm

structure in NBT-BT also significantly contribute to the piezoelectric and dielectric properties upon
poling. The close association of short- and long-range polar structures, positively affecting the
piezoelectric performance of relaxor ferroelectrics, can also explain the good piezoelectric properties
of the NBT-9BT composition, which shows a pronounced intergrown configuration of ferroelectric
domains and nanodomains already in the unpoled state.

The formation of PNRs has been attributed to a locally correlated displacement of Bi3+ [191]. As
previously noted, Bi3+ can exhibit a large off-centering due to its lone pair character [288]. Bi3+

displacement along 〈001〉pc is believed to induce PNR formation in pure NBT and a correlation
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of a changing displacement direction and BT content could be observed [191]. Off-centering of
Bi3+ over short correlation lengths can thus promote the relaxational behavior. With an increasing
amount of Ba2+ and likewise decrease in Bi3+, an overall reduction in the A-site displacement can
be expected. This aligns with the reduced, but still present population of nanodomains in BT-rich
compositions.

The possibility of chemical ordering on the A site in FC and Q samples was examined via HAADF
imaging. An early work on the relaxor PbSc1/2Ta1/2O3 related an increase in ferroelectric character

to the chemical long-range ordering of Sc3+ and Ta5+ [305]. For NBT-BT FC, a random distribution
of Na+, Bi3+ and Ba2+ was expected and no chemical ordering could be found in previous studies
[195, 196]. Here as well, no indications for a chemical ordering on the A site could be observed in
FC and Q specimens. It can be concluded that quenching is not related to any chemical ordering
effect. Comparing both NBT-6BT FC and Q specimens furthermore revealed a similar heterogeneous
local structure with fluctuations (PNRs) on the atomic scale. The quenching-induced structural
change (increase in lamellar domains) is only visible on a larger scale. Quenching shifts the
proportions between nanodomains and lamellar domains from a merely nanodomain-dominated
structure in FC towards a structure with increased long-range domains and an overall slightly
reduced nanodomain population. Both structural features are closely associated in a hierarchical
configuration of nanodomains embedded within lamellar domains, where the ferroelectric matrix
compensates for the enhanced lattice strain that arises upon quenching.

Short Summary

TEM-DF imaging revealed that the NBT-6BT composition not only consists of plate-like
P4bm nanodomains lying in the three 〈001〉pc planes, but also of a minor fraction of R3c

nanodomains. The coexistence of tetragonal and rhombohedral nanodomains and an easy
conversion between the increased number of possible polar directions can explain the en-
hanced polarizability at the MPB. Nanometer-sized fluctuation in the direction and magnitude
of the polar cation displacement, denoted as PNRs, show a heterogeneous local relaxor struc-
ture. When increasing the BT content and crossing the composition-dependent relaxor-to-
ferroelectric transition, lamellar long-range P4mm domains emerge. However, nanodomains
of both symmetries are still embedded within these lamellar domains, resulting in a complex
hierarchical domain arrangement. Here, the nanodomain size and number is reduced and a
conversion within the polar P4mm matrix can be assumed, induced by the increasing Ba2+

amount on the A site and thus an overall reduction in oxygen octahedral tilting.
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5 Conclusions & Outlook

The present work investigated the domain structure and phase evolution in furnace cooled and
quenched relaxor ferroelectric (1− x)(Na1/2Bi1/2)TiO3-xBaTiO3 ceramics using TEM, STEM, PFM
and SEM. A locally resolved analysis, which was possible by TEM and STEM techniques, gave
insight about the actual local distribution and morphology of present phases, thus complementing
other techniques focusing on long-range and average structural descriptions. This allowed not
only to investigate on structural changes upon quenching, but also to closely examine the relaxor-
ferroelectric nanostructure and obtain a more holistic picture of this promising lead-free material
system.

The compositional range of x = 0.03, 0.06, 0.09 and 0.12 was examined. The NBT-BT system
changed from a rhombohedral structure on the NBT-rich side to a pseudocubic structure of R3c +

P4bm symmetries at the MPB, primarily dominated by nanodomains. With increasing BT content,
the system exhibited a more lamellar domain structure of tetragonal P4mm symmetry with minor
amounts of P4bm and R3c phases embedded. This illustrated a very wide compositional range of
phase coexistence, opposed to more narrow MPB regions reported before.

The strengthened rhombohedral and tetragonal character of the quenched specimens could be
correlated to an increased lamellar domain formation visualized by TEM, SEM and PFM analyses.
In NBT-3BT, this manifested in the formation of a second rhombohedral phase (R3m), in which
oxygen octahedral tilting was absent and which featured a herringbone-type domain configuration.
In the MPB composition NBT-6BT, pronounced lamellar domains of both rhombohedral (R3c) and
tetragonal (P4mm) symmetry emerged upon quenching, accommodating the strain arising with the
rhombohedral and tetragonal distortions. A similar trend was not visible in quenched NBT-9BT
and -12BT, since both compositions already displayed lamellar domains in the furnace cooled state.
The increased long-range polar structures in quenched MPB compositions showed resemblance to
the structure observed upon the relaxor-to-ferroelectric transition in poled NBT-6BT. Thus, it could
be inferred that quenching promotes a transition in relaxor compositions towards an increased
ferroelectric order.

In-situ experiments on NBT-6BT investigated the thermal evolution of the domain structure and
phase assemblage. The R3c domains disappeared in a comparable range for FC and Q specimens
(∼100 to 200 °C) and transformed to P4bm nanodomains. Very weak superlattice reflections, how-
ever, prevailed even up to 400 °C, indicating the persistence of small rhombohedral regions. In the
quenched specimen, the tetragonal P4mm domains were stable up to high temperatures of ∼300 °C.
Their persistence shifts the overall stability of the ferroelectric order to higher temperatures and
thus benefits a delayed depolarization. In the poled NBT-6BT Q specimen, the lamellar tetragonal
domain contrast started to disappear at ∼140 °C, compared to ∼100 °C in the poled FC state. Td

and the vanishing of piezoelectric properties thus appears to be strongly linked to the onset of the
tetragonal domain disintegration. The temperature-dependent stability of the ferroelectric domain
structure up to ∼140 °C accounts for the increase in Td in the quenched composition.
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Underlying mechanisms for the quenching-induced structural changes, such as residual thermal
stresses, an increased oxygen vacancy concentration and an enhanced off-centering of Bi3+ ions
were discussed. No increase in Ti3+, which would in turn indicate an increase in oxygen vacancies,
could be detected in quenched NBT-BT via EELS analysis of the near-edge fine structure. No
indications for large residual thermal stresses, such as microcracks, could be observed. Freezing-in
the off-center positions of Bi3+ ions from the high-temperature cubic phase most likely benefits the
occurrence of non-cubic lattice distortions and thus ferroelastic lamellar domains.

A detailed investigation on the nanoscale relaxor structure via TEM-DF imaging and HRSTEM
revealed that the P4bm phase is composed of three variants of plate-like nanodomains of up to
35 nm in size, lying in {001}pc planes. Among them, a minor fraction of R3c nanodomains (up to
10 nm in size) is dispersed. While the presence of nanoscale P4bm and R3c symmetries was inferred
before, the TEM results here provide a clear visual evidence of their coexistence. Their association
implies the presence of multiple equivalent polarization states and accounts for the increased
polarizability of relaxor compositions, leading to the enhanced piezoelectric response and high
permittivity values. HRSTEM analysis demonstrated a heterogeneous local polar displacement in
the MPB composition with short-ranged fluctuations (PNRs) in the direction and magnitude of the
polar displacement. Within lamellar P4mm domains in BT-rich compositions, a more homogeneous
polar displacement was present, while small regions still deviated from the average polarization
direction. DF imaging illustrated a hierarchical association of both P4bm and R3c nanodomains
embedded within the lamellar ferroelectric domains. Here, nanodomains are reduced in size and
number, which emphasizes that they do not coalescence into larger polar structure when crossing
the relaxor-to-ferroelectric compositional threshold. The structural transition can rather be regarded
as a recrystallization process from a tilted to a non-tilted oxygen sublattice.

With respect to future studies, high-resolution STEM can offer further techniques to characterize
perovskite oxides and can elaborate on the tilt and displacement characteristics in such materials.
It becomes apparent that short-range variances in oxygen octahedral tilting is a key element to the
complex relaxor nanostructure. Oxygen atoms can be imaged via high-resolution ABF and tilts can
be quantitatively measured [306], giving insight into the local short-range tilt disorder. This might
further allow to image the interaction of ionic displacement and tilt orientation.

Application-wise, a lasting stability of the quenching-induced structural changes is desirable. Thus,
studies on NBT-BT ceramics need to be expanded to the fatigue behavior of the quenching-induced
properties. Investigations on the di- and piezoelectric properties and microstructural characteristic
after a prolonged cycling process could give insights in improving and tailoring the quenching
procedure. In addition to in-situ heating experiments, E-field dependent TEM analysis can provide
further information on poling-induced structural changes. A complementary in-situ electrical
biasing study can shed light on the domain growth during the relaxor-to-ferroelectric transition
and elucidate on the role of nanodomains/PNRs within the polar long-range order. Furthermore,
taking into account that many applications operate under elevated temperatures, such as ultrasonic
cleaning devices, a simultaneous heating and electrical biasing TEM investigation could elaborate
on the evolution of the domain structure and phase assemblage under conditions resembling a
practical application.

As illustrated, the formation of lamellar domains is crucial for improving the temperature-dependent
performance of relaxor NBT-BT compositions. Td is commonly lowest at the MPB, while here the
piezoelectric properties are maximized (Fig. 5.1). This also holds true for other solid solutions
formed with NBT, such as NBT-KBT or NBT-KBT-BT [307, 308]. Shifting Td to higher temperature is
only desirable, as long as the piezoelectric and mechanical properties are not significantly impaired.
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Figure 5.1: Schematic illustrating that the depolarization temperature (Td) is lowest for MPB compositions, while the
piezoelectric properties (exemplary d33) are maximized. Increasing Td in order to improve the temperature-dependent
performance without deteriorating the piezoelectric properties can be achieved via chemical modification (doping,
composite formation) or an alternative processing such as quenching.

It could be demonstrated that an increase in Td can be achieved by enhancing the ferroelectric
order at the MPB. Increasing lattice distortions and thus inducing the formation of long-range
ferroelectric domains appears to be a key element in engineering the functional properties of
such relaxor ferroelectric materials. Quenching serves as a rather easy applicable tool to alter
the microstructure accordingly. However, other methods are likewise promising. So did doping
NBT-BT with Zn2+, as well as the formation of composites with ZnO inclusions, also enhance the
rhombohedral and tetragonal lattice distortion, resulting in an increase in Td [214, 309]. Here,
it would be insightful to look into the nanostructure and examine whether a similar interplay
of nanodomains and lamellar domains of different symmetries is prevalent, as observed upon
quenching. This could further consolidate the importance of an enhanced ferroelectric domain
structure in deferring the thermal depolarization, independently from the applied procedure
(quenching, doping, composite formation).

The detailed visualization of nanodomains and their association with large ferroelectric domains
illustrates the complexity of this particular relaxor ferroelectric solid solution. The high-resolution
TEM and STEM techniques utilized here can also be applied to other lead-free systems. A better
understanding of the micro- and nanostructural features in lead-free relaxor ferroelectrics in general
can help to more effectively influence the functionality and performance of the material of interest
in the future.
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Appendix

Figure A.1: Water-quenched NBT-6BT specimen. (a) Micrograph of the polished TEM specimen displaying microcracks.
A piece of the fractured ceramic pellet is displayed in the inset. (b) TEM-BF micrograph of the water-quenched specimen
showing an enhanced lamellar domain contrast.

Figure A.2: TEM micrographs of NBT-6BT FC (a) and Q (b), obtained from the near-surface area of the sintered pellet
(see inset in (a)). The FC specimen displays no strong domain contrast as expected for the relaxor composition, while
abundant lamellar domains occur in the Q specimen. This matches with the observations made on the conventionally
obtained NBT-6BT FC and Q specimens from the center of the ceramic pellet.
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Figure A.3: (a) TEM micrograph of NBT-6BT Q, where annealing at 400 °C was omitted during sample preparation. A
strong lamellar domain contrast is visible as observed in specimens, which were annealed. Equally, a phase coexistence
of R3c and P4bm is present, deduced from the occurrence of 1

2 {ooo} and 1
2 {ooe} SRs (b). This indicates no significant

influence of the annealing step onto the morphology of the domain structure and the phase assemblage.

Figure A.4: EELS spectra obtained from three different grains within the same NBT-6BT Q specimen, displaying the
near-edge structure of the Ti L3- and L2-edges. Slight variances in the peak shape are present, when comparing the
different spectra (indicated with arrows).
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Figure A.5: (a) TEM-BF image of a grain in poled NBT-6BT Q, where lamellar P4mm domains appear. (b) The correspond-
ing DF image obtained from the encircled 1

2 {ooe} SR in the SAED pattern (inset) illustrates that P4bm nanodomains are
embedded within the poled ferroelectric domain structure.

147





List of Figures

2.1 Hierarchical classification of dielectrics and their subgroups. . . . . . . . . . . . . . . 3
2.2 Different polarization mechanisms arising in dielectrics upon application of an

external electric field (redrawn after Ref. 18). . . . . . . . . . . . . . . . . . . . . . . . 4
2.3 Schematic of the BaTiO3 unit cell in the paraelectric and ferroelectric state. Below

TC (120 °C), a spontaneous polarization (PS) emerges from the ionic displacement. 5
2.4 Temperature-dependent phase transitions in BaTiO3 and corresponding changes in

(a) the lattice constants, (b) the spontaneous polarization, PS, and (c) the relative
permittivity, ϵr (redrawn after Ref. 17). . . . . . . . . . . . . . . . . . . . . . . . . . . . 6

2.5 (a) Schematic field-dependent polarization (P-E) hysteresis loop and (b) strain (S-
E) hysteresis loop of a ferroelectric ceramic. The dotted lines relate to the curves
starting from the unpoled state (modified after Ref. 30). . . . . . . . . . . . . . . . . . 7

2.6 (a) Schematic illustrating the anti-parallel ionic displacement within the unit cells
of an antiferroelectric at zero electric field. One set of ions (A) is switched under a
positive electric field, while the other set of ions (B) is switched under a negative
electric field. (b) Schematic double hysteresis P-E curve of an antiferroelectric. No
remanent polarization state is present (modified after Ref. 32). . . . . . . . . . . . . . 8

2.7 The large-signal piezoelectric coefficient d∗33 as function of depolarization tempera-
ture for different lead-free materials and PZT (reprinted from Ref. 5 with permission
from Elsevier). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.8 Devices with lead-free piezoceramics. (a) Transducer with a NBT ceramic, (b)
KNN-based ring-type ultrasonic motor for cameras, (c) NBT-based bolt-clamped
Langevin-type transducer for ultrasonic cleaning and (d) knock sensor for car engines
(reprinted from Ref. 51 under Creative Commons License CC BY-NC-ND 4.0). . . . 10

2.9 Schematic of the ionic displacement and spontaneous polarization (PS) near a 180°
domain wall (a) and a 90° domain wall (b) in a tetragonal ferroelectric structure
(redrawn after Ref. 21). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.10 Domain wall orientations in a tetragonal perovskite. (a) The six orientations for 90°
domain walls. (b) Wavy 180° domain wall, called ‘watermark’ (redrawn after Ref. 67). 12

2.11 Domain configurations in a tetragonal ferroelectric, dependent on the viewing direc-
tion. Polarization vectors are depicted as red arrows (modified after Ref. 70). . . . . 13

2.12 Ferroelastic domain walls in a rhombohedral ferroelectric. (a) 109° domain wall on
a (100)pc plane. (b) 71° domain wall on a (110)pc plane. The polarization directions
are depicted as red arrows (redrawn after Ref. 79). . . . . . . . . . . . . . . . . . . . . 13

2.13 Schematic of the herringbone domain configuration. Colors represent domains with
identical polarization directions, indicated with arrows. Polarization vectors pointing
out and into the viewing plane are denoted with • and ×, respectively (redrawn
after Ref. 67). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.14 Schematic of a polycrystalline ceramic in the paraelectric state, the unpoled ferroelec-

149



tric state and the poled ferroelectric state with a remanent macroscopic polarization
(Pr). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

2.15 Sequence of polarization switching in a ferroelectric thin film. Upon application of
an electric field (E) domains start to nucleate and grow, then expand sideways until
the entire specimen is poled along the electric field vector (modified after Ref. 89). 15

2.16 (a) Generic perovskite structure (oxygen= blue, A-site cations= yellow, B-site cations
= gray). (b) Different representation showing corner-connected BO6 octahedra
(structure created with Vesta [97]). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2.17 (a) In-phase a0a0c+ tilt system, where adjacent oxygen octahedra layers are tilted
in the same sense around the c axis and anti-phase a0a0c− tilt system, where the
layers are tilted in an opposite sense. (b) The repeat distance of lattice parameters
perpendicular to the tilt axis is doubled (2apc); (modified after Refs. 96 and 102). . 17

2.18 (a) Group-subgroup relations of the allowed space groups by the 15 possible tilt
systems. C= cubic, T= tetragonal, Tr= trigonal, O= orthorhombic, M=monoclinic,
Tri = triclinic (redrawn after Ref. 98). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.19 Characteristics of a normal ferroelectric vs. a relaxor. (a) Sharp peak of ϵ′ at TC vs.
dispersive and broad maximum at Tm. (b) No ferroelectric domains and macroscopic
polarization above TC vs. PNRs present up to TB. (c) Broad P-E loop with high Pr

vs. slim P-E loop and low Pr (redrawn and modified after Ref. 110). . . . . . . . . . 19
2.20 Schematic illustrating the evolution of the relaxor nanostructure with decreasing

temperature (redrawn after Ref. 114). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
2.21 Models for the relaxor microstructure. (a) PNRs embedded in a cubic matrix and (b)

PNRs/nanodomains separated by domain walls (redrawn after Ref. 7). (c) Slush-like
state with PNRs of different symmetries (redrawn after Ref. 133). . . . . . . . . . . . 21

2.22 Temperature-dependent real (ϵ′) and imaginary (ϵ′′) part of the relative permittivity
at different frequencies in unpoled (a) and poled (b) NBT-6BT (with 6 mol % BT).
Arrows indicate the increasing frequency. The inset in (a) displays the Vogel-Fulcher
fitting of the dielectric data (reprinted from Ref. 121 with permission of the American
Physical Society). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23

2.23 P-E hysteresis of the MPB composition NBT-6BT at different temperatures (reprinted
from Ref. 157 with permission of AIP Publishing). . . . . . . . . . . . . . . . . . . . . . 24

2.24 Structural phase diagram of unpoled (1− x)NBT-xBT. Dotted lines indicate tempera-
tures derived from anomalies in the permittivity response. TRE denotes the vanishing
of the frequency dispersion (reprinted from Ref. 160 with permission of John Wiley
and Sons). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25

2.25 Structural phase diagram of unpoled (a) and poled (b) (1− x)NBT-xBT. Besides
TV F (unpoled), Td (poled) and Tm, the R3c-to-P4bm transition temperature, T2, the
P4bm-to-Pm3m transition temperature, T1, the temperature for the onset of in-phase
octahedral tilting, T ′2, and the P4mm-to-Pm3m transition temperature, T ′′, is given
(reprinted from Ref. 150 with permission of the American Physical Society). . . . . 26

2.26 TEM micrographs of the domain patterns in pure NBT. (a) Needle-shaped domains,
which form a square-net pattern in (b) and a triangular pattern in (c) (reprinted
with permission from Ref. 83, copyright 2011 IEEE). . . . . . . . . . . . . . . . . . . . 27

2.27 Scanning electron microscopy (SEM) micrograph of ferroelectric lamellar 90° a-a
and a-c domains in a chemically etched BT ceramic displaying a herringbone-type
domain configuration (reprinted from Ref. 72 with permission of John Wiley and
Sons). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

150



2.28 TEM-BF images of the domain structures in NBT-BT. (a) NBT-4BT with a complex
domain configuration and SAED pattern with 1

2 {ooo} SRs (R3c). (b) NBT-6BT with
R3c domains surrounded by P4bm nanodomains, (c) NBT-9BT with nanodomains and
SAED pattern with 1

2 {ooe} SRs (P4bm). (d) NBT-11BT with lamellar ferroelectric
P4mm domains and a remaining central area of P4bm symmetry (reprinted from
Ref. 158 with permission of AIP publishing). . . . . . . . . . . . . . . . . . . . . . . . . 29

2.29 E-field-composition phase diagram and d33 of NBT-BT. (a)-(c) display the d33 values
for NBT-5.5BT, NBT-6BT and NBT-7BT, respectively. (e) illustrates the Epol vs. phase
diagram. The R3c + P4mm MBP region is colored in green (reprinted from Ref. 149
with permission of the American Physical Society). . . . . . . . . . . . . . . . . . . . . 31

2.30 Quenching-induced property changes in NBT-based ceramics. (a) In NBT, Td in-
creases when quenched over 800 °C (reprinted from Ref. 13 with permission of
IOP Publishing, Ltd). (b) Rhombohedral (90◦ −α) and tetragonal (c/a) distortion
in furnace cooled (OF) and quenched (q) Li-substituted NBT-BT (BNLBT4-100y)
as a function of the BT content, y (reprinted from Ref. 14 with permission of IOP
Publishing, Ltd). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

2.31 (a) Temperature-dependent d33 of furnace cooled (FC) and quenched (Q1100) NBT-
6BT and NBT-9BT. (b) Temperature-dependent permittivity of poled and unpoled
furnace cooled and quenched NBT-6BT and -9BT at different frequencies. TF -R marks
the ferroelectric-to-relaxor transition temperature of poled specimens (reprinted
from Ref. [15] with permission of AIP Publishing). . . . . . . . . . . . . . . . . . . . . 33

3.1 Schematic illustrating the preparation steps for obtaining a dimpled, a plane-parallel
and a wedge-shaped TEM specimen. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.2 Different types of TEM specimens prepared from the NBT-BT ceramics. (a) Plane-
parallel specimen glued to a carrier TEM grid, (b) wedge-shaped specimen on half
of a pinhole aperture, (c) self-supporting dimpled specimen. . . . . . . . . . . . . . . 37

3.3 Micrograph of a wedge-shaped TEM foil of poled NBT-6BT. Colored interference
lines running parallel to the tip of the wedge indicate electron transparency (dark
spots are pores within the ceramic specimen). . . . . . . . . . . . . . . . . . . . . . . . 37

3.4 Schematic ray path within a TEM column for (a) imaging mode, (b) diffraction
mode, (c) bright-field, (d) off-axis dark-field and (e) on-axis dark-field imaging. . . 39

3.5 (a) SAED pattern of a NBT-BT grain displaying discrete diffraction spots. (b) Ac-
cording Kikuchi bands under convergent illumination settings in diffraction mode.
The bands cross at the center, indicating precise orientation along the [110]pc zone
axis. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.6 Ewald sphere construction showing the incident wave vector (ki), the diffracted
wave vector (kd), the reciprocal lattice vector (g) and the scattering vector (K). The
intensity of the diffracted beam depends on the excitation error, s (redrawn after
Ref. 233). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.7 (a) Schematic of inclined 90° domain wall exhibiting alternating bright and dark
fringes. The different orientations in both domains results in a contrast difference.
(b) The Ewald sphere construction illustrates the difference in the excitation error,
∆sg , between domain 1 and domain 2 (redrawn after Ref. 243). . . . . . . . . . . . . 42

3.8 (a) SAED pattern of a tetragonal PZT grain with 90° twin domains. Splitting of
reflections occurs along the [110]pc direction and is due to (110)pc oriented domain
walls. (b) Illustration of the unit cell orientation on both sides of the (110)pc twin

151



boundary, which is slightly rotated towards each other (redrawn after Ref. 247). . . 43
3.9 (a) TEM in-situ heating holder with a wedge-shaped NBT-BT sample. (b) Schematic

temperature profile as a function of time for a TEM heating experiment. . . . . . . . 44
3.10 Workflow for analyzing a HAADF image with the Atomap and TEMUL Toolkit [251,

252]. After defining the atomic positions, sublattices and groups of lattice planes,
the polar displacement (yellow arrows) of the B cation site can be mapped. . . . . . 45

3.11 Schematic EELS spectrum showing the low-loss region and the high-loss region with
the ELNES of atom A and B (modified after Ref. 253). . . . . . . . . . . . . . . . . . . 46

3.12 Piezoelectric response in a ferroelectric by PFM analysis. The parallel (a) or anti-
parallel (b) alignment of the electric field (E) and the spontaneous polarization (PS)
results in vertical (out-of-plane) displacement of the sample and cantilever, which
is proportional to d

e f f

33 V0. (c), (d) When the applied field is perpendicular to Ps, a
shear deformation results, which leads to a horizontal (in-plane) deflection of the
signal (redrawn after Refs. 258 and 262). . . . . . . . . . . . . . . . . . . . . . . . . . . 48

4.1 TEM-BF micrographs of the furnace cooled NBT-BT compositions (all viewed along
the [110]pc zone axis). (a) NBT-3BT, (b) NBT-6BT, (c) NBT-9BT and (d) NBT-12BT. 49

4.2 SAED patterns of the eight zone axes listed in Table 4.1, exemplarily shown for
NBT-6BT FC. The locations of 1

2 {ooo} and 1
2 {ooe} SRs are marked with arrows. . . 51

4.3 TEM images of NBT-3BT FC. (a) A grain with square-net pattern viewed along
[131]pc and corresponding SAED pattern (b). (c) SAED pattern of the [110]pc zone
axis, depicting 1

2 {ooo} SRs (R3c) and corresponding grain in BF mode in (d), in DF
mode obtained from the main 001 reflection in (e) and from the 1

2 (111) SR in (f). 52
4.4 TEM micrographs of NBT-6BT FC. (a) The P4bm phase can show nanometer-sized

domains (indicated by arrows). (b) A grain with a circular area (d), where 1
2 {ooe}

SRs are absent from the corresponding SAED pattern, while they are present in
the rest of the grain indicating the P4bm symmetry (c). The position of the SAED
aperture for (c) and (d) is marked in (b). . . . . . . . . . . . . . . . . . . . . . . . . . . 53

4.5 (a) TEM-BF image of a grain in NBT-6BT FC and corresponding [103]pc SAED
pattern as inset where both 1

2 {ooo} and 1
2 {ooe} SRs occur. The area framed in

white is enlarged in (b), displaying some lamellar domains. (c) Corresponding DF
image obtained from the encircled 1

2 (311) SR showing the R3c phase. (d) DF image
obtained from the encircled 1

2 (301) SR, depicting plate-like P4bm nanodomains. . 54
4.6 TEM micrographs of NBT-9BT FC. (a) A grain with lamellar domains (P4mm) and

small areas, where domains are absent (P4bm). (b) The corresponding SAED pattern
exhibits weak 1

2 {ooe} SRs. (c) DF image of another grain with small R3c areas (BF
image as inset), obtained from a weak 1

2 {ooo} SR marked in the SAED pattern in (d). 55
4.7 (a) TEM image of a grain in NBT-12BT FC depicted along the [100]pc zone axis

(SAED pattern as inset). The (011)pc and (011)pc domain walls are oriented edge-on
and indicated with dashed lines. (b) Another grain, where the homogeneous region
shows very weak 1

2 {ooo} SRs associated to R3c in the [110]pc SAED pattern (c),
while they are absent in the SAED pattern of the lamellar domains (d). . . . . . . . . 56

4.8 TEM micrographs of triple-grain junctions in NBT-9BT FC. (a) Non-wetted grain
junction (SAED patterns of grain 1 and 2 as insets) and (b) corresponding HRTEM
image. (c) Triple-grain junction with secondary phase (EDS spectrum as inset). (d)
HRTEM image and FFT (inset) showing the amorphous nature of the secondary phase. 57

152



4.9 Film thickness determination of a wetted grain boundary in NBT-3BT FC. The graph
in (a) is obtained by measuring fringe distances at different defocus values. (b) BF
image of the grain boundary at a negative defocus value (df). The fringe distance is
measured in the corresponding intensity profile. (c) The grain boundary in focus
and (d) at a positive defocus value. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58

4.10 Ba content determined in the four NBT-BT FC compositions. (a) Exemplary EDS
spectrum of a grain in NBT-6BT FC. The inset depicts the Ba Kα1 and Kα2 peaks and
stoichiometric (nominal) and measured Ba atom % values of the four compositions.
(b) EELS spectra displaying the Ba M5- and M4-edges, which exhibit an increasing
peak intensity with increasing Ba content. . . . . . . . . . . . . . . . . . . . . . . . . . . 59

4.11 Qualitative volume fractions of the phase assemblage in the compositional range
between 3 and 12 mol % BT deduced from the TEM study. The characteristic
domain/nanodomain features of each phase are illustrated in the TEM-BF images. . 60

4.12 TEM-BF images comparing NBT-3BT FC and Q (both viewed along the [131]pc
zone axis). A complex domain structure is present in NBT-3BT FC (a), while the Q
specimen exhibits a lamellar domain structure (b). . . . . . . . . . . . . . . . . . . . . 63

4.13 TEM micrographs of NBT-3BT Q. (a) BF image of a grain viewed along [110]pc.
The position of the SAED aperture is indicated and the SAED pattern is displayed
in (b). The encircled 1

2 (111) SR was used to obtain the DF image in (c), where
only the lower left grain section appears bright and is of R3c symmetry. The rest of
the grain depicts a herringbone-type domain configuration as illustrated in (d) with
R3m symmetry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

4.14 (a) TEM-BF image of the herringbone structure in NBT-3BT Q. Domain walls are
indicated as dashed lines and the polarization (P) with arrows. The corresponding
[110]pc SAED pattern, where 1

2 {ooo} SRs are absent, is depicted in the inset. (b) and
(c) illustrate unit cell schematics of the two possible {110}pc domain wall orientations

and polarization directions. (b) In the left schematic, the (011) / (011) plane pair
is given in green and blue and the (001) plane in red. In the middle schematic,
the (110) viewing plane (gray), the [111] and [111] polarization directions (white
arrows), the [111] (pink arrow) and [111] (yellow arrow) polarization directions are
shown. The schematic on the right illustrates the polarization in the domains of the
herringbone pattern. Domain walls are shown as lines and polarization directions
as arrows in the respective color (• for pointing out of the viewing plane and ⊗ for
pointing into the viewing plane). The same description as for (b) applies for the
(101) / (101) plane pair in (c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65

4.15 TEM-BF images comparing NBT-6BT FC and Q. (a) A grain with homogeneous
contrast in NBT-6BT FC. (b) A grain with enhanced lamellar domain contrast in
NBT-6BT Q. Both grains are viewed along the [110]pc direction. . . . . . . . . . . . . 66

4.16 (a) TEM-BF image of a grain with strong lamellar domain contrast viewed along
[121]pc. Both types of SRs appear in the SAED pattern (inset). (b) DF image formed

with the encircled 1
2 (113) SR showing a large volume fraction of the R3c phase. . . 67

4.17 (a) TEM-BF image of a grain in NBT-6BT Q showing R and T lamellar domains. (b)
Corresponding SAED pattern of the [112]pc zone axis where 1

2 {ooo} and 1
2 {ooe}

SRs are visible. (c) DF image of the encircled 1
2 (131) SR showing the R3c domains.

(d) DF image of the encircled 1
2 (132) SR showing the P4bm nanodomains, which

coexist with P4mm lamellar domains. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

153



4.18 BF images of NBT-9BT FC (a) and Q (b), showing a comparable domain contrast.
Both grains are viewed along the [120]pc zone axis. NBT-12BT FC (c) and Q (d)
also show comparable lamellar domain configurations. Both grains are depicted
from the [110]pc zone axis. The inset in (d) shows a corresponding DF image of a
residual R3c phase obtained employing a 1

2 {ooo} SR. . . . . . . . . . . . . . . . . . . . 69
4.19 TEM micrographs and SAED patterns of a grain in NBT-9BT Q viewed from different

zone axes. (a) BF image where fringes (see also the inset) appear along the inclined
90° domain walls (DW). (b) Corresponding [120]pc SAED pattern. (c) The grain

viewed from the [010]pc direction, where the 90° domain walls on (101)pc and
(101)pc planes (dashed lines) appear edge-on. Their alternating bright and dark
contrast and a zigzag 180° domain wall is magnified in the inset. (d) Reflection
splitting is visible in the corresponding SAED pattern. The location of the SAED
aperture is marked in (c). (e) The grain viewed along [131]pc, where inclined
180° domain walls become visible (inset, marked with arrows) and corresponding
SAED pattern in (f). Note the pronounced contrast change of the 1

2 {ooe} SRs with
respective orientation of the SAED pattern. . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.20 (a) TEM-BF image of tetragonal domains in NBT-12BT Q. The inset in (a) is magnified
in the HRTEM image in (b). The polarization direction is noted with arrows. (c)
Corresponding FFT image, where the split 002 reflection is masked as indicated
by the yellow and blue circles. The superimposed inverse FFTs of both masked
reflections is depicted in (d). The magnified insets show lattice fringes which are
perpendicular to the c and a axis in the blue and yellow area, respectively. . . . . . . 72

4.21 PFM analysis of domains in NBT-9BT FC. (a) Vertical amplitude image showing
lamellar 90° domain walls (DW), as well as 180° watermarks and zigzag domain
walls (inset). (b) Corresponding lateral amplitude image. (c) Vertical phase image
and line profile (1) over several domains marked in red. (d) Lateral phase image
and corresponding line profile (2). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 74

4.22 Comparative PFM images (lateral amplitude) of the NBT-BT FC and Q specimens.
(a) NBT-3BT FC, (b) NBT-3BT Q, (c) NBT-6BT FC, (d) NBT-6BT Q, (e) NBT-9BT
FC, (f) NBT-9BT Q, (g) NBT-12BT FC and (h) NBT-12BT Q. . . . . . . . . . . . . . . . 75

4.23 TEM micrographs of poled NBT-6BT FC. (a) BF image showing an enhanced lamellar
domain contrast. (b) Corresponding DF image obtained from the encircled 1

2 (111)
SR illustrating the R3c phase (SAED pattern as inset). . . . . . . . . . . . . . . . . . . . 76

4.24 TEM micrographs of poled NBT-6BT Q. (a) A grain viewed along the [131]pc zone
axis (SAED pattern as inset) displaying lamellar tetragonal domains. (b) DF image
obtained with the encircled 1

2 (113) SR in the SAED pattern (see inset), highlighting
an irregular R3c area. (c) DF image obtained from the 110 reflection. (d) WBDF
image of the 002 reflection. Bright discontinuities (defects) become visible and
domain walls and thickness fringes appear as narrow lines. Note the higher image
resolution of the WBDF technique as compared to the regular DF image shown in (c). 77

4.25 TEM-BF images of poled NBT-9BT FC (a) and poled NBT-9BT Q (b), both character-
ized by abundant tetragonal lamellar domains. . . . . . . . . . . . . . . . . . . . . . . . 78

4.26 SEM micrographs of chemically etched NBT-6BT and -9BT obtained in BSE mode.
(a) Unpoled NBT-6BT FC, (b) poled NBT-6BT FC, (c) unpoled NBT-6BT Q, (d) poled
NBT-6BT Q, (e) unpoled NBT-9BT FC, (f) poled NBT-9BT FC, (g) unpoled NBT-9BT
Q and (h) poled NBT-9BT Q. The white arrows indicate fine lamellar domains in (b)
and (c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79

154



4.27 PFM images (lateral amplitude) illustrating the domain pattern in poled NBT-6BT
and -9BT. (a) Poled NBT-6BT FC, (b) poled NBT-6BT Q, (c) poled NBT-9BT FC and
(d) poled NBT-9BT Q. Note that wavy 180° domain walls are absent. . . . . . . . . . 80

4.28 EELS spectra of NBT-BT FC and Q specimens, displaying the near-edge structure of
the Ti L3- and L2-edges and the O K-edge. No changes in peak position and in the
fine structure could be discerned between FC and Q specimens, implying that no
change in Ti-valency occurred upon quenching. . . . . . . . . . . . . . . . . . . . . . . 82

4.29 Schematic of the domain patterns in the four NBT-BT FC and Q compositions.
Significant differences arise for the NBT-3BT and -6BT specimens. . . . . . . . . . . . 83

4.30 Comparison of the qualitative phase volume fractions in the compositional range
between 3 and 12 mol % BT in NBT-BT FC and Q specimens. . . . . . . . . . . . . . . 84

4.31 Rhombohedral (90◦ −α) and tetragonal ((c/a)− 1) lattice distortion of NBT-BT FC
and Q as function of the BT content obtained from X-ray powder diffraction (data
acquired by A. Wohninsland, graph reproduced from Ref. 267 with permission of
AIP Publishing). R, T and C denote a rhombohedral, tetragonal and cubic symmetry.
The increase in rhombohedral and tetragonal distortion, especially in NBT-6BT Q,
correlates to the increased lamellar domain contrast observed via TEM and shown
on the right. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

4.32 Real (ϵ′) and imaginary (ϵ′′) part of the temperature-dependent permittivity of the
four unpoled NBT-BT FC and Q compositions (data acquired by A. Wohninsland and
reprinted from Ref. 267 with permission of AIP Publishing). Both permittivity and
TEM data was obtained from the same sample batch. . . . . . . . . . . . . . . . . . . . 86

4.33 Temperature-dependent evolution in NBT-6BT FC. (a) BF image of the grain at 25 °C,
depicting R3c domains and a homogeneous P4bm area. (b) DF image of the 1

2 {ooo}
SR encircled in (d), showing the R3c phase. (c) DF image of the 1

2 {ooe} SR encircled
in (d), showing the P4bm nanodomains. (d) SAED pattern of the depicted [121]pc
zone axis. The same applies for the grain imaged at 120 °C in (e)-(f) and at 220 °C
in (i)-(l) (reprinted from Ref. 289 with permission of John Wiley and Sons). . . . . 90

4.34 Temperature-dependent evolution of a grain in NBT-6BT FC. (a) BF image of the
grain at 25 °C and corresponding SAED pattern in (b). The comparing BF image
and SAED pattern of the grain at 400 °C is displayed in (c) and (d) and after the
experiment when the grain is cooled down again to 25 °C in (e) and (f). Weak 1

2
{ooo} SRs prevail at 400 °C, although the R3c domain contrast has disappeared. . . 91

4.35 (a) SAED pattern of a grain in NBT-6BT Q viewed along the [123]pc zone axis.
(b) DF image at room temperature obtained from the encircled 1

2 {ooo} SR in (a)
showing the R3c phase. (c) DF image at 200 °C obtained from the encircled 1

2 {ooe}
SR, illustrating that the area has transformed into P4bm nanodomains. . . . . . . . . 92

4.36 Intensity of 1
2 {ooo} and 1

2 {ooe} SRs in a single grain in NBT-6BT FC (a) and Q
(b) during the heating and cooling process in the TEM derived from SAED patterns
recorded at the specific temperatures. The ratio between the maximum intensity of
the SR (ISR) and the mean background intensity (IB) is depicted. . . . . . . . . . . . 93

4.37 A grain in NBT-6BT Q viewed along the [111]pc zone axis. (a) SAED pattern with
1
2 {ooe} SRs. (b) BF image at 25 °C, (c) at 260 °C, (d) at 300 °C, (e) directly after
cooling at 25 °C and (f) three days later at 25 °C. . . . . . . . . . . . . . . . . . . . . . 94

4.38 Evolution of tetragonal (P4mm) and rhombohedral (R3c) domains in NBT-6BT Q.
(a) SAED pattern of the central grain, (b) BF image at 25 °C, (c) at 140 °C, (d) at
180 °C, (e) at 240 °C and (f) at 300 °C. (g) The grains upon cooling at 220 °C and

155



at room temperature (h). Only few domains reappear directly after cooling, but
have returned in (i), when imaged several days later (image rotation is due to the
rotation of the sample in the holder). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

4.39 Temperature-dependent depolarization of a grain in poled NBT-6BT FC. (a) [131]pc
SAED pattern and (b) BF image at 25 °C before heating. (c) Domains start to
disappear at 80 °C and further vanish at 100 °C (d), 120 °C (e), 160 °C (f) and
up to 200 °C (g). (h) The grain at 25 °C directly after cooling, exhibiting a grainy
nanoscale contrast. (i) No domains have reappeared the next day, indicating that
the relaxor state is stable upon annealing. . . . . . . . . . . . . . . . . . . . . . . . . . . 96

4.40 DF images illustrating the evolution of the R3c phase in poled NBT-6BT FC. (a)
The large R3c volume fraction at 25 °C becomes smaller when heated to 100 °C
(b) and has almost disappeared at 120 °C (c). Only very small rhombohedral areas
(indicated with arrows) reappear after cooling (d). Accordingly, 1

2 {ooo} SRs feature
a high intensity before heating (e) and are almost gone upon cooling (f). . . . . . . 97

4.41 Temperature-dependent depolarization of a grain in poled NBT-6BT Q. (a) [120]pc
SAED pattern, (b) BF image at 25 °C with strong lamellar domain contrast, which is
still present at 130 °C (c) and 150 °C (d). Domains start to disintegrate visibly at
170 °C (e), which continues through 200 °C (f) to 250 °C (g). Domains reappear
upon cooling (h) and are visible the next day (i). . . . . . . . . . . . . . . . . . . . . . 98

4.42 Schematic illustrating the temperature-dependent evolution of estimated phase
fractions in unpoled NBT-6BT FC (a) and NBT-6BT Q (b), deduced from the TEM
heating experiments. Tetragonal P4mm domains are abundant in NBT-6BT Q and
stable at high temperatures, enhancing Td (dashed white line). . . . . . . . . . . . . . 99

4.43 Temperature-dependent real (ϵ′) and imaginary (ϵ′′) part of the permittivity in
poled NBT-6BT FC (a) and Q (b). The temperature ranges where R and T domains
disappear are noted in both graphs (permittivity data acquired by A. Wohninsland). 101

4.44 Comparison of the ferroelectric and relaxor structure. (a) TEM-BF image of ferro-
electric domains in NBT-9BT Q, viewed along [100]pc (SAED pattern as inset). (b)
Domain wall in HRTEM with a width of 1.5 nm. (c) TEM-BF image of the grainy
nanoscale relaxor structure in NBT-6BT Q, viewed along [010]pc (SAED pattern as
inset). (d) Corresponding area in HRTEM showing no distinct features. The inset
illustrates a magnified view of the HRTEM image. . . . . . . . . . . . . . . . . . . . . . 103

4.45 Plate-like P4bm nanodomains in NBT-6BT FC. (a) BF image with grainy nanoscale
contrast. The inset illustrates the location of the three {001}pc platelet variants
within the unit cell. (b) Corresponding [111]pc SAED pattern. (c) Enlarged region
indicating the three SR variants: 1

2 (oeo), 1
2 (eoo) and 1

2 (ooe). (d)-(f) DF images
obtained from each SR variant, noted with the respective color. The elongation
direction of the nanodomains projected on the viewing plane is indicated by the
colored arrows and corresponds to the arrows in the schematic in (a). . . . . . . . . 104

4.46 (a) HRTEM image of a grain in NBT-6BT FC viewed along the [111]pc zone axis.
(b) Corresponding FFT, where the three SR variants, 1

2 (oeo), 1
2 (eoo) and 1

2 (ooe)

are masked. (c) Overlay of the three inverse FFTs obtained from the masked SRs.
Nanoregions corresponding to the SR variants are displayed in the respective color. 105

4.47 (a) SAED pattern of NBT-6BT FC viewed along the [013]pc zone axis. A 1
2 (eoo)

SR, the 1
2 (031) reflection, and a 1

2 {ooo} SR, the 1
2 (131) reflection, are encircled

and corresponding DF images are displayed in (b) and (c), respectively. Among
the plate-like P4bm nanodomains, a minor fraction of R3c nanodomains is present,

156



depicted in (c). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
4.48 (a) BF image of a grain in NBT-9BT FC. The location of the SAED aperture for

obtaining the SAED patterns in (b) and (c) is noted. In (b), 1
2 {ooe} SRs are clearly

visible in the diffraction pattern and the intensity profile (location marked by the
rectangle in the SAED pattern). In (c), very weak SRs only become visible in the
intensity profile. (d) DF image obtained from a 1

2 {ooe} SR. (e) Color overlay
emphasizing the intergrowth of nanodomains and lamellar domains (reproduced
from Ref. 297 with permission of the American Physical Society). . . . . . . . . . . . 107

4.49 (a) A grain in NBT-12BT FC displaying lamellar ferroelectric P4mm domains. (b)
Corresponding DF image of the same area obtained from the encircled 1

2 {ooe} SR,
visible in the [001]pc SAED pattern (inset). The image reveals P4bm nanodomains
embedded within the lamellar P4mm domains. . . . . . . . . . . . . . . . . . . . . . . . 108

4.50 P4bm and R3c nanodomains in NBT-12BT. (a) BF image of a grain in NBT-12BT FC.
(b) Corresponding DF image showing the P4bm nanodomains. The location of the
domain walls is indicated with dashed lines. (c) Corresponding DF image of the R3c

nanodomains. The same description applies for NBT-12BT Q in (d)-(f). . . . . . . . 109
4.51 HRSTEM imaging of a NBT-6BT ceramic. (a) HAADF image, (b) BF image and (c)

ABF image. The structural schematic illustrates the positions of the respective atoms.109
4.52 HAADF images of NBT-6BT FC (a) and Q (b). The inset on the bottom right depicts

the respective same image with increased contrast. Colored rectangles illustrate
positions of intensity line profiles, which are displayed in (c). No chemical ordering
pattern is visible. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110

4.53 (a) STEM-BF image of tetragonal PZT with lamellar 90° domains. The boxed area
indicates the position of the HAADF image displayed in (b). The polar displacement
of Ti4+/Zr4+ with reference to the A-site lattice is given as yellow arrows. The
polarization vectors change by 90° when crossing the domain wall (dashed line). . 111

4.54 Mapping of the polar displacement in NBT-6BT, -9BT and -12BT FC. (a) High-
resolution HAADF image of NBT-6BT viewed along [010]pc, illustrating the relative
displacement of Ti4+ with reference to the A-site lattice (yellow arrows). Island-like
regions (PNRs) with a pronounced polarization are highlighted with dotted white
lines. (b) Magnitude of the polar displacement. (c) Angle color map emphasizing
the direction changes of the polar displacement. The same description applies for
NBT-9BT in (d)-(f) and for NBT-12BT in (g)-(i). The boxed area in (i) is magnified
in Fig. 4.55 (reprinted from Ref. 297 with permission of the American Physical
Society). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.55 (a) HAADF image of a 90° domain wall in NBT-12BT FC (inset in Fig. 4.54(i)). The
polarization direction is given as yellow arrows and the domain wall is indicated
by the dashed line. The c and a axes are denoted in each domain. The colored
rectangles indicate intensity profiles, exemplary depicted in (b). The plot in (c)
illustrates the differences in lattice spacing along the a and c axes in both domains.
Values were obtained from ten intensity profiles each. . . . . . . . . . . . . . . . . . . 113

4.56 High-resolution HAADF images of NBT-6BT FC (a) and Q (b) viewed along [001]pc
with comparable heterogeneous polar displacements (yellow arrows). PNRs with a
pronounced displacement are noted with dotted lines. . . . . . . . . . . . . . . . . . . 114

4.57 (a) TEM-DF image of a grain in NBT-6BT FC showing P4bm nanodomains (obtained
from a 1

2 {ooe} SR). Bright clusters as indicated of approx. 25 nm in size appear.
(b) HAADF image of the yellow boxed region marked in (a), which illustrates that

157



variances in the polar displacement occur within a nanodomain. . . . . . . . . . . . . 115
4.58 Schematic of the evolution of the nanoscale structure in NBT-BT with increasing

BT content. Nanodomains of P4bm and R3c symmetry exist at the MPB and are
embedded within ferroelectric P4mm domains in BT-rich compositions. . . . . . . . 116

4.59 Schematics of the R3c, P4bm and P4mm crystal structure. The tilt axis in R3c and
P4bm is noted. Differences in the symmetry operations in P4bm and P4mm are
displayed (solid lines = mirror planes, dashed lines = glide planes). . . . . . . . . . 117

5.1 Schematic illustrating that the depolarization temperature (Td) is lowest for MPB
compositions, while the piezoelectric properties (exemplary d33) are maximized.
Increasing Td in order to improve the temperature-dependent performance without
deteriorating the piezoelectric properties can be achieved via chemical modification
(doping, composite formation) or an alternative processing such as quenching. . . . 123

A.1 Water-quenched NBT-6BT specimen. (a) Micrograph of the polished TEM specimen
displaying microcracks. A piece of the fractured ceramic pellet is displayed in the
inset. (b) TEM-BF micrograph of the water-quenched specimen showing an enhanced
lamellar domain contrast. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

A.2 TEM micrographs of NBT-6BT FC (a) and Q (b), obtained from the near-surface
area of the sintered pellet (see inset in (a)). The FC specimen displays no strong
domain contrast as expected for the relaxor composition, while abundant lamellar
domains occur in the Q specimen. This matches with the observations made on
the conventionally obtained NBT-6BT FC and Q specimens from the center of the
ceramic pellet. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145

A.3 (a) TEM micrograph of NBT-6BT Q, where annealing at 400 °C was omitted during
sample preparation. A strong lamellar domain contrast is visible as observed in
specimens, which were annealed. Equally, a phase coexistence of R3c and P4bm is
present, deduced from the occurrence of 1

2 {ooo} and 1
2 {ooe} SRs (b). This indicates

no significant influence of the annealing step onto the morphology of the domain
structure and the phase assemblage. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

A.4 EELS spectra obtained from three different grains within the same NBT-6BT Q
specimen, displaying the near-edge structure of the Ti L3- and L2-edges. Slight
variances in the peak shape are present, when comparing the different spectra
(indicated with arrows). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

A.5 (a) TEM-BF image of a grain in poled NBT-6BT Q, where lamellar P4mm domains
appear. (b) The corresponding DF image obtained from the encircled 1

2 {ooe} SR in
the SAED pattern (inset) illustrates that P4bm nanodomains are embedded within
the poled ferroelectric domain structure. . . . . . . . . . . . . . . . . . . . . . . . . . . . 147

158



List of Tables

4.1 Different zone axes and possible and observed superlattice reflections (SRs) in the
four NBT-BT compositions. The 1

2 {ooo} SRs can be associated to R3c and the 1
2

{ooe} SRs to P4bm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
4.2 Temperature ranges for the disappearance and reappearance of domain structures in

unpoled and poled NBT-6BT FC and Q, deduced from the TEM-heating experiments.100

159





Acknowledgments

I am very grateful that I was given the opportunity to write this dissertation in the research group
Geomaterial Science at the TU Darmstadt under the supervision of Prof. Dr. Hans-Joachim Kleebe. I
would like to thank him for enabling me to write my PhD thesis and guiding me along the way
this past years. I highly valued his support, encouragement and constructive advice. I very much
appreciated the opportunity to pursue own research ideas in a pleasant environment, where doors
and ears where always open for scientific discussions.

I would like to express my gratitude to Prof. Dr. Jürgen Rödel for being the second reviewer of this
work. Likewise, I would like to thank the committee members Prof. Dr. Christoph Schüth and Prof.
Dr. Oliver Clemens for their time and interest.

I am especially thankful to Dr. Lalitha Kodumudi Venkataraman, who guided the project and who
was always supportive and took time for my concerns. I highly appreciated her scientific input and
feedback and I am glad that I could learn from her knowledge and experience.

I would like to thank my project colleague Andreas Wohninsland for the scientific exchange, the
great cooperation and his help in many things. Thanks for providing me with ceramic samples and
keeping me connected to the NAW group.

I would like to especially thank Dr. Stefan Lauterbach for taking the time and introducing me to the
world of TEM. I highly appreciated his continuous support and help, whenever technical problems
occurred.

I would like to thank Ulrike Kunz for her insightful advice at the SEM.

I am very thankful to Dr. Fangping Zhuo, who took the time and effort to introduce me to PFM,
assisted the analyses and gave advice in sample preparation and data interpretation.

Now, I am glad to say that I enjoyed working in the Geomaterial Science group, thanks to my
great colleagues. First of all, I am very thankful to Maximilian Trapp, who especially assisted me
when I was new to the group, introduced me to the sample preparation techniques with a lot of
patience and who was always helpful and enthusiastic in discussing TEM-related topics. I thank all
my PhD fellows, Max, Johannes, Hui, Emilia, Kerstin, Mathis, Tobias and Nathalie for the pleasant
time together, the scientific and non-scientific conversations and the occasional activities outside of
work.

I also thank Prof. Dr. Ute Kolb for her enthusiastic engagement and Angelika Willführ for her
administrative support.

I would like to thank my family, my parents and my brother, for their everlasting support and love
not only during the PhD, but in all circumstances in life.

Finally, I thank my partner Robert for his unlimited moral support during all the ups and downs
and for always being there for me.

161





Publications & Conference Contributions

Publications

1. Fetzer, A.-K., Wohninsland, A., K.V., Lalitha & Kleebe, H.-J. Nanoscale polar regions embedded
within ferroelectric domains in Na1/2Bi1/2TiO3-BaTiO3. Phys. Rev. Mater. 6, 064409 (2022).

2. Wohninsland, A., Fetzer, A.-K., Broughton, R., Jones, J. L. & K.V., Lalitha. Structural and
microstructural description of relaxor-ferroelectric transition in quenched Na1/2Bi1/2TiO3-
BaTiO3. J. Materiomics 8, 823-832 (2022).

3. Fetzer, A.-K., Wohninsland, A., K.V., Lalitha & Kleebe, H.-J. In situ hot-stage TEM of the
phase and domain evolution in quenched Na1/2Bi1/2TiO3-BaTiO3. J. Am. Ceram. Soc. 105,
2878-2888 (2022).

4. Fetzer, A.-K., Wohninsland, A., Hofmann, K., Clemens, O., Kodumudi Venkataraman, L. &
Kleebe, H.-J. Domain structure and phase evolution in quenched and furnace cooled lead-free
Na1/2Bi1/2TiO3-BaTiO3 ceramics. Open Ceramics 5, 100077 (2021).

5. Fetzer, A.-K.,Trapp, M., Lauterbach, S. & Kleebe, H.-J. Introduction to Transmission Electron
Microscopy; The Basics. In Encyclopedia of Materials: Technical Ceramics and Glasses (ed.
Pomeroy, M.) 578-599 (Elsevier, Amsterdam, 2021).

6. Wohninsland, A., Fetzer, A.-K., Riaz, A., Kleebe, H.-J., Rödel, J. & Kodumudi Venkataraman,
L. Correlation between enhanced lattice distortion and volume fraction of polar nanoregions
in quenched Na1/2Bi1/2TiO3-BaTiO3 ceramics. Appl. Phys. Lett. 118, 072903 (2021).

7. Feng, B., Fetzer, A.-K., Ulrich, A. S., Galetz, M. C., Kleebe, H.-J. & Ionescu, E. Monolithic
ZrB2-based UHTCs using polymer-derived Si(Zr,B)CN as sintering aid. J. Am. Ceram. Soc.

105, 99-110 (2021).

Conference Contributions

1. Fetzer, A.-K., Wohninsland, A., Kodumudi Venkataraman, L. & Kleebe, H.-J. Transmission
electron microscopy study of the local structure in Na1/2Bi1/2TiO3-BaTiO3 ceramics. Ceramics

in Europe, Krakow, Poland, 07/2022 (invited talk).

2. Fetzer, A.-K., Wohninsland, A., Kodumudi Venkataraman, L. & Kleebe, H.-J. Evolution of
domain morphology in quenched Na1/2Bi1/2TiO3-BaTiO3 ceramics by in situ transmission
electron microscopy. 6th International Conference on Advanced Electromaterials, Jeju, South
Korea, 11/2021 (oral presentation).

3. Fetzer, A.-K., Wohninsland, A., Kodumudi Venkataraman, L. & Kleebe, H.-J. Transmission
electron microscopy study on quenching-induced domain structure and phase assemblage
in Na1/2Bi1/2TiO3-BaTiO3 ceramics. Microscopy Conference, Vienna, Austria, 08/2021 (oral

163



presentation).

4. Fetzer, A.-K., Wohninsland, A., Kodumudi Venkataraman, L. & Kleebe, H.-J. A transmission
electron microscopy study of the domain morphology and phase assemblage in quenched
versus furnace cooled lead-free Na1/2Bi1/2TiO3-BaTiO3. MSE Congress, Darmstadt, Germany,
09/2020 (oral presentation).

5. Fetzer, A.-K., Wohninsland, A., Kodumudi Venkataraman, L. & Kleebe, H.-J. Comparison
of domain morphology and phase evolution in quenched and furnace cooled lead-free
Na1/2Bi1/2TiO3-BaTiO3 ceramics. Electroceramics XVII Conference, Darmstadt, Germany,
08/2020 (oral presentation).

164




	Abbreviations & Symbols
	Abstract
	Introduction
	Motivation
	Objective & Concept

	Theory & Literature Review
	Ferroelectrics
	From Di- over Piezo- to Pyroelectrics
	Ferroelectric Characteristics
	Morphotropic Phase Boundary
	Lead-Free Ferroelectrics

	Ferroelectric Domains
	Domain Formation
	Domain Wall Orientation
	Poling of Domains

	Tilt Systems in Perovskite Oxides
	Relaxor Ferroelectrics
	Relaxor vs. Ferroelectric Characteristics
	Polar Nanoregions and Relaxor Models

	The NBT-BT System
	Potential of NBT-BT Ceramics
	Di- and Piezoelectric Properties & Phase Diagrams
	The End Members NBT and BT
	Structure of Unpoled NBT-BT
	Structure of Poled NBT-BT
	Quenching of NBT-BT-Based Ceramics


	Materials & Methods
	Specimen Preparation
	Ceramic Pellet Sintering
	TEM Specimen Preparation
	SEM and PFM Specimen Preparation

	Conventional Transmission Electron Microscopy (TEM)
	Theoretical Aspects of TEM
	Ferroelectric Domain Imaging in TEM

	In-Situ Hot-Stage TEM
	Scanning Transmission Electron Microscopy (STEM)
	Electron Energy-Loss Spectroscopy (EELS)
	Scanning Electron Microscopy (SEM)
	Piezoresponse Force Microscopy (PFM)

	Results & Discussion
	Composition-Dependent Domain Structure and Phase Assemblage
	NBT-Rich Composition (NBT-3BT)
	Relaxor MPB Composition (NBT-6BT)
	Near-MPB Composition (NBT-9BT)
	BT-Rich Composition (NBT-12BT)
	Secondary Phase and Grain Boundaries
	Discussion of Composition-Dependent Domain and Phase Evolution

	Quenching-Induced Domain Structure and Phase Assemblage
	Domains and Phase Mixture in Quenched NBT-3BT
	Lamellar Domain Contrast in Quenched NBT-6BT
	Quenching of BT-Rich Compositions
	Tilt Series of Tetragonal Domains
	Polarization Orientation in Tetragonal Domains
	Domain Configuration Analyzed by PFM
	Structure of Poled MPB Compositions
	Electron Energy-Loss Spectroscopy on NBT-BT
	Discussion of Quenching-Induced Structural Changes

	Temperature-Dependent Domain and Phase Assemblage
	Temperature-Dependent Evolution of Furnace Cooled NBT-6BT
	Temperature-Dependent Evolution of Quenched NBT-6BT
	Temperature-Dependent Depolarization of Poled NBT-6BT
	Discussion of Temperature-Dependent Domain and Phase Evolution

	The Nanoscale Structure of NBT-BT
	Ferroelectric Domains and Nanodomains in HRTEM
	Nanodomains in Relaxor NBT-6BT
	Association of Nanodomains and Ferroelectric Domains
	High-Resolution STEM and Chemical Disorder
	Polar Displacement
	Discussion of Nanoscale Structure in NBT-BT


	Conclusions & Outlook
	Bibliography
	Appendix
	List of Figures
	List of Tables
	Acknowledgments
	Publications & Conference Contributions

