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Abstract 

This thesis investigates the configurations and thermal mobility of ferroelectric-

ferroelastic domains in both poly- and single-crystalline form of the seminal 

ferroelectric, BaTiO3. These studies have resulted primarily from (S)TEM methods, 

performed on free-standing thin-film lamellae, with a strong emphasis on in situ TEM 

techniques. The results here presented are accompanied with relevant theory, 

discussed in the context of existing literature, and complimented by PFM studies. 

 

To begin, a static study of domain continuity across grain boundaries in polycrystalline 

lamellae is presented. Domain continuity is speculated to impact the ferroelectric 

properties of polycrystalline ceramics, however, the link to experimental evidence up 

to date is limited, greatly hindering the applicability and fundamental understanding 

of this phenomenon. With careful experimental design, the microstructural 

arrangements across 11 individual grain boundaries in bi-grain and tri-grain junctions 

in lamellae samples were analysed by STEM and rationalised with reference to 

martensite crystallography. A pleasing agreement of minimal strain and polarisation 

mismatch for a pair of domain variants at the grain boundary was found in all cases 

where domain wall continuity was observed. Following on from this, the experimental 

observations were used to investigate theoretical combinations of bi-grain junctions, 

providing a significant advancement in the understanding of specific cases where 

domain wall continuity can be expected. The presented method gives a valuable insight 

into how domain compatibility can be used as a tool to explore and design 

microstructural arrangement in polycrystalline ferroelectrics and presents, for the first 

time, a comprehensive experimental data set that analyses domain wall continuity.  

 

Next, whilst switching behaviour under external electric fields has received large 

literature attention, thermal behaviours have been studied to a much lesser extent and 

there are still many aspects that are not well understood. Here, dedicated in situ TEM 

techniques were utilised to investigate the thermal dynamic behaviour of BaTiO3 

lamella. In situ heat cycling experiments were performed on a simple <100>pc single-

crystal system as an initial check. After optimisation, several interesting behaviours 

were observed including: (i) TC is pushed to higher temperatures (> 150°C), than bulk 

BaTiO3 (120°C) (ii) domains have significant thermal mobility far below TC and (iii) 



 

 

vacuum annealing promotes complex metastable domain configurations of competing 

domain variants. Comparison to <110>pc lamella revealed an interesting orientation 

dependence on the thermal activities, which was later rationalised by the promotion 

and subsequent mobility of oxygen vacancies within the different crystalline 

orientations. Importantly, in situ PFM experiments yielded similar observations, 

proving that in situ (S)TEM can offer an alternative and complimentary approach for 

dynamic studies of ferroelectrics. These in situ studies were combined with advanced 

strain mapping techniques, measuring the local elastic competition between domain 

variants in singular needle junctions as well as more complex domain structures 

induced by high temperature annealing. To the authors knowledge, this is the first time 

that 4D STEM has been combined with in situ heating to probe local strain fields in 

free-standing ferroelectric single-crystals. Once the behaviour of single crystals was 

completed, we compared these to in situ STEM heating studies of bi-grain junctions 

in polycrystalline lamellae and larger scale in situ SEM studies. This comparison 

indicated that both mechanical boundary conditions of the lamella and high 

temperature annealing in vacuum can induce interesting thermal behaviours in free-

standing thin film ferroelectrics. 

 

Lastly, the observations from an exploratory research project utilising the recent 

advancement in windowed in situ gas and heating TEM technology are presented. The 

main aim was to study the ferroelectric-ferroelastic domain behaviour in <100>pc 

BaTiO3 under distinct chemical environments and temperature including vacuum, 

oxygen-rich, inert, and reducing atmospheres. This experiment, the first of its kind for 

free-standing thin film ferroelectrics, was designed to further our understanding of the 

mechanisms responsible for charge compensation that drives the formation of domains 

in ferroelectric materials. The results here presented offer a valuable and direct insight 

into the delicate link between the domain stability and the chemical environment. 

These observations were related to current literature of the ferroelectric surface, with 

particular attention placed on the role of adsorbates in determining the polarisation of 

domains, and the role of polarisation in determining the surface chemistry. These 

preliminary findings motivate further exploration and use of this technique in the 

pursuit of novel pathways to tuneable ferroelectric surface chemistry. 
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1. Introduction 

Ferroelectrics make up an important and intriguing class of materials that possess a 

wide range of functional properties that are utilised in modern devices such as sensors 

and actuators. Last year saw an important milestone for the field [1], marking 100 

years since the ferroelectric properties of Rochelle salt were first discovered by J. 

Valasek at the University of Minnesota in 1921 [2]. However, the ‘modern era’ of 

ferroelectrics is only considered to have begun after the discovery of the perovskite 

oxide, barium titanate (BaTiO3), in the 1940’s. Since then, there have been continuous 

developments in the field, with many new ferroelectric materials discovered and 

fabricated in different forms, from bulk ceramics to thin-films and nanoparticles. It is 

the switchable nature of domains (ferroelastic and ferroelectric) that makes 

ferroelectrics so attractive for their application in smart devices. While studies of 

ferroelectric domain formation and switching are common, performed mainly by 

piezoresponce force microscopy (PFM) experiments, considerably less attention has 

been placed on microscopy studies of the thermal responses of ferroelectric materials.  

 

The development of ferroelectric materials has been made hand in hand with 

characterisation techniques, mainly PFM and transmission electron microscopy 

(TEM) and often a combination of both are routinely used. New frontiers of in situ 

electron microscopy have seen the development of a variety of in situ holders and fast 

acquisition cameras, which have become an ideal tool for probing the dynamics of a 

material while applying an external stimulus. The results from in situ TEM 

experiments form the main backbone of this thesis. In this introductory chapter, some 

fundamental concepts, and details of ferroelectric materials necessary to understand 

the experimental results, are discussed.  
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1.1 Ferroelectric materials 

Ferroelectrics offer a wide range of fascinating functional properties that are exploited 

in today’s device technologies. Ferroelectric materials are polar dielectric crystals, that 

possess a spontaneous polarisation (Ps) in the absence of an electric field, due to the 

alignment of permanent electric dipoles in the unit cells [3]. To be classed as 

ferroelectric, the Ps must be able to switch to at least one other stable energetically 

degenerate state when a sufficiently large electric field is applied. Analogous to 

ferromagnets, which display magnetisation/magnetic field hysteresis (M-H 

hysteresis), electric field cycling in ferroelectrics results in characteristic polarisation 

hysteresis (P-E hysteresis). A typical ferroelectric response to electric field cycling has 

been shown in a schematic plot of polarisation (P) versus electric field (E) in Fig. 1.1. 

As the electric field increases from zero, the dipole moments begin to align parallel to 

the field and the overall polarisation increases. The polarisation saturates (+Psat) at the 

point where all the dipole moments align and will only increase further due to the 

relative permittivity of the material (note that the gradient of the P/E curve is equal to 

the permittivity). The saturation value for the Ps is given by the extrapolation of this 

line back to the abscissa [3]. If the field is reduced to zero, most of the dipoles remain 

aligned, leaving a remanent polarisation (Pr), of slightly lower value than the Ps. In 

similar fashion, if the electric field is then increased in the opposite direction, the 

dipoles begin to reorient or ‘switch’ to align parallel to the new negative electric field. 

At a certain point the polarisation saturates (-Psat) and the negative saturated 

spontaneous polarisation (-Ps) and remanent polarisation upon removal of the electric 

field (-Pr) can be defined. Another important feature of the hysteresis loop is the size 

of the field required to reduce the polarisation to zero, called the coercive field (Ec), 

which can be defined for the positive and negative directions. The hysteresis loop 

clearly shows the ability of a ferroelectric material to be switched from one stable state 

to another upon application of an external electric field. The switching ability and ease 

of conversion between two or more stable polarisation states often defines the 

performance of the ferroelectric material, forming an attractive and important class of 

high-density and nonvolatile memories [4-6]. 
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Figure 1.1: Schematic of a typical ferroelectric hysteresis loop measuring polarisation 

(P) with electric field (E) cycling. Important features of the hysteresis loop are labelled, 

including the remanent polarisation (Pr), spontaneous polarisation (Ps), saturation 

polarisation (Psat) and coercive field (Ec). The arrows indicate the dipole moments of 

the domains. 

 

Further to the switching capability, a wide spectrum of functional properties can be 

found in ferroelectric materials. Figure 1.2 displays the crystalline point groups 

classification by their electric properties, showing how ferroelectrics fit into the other 

classes of dielectric materials. If a material is ferroelectric, by default it will also 

exhibit other properties such as piezo- and pyroelectricity. Of the 32 crystalline point 

groups, 21 point groups are non-centrosymmetric. Of these, 20 point groups exhibit 

the phenomenon of piezoelectricity, where applied stress generates a charge separation 

on the faces of the crystal (direct piezoelectric effect) and the material undergoes 

mechanical strain when subjected to an electric field (converse piezoelectric effect). 

Piezoelectricity is a phenomenon that is widely exploited in electronic devices. Ten of 

these point groups also possess a unique axis of symmetry, hence are polar and will 

exhibit pyroelectricity, meaning that a charge separation appears on the surface when 

the temperature is changed. Ferroelectrics then form a sub-class of pyroelectric 

materials which display a reversible polarisation when subject to an external electric 

field cycling. 
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Figure 1.2: The path to ferroelectricity. (a) Diagram to show the relationship between 

the crystalline point groups and the sub-classes of piezoelectric, pyroelectric, and 

ferroelectric materials. Inspiration from [7]. (b) Venn diagram showing how 

ferroelectric materials fit into different classes of dielectric materials. Reimagined 

from [3]. 

 

1.2 Phase transitions: a thermodynamic description 

In most ferroelectrics, the polar state only exists over a limited range of temperatures. 

At high temperatures, the material is typically in some highly symmetric non-polar 

paraelectric phase, and it is only when the material is cooled below the Curie 

temperature (TC), that a structural phase transition to a lower symmetry polar 

ferroelectric phase occurs. Some ferroelectrics can possess further subsequent phase 

transitions below TC, such as the ferroelectric tetragonal to ferroelectric orthorhombic 

transition in BaTiO3 [8]. The transition occurring near the phase boundary can be 

described by Landau theory [9, 10], which was later adapted by Devonshire [11-13]. 

In a nutshell, Landau theory is a symmetry-based analysis of equilibrium behaviour 

near a phase transition, which considers the extent to which the structural phase 

transition affects the overall free-energy of the system. The excess energy at the phase 

transition, F(Q), can be described by the polynomial expansion of the order parameter, 

Q, given by: 

 

𝐹	(𝑄) = 𝑎𝑄 +	!
"
𝐴𝑄" + !

#
𝑏𝑄# + !

$
𝐵𝑄$ +⋯               (Eqn. 1.1)                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

Ferroelectrics

Pyroelectrics
Piezoelectrics
Dielectrics

(b)(a) Crystalline
(32 point groups)

• 11 centrosymmetric
• 21 Non-centrosymmetric

• 1 Non-piezoelectric
• 20 Piezoelectric

• 10 Non-pyroelectric
• 10 Pyroelectric

• Non-ferroelectric 
(polarisation non-reversible)
• Ferroelectric
(polarisation reversible)

Non-centrosymmetric
(21 point groups)

Piezoelectric
(20 point groups)

Pyroelectric
(10 point groups)
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For a ferroelectric material, the excess energy at the transition, F(P), can be described 

as an expansion of the thermodynamic variables and the order parameter, which is 

polarisation (P). Expanding in Taylor series gives: 

 

     𝐹(𝑃) = !
"
𝐴𝑃" + !

$
𝐵𝑃$ + !

%
𝐶𝑃% +⋯	    (Eqn. 1.2) 

Note that the odd-order terms can be excluded because the polarisation states in the 

unit cell are energetically equivalent, meaning that F does not depend on the sign of P. 

Equilibrium is achieved when F(P) is minimised during the transition, such that: 

 
&'())
&)

= 0 and &!'())
&)!

> 0 

 

In the paraelectric phase above TC, there is zero polarisation. The equilibrium 

conditions can only be satisfied if the term ‘A’ (Eqn. 1.2) is positive. If ‘A’ is negative, 

the polarisation must be larger than zero and the ferroelectric state becomes stable. At 

some temperature therefore, 𝑇 = 𝑇+, ‘A’ changes sign from positive (paraelectric 

phase) to negative (ferroelectric phase). Using Devonshire’s approximation, the 

temperature dependence of ‘A’ develops linearly and is described as the ‘Curie-Weiss’ 

behaviour, where 𝑇+ is the ‘Curie-Weiss’ temperature: 

 

       𝐴 = 𝑎+(𝑇 − 𝑇+)    (Eqn. 1. 3) 

Inserting Eqn. 1.3 into the free energy expansion (Eqn. 1.2) yields:  

 

𝐹(𝑃) = !
"
𝑎+(𝑇 − 𝑇+)𝑃" +

!
$
𝐵𝑃$ + !

%
𝐶𝑃% +⋯	 (Eqn. 1.4) 

Since 𝑎+ and C are positive for ferroelectrics [14],  the term ‘B’ will determine the 

‘order’ of the phase transition when the material is cooled below TC. To be compliant 

with the laws of thermodynamics, solid-state transitions can occur either by: (i) the 

emergence of an infinitesimal quantity of the new phase, or (ii) via an infinitesimal 

‘qualitative’ change occurring uniformly in the bulk of the material [15]. The two most 

common types of phase transition are classified as 2nd order (continuous) or 1st order 

(discontinuous), which describes the development of the order parameter 

(polarisation) through TC. As the names suggest, in the former case, the 
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thermodynamic functions develop continuously through TC, whereas in the latter case, 

there exists “jumps” (or discontinuity) in the physical properties. An expression for 

the electric field can also be obtained. When an electric field is applied parallel to P, 

the energy minimum can be described as [16] : 

 

   &'())
&)

= 𝐸     (Eqn. 1.5) 

By differentiating the free energy expansion in Eqn. 1.4, the expression in terms of 

polarisation becomes: 

 

𝐸 = 𝑎+(𝑇 − 𝑇+)𝑃 + 𝐵𝑃# + 𝐶𝑃,   (Eqn. 1.6) 

The degree of polarisation that occurs in response to an applied electric field is given 

by the electric susceptibility (𝜒), defined by: 

 

 𝜒 = lim
-→+

[&)
&-
]    (Eqn. 1.7) 

Combining Eqn. 1.7 with Eqn. 1.6 and neglecting the negligibly small fifth-order term, 

the electric susceptibility for ‘Curie-Weiss’ behaviour becomes: 

 

       𝜒 = !
/"(010")2#3)#!

   (Eqn. 1.8) 

Where Ps is the equilibrium value for the spontaneous polarisation at zero field. 

Equation 1.8 can be solved to find 𝜒 in relation to the Ps above and below TC, which 

can develop continuously or discontinuously, depending on the order of the transition 

(described below). 

 

1.2.1 Second-order (continuous) 
 

In a second order phase transition, the order parameter increases continuously with 

temperature at zero field (E = 0) below TC. In this case, the transition occurs 

homogeneously, with no overheating or overcooling at the critical points, such that the 

structural change is infinitesimal [15]. The TC is the same as the Curie-Weiss 

temperature, T0, such that a  second-order phase transition is not compatible with phase 

coexistence at any temperature. A second order phase transition occurs when the term 
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‘B’ and the sixth-order terms are negligibly small in the free energy expansion. The Ps 

for T < TC can be determined from Eqn. 1.6 to obtain: 

 

         𝑃4 = ±;/"
3
(𝑇5 − 𝑇)   (Eqn. 1.9) 

Note that as soon as T < TC (where TC = T0), the polarisation falls to zero and the 

curve acquires a double-minimum form, where the minima at non-zero values of 

displacement correspond to two solutions of equal, but opposite, magnitude, 

equivalent to ±P6 (purple line in Fig. 1.3a). This develops continuously away from 

the TC (red line in Fig. 1.3a). Therefore, at no point does either phase become 

metastable and no intrinsic hysteresis is observed at the transition. Above TC, the 

polarisation is zero and the free energy is indicated by a single energy well (blue line 

in Fig. 1.3a. From Eqn. 1.8, the electric susceptibility, 𝜒, is expected to diverge 

towards infinity at TC, see Fig. 1.3b. Second order transitions are much less common 

than first order transitions. One example is the transition in triglycine sulphate (TGS), 

which is considered to be the most typical second-order phase transition [17]. 

 
Figure 1.3: Representative schematics of the thermodynamics of a second order 

phase transition. (a) Free energy (F) as a function of polarisation (P) for T << TC (red 

line), T<TC (purple line), T = TC (green line) and T > TC (blue line). A plot of Ps 

against T shows the continuous development of the polarisation as a function of 

temperature (red line) as well as the Curie-Weiss behaviour of the electric 

susceptibility (𝜒, black line) and inverse electric susceptibility (𝜒1!, dashed blue 

line). 

 

F

P
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1.2.2 First-order (discontinuous) 
 

Most phase transitions are first-order, meaning that they exhibit a discontinuity in the 

first derivative of the free energy with respect to the external field (the order parameter) 

at TC. At the critical point, dissimilar to second order phase transitions, the transition 

occurs abruptly and there is a sudden rearrangement of the crystal lattice. The phase 

change is associated with the absorption or release of latent heat, where the two phases 

are not related, meaning that overheating or overcooling is possible [15]. Therefore, 

phase coexistence is compatible with first-order transitions. A first order phase 

transition occurs in the scenario when the term ‘B’ is negative, and the term ‘C’ (the 

sixth-order term) is included in Eqn. 1.4. A first-order transition is represented 

schematically in Fig. 1.4. In a first order transition, the Curie-Weiss temperature is less 

than the Curie temperature, 𝑇+ < 𝑇7 , which leads to metastable polarisation states near 

the transition. Far above TC (T>>TC), the free-energy profile has a single minimum at 

zero-polarisation and below T0 (T < T0) the typical double well energy well 

corresponding to the two polarisation states exist (see blue and red line in Fig. 1.4a, 

respectively). During cooling, the polarisation varies continuously until TC, when there 

is a discontinuity in the energy. When cooled to just above TC, non-zero polarisation 

minima form, albeit it at a slightly higher energy than the paraelectric phase, resulting 

in a stable paraelectric and metastable ferroelectric phase (dashed blue line). At TC, all 

three minima are degenerate (black line), until further cooling results in the non-zero 

Ps (i.e. the ferroelectric phase) becoming energetically favourable. In the temperature 

regime  𝑇+ < 𝑇 < 𝑇5 (dashed green line) the paraelectric phase is metastable, see Fig. 

1.4b. Only when T < T0 does the typical double minima behaviour for the ferroelectric 

behaviour occur. Therefore, during cooling through TC, the phase transition to the 

ferroelectric state occurs discontinuously, with a sudden jump to the non-zero 

polarisation state, see red line in Fig. 1.4c. The Ps, determined from eqn. 1.4, for the 

low temperature phase becomes: 

 

       𝑃4" =
13±$/"7(010")

"7
               (Eqn. 1.10)  

The discontinuous jump in polarisation is further demonstrated by the development of 

the electric susceptibility, 𝜒, during the phase transition temperature, see Fig. 1.4c. 

BaTiO3 (BTO) is one such material that exhibits first order phase transitions [18]. 
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To identify a transition as first or second order, the process needs to be established as 

either local or homogenous. A first-order phase transition can be easily distinguished 

from a second-order by the presence of indicators such as an interface, a heterophase 

state or hysteresis, which are all inherently linked to each other. Intrinsic hysteresis 

at a first-order phase transition can be rationalised by considering the temperature 

regimes during heating and cooling through TC, detailed in Fig. 1.4a and 1.4b. When 

heated from T<T0 to T=TC, the energy is lowest in the well of the double minima 

(±P6). When T>TC, the polar phase becomes metastable, however, further activation 

energy associated with the nucleation of the non-polar phase is required to transition 

from the ferroelectric to the non-polar phase. Only in the T>>TC regime does the 

material exist in the well of the single minima of the paraelectric phase. During 

cooling however from above TC to T<T0, the single minima can easily ‘slide’ into the 

double minima of the ferroelectric phase, with no extra activation energy associated 

with the nucleation of the new phase. Hence, TC is typically higher during heating 

through TC and is lower when cooling through TC. This gives rise to intrinsic 

hysteresis. A second-order phase transition is harder to identify than a first order 

transition, because the lack of an indicator such as hysteresis is a not sufficient proof, 

considering that discontinuities may be too small to measure. 

 
Figure 1.4: Representative schematics for the thermodynamics of a first order phase 

transition. (a,b) Free energy (F) as a function of polarisation (P) for various 

temperature regimes surrounding the transition. (c) A plot of Ps against T shows the 
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discontinuous development of polarisation as a function at TC (red line) as well as the 

Curie-Weiss behaviour of the electric susceptibility (𝜒, black line) and inverse electric 

susceptibility (𝜒1!, dashed blue line). 

 

1.3 Perovskite ferroelectrics 

Visualisation of the unit cell structure is useful when determining how the Ps can 

manifest in a crystal system. Perhaps the most important structural family of today’s 

ferroelectrics are the perovskites, which were named after the structure of the mineral 

perovskite, CaTiO3. The ideal perovskite structure has a simple arrangement of ions, 

with general formula ABO3, where ‘A’ is a mono-, di- or tri-valent cation and ‘B’ is a 

tri-, tetra-, penta- or hexa-valent cation, respectively [19]. Both cations bind to the 

oxygen (or other anion, ‘X’) in different coordination numbers due to size difference 

(‘A’ ions are normally larger than the ‘B’ ions). The ‘A’ atoms occupy the cubic 

corner, ‘B’ the body centres, with the oxygen at the centre of the twelve cube edges. 

This gives rise to network of corner-linked BO6 octahedra arranged in a simple cubic 

pattern, with the ‘A’ atoms occupying the space in-between, see Fig. 1.5 [20]. The 

structure is very tolerant and can accommodate many different ions. Above the TC, a 

perovskite material is typically in a cubic state, where the crystal is centrosymmetric. 

This structure cannot support a net dipole moment and is paraelectric, see Fig. 1.5a. 

When the material is cooled from the non-polar phase to the ferroelectric phase below 

TC, the unit cell spontaneously distorts to a lower symmetry, and the ionic sublattices 

displace relative to one another, see Fig. 1.5b. When the lattice shifts occur in the same 

direction, this results in a net charge displacement, a net dipole moment and a Ps. The 

example shown in Fig. 1.5 depicts a cubic (m3m) to tetragonal (4mm) phase transition. 

In this case, the ‘A’ and ‘B’ ions become displaced relative to the anion framework 

along one of the cubic <001> directions, which defines the unique polar c-axis, where 

the polar axis length ‘c’ is higher than the other two axes, ‘at’. The ‘B’ ion has two 

energetically equivalent off-centre positions, corresponding to ±𝑃4, which create the 

basic conditions for switchable ferroelectric polarisation. It should be noted that this 

is only an example of a phase transition resulting in ferroelectricity. Symmetry 

breaking resulting in Ps does not require elongation of one axes of the unit cell and 

indeed, not all tetragonal space groups are polar. 
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Figure 1.5: Schematic of a perovskite ABO3 structure in the (a) paraelectric cubic 

phase and (b) the ferroelectric tetragonal phase, where elongation of the c axis with 

respect to the other two axes results in a spontaneous polarisation (Ps). 

 

1.3.1 Barium titanate 
 

BaTiO3 (BTO) was the first ferroelectric perovskite to be discovered in the 1940’s and 

has now been of practical interest for more than 70 years, owing to its excellent 

dielectric, ferroelectric, and piezoelectric properties [21]. These properties, coupled 

with its relatively simple structure, has spurred much scientific progress towards 

understanding the underlying physics of ferroelectricity on the microscopic scale, so 

much so that BTO is now considered a didactic standard ferroelectric. BTO exists in a 

prototypical perovskite structure above the material’s TC (bulk TC ~ 120°C). When 

cooled below TC, it undergoes three successive ferroelectric phase transitions. The first 

transition is from the cubic (C, point group m3m) to the tetragonal (T, point group 

4mm) at ~120°C, then from T to orthorhombic (O, point group mm) ~5°C and finally 

from the O to a rhombohedral phase (R, point group 3m) < -90°C, see Fig. 1.6 [22]. A 

first-order behaviour is observed at every phase transition in BTO, each presenting a 

unique polar axis: <001>, <011> and <111> for the T, O and R phase, respectively. 

Additionally, each transition is accompanied by a discontinuity in the lattice 

polarisation, lattice constant, and many other properties, see Fig. 1.7. Typically, there 

is a small hysteresis that exists at each transition temperature. The level of hysteresis 
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B
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depends on several parameters, such as the rate of temperature change, the presence 

of mechanical stresses and crystal imperfections [16].  

 

 
Figure 1.6: The phase transitions in BaTiO3, modified from [22]. 

 
Figure 1.7: Graphs to show the evolution of various properties of BTO as a function 

of temperature. Anisotropic properties are shown with respect to the lattice distortion. 

The change in (a) lattice constants, (b) spontaneous polarisation, Ps, and (c) relative 

permittivity, 𝜖9, are shown as a function of temperature. Figure modified from [16]. 

[001]
[001]
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Considering that much of this thesis concerns in situ heating of BTO between room 

temperature (RT) and above TC, only the cubic and tetragonal phase (and to a lesser 

extent the orthogonal phase) will be detailed. In the tetragonal phase, there are three 

axes along which the Ti4+ ion can displace, resulting in six energetically equivalent 

polar directions (domain variants), three of which are also ferroelastic [23]. 

Ferroelastic materials are analogous to ferroelectrics, where the order parameter is 

spontaneous strain in this case, which can be reproducibly switched between states by 

application of mechanical stress.  

 

In addition to the order of the phase transition, introduced in section 1.2, structural 

phase transitions can also be classified as either displacive or order-disorder at the 

microscopic level, which are driven by fundamentally different forces. A large class 

of phase transitions are displacive, meaning they are driven by the displacements of 

ions or atoms. The experimental signature of the displacive class is an underdamped 

soft-mode. While in the order-disorder case, the atoms change from some split 

occupation probability to a more ordered configuration within the same set of atomic 

positions [24]. It is now widely believed that these two classes are not mutually 

exclusive, but that a mixture of order-disorder and displacive character will occur at 

the phase transitions in BTO [25] Therefore, the traditional picture that depicts the 

displacement of the Ti4+ along the c-axis gives a rather simplistic model for the 

generation of the spontaneous polarisation, and it has been suggested for quite some 

time that an alternative model may be in play here. Namely, that the polarisation arises 

due to time-averaging spontaneous displacements along the <111> corner directions. 

Equally in the cubic phase, the Ti4+ ion is not static, but bounces between all eight 

corner sites with equal probability such that the averaged polarisation is zero [26, 27]. 

In the more complex orthorhombic phase, the polarization is along the pseudocubic 

(pc) <110>pc direction. There are twelve ferroelectric and six ferroelastic orientation 

states. The time averaged polarisation in the orthorhombic phase can be described in 

a consistent manner, by oscillation between two <111> sites [28].  

 

1.4 Ferroelectric domains 

As mentioned in previous sections, a ferroelectric material is defined by its order 

parameter, Ps, and Curie temperature (TC). The polarisation can point to at least two 
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symmetrically equivalent directions and can be switched between the two polarities 

via an external electric field [3]. In an ideal (defect-free) infinite ferroic crystal, the 

energetically favourable state is one where all the dipoles are coaligned. However, no 

ferroelectric material is infinitely uniform, as supposed by Landau theory. In real 

crystals, there are additional factors, such as the presence of crystal surfaces and 

imperfections that must be considered.  

 

Ferroelectric surfaces that are perpendicular to the ferroelectric polarisation (Ps) have 

bound charges, which are created by the discontinuity of polarisation as a consequence 

of classical electrostatic equations [29]. This results in an energetically costly field, 

called a ‘depolarising field’, Edep, which forms opposite to the polarisation direction, 

see Fig. 1.8a. In highly insulating ferroelectrics, Edep exists even in the absence of an 

external electric field due to the charge (−𝑉@. 𝑃4), originating from the surface or from 

inhomogeneities [30]. The depolarising field plays a key role in ferroelectrics, because 

it opposes the local dipole ordering which can destroy the Ps [31]. When the Edep is not 

fully compensated, the remanent polarisation is supressed. If no compensating 

mechanisms are available, then the ferroelectric phase becomes completely unstable. 

This field becomes larger if the thickness between two charged surfaces decreases, 

scaling inversely with the separation. Therefore, the effect of Edep is much stronger in 

thin films than in bulk samples. Eventually, the ferroelectricity destabilises at some 

critical thickness [32].  

 

Extrinsically, the depolarising field can be minimised by screening the surface charges 

with surface adsorbates or metallic electrodes, see Fig. 1.8b. For example, water is a 

commonly found adsorbate on ferroelectric materials that have been exposed to 

ambient atmospheres, where the dipolar character and ionic conductivity plays an 

important role in the screening of depolarisation fields [33]. The adsorbates can also 

play a role in band bending, which refers to the process in which the electronic band 

structure curves up or down the surface of the ferroelectric. For example, 

electronegative (electropositive) adsorbates can lead to upward (downward) band 

bending, which causes local changes in the electronic structure at the ferroelectric 

surface [34]. 
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The material also has an intrinsic screening mechanism to decrease the depolarising 

field, which manifests in assemblies of spontaneously polarised unit cells, see Fig. 

1.8c. Regions of uniform polarisation are called domains, where neighbouring 

domains with anti-aligned polarisation are called ‘180°’ domains. Each domain has a 

macroscopic Ps, such that the net polarisation at the surface becomes zero. As the 

domain density increases, there is a more complete self-screening of the bound surface 

charge, which alleviates the depolarisation field fully, see Fig. 1.8d. However, the 

density of 180° domains also depends on the boundary conditions such as the crystal 

size, shape, orientation, local structural defects and critically, the energy associated 

with the formation of the domain wall [31]. A domain wall physically separates two 

domains. A material will therefore form a single-domain state, or break into multiple 

nanodomains, depending on the boundary conditions [35, 36], the knowledge of which 

has been used as a building block to engineer advantageous domain patterns for 

specific applications, creating the field known as domain engineering [37-39]. 

 
Figure 1.8: Schematic to show the screening processes at the surface of a ferroelectric 

material. In a (a) monodomain state, the build-up of the electric stray field (curved 

dotted black arrows) induces a depolarising field (Edep) in the opposite direction to the 

spontaneous polarisation, Ps. This surface can be (b) screened via some adsorbate or 

metallic electrode, or (c) reduced by forming 180° domains. As the (d) density of the 

180° domains increases, this leads to smaller electric stray fields. Inspiration from [31].  
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1.5 Ferroelastic domains 

Analogous to its sister ferroics, ferroelasticity is defined by its hysteresis, in this case 

an elastic hysteresis. Similar to ferroelectrics, most ferroelastics undergo a phase 

transition between a paraelastic and ferroelastic phase, where the order parameter is 

the spontaneous strain, caused by the deformation of the crystal at the phase transition. 

Elastic hysteresis involves the mechanical switching between two orientation states of 

crystal by applying an external stress, leading to significant applications in 

piezoelectric sensors and mechanical switches. Ferroelasticity is the most common 

non-linear effect in natural materials and can exist as a standalone property in materials 

like lanthanum aluminate (LaAlO3) [40]. More commonly however, it exists in other 

ferroics, where the spontaneous strain couples to the ferroelectric and/or ferromagnetic 

properties [41]. In materials such as BTO, the orientational state of the ferroelectric 

crystal can also be shifted by the application of a mechanical stress as well as electric 

field, and the material also qualifies as ferroelastic. For BTO, the coexistence of both 

ferroelectric and ferroelastic domains leads to a strong intrinsic coupling between the 

spontaneous strain and polarisation. When cooling from TC, the unit cell spontaneously 

deforms into the lower symmetry tetragonal phase and the material changes volume. 

To maintain the shape of the initial paraelastic state, the tetragonal crystal splits into 

‘90°’ domains, where the polar orientations either side of the wall are very close to 

orthogonal to each other, see Fig. 1.9. More precisely, the unit cell orientations and Ps 

are separated by (90° − 	𝜃), where 𝜃 is dependent on the tetragonality as: 

 

𝜃 = 2 tan1! I5
/
J − 90°            (Eqn. 1.11) 

Both 180° and 90° domains can reduce the electrostatic energy and depolarisation field 

in a ferroelectric; however, only 90° domains can alleviate the spontaneous strains. 

90° domains are physically separated by ferroelectric-ferroelastic domain walls, where 

the Ps differs by 90° across the domain wall. Ferroelastic domain walls mediate a 90° 

rotation of the polarisation vector and c axis of the unit cell, which produces the local 

strains necessary to accommodate the lattice parameter mismatch [42]. In the 

tetragonal phase of BTO, 90° domain walls lie exclusively on the pseudocubic (pc) 

<110>pc crystallographic planes, whilst 180° domain walls lie mostly, but not 

exclusively, on the <100>pc planes.   
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This thesis predominantly deals with the visualisation of 90° domains in tetragonal 

phase BTO lamellae using various microscopy methods. The projection of 90° domain 

walls changes depending on the viewing axis, see Fig. 1.10. In the figure, the cube 

represents a simple 90° periodic domain pattern contained within a larger structure of 

domains. When viewed from the front face, the Ps in neighbouring domains are 

orthogonal to each other (90°). The domain walls are viewed along their habit <110>pc 

axis, where all of the polar components lie completely in the plane of the face, see Fig. 

1.10a. These are called ‘a1-a2’ domains. When the same domains are viewed from the 

top or side face, the domain walls become projected along the <100>pc crystallographic 

axis, see Figs. 1.10b and 1.10d. The polar component (Ps) of one domain is in the plane 

of the face (a) and the other is out of the plane (c). These are therefore called ‘a-c’ 

domains. Note that in these domains, there is projection effect onto the rear face (see 

dashed lines), such that the domain width appears larger by a factor of 20.5 [43]. A 

three-dimensional (3D) schematic of the cube is shown in Fig. 1.10c. 

 
Figure 1.9: Schematic to show the formation of the ferroelectric-ferroelastic 90° 

domains in an attempt to conserve the original shape of the material. (a) The elastic 

deformation, +𝑆:;, arising from the elongation of the c-axis, causes a deviation from 

the original shape. (b) 90° domain formation reduces the elastic energy and (c) returns 

the shape closer to the original paraelectric material. Reimagined from [43]. 
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Figure 1.10: Schematic to show the projection of 90° domains in a ferroelectric cube 

observed from different faces. When viewed from the (a) front face, the domains are 

‘a1-a2’ type. These same domains viewed from the (b) top and (d) side face are now 

‘a-c’ domain patterns. A 3D representation of this is shown in (c), which has been 

modified from [44].  
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1.6 Domain walls  

Domains are regions in the crystal where the ferroelectric polarisation and strain are 

homogeneous. Domain walls are topological defects in the parent crystal structure that 

physically separate domains, which show local variations in the symmetry and strain 

[45]. Domain walls can be atomically sharp, forming interfaces that separate domains 

of nanometre scale dimensions. They can be created, erased, and moved by application 

of an external field [46]. Domain walls are very attractive because they possess novel 

properties and functionalities that differ to that of the domains and, in contrast to other 

types of interfaces, they are moveable entities that respond to external stimuli such as 

temperature, strain, and pressure. For example, domain walls can be more conductive, 

electrically charged, or mechanically strained than the domains they separate [35, 46]. 

These local functionalities arise on very small scales due to changes in topology and 

defect concentration. Thus, the presence and density of domain walls can greatly 

effect, and even control, the properties of the material. The displacement of domain 

walls can lead to large, dynamic contributions to the electrical and mechanical 

properties of the ferroelectric [47]; an effect often called domain wall contribution, 

which can dominate the macroscopic response of the material [35, 48].  

 

In general, there are three fundamental types of domain walls in ferroic materials, 

known as Ising-, Bloch-, and Néel type walls, see Fig. 1.11. The walls in ferroelectrics 

are typically thinner than ferromagnets. This occurs because the anisotropy and dipole-

dipole interaction (the equivalent of magnetic exchange energy) are of the same order 

of magnitude, meaning that narrower domain walls are favoured. Considering this, the 

order parameter at the wall must change much faster in ferroelectrics than in 

ferromagnets. Therefore, for a long time, ferroelectric domain walls were generally 

considered to be Ising-like, meaning there is an abrupt change of polarisation through 

the wall, accommodated by a reduction in the magnitude of the polarisation, see Fig. 

1.11a [45]. In contrast, the exchange energy dominates in ferromagnets, where anti-

aligned immediate spin neighbours are unfavourable. Therefore, a gradual rotation of 

the order parameter across the wall is preferred. In a Bloch wall, the order parameter 

does not reduce in magnitude, but rather rotates through the plane of the wall, see Fig. 

1.11b. A Néel type wall is similar, except in this case the order parameter rotates 

perpendicular to the domain wall, see Fig. 1.11c. It has been found recently however, 
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that 180° domain walls in ferroelectrics are predominantly Ising-like, but have mixed 

Bloch and/or Neèl-like fluctuations [49, 50]. Ising-Bloch like features of the domain 

wall character is attributed to the flexoelectric effect [51]. The existence of the Néel 

wall is still under debate. 

 

 
Figure 1.11: Fundamental types of domain walls in ferroic materials. (a) Ising-type 

wall, (b) Bloch-type wall and (c) Neèl-type wall. Adapted from [52]. 

 

The domain size in ferroelectric materials is determined by the competition between 

the energy compensation of the domains (controlled by the boundary conditions) and 

the energy associated with the formation of the domain walls [45]. Smaller domains 

have lower depolarisation and elastic energies, but the energy gained by reducing 

domain size must be balanced by the cost of creating the domain wall. In general, the 

need to minimise the energy associated with the surface fields overcomes the barrier 

of domain wall formation and hence domains appear. The size of the domains can be 

predicted by what is known as Kittel’s scaling law, where the domain width is 

inversely proportional to one over the square root of the thickness [53, 54]. Kittel’s 

work was expanded to cover ferroelectrics by Mitsui and Furuichi [55] and 

ferroelastics by Roytburd [56]. The models can be generalised, such that the free 

energy component, ‘G’ can be expressed as: 

 

𝐺 = 𝑈< +
=&
>

              (Eqn. 1.12) 

Where ‘U’ is the areal energy density associated with charged surfaces, ‘𝛾’ is the 

domain wall energy density, ‘𝑑’ is the thickness of the plate and ‘w’ is the width of the 

domain. Minimising the total energy with respect to thickness, i.e., under the 

equilibrium conditions, (dF/dw = 0), gives [57]: 

 

𝑤" = 𝛾 &
<

             (Eqn. 1.13) 

(a) (b) (c)
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Which gives rise to a square root dependence of the domain size with the film 

thickness: 

           𝑤?@A = ;=&
>

              (Eqn. 1.14) 

When ‘U’ is magnetostatic it is Kittel’s law [53, 54], when it is electrostatic, it is Mitsui 

and Furuichi’s law [55], and when it is elastic it becomes Roytburd’s law [56]. These 

laws have held and have been reported in ferroelectrics and multiferroics down to tens 

of nanometre thickness. The scaling of the domain periodicity of ‘a1-a2’ 90° BTO 

single crystal lamellae, very relevant to the results contained within this thesis, was 

investigated by Schilling et al [57]. By studying the thickness dependence of the 

lamella on the domain width, they found that the data adhered to the 𝑤 ∝ 𝑑" relation 

given by Kittel’s law. They obtained a constant of proportionality, s, where s = w2/d = 

9.8 x 10-9 nm. This value was similar to a theoretical value, obtained from Roytburd’s 

treatment of Kittel’s law, where s = 8.5 x 10-9 nm [57]. Using these proportionality 

constants, a theoretical plot of the domain width against the square root of the thickness 

reveals the linear dependence, see Fig 1.12.  

 
Figure 1.12: A theoretical plot of domain width (w) against the square root of the 

thickness (d1/2) using the experimentally and theoretically obtained proportionality 

constants, s, taken from [57], where s = w2/d. 
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So far, only the 90° and 180° domain walls that are found within the tetragonal (T) 

phase of BTO have been discussed. It should be noted at this point that more types of 

domains are possible in the ferroelectric phases of BTO. For example, in the 

orthorhombic (O) phase, 60° and 120° walls, in addition to 90° and 180°, are stable. 

Furthermore, in the rhombohedral (R) phase, 71° and 109° domain walls are 

mechanically compatible and electrically neutral. The domain walls of the different 

ferroelectric phases in BTO can be seen in Fig. 1.13. 

 
Figure 1.13: Set of mechanically compatible and electrically neutral domain walls in 

the ferroelectric phases of BTO. From [28]. 
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1.6.1 Domain walls and defects 
 

Every ferroelectric material contains defects, from point defects to extended defects 

such as dislocations and grain boundaries, which will affect the displacement of the 

domain walls [58]. The formation and structure of domain walls in ferroelectrics 

cannot be understood purely from an energetic point of view. In real perovskites, there 

is the inevitable existence of defects, which can play a significant role in the functional 

properties. The domain-defect interaction defines the energy potentials to move the 

domain walls, where the shape of the energy potential determines the dependence of 

the macroscopic response on the amplitude and frequency of the driving field. 

Therefore, the functionality of perovskite ferroelectrics are concomitant with defects 

[59]. Defects can be intrinsic or extrinsic to the material. Intrinsic defects are caused 

by the misarrangement of atoms in the crystal lattice. Examples include point defects, 

lattice distortion, domains, and domain walls. Extrinsic defects are produced by 

introducing dopants to the system, which occupy lattice interstitial sites in the crystal 

structure.  

 

The consideration of the interactions of domain walls with point defects is important 

for understanding the macroscopic properties of materials, because the presence of 

point defects leads to strong fields, which interacts with the material inhomogeneity at 

the domain walls [60]. Point defects are atomic scale ‘zero dimension’ defects in a 

crystal structure, see Fig 1.14. They include missing atoms called ‘vacancies’, impurity 

atoms on lattice sites called “substitutional impurities”, impurity atoms in non-lattice 

locations called “interstitial impurities” (extrinsic) and interstitial atoms from the host 

lattice called “self-interstitials” (intrinsic). 
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Figure 1.14: Schematic of different types of point defect in a fictional lattice 

composed of A and B atoms. C represents an extrinsic impurity. (a) Perfect lattice, (b) 

‘A’ vacancy, (c) substitutional impurity, (d) interstitial impurity, (e) self-interstitial 

impurity. 

1.6.2 Oxygen vacancies 
 

Oxygen atoms make up 70% of the entire perovskite crystal structure. Therefore, the 

most common and unavoidable type of point defects in these structures are oxygen 

vacancies, which are small imperfections in the unit cell where one oxygen ion has 

been removed [61]. The vacancy-neighbouring atoms adjust to this vacancy and adopt 

new equilibrium positions, driven by the Coulomb electrostatic interactions, resulting 

in an expansion of the crystal lattice [62]. Importantly, an oxygen vacancy forms a 

defect-dipole within the unit cell. The location of the defect-dipole strongly influences 

the ferroelectric switching behaviour, contributing to the unswitchable polarisation 

and influencing the alignment of the ferroelectric dipole in the same cell [63]. 

Thermodynamically, the creation of oxygen vacancies is controlled by the formation 

energy (Δ𝐸B/5). Oxygen vacancies are inherently mobile, but like to localise at domain 

walls, helping the system to accommodate the local differences in the symmetry. 

Domain walls can therefore become pinned by defects, minimising their potential 

energy [45]. A first principles study of domain walls in PbTiO3 has indicated that the 

Δ𝐸B/5 for the formation of oxygen vacancies at the domain wall is lower than in the 

bulk material, confirming the propensity for these defects to migrate to and pin 90° 
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domain walls [64]. It is thought that annealing a material in vacuum will promote 

oxygen vacancy formation. This is important to consider when performing any ultra-

high vacuum (UHV) experiments, such as in a TEM. 

 

1.7 Domain Structures in BaTiO3 

BTO exists in a tetragonal phase below the material’s TC ~ 120°C, where six 

ferroelectric and 3 ferroelectric-ferroelastic variants naturally form patterns of 180° 

and 90° domains. Martensite theory, based on the multi-well Landau theory, predicts 

that these domains will form characteristic patterns of low energy domain walls, 

which conform to simple electrical (electrostatic) and mechanical (elastic) 

compatibility conditions [65]. Domain walls with a low energy configuration are said 

to be compatible if they have no net charge (continuity of the normal component of 

electrical polarisation) and no dislocations (continuity of lattice strain) at the 

boundary [66]. For a pair of ferroelectric domains i and j with lattice strain states 

𝛆: , 𝛆;, and corresponding polarisation vectors pi, pj, the interface normal vector n of 

a compatible domain wall must satisfy [65-69]: 

 

𝛆: − 𝛆; =
!
"
(𝐚 ⊗ 𝐧 + 𝐧⊗ 𝐚)             (Eqn. 1.15) 

X𝐩: − 𝐩;Z ∙ 𝐧 = 0             (Eqn. 1.16) 

 

Provided a vector a exists that satisfies Eqn. 1.15, there is a compatibility of strains. 

Equation 1.16 ensures continuity of electrical polarisation, giving a charge-free 

domain wall in the absence of external electric field or stress. Commonly, domain 

patterns in ferroelectric single crystals will form laminates of alternating patterns [68, 

70], which balance the energetic cost of the domain wall and the energy gain from 

the domain itself. These energetic contributions will also determine the domain 

spacing. It is also possible that minimum energy is achieved by the formation of 

multi-rank lamination [67], consisting of several laminates sandwiched together. For 

example, the commonly observed herringbone domain is a rank-2 type compatible 

laminate [22]. Several examples of exactly compatible domain structures have been 

described in the literature [66, 70-72]. 
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In addition to multi-rank laminates, needle domains are also commonly found in BTO 

[73], where their presence is significant for determining the poling, switching and 

piezoelectric behaviour of the material [35]. Needle domains are thin lamellar 

domains that terminate within the crystal volume. In the tetragonal phase, the two 90° 

sidewalls, which satisfy Eqn. 1.15 and 1.16, deviate from the compatible <110>pc 

crystallographic plane to terminate at the needle tip. These needle tips are known to 

be highly active points during ferroelastic switching [74], associated with the regions 

of high elastic energy (strain) that develop near the 90° boundaries [75-77]. Other 

interesting domain patterns seen in BTO single crystal include stable flux-closure 

domains, which consists of a quadrant of 90° stripe domains. In this case, the 

polarisation in each quadrant lies parallel to the surface, minimising the overall 

depolarisation energy. Such polarisation vortex patterns have been seen in single 

crystal BTO lamellae samples [78].  

It is widely accepted that the microstructure of domains present can control the 

physical properties of ferroelectric materials. This has led to a dedicated branch of 

domain engineering, which has developed rapidly with the aim to produce, tune and 

control specific domain structures with reproducibility, in ferroelectric materials [79-

81]. The types of domain structures that occur naturally in a ferroelectric material is 

largely determined by the electrical and mechanical boundary conditions present. The 

domain structures present in bulk single crystal, for example, can be largely different 

to those found in the same material in polycrystalline or thin film form, see sections 

1.8 and 1.9 respectively. 

1.8 Polycrystalline ferroelectrics 

A single-crystalline, or mono-crystalline material is one in which the entire crystal 

lattice is continuous and unbroken to the edges of the material’s boundaries. Single-

crystals are exceedingly rare in nature, because entropic effects will favour 

imperfections, such as impurities, inhomogeneous strain, and crystallographic defects. 

The absence of defects can often give single-crystals unique properties, meaning they 

can be useful for specific applications. However, the necessary laboratory conditions 

required, make single-crystal growth both time-consuming and expensive. Therefore, 

most ferroelectric materials used in today’s applications, such as sensors and actuators, 

are polycrystalline, due to their electromechanical properties, low cost, and ease of 
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preparation [82]. The most common type of polycrystalline ferroelectric is called a 

ceramic, which is typically made by some sintering method, where the constituent 

materials are fused together using a combination of pressure and temperature. The 

result is a complex landscape consisting of many single-crystal grains of differing size 

and orientation, which are separated by grain boundaries. Due to the more complex 

structure of a ceramic, the domain structure can differ widely from those of single 

crystals, largely because the domain structure is formed under clamped conditions 

[71]. The formation of domains, in any ferroelectric, is mainly governed by three 

factors: the domain wall energy, the electrostatic energy, and the elastic energy. In a 

single-crystal, the resulting domain configuration balances these energies, which are 

mainly dependent on the thickness of the crystal plate, or the boundary conditions 

present [83]. However, every grain in a ceramic material is clamped by its neighbours 

in all 3Ds. To preserve the gross grain shape during the paraelectric to ferroelectric 

transition, the grains are often forced to form intricate patterns of ferroelastic domains 

to alleviate the high internal stresses.  

 

The domain structure and properties of polycrystalline ceramics have been extensively 

studied. The resultant domain patterns are influenced by the size [71, 84-86] and 

orientation of the grains [87, 88], the presence of grain boundaries [87, 89] and to a 

lesser extent, other sintering factors such as the porosity [90]. All of these parameters 

can affect the domain switching and thus the global properties of the ceramics. For 

example, the domain size has been shown to decrease with the square root of the grain 

diameter [71, 86], with dielectric and piezoelectric measurements proving that domain 

wall motion decreases with decreasing grain size [91-93]. Fine-grained ceramics (<

3µm diameter) tend to favour a simple laminar structure, whereas coarse-grain 

ceramics (> 3µm diameter) favour banded structure as a method to allow stress relief 

[70]. This can be seen in secondary electron microscopy (SEM) images of two 

different BaTiO3 ceramics, which have nominally different average grain sizes, see 

Fig. 1.15. 
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Figure 1.15: Figure to show the difference in the domain structure of ceramics with 

different grain sizes. (a) Simple laminar structure, average grain size < 5 um, (b) 

banded laminar structure, coarse grained ceramic average grain size ~25 um. 

1.8.1 Grain boundaries 
 

Two grains of differing orientation meet without disruption in the continuity of the 

material at interfaces called grain boundaries. A grain boundary is a 2D planar defect, 

which occurs as the result of uneven growth when the solid is crystallizing. Unlike 

domain walls, which are intrinsic mobile interfaces, a grain boundary is immobile at 

low temperatures and can act as a pinning centre in ferroelectrics. They tend to inhibit 

domain wall motion during switching [58]. The interaction of domains with and across 

grain boundaries is therefore of high scientific and practical interest because grain 

boundaries are known to affect the domain mobility and ferroelectric properties [58, 

94-96]. In a polycrystalline sample, when external fields are applied, each grain will 

interact mechanically and electrically with its neighbours, which influences the 

macroscopic response of the sample. The grain to grain interactions can be 

considerable and they affect intrinsic and domain wall responses of the material [47]. 

Essentially, the domain structure can only deform, or ‘switch’ by a cooperative motion 

of the adjacent grains [71].  

 

Experimentally, it has been observed that the interaction of ferroelastic domains is 

generally stronger when the misorientation between neighbouring grains is lower [97]. 

Grain boundaries with large tilt angles also tend to hamper domain wall motion, 

(a) (b)

5 μm 20 μm
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whereas low-angle grain boundaries can enhance domain wall motion close to the 

boundary [98]. It has been suggested that where the conditions are such that 

ferroelectric domains can be continuous across the grain boundary, then the 

compatibility stress, caused by electrostrictive elastic stress under an external electric 

field would be small [99]. In the case where a domain wall can be continuous, there is 

no change in the spontaneous polarisation or strain at the boundary [100]. The 

formation of small modifications of other structures can be avoided, which results in 

the enhancement of the ferroelectric properties. This phenomenon can be linked to 

specific crystallographic orientations that allow for the continuity of a domain wall 

through the grain boundary in ceramics [99, 100]. Such correlated structures are not 

entirely understood, but their potential impact on domain mobility and ferroelectric 

properties cannot be understated [58, 71, 101, 102]. 

 

1.9 Thin-film ferroelectrics 

Ferroelectric materials constitute the basis of many modern device technologies 

because they have a robust electrical polarisation that can be switched with an external 

electric field. Advances to thin film processing techniques led to the first attempts to 

grow ferroelectric thin films for non-volatile memory devices in the 1960s and 1970s 

[103, 104]. However, it was not until the mid-1980s that the sufficient difficulties 

involved with the processing of complex ferroelectric oxides and the ability to 

integrate them onto silicon devices were overcome [105, 106]. This led to the revival 

of interest in ferroelectric memories, and the first demonstration of ferroelectric 

memory integrated with silicon complementary metal-oxide semiconductor (CMOS) 

[107].  

 

These days, thin films are still attractive for their potential in memory applications [4, 

5, 108], as components in radio frequency and microwave devices, as well as for 

various advanced sensor and actuator designs [5]. This list is ever-growing thanks to 

advances in modelling, synthesis, and characterisation techniques, which has led to 

unprecedented control over the dielectric, piezoelectric, pyroelectric, and ferroelectric 

properties [109, 110]. In any ferroelectrical material, a change in the electrical and 

elastic boundary conditions has a direct effect on the ferroelectric properties. The 

electrical boundary conditions can significantly modify the phase transitions, phase 
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stability and domain structures in thin-films [32, 36, 111-114]. In a similar fashion, 

the mechanical boundary conditions (strain) can also be used to modify the properties, 

such that appropriately strained ferroelectric thin films can exhibit properties that are 

greatly superior to their bulk counterparts [115]. Thin films are composed of a film 

and substrate, where strain can be imparted into thin films through differences in the 

lattice parameters and thermal expansion between the film and the underlying 

substrate. Conventional lattice-mismatch-based strain can be used to create new polar 

structures or phases and has an important role in controlling domain structures in 

ferroelectric materials. Strain-phase diagrams have been generated (theoretically) to 

study the effects of biaxial strain and temperature on ferroelectric transitions and 

domain structures have been explored for several ferroelectrics including PbTiO3 [116, 

117], BTO [116, 118] and Pb(ZrxTi1-x)O3 [119, 120]. Furthermore, phase field 

simulations predict the shift of ferroelectric phase transition and domain stabilities in 

BTO in the full range of experimentally accessible compressive and tensile strains 

[121]. This control over the domain structure allows the visualisation of the 

incorporation of ferroelectric thin films for a variety of applications. 

 

The study of thin films is also interesting from a fundamental viewpoint, providing 

important information about the fundamental size limits for ferroelectricity. X-ray 

diffraction studies proved that the ferroelectric order can be stable to three unit cells 

in PbTiO3/SrTiO3 (001) films [114], whereas first principles calculations predict a 

critical thickness of around six unit cells in BTO films [32].  

 

1.9.1 ‘Free-standing’ thin film ferroelectrics  
 

Since the initial history of thin-films, there has been a great deal of interest in the 

changes that occur to the functional characteristics as the specimen size is reduced 

[122]. The ferroelectric properties of thin-films differ to that of their bulk counterparts. 

Whilst thin films allow a way to engineer ferroelectric properties, the actual behaviour 

can be difficult to rationalise because of the many extrinsic factors associated with 

thin-film growth that can contribute to the functional behaviour [57]. Examples of this 

include the film microstructure [123], the amount and types of defects present [124], 

the strain and clamping imposed by the substrate on the film [125] and the nature of 

the interface between the ferroelectric and the electrode [126]. It is therefore 
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challenging to know whether the functional properties are a result of the reduced 

dimensions, the extrinsic factors associated with the growth, or a combination of all of 

these factors. 

 

To remove all ambiguity, an alternative way to study these materials is to fabricate and 

study free-standing thin films. Free-standing thin films are ones that are not attached 

to a substrate. They have not been grown epitaxially and therefore do not exhibit misfit 

strain or thermal expansion mismatch: essentially, they lack a strained interface 

altogether [83]. Free-standing thin films can be fabricated from bulk ferroelectric 

materials, such as bulk single-crystal or polycrystalline BTO, most commonly by 

mechanical polishing or focused ion beam (FIB) techniques. Previous work has shown 

that permittivity changes and Curie anomaly often seen in thin film studies are both a 

factor of the reduced size as well as the physics of the electrode-ferroelectric interface 

[127, 128]. Free-standing films have successfully been used to look at scaling of 

domain periodicity in BTO [57] and have been used for functional testing [122]. It is 

the study of free-standing thin films, fabricated by FIB, that make up the vast portion 

of the results presented in this thesis. 
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2. Experimental 

This chapter introduces the experimental techniques that have been used to acquire the 

data contained within this thesis. It begins with a comprehensive overview of the 

primary technique, transmission electron microscopy (TEM), its various modes of 

operation and other relevant concepts. A detailed description of TEM sample 

preparation via focused ion beam (FIB) is given. Secondary electron microscopy 

(SEM) and other SEM-based techniques, such as electron backscatter diffraction 

(EBSD) and electron dispersive spectroscopy (EDX) are outlined. The specialist 

holders that were used for all in situ imaging are introduced, followed by more 

dedicated techniques for measuring strain and phase analysis: 4D STEM and electron 

holography. Lastly, complimentary methods to electron microscopy, including atomic 

force microscopy (AFM) are detailed. 

 

2.1 Transmission electron microscopy 

Modern transmission electron microscopes (TEMs) are high-resolution instruments 

that can reveal the structural, phase and crystallographic information from a material. 

In this manner, TEMs represent a powerful technique in the fields of materials science 

and physics, to mention a few. Electron microscopes (EMs) have come a long way 

since the first rudimentary EM was built in 1931 by Ernst Ruska and Max Knoll [1]. 

This instrument is built upon similar principles of operation to that of a light 

microscope (LM), with the largest difference being that the illumination source is 

replaced with a beam of high energy electrons, extracted from electron sources, which 

‘travel’ down the electron column via a series of lenses.  

 

EMs were built to overcome the diffraction limit associated with using light as a 

source. The theoretical resolution limit, 𝑑+, is the minimum distance that can be 
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resolved between two points, which is proportional to the wavelength of the 

illumination according to Rayleigh’s criterion: 

 

𝑑+ =
+.%!D
EF

     (Eqn. 2.1) 

where NA=𝜇𝑠𝑖𝑛𝛽 is the numerical aperture. Therefore, the resolving power of a 

microscope increases with decreasing wavelength. An electron exhibits wave-particle 

duality, meaning that its behaviour can be described by both wave and particle nature. 

Electrons have a much smaller wavelength than that of visible light and thus, the 

theoretical resolving power of an EM is much higher than that of an LM. The 

wavelength of an electron can be calculated by: 

 

𝜆 = G
H
= G

IB
     (Eqn. 2.2) 

Where 𝜆 is the de Broglie wavelength, ℎ is Planck’s constant and 𝑝 is the electron’s 

momentum. Increasing the momentum of the particle will decrease its 𝜆 and increase 

the resolving power. The kinetic energy of an electron is equal to the energy of the 

field. An electron of charge, e, which passes through a potential difference, V, has 

energy, eV, equal to: 

 

𝑒𝑉 = 	IB
!

"
     (Eqn. 2.3) 

Following substitution and rearrangement of Eqn. 2.2 into Eqn. 2.3, the non-relativistic 

electron wavelength can be written as: 

 

          	𝜆 = G

("IJK)
$
!
     (Eqn. 2.4) 

However, the relativistic effects cannot be ignored, especially at high voltages, and to 

account for this, we consider the relativistic form of the kinetic energy, 𝐸L: 

 

       𝐸L = 𝑚𝑐" −m+𝑐"   (Eqn. 2.5) 

 

where 𝑚+ is the mass of the electron and c is the speed of light. Rearranging for m and 

substituting gives: 
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𝑚 = JK2I"5!

5!
    (Eqn. 2.6) 

where m can be substituted into Eqn. 2.4 to give the well-known relativistic electron 

wavelength: 

 

  𝜆 = G
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    (Eqn. 2.7) 

 

For a TEM operating at 200 kV, the theoretical wavelength of the electrons is 

calculated ~ 2.51 pm. This prediction suggests that electrons have a theoretical 

resolution limit which is smaller than interatomic spacings. However, the wavelength 

is not the only factor affecting the final resolution in a TEM, and lens aberrations play 

a key role in determining the final achievable resolution, see section 2.1.3.  

 

2.1.1 Electron sources 
 

The illumination source in a TEM is created by an electron gun at the top of the 

column, where the quality of the source is critical to the performance. A good source 

is stable and will produce an electron beam of sufficient brightness, with high temporal 

and spatial coherency [2]. There are two types of electron sources (also called guns): 

thermionic and field emission. Thermionic guns produce electrons when heated, with 

all modern sources made from lanthanum hexaboride (LaB6) crystal. Richardson’s law 

relates the current density from the source, J, to the operating temperature, T by: 

 

𝐽 = 𝐴Q𝑇"𝑒
1)
*+    (Eqn. 2.8) 

where 𝑘 is the Boltzmann constant, Φ is the work function and 𝐴Q = 𝜆R𝐴+, where 𝜆R 

is typically of order 0.5 and 𝐴+ is a universal constant. To extract the electrons from 

the source, a thermal energy above the Φ of the material must be applied. In a 

thermionic gun, the source itself acts as a cathode, which sits within a grid called a 

Wehnelt cylinder. This cylinder contains an anode with a hole in its centre that has a 

small negative potential. This is known as a triode system, where the Wehnelt cylinder 

acts as a simple electrostatic lens, which focuses the electrons into a crossover. When 

the electrons leave the cathode with some negative potential, they are then accelerated 
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through a potential difference and escape the hole in the anode to enter into the TEM 

column. Field emission guns (FEGs) operate in a fundamentally different manner, 

whereby instead of temperature, the electrons leave a very thin needle via an applied 

external electric field (E). Field emission electrons are obtained by applying an 

extraction voltage (V) of several thousand volts at the apex of the tip of the needle 

with radius, r [3].The source must be sharp, because E is increased at sharp points 

according to: 

 

			𝐸 = K
9
      (Eqn. 2.9) 

The tip is most commonly made from tungsten (W) and typically has a tip radius < 0.1 

µm, see Fig. 2.1a. Instead of an anode, the source now acts as a cathode that sits above 

two anodes. The first of the anodes produces the extraction voltage (V), causing 

electrons to tunnel from the tip. The second anode accelerates the electrons following 

extraction, see Fig. 2.1b. All FEGs have enormous current density and will outperform 

thermionic sources considerably in terms of brightness and coherence. FEGs come in 

two types: Schottky or cold FEG. Cold FEGs have small energy spread (below 0.5 kV) 

and a very high beam coherence. However, they are plagued by impurities and need 

to be periodically flash heated to remove these [2]. 

 
 
Figure 2.1: Operation of a FEG electron gun. (a) A FEG tip, highlighting the 

extraordinarily fine tungsten needle (W). (b) The crossover formed between the two 

anodes acting as an electrostatic lens. From [2]. 
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2.1.2 The TEM column: electron lenses and apertures 
 

A schematic representation of the TEM column is shown in Fig. 2.2. Assuming the 

source of electrons sits at the top of the column, from top to bottom there is: the 

electron gun; the gun alignment controls; the condenser lens; the condenser aperture; 

the objective lens; the sample; the objective aperture; the intermediate lens; the 

projective lens; the viewing screen and the detectors for analysis [4]. The electron 

lenses that are found in a TEM control all the basic operations of the instrument. Most 

lenses in the column are electromagnetic, which are made from two parts. The first 

part is a cylindrically symmetrical soft iron core (polepiece), that contains a small hole 

in the bottom (bore), followed by another polepiece. The distance between the 

polepieces is called a ‘gap’, where the bore-to-gap ratio controls the focusing action 

of the lens. Wrapped around the polepiece is a coil of copper wire, which creates a 

magnetic field in the bore when current is flowed through it. The magnetic field 

generated controls the electron trajectory, according to the Lorentz force equation, 

where the force, 𝑭, on an electron of charge, e, travelling with velocity, 𝑣, in a 

magnetic field, 𝑩 is given by: 

 

𝑭 = 	−𝑒(𝑣	 × 𝑩)           (Eqn. 2.10) 

 

This results in the helical path of the electron beam as it travels down the column, such 

that the image is not only inverted, but also rotated. The positions of the 

electromagnetic lenses are fixed, but the intensity of the beam and the magnification 

can be changed by varying the strength of the magnetic field in the lens (i.e., the current 

in the copper coil). Following the acceleration of the electrons from the gun and into 

the TEM column, the first set of lenses that the electrons encounter are the condenser 

lenses, known as condenser 1 (C1) and condenser 2 (C2). Together, the condenser 

lenses are used to form and control the diameter of the beam. C1 forms the first 

crossover of the electrons from the gun lens (demagnified image of the gun crossover) 

and is used to control the spot size of the beam. C2 controls the beam convergence 

angle, 𝛼, which can be used to make a parallel or convergent beam, depending on the 

desired mode of operation. The total convergence angle, 2𝛼, is proportional to the 

width of the diffraction discs, a. This width can be calibrated if the specimen has a 
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known Bragg angle 2𝜃3, since 2𝜃3 is proportional to the distance, b, from the direct 

beam to the hkl disc. Thus, 

 

2𝛼 = 2𝜃3
/
S
              (Eqn. 2.11) 

 

The value of 𝛼 is controlled by the size of the limiting aperture in the illumination 

system (C2). An aperture is a circular hole in a disk made from some refractory metal, 

such as Pt or Mo, which can be introduced into the bore of the lens. Apertures are used 

to allow certain electrons to pass down the column, eliminating the high-angle 

electrons from the beam. If a small aperture is placed in the bore of the C2 lens, it 

works both to reduce the current reaching the specimen and decreases the beam 

convergence, which makes the beam more parallel. 

 

Following the condenser system, the electrons reach the most important set of 

electromagnetic lenses in the column, the objective lens. The objective lens focuses 

the beam onto the sample and forms a final inverted image, which determines the 

resolution. The objective lens is therefore responsible for forming the images and 

diffraction patterns in the back focal plane (BFP). The objective aperture can be used 

to select the electrons that contribute to the image, affecting the appearance and 

contrast. 

 

The next lenses are the intermediate lenses, which magnify the image formed in the 

objective lens (imaging mode) or the BFP of the objective lens (diffraction mode) onto 

the viewing screen. The strength of the projector lens which follows, controls the 

magnification of the image on the viewing screen. The viewing screen is an integral 

part of the electron microscope, where the electron intensity is displayed as light 

intensity to be interpreted by the user. 
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Figure 2.2: Schematic representation of an electron microscope column. From [4]. 

2.1.3 Aberrations 
 

The electron lenses that are found in a TEM control all the basic operations of the 

instrument and are equivalent to the glass lenses found in an optical set-up. Similar to 

glass lenses, electromagnetic lenses are also prone to imperfections and aberrations, 

which limits the resolution capability of the microscope. The main aberrations are 

astigmatism, spherical aberration, and chromatic aberration, which will be described 

in this section. 

 

In a perfect lens, all electrons from a given point in the image converge at the same 

focal point. Spherical aberrations (𝐶T) occur because of an asymmetry in the lenses’ 

curvature (a negative curvature) which make those wavefronts that pass through the 

edges of the lens ‘bent’ more than the wavefronts passing close to the optical axis the 

electron beam, resulting in premature focus, see Fig. 2.3a. The simultaneous formation 

of different focal points effectively creates a focal disk and not a point, hence 

introducing high spherical distortion in the final image. Spherical aberration is more 

important in the objective lens because all other lenses further down the column would 

magnify this aberration, hence greatly deteriorating the image quality. The radius of 
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the spherically aberrated disk of intensity, 𝑟4HG, in the Gaussian image plane in terms 

of the collection angle, 𝛽, and the spherical aberration coefficient, 𝐶T, of the lens is 

given by: 

 

𝑟4HG = 𝐶T𝛽#              (Eqn. 2.12) 

 

Further to this, electron sources are not monochromatic, meaning they have a spread 

of energies as they leave the gun due to fluctuations in the accelerating voltage, or due 

to energy losses that occur as they pass through the sample. This leads to chromatic 

aberration, 𝐶5. The objective lens bends electrons of lower energy more strongly that 

those with higher energy and thus, electrons from a point in the object are blurred to 

form a disk in the Gaussian image plane, see Fig. 2.3b. The radius of this disk, 𝑟5G9, is 

given by: 

 

𝑟5G9 = 𝐶5
∆-
-"
𝛽               (Eqn. 2.13) 

 

Where ∆𝐸	is the energy, 𝐸+ is in the incident energy and 𝛽 is the collection angle. 

Advanced electron microscopy facilities will now run aberration corrected 

microscopes, which contain additional lenses called correctors, which correct for both 

spherical and chromatic aberration. Chromatic aberrations are relatively easy to correct 

with magnetic quadrupoles. Spherical correctors are more challenging, but they can be 

corrected using multi-pole lenses in series with the objective lens [5]. The two main 

types in operation are quadrupole-octapole correctors and more recently, hexapole-

type correctors [6]. These multi-pole lenses produce a negative 𝐶T that cancels out the 

positive 𝐶T in the lens. Aberration correction has transformed the field of electron 

microscopy, where the obtainable resolution limit now lies at 0.1 nm or better, but this 

continues to improve with the development of new correctors [7, 8]. Most of the work 

presented in this thesis did not require high resolution and was performed on an 

uncorrected FEI TALOS F200X G2 microscope. Where needed, for example to obtain 

4D-STEM results presented in chapter 4, an aberration-corrected microscope was 

used. 
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The final, and most common aberration that occurs in all EMs is called astigmatism. 

Astigmatism results when electrons travel through a non-uniform magnetic field as 

they spiral down the electron column. This will occur when pole-pieces are not 

perfectly symmetrical down the bore, or when the apertures in the column are not clean 

or perfectly centred, which can build up to deflect the beam. Due to these 

contributions, it distorts the image by an amount, 𝑟/4V by: 

 

𝑟/4V = 𝛽∆𝑓               (Eqn. 2.14) 

 

Where ∆𝑓 is the maximum difference in focus induced by the astigmatism. 

Astigmatism is corrected with stigmators, which is much easier than correcting 𝐶T and 

𝐶7 . A stigmator typically uses two pairs of quadrupoles for operation convenience. A 

stigmator that is inserted below the objective lens can be used to correct the axial 

astigmatism of the objective lens, for example. 

 
Figure 2.3: Schematics to show (a) spherical and (b) chromatic aberration in a lens. 

The plane of least confusion marks the plane where the effects of the aberration are 

minimised. Figures are adapted from [2]. 

 

 

(b)(a)
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2.1.4 Scattering and beam-sample interactions 
 
Specimen interaction is what makes electron microscopy possible. The electrons 

formed from the gun in the TEM column are of very high energy, which strike the 

sample, causing various interactions and secondary signals which the user can exploit, 

see Fig. 2.4. Due to the high accelerating voltage (200 keV) and the use of electron 

transparent samples (~ 100nm thickness) in the TEM, most electrons are transmitted 

through the sample. It is possible for electrons to pass directly through the sample 

without any interaction, but usually the electrons will interact with the Coulomb forces 

that surround the atomic nuclei. Electrons can be scattered elastically or inelastically. 

When there is electron-electron interaction between the beam and the sample, the beam 

electrons will lose energy, which is referred to as inelastic scattering. The probability 

of inelastic scattering is relatively small but increases in thicker specimens. These 

electrons are very useful interactions that are successfully exploited for chemical 

analysis techniques such as energy dispersive X-ray analysis (EDX, see section 2.7) 

and electron energy loss spectroscopy (EELS). More commonly, the electrons are 

elastically scattered, meaning that they don’t lose energy during the specimen 

interaction. This occurs when the beam electrons interact with the electrostatic field or 

atomic nuclei of the material. The elastically scattered electrons become diffracted 

waves when they hit a crystalline sample, travelling in specific directions given by the 

Bragg condition, see section 2.1.5. Elastic electron-electron interactions usually result 

in a relatively low scattering angle, while electron-nucleus interactions cause higher 

angle scattering. Electron waves can also be described as coherent and incoherent, 

which relates to the phase. Coherent waves means that the electrons are all in phase 

with each other. Furthermore, electrons can be forward scattered, or backscattered. As 

the thickness of the specimen increases, more electrons will become backscattered 

from the sample.  
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Figure 2.4: Schematic representation of the electron-mater interaction and the 

different interaction volumes and signals generated in a TEM. From [9].  

 
2.1.5 Electron diffraction 
 
Electrons exhibit wave-particle duality, meaning they can be described as both a low 

mass particle that is negatively charged, and also as a wave. Crystals act as three-

dimensional (3D) gratings, where the waves are scattered from the lattice planes, 

separated by a lattice constant, 𝑑. In physics, Bragg’s law gives the angles for coherent 

scattering of waves from a crystal lattice: 

 

2𝑑GLW𝑠𝑖𝑛𝜃 ≈ 𝑛𝜆            (Eqn. 2.15) 

 

Where 𝑑GLW is interplanar distance, 𝜃 is the scattering angle and 𝑛 is the integer 

multiple of the wavelength, 𝜆 (or order of reflection). This law encompasses the 

superposition of wave fronts scattered by lattice planes, leading to a strict relationship 

between the wavelength, scattering angle and the formation of diffraction patterns 

(DPs). In a DP, the direct beam (000) is formed from electrons that have not been 

scattered by the sample, forming the most intense diffraction spot. The other hkl discs 

are made up of electrons that have been diffracted by some scattering angle. The 

distance in reciprocal space, 𝑟GLW, between the direct beam and another reflection is 

related to the interplanar distance by: 
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9,*-
X
= 𝑡𝑎𝑛2𝜃             (Eqn. 2.16) 

 

Where 𝐿 is the camera length in the TEM. Electrons have small wavelengths and thus 

will scatter through small angles. By applying the small angle approximation, t𝑎𝑛2𝜃 =

2𝜃, gives: 

 

𝑑GLW =
X

9,*-
             (Eqn. 2.17) 

 

Using this rationale, the DP is directly related to the image of the area of the specimen 

from which it came. An aperture can also be inserted to select particular regions of 

interest in the crystal, which allows selected area electron diffraction (SAED). In 

ferroelectric-ferroelastic materials, the SAED from regions of the crystal can give 

structural information about the ferroelastic domains present due to spot splitting, see 

Fig. 2.5. This occurs because of the lattice deformations that accompany the Ps in 

ferroelectric materials. In neighbouring domains, the c-axis of the unit cell is along a 

different cube direction of the high temperature cubic phase. The two crystal parts that 

separate 90° walls will have different diffraction vectors, which are separated by some 

angle along the {110} plane, leading to spot splitting in the DP [10].  

 

 
Figure 2.5: An example of spot splitting in ferroelectric BTO. (a) DP from a <100>pc 

zone axis, where spot splitting is observed in (b) the higher order diffraction spots. 

Z.A. <100>pc spot splitting
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2.2 Scanning TEM (STEM) 

There are two complementary imaging modes in TEM, conventional TEM (CTEM) 

and scanning TEM (STEM). In CTEM, a small convergence angle, 𝛼, creates a parallel 

beam at the specimen, see Fig. 2.6a. The specimen is illuminated with a plane electron 

wave, and the direct image formed by the objective lens is recorded in the image plane 

on a camera [11]. In STEM mode, the image formation is fundamentally different, 𝛼 

is maximum, creating a fine probe (0.05 – 2 nm) at the sample, see Fig. 2.6b. This 

probe is then rastered across the specimen by use of two scan coils that pivots the beam 

about the upper objective pole piece, such that the sample is illuminated at each point 

with the beam parallel to the optical axis. The image quality is dependent on the quality 

of the probe, which is formed by lenses and thus contains aberrations. However, the 

STEM images are not magnified by lenses, and therefore do not suffer the aberrations 

from the imaging lenses. As the beam scans the specimen, signals are generated from 

each point which are generated, detected, amplified, and displayed onto a computer 

display. In STEM mode the signals are collected by detectors, not cameras, where the 

electrons ‘seen’ by the detector is determined by the collection angle (related to the 

scattering of the electrons), see Fig. 2.7. The bright field (BF) detector is located in the 

path of the transmitted electron beam, collecting electrons that have scattered the least, 

hence detecting the intensity in the direct beam from a point in the specimen. The high 

angle annular dark-field (HAADF) detector surrounds the BF detector, collecting 

electrons from an annulus around the beam. The images are formed from very high 

angle, incoherent electrons that have resulted from Rutherford scattering of the 

electron beam with the nucleus of the atoms, as opposed to Bragg scattered electrons. 

For elements with a higher atomic number (Z), electrons are scattered at higher angles 

due to greater electrostatic interactions between the nucleus and the beam. Therefore, 

atoms with a higher Z number will provide more signal on a HAADF detector and will 

appear brighter in the resulting image. An annular dark field (ADF) detector again 

surrounds the BF detector, collecting slightly lesser scattered electrons than the 

HAADF detector. The images are formed from fore-scattered electrons, which lie 

outside the path of the direct beam. Whilst the measured contrast mainly results from 

electrons diffracted in crystalline areas, some superimposition by incoherent 

Rutherford scattering will occur. The rastering of the beam also makes STEM suitable 

for analytical techniques, such as spectroscopic imaging by EDX or EELS. These 



2. Experimental 

 52 

signals are obtained simultaneously, allowing direct correlation between the chemical 

information and the images. 

 

 
Figure 2.6: Schematic ray diagrams to show the difference between conventional 

TEM and STEM imaging. (a) Parallel beam operation in the TEM and (b) convergent-

beam/probe mode in the TEM. From [2]. 

 
Figure 2.7: Schematic of conventional STEM detectors with annular geometry. From 

[12]. 
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2.3 TEM holders 

To observe a specimen in the TEM, it must first be placed and secured into a holder, 

before the entire assembly is inserted into the TEM stage. The holder is an integral 

part of TEM imaging, where its principal role is to insert the specimen into the correct 

position within the objective lens. Many different types of specimen holders have been 

designed for TEM. In this thesis, the TEM studies made use of side-entry holders, 

where all static imaging, for example the imaging of the polycrystalline lamellae 

contained within chapter 3 of this thesis, was performed using a double-tilt holder. 

This holder can tilt the sample in two fixed orthogonal directions, α	and	β, within tilt 

ranges of ±	20°. This tilting ability provides the flexibility needed to tilt the specimen 

to zone axis (ZA), which is essential for crystalline samples. The design of TEM 

holders is ever evolving, where a fast-growing area of research has been devoted to 

the development of specialist holders for in situ observation [13]. The ability to 

manipulate the sample under various external stimuli is attractive for the study of 

ferroelectric materials, because of the response of ferroelectric/ferroelastic domain 

structures to external fields such as electric field, temperature, and strain. 

 

2.3.1 The evolution of in situ heating technology 
 

Temperature studies are common in vast areas of materials science, used both for 

fundamental research of the system’s thermal evolution, as well as applicative failure 

analysis. Any in situ heating studies rely heavily on the assumption that the equipment 

used provides a precise, reliable, and homogeneous control of the temperature to the 

specimen in question. Thus, the results obtained can provide a thorough and reliable 

description of the evolution of the system and of the phenomena leading to said 

evolution [14]. There has been dramatic advancements achieved by TEM in the last 

15 years, which has provided the impetus to further develop in situ heating technology. 

In situ heating technology has evolved from homemade custom designs [15, 16], to 

commercial furnace type heaters [17, 18] to breakthrough microelectromechanical 

(MEMS)-based heating devices [19-21]. Each development has resulted in the 

minimisation of the thermal drift, an increase in the available temperature range, and 

overall improving the temperature control. In situ heating by use of a dedicated heating 

holder within the TEM column is important for the study of functional materials such 
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as ferroelectrics, allowing a direct and continuous observation of the temperature-

dependent domain evolution and the phase transitions. The combination of in situ 

holders, aberration correctors as well as fast electron detectors now allows the dynamic 

processes in ferroelectric materials to be revealed with high spatial and temporal 

resolution [22-24]. The evolution of in situ studies in terms of ferroelectrics is clearly 

evident via direct comparison of the early works of Bursill et al. who observed 

microdomains at the phase transition in BTO in the 1980’s [25, 26], to the recently 

published work of Barzilay et al., who observed the surface nucleation of the 

paraelectric phase in BTO nanocrystals by atomic scale mapping [23]. Given that 

direct correlations between the thermodynamics and the physical microstructure in a 

ferroelectric can be made, in situ heating TEM offers a complimentary, and in certain 

ways superior, approach to in situ PFM and X-ray diffraction (XRD) measurements, 

which have long since dominated dynamic ferroelectric domains research. 

 

2.3.2 MEMS chips for in situ heating studies 
 

MEMS (micro-electro-mechanical)-based sample carriers (called chips), create a 

micro-sized laboratory environment, which has been a breakthrough for in situ TEM 

studies, including heating. The use of local heating elements provides a reduced 

thermal mass and power consumption, which allows for faster response times and 

higher temperature ranges [20]. MEMS chips display exceptional temperature stability 

and specimens can be imaged with minimal sample drift even at hundreds of degrees 

Celsius [27, 28]. In this thesis, two holders with in situ heating capability were used: 

a ‘Climate’ gas and heating holder and a ‘Lightning’ double-tilt heating and biasing 

holder, required for nanodiffraction and holography studies. Both holders were 

fabricated by DENSsolutions and consequently contain similar in situ MEMS 

technologies. For clarity, the climate holder will be described in this section. 

 

The design for the MEMS-based microheater for the Climate consists of a metal 

heater, which is encapsulated in inert SiNx. The passage of current through the heater 

lines produces heat via Joule heating, creating a homogenous temperature environment 

area that surrounds each of the ten electron transparent windows present on the chip, 

see Fig. 2.8a. The temperature is controlled by a 4-point-probe measurement system, 

where two contacts are used for heating and two contacts measure the local resistance 
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of the microheater. The advantage of using a metal heater, as opposed to a 

semiconductor-based heater, is the linear relationship between the resistance and the 

temperature, which enables fast adjustment of the current to keep the temperature to 

the correct setpoint via a closed-loop feedback control. BTO lamellae were prepared 

using a standard FIB and ex situ lift-out procedure, described in section 2.5.3, and 

carefully positioned over a central circular electron-transparent window for maximum 

temperature homogeneity, see Fig. 2.8b. 

 

 
Figure 2.8: In situ heating set up for the DENS Climate holder. (a) Simulation of the 

heat distribution for the heater at 200°C [21] and (b) HAADF lamella overview. 
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2.3.3 In situ gas and heating TEM  
 

A limiting factor of in-situ heating TEM characterisation is that in real life, functional 

materials do not operate under high vacuum (UHV) conditions, and hence dynamics 

might differ from those observed in different environments. Therefore, in situ TEM 

under gaseous environments is a powerful tool for studying materials. To perform in 

situ experiments in gas phases in the TEM, two viable approaches have been 

developed [29]. The first is an ‘open-cell’ approach, such as an environmental-TEM 

(ETEM), where there is a differentially pumped system in the objective lens area [30, 

31]. The second is a ‘sealed’ or ‘windowed’ cell approach. There are several 

advantages to using a windowed cell approach over ETEM. These include (i) a much 

thinner gas path length, resulting in better resolution. (ii)  The reaction pressures within 

the gas cell can equal or exceed a full atmosphere, whilst maintaining high resolution 

capability. (iii) A rapid thermal response can be achieved in combination with MEMS-

based devices, allowing better reaction control and (iv) the holder can be used in any 

TEM, with less associated cost than a dedicated ETEM [32, 33].  

 

In this work, the climate holder utilises a sealed cell approach. While the heating is 

carried out as described in section 2.3.2, the gas supply is achieved by creating a nano-

reactor (NR) which comprises a bottom heating chip, an O-ring, a ‘top chip’ which 

mirrors the electron transparent windows of the bottom chip, and a lid. By screwing 

the lid down on top of the two chips, a leak-tight NR is created, such that an internal 

gas flow and pressure can be maintained, without affecting the UHV conditions in the 

TEM column. Prior to observation and gas flow inside the TEM, careful checks are 

made to ensure that the chips are properly sealed. A gas supply system (GSS) controls 

the flow and pressure of the high purity gas, which is delivered and removed via a 

combination of PEEK (gas flow between GSS and holder) and silica (gas flow between 

the back of holder and NR) tubing. The flow of gas in the NR occurs through inlet-

outlet ports on the chips. It should be noted that under gas flow, the focus of the sample 

has to be adjusted to account for the bulging on the chip. A potential drawback to 

consider is that the introduction of the ~ 5 µm gas layer into the chip will also reduce 

the imaging contrast. A schematic representation of the NR is shown in Fig. 2.9. 
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Figure 2.9: Overview of the gas cell ‘nano-reactor’ (NR) for the DENS Climate 

holder. (a) The tip of the holder, which houses the (b) components which are 

sandwiched together to make the leak tight gas cell. Images are from DENSsolutions 

[34]. 

2.4 Strain mapping techniques 

Typically, strain can be used to tune ferroelectric properties in thin films, due to the 

strong coupling between the strain and polarisation [35, 36]. Thus, accurate 

information about the strain fields present in ferroelectric materials, and the effect this 

has on the domain configurations, have been of great interest. Strain measurement in 

the TEM has seen rapid improvements in recent years, with several methods that can 

be employed to provide good spatial resolution and strain sensitivity at the nanoscale. 

Conventional techniques, such as geometrical phase analysis (GPA) and convergent 

beam electron diffraction (CBED) have been greatly improved with the introduction 

of aberration correctors, and newer techniques, such as dark field electron holography 

(DFEH) and nanobeam electron diffraction (NBED),  have emerged [37]. In this thesis, 

NBED, and complimentary DFEH, have been employed to map the local strain fields 

of domain variants as a function of temperature. CBED has been used for phase 

analysis. Their mode of operation will be described in this section.  
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2.4.1 Nanobeam electron diffraction (NBED) 
 

NBED is a simple, yet powerful technique, that can be used to map strain with nm-

scale resolution, with particular use in ferroelectric thin films. STEM-based NBED 

studies have been used to successfully probe the local strain and strain gradients of 

needle domains present in compositionally graded PbZ!1YTiYO# heterostructures [38] 

and to map the elastic strain and local crystal rotation in Ba!1YSrYTiO# films [39] and 

therefore is a good candidate for mapping the strain fields surrounding domains in 

BTO lamella. The technique requires a small (< 20	𝜇𝑚) condenser aperture to 

generate an electron probe (∼5.8 nm) with a small convergence angle (∼0.19 mrads) 

[37]. The near parallel probe illuminates a nm-sized area that is rastered across the 

sample, in the same manner as STEM imaging, see Fig. 2.10. Simultaneously, a DP is 

collected at each pixel and is analysed separately, using a peak fitting software. For 

the results here presented, ‘ImageEval’ software, a MATLAB-based code developed 

by the group of Prof. Dr. A. Rosenauer at Bremen University in Germany, was 

employed to determine the disc positions of the Bragg reflections in the DPs by a 

‘radial gradient maximisation’ method [40]. This method works on the principle that 

where the boundary exists between the disc interior and the background of the 

diffraction pattern, there will be a dramatic drop in intensity, which will occur sharply 

in rotational intensity averages. Therefore, the disc position can be determined by 

maximising the intensity gradient in the radial direction. To do this, the MATLAB 

program introduces two sets of concentric circles (user defined number) to the interior 

and exterior of each diffraction disc, where estimates of these positions have been 

initially provided by the user. The mean intensity of pixels is calculated for each circle, 

which is initially placed around the estimated disc centre before the radii, before being 

increased between 80 – 130% of the estimated disc radius. The values obtained 

represent the rotational average. The difference between the sums of the two sets of 

circles can be maximised iteratively to find the correct position and radius of each disc 

[40].  Following this, the strain can be extracted based on the Bragg law (see Eqn. 

2.15) using the form: 

 

2𝑑GLW(�⃗�)𝑠𝑖𝑛𝜃GLW3 (𝑟) = λ             (Eqn. 2.18) 
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which relates the lattice plane spacing 𝑑GLW to the Bragg angle, 𝜃GLW3  (which can both 

vary with the position 𝑟 in the sample) and the wavelength, λ, of the incident radiation. 

Considering diffraction into small angles and sufficiently small λ, the total scattering 

angle, 𝜃, is proportional to the distance, R, between a Bragg reflection and the primary 

beam. Thus, measuring 𝑅GLW locally yields 𝑑GLW and hence lattice strain [40].  

 

The NBED results contained within this thesis were collected on an aberration 

corrected FEI Titan G2 microscope operating at 200 kV, equipped with an electron 

microscope pixel array direct electron detector (EMPAD) at ER-C Jülich in Germany. 

The employ of a double tilt in situ heating and biasing holder allowed strain maps to 

be taken as a function of temperature. This high dynamic detector is ideal for 4D-

STEM mapping, where 16,384 (128 x 128) DPs can be collected in ~ 1 minute, much 

faster than traditional charged-coupled device (CCD) cameras. The high dynamic 

range allows the dose to be limited on the sample, preventing any unwanted electron 

beam nucleation, whilst still allowing sufficient disc intensity, see Fig. 2.10b. Note the 

difference between the NBED DP and the SAED DP in Fig. 2.5a. 

 

 
Figure 2.10: Principles of NBED. (a) Schematic representation of NBED. From [41]. 

(b) A typical NBED DP from a <100>pc BTO single crystal lamella. 

2.4.2 Convergent beam electron diffraction (CBED) 
 

Convergent beam electron diffraction (CBED) is one of the first electron-diffraction 

techniques that was used in the TEM. Similar to NBED, the technique of CBED 

utilises a convergent focused beam to obtain DPs from small specimen regions, which 
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contain a wealth of crystallographic orientation data and that also can be used as a 

method for obtaining quantitative two-dimensional (2D) maps of strain [42]. When 

very small probes are used, the technique becomes NBED. Strain mapping in CBED 

is not based on the shifts in the position of diffraction beams as in NBED, but rather 

the strain induced shift of high order Laue zone (Holz) deficiency lines [43], which 

occur in the central disc of the convergent beam pattern. For this thesis, CBED was 

not used as a method for strain determination, but in an attempt to determine the phases 

present within the domain configurations of the BTO lamellae. Due to the spontaneous 

polarisation present, there is a charge redistribution associated with the polarisation 

that leads to breakdown of Friedel’s law when multiple electron scattering events 

occur [44]. Thus, when CBED patterns are taken along incident beam directions, the 

projected polarisation direction can be determined by identifying the mirror plane in 

the image. For example, a CBED pattern taken from tetragonal phase BTO will have 

its mirror plane in the [001] direction, whereas the orthorhombic phase will have its 

mirror plane in the [011] direction [44]. 

 

2.4.3 Dark field electron holography (DFEH) 
 

DFEH is a relatively new TEM technique, which is based on off-axis holography. This 

technique has mostly been employed to study materials in the semiconductor industry, 

but it has been applied to ferroelectric systems, such as PZT thin films [45]. DFEH 

bridges the gap between most strain mapping techniques, combining high spatial 

resolution (5 nm) and high sensitivity (1x10-3), comparable to NBED, but can also be 

used to study large fields of view. DFEH therefore is a complimentary technique to 

NBED. This technique is niche and requires a specialised experimental set-up, see Fig. 

2.11a. The microscope requires a high-coherence electron source and biprism in the 

selected area aperture plane. The biprism interferes the object wave with a reference 

wave (in this case a region with no ferroelastic domain walls present) to generate an 

interference pattern (hologram), see Fig. 2.11b [46]. The phase (𝜙Z) of the electrons 

is obtained by the shifts in the hologram fringes [37] and has four components arising 

from the geometric phase (𝜙ZQ), the crystalline lattice (𝜙Z7), the magnetic contributions 

(𝜙Z[) and the electric fields (𝜙Z-): 

 

𝜙Z(𝒓) = 𝜙ZQ(𝒓) + 𝜙Z7(𝒓) + 𝜙Z[(𝒓) + 𝜙Z-(𝒓)            (Eqn. 2.19) 



2. Experimental 

 61 

 

An FEI Titan G2 (60-300) HOLO microscope operating at 300 kV was used to perform 

in situ heating DFEH. This microscope, housed at ER-C Jülich in Germany, is set-up 

specifically for electron holography, with a Schottky type high-brightness electron gun 

and an image CS corrector. The instrument is equipped with a Lorentz lens, two 

electron biprisms and an ultra-wide pole piece gap, ideal for in situ experiments. To 

perform DFEH, the BTO sample was tilted so that the chosen diffracted beam (002), 

(g), was moved to the optical axis and selected with an objective aperture. The phase 

of the hologram generated, is directly linked to the local variation of the selected g-

vector. In other words, a DFEH hologram acquired with a selected diffracted beam 

will give a map of the interplanar spacing parallel to the g-vector. The phase is issued 

from the inverse Fourier transform by applying a mask to the FFT, and is directly 

linked to the local variation of the selected g-vector. The strain is then retrieved from 

the gradient of the phase image [47]. The spatial resolution of DFEH is limited to 

around 2.5 nm, but most reports give resolutions in the range 4 – 6 nm [37]. 

 
Figure 2.11: Principles of DFEH. (a) Schematic representation of DFEH 

measurement. Modified from [47]. (b) An electron hologram acquired with the sample 

tilted to the (200). 

2.5 TEM specimen preparation 

Electrons are low mass particles and therefore have a small mean free path. Thus, 

imaging via TEM requires electron transparent samples, where the thickness is 
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typically ~100 nm for conventional imaging and thinner for certain techniques, such 

as high resolution (HR) imaging. Specimen preparation is a broad subject, but the end 

goal is the same. The sample should be representative of the material from which it 

was prepared, it should be uniformly thin and stable under the electron beam. This is 

particularly important when studying oxides and other ferroelectric materials, as will 

be discussed in Chapter 4. For the TEM experiments contained within this thesis, all 

samples were prepared in lamella (“thin layer’) form from bulk samples using a 

TESCAN LYRA3 dual-beam microscope. The focused ion beam (FIB) and scanning 

electron microscope (SEM) that make up the dual beam system is described in the 

following sections.  

 

2.5.1 Focused ion beam (FIB) 
 

FIB instruments are routinely used to prepare thin specimens for TEM and have been 

doing so for three decades now [48, 49]. FIB microscopes have a liquid metal ion 

source (LMIS), which consists of a reservoir of liquid metal that feeds into a sharpened 

needle [50]. This is used to generate a beam of ions (typically Ga+), which are focused 

using a series of electrostatic lenses, where the energy of the ions is related to the 

accelerating voltage. When operated at high beam currents, these ions can be used to 

locally sputter, or mill, the sample surface that is exposed to the beam, see Fig. 2.12. 

The current of the beam can be controlled by the use of apertures, which can limit the 

current from µA to pA. FIB preparation has several advantages over traditional 

polishing and dimpling: the technique is site specific, meaning it can target areas with 

spatial accuracy to the diameter of the ion beam, it is efficient, reliable, and it is not 

limited to certain material types. However, it should be noted that the highly energetic 

Ga+ beam can damage the surface, causing amorphization due to Ga+ implantation. 

Previous studies observed that FIB-processed BTO had ~20 nm of side-wall to the 

single crystal in which the material was amorphous and gallium implanted [51]. The 

thickness of the amorphized layer is directly related to the current of the beam. 

Therefore, high currents and extraction voltage (5 nA and 30 kV) are only used  to 

initially mill the trenches of the lamella, and then both parameters are lowered in 

succession, with final polishing performed at an extraction voltage of 5 kV and a 

current ~20 pA. Even sporadic FIB imaging of the lamella during the process can cause 

severe surface damage. To combat this, a layer of Pt or W is deposited on to the surface 
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of the material to protect it from the ion beam. This is achieved using a gas injection 

system (GIS) which provides a precursor reactive gas which can be broken down by 

the Ga+ ions, allowing site-specific deposition. The benefits of a dual-beam 

microscope is that the imaging during the process can be performed with the SEM. 

Electrons have a much lower mass and therefore are far less destructive than ion 

beams. Further to this, the damage on lamellae specimen can be reduced by performing 

final polishing in separate broad ion beam systems using Ar+ ions, or samples can be 

prepared in Plasma-FIBS. 

 
Figure 2.12: Principle of FIB milling. Note the amorphisation of the surface region 

containing implants Ga+ ions. From [50]. 

2.5.2 Scanning electron microscope (SEM) 
 

SEMs are very similar in operation to a TEM. An electron gun sits at the top of the 

column creating a beam of electrons, which are focused down the SEM column using 

a series of electromagnetic condenser lenses to a spot size ~ 1 nm. The microscopist 

can control the characteristics of the focused beam using the accelerating voltage (0.1 

keV – 30 keV), beam diameter (0.5 nm – 1 µm), beam current (1 pA - 1 µA) and the 

convergence angle. The electron beam is rastered across the surface, interacting with 

the atoms in the sample, producing various signals that contain information about the 

surface topography and the composition. The electron interaction volume, which is the 
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region in the specimen in which the electrons from the beam travel and deposit energy 

in the material, see Fig. 2.4, is dependent on several factors. A higher accelerating 

voltage allows electrons to penetrate further into the sample and thus increase the 

interaction volume. However, high atomic number (Z) materials will have a lower 

electron mean-free path and thus a smaller interaction volume. Furthermore, the higher 

the angle of incidence of the electron beam, the smaller the interaction volume 

produced. For SEM imaging, the accelerating voltage used for imaging (5 keV) is 

much lower than in the TEM (200 keV), producing a smaller interaction volume. The 

electrons cannot be transmitted through the bulk of the sample, meaning that the 

electron signals used for imaging are fundamentally different in the SEM and TEM. 

In the most common SEM imaging mode, the secondary electrons (SE) that are emitted 

by atoms excited by the electron beam, are detected using a SE detector. SEs have low 

energy, which limits their mean free path. Consequently, SEs can only escape from 

close to the sample surface and will give topographic information. Backscattered 

electrons (BSE) are beam electrons that are reflected from the sample by elastic 

scattering. They have higher energy than SEs and come from deeper within the sample. 

The intensity of the BSE signal is strongly related to the atomic number (Z). Thus, 

BSE imaging is often used in analytical SEM, along with the spectra from 

characteristic X-rays. The production of SE and BSE electrons can be seen in Fig. 2.4. 

 

2.5.3 Fabrication of TEM lamellae 
 

TEM lamellae were prepared using a dual-beam TESCAN LYRA3. This microscope 

contains two columns, one for the electron beam and the other for the ion beam. The 

columns are separated by an angle 55°, where both beams can be focused and 

simultaneously used for imaging (SEM) and milling (FIB) at a eucentric height of 9 

mm. A schematic illustration of a dual-beam microscope has been shown in Fig. 2.13. 
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Figure 2.13: Schematic illustration of a dual-beam FIB-SEM. The central SEM (e-) 

column is separated from the FIB (Ga+) by an angle of 55°. Expanded view shows the 

electron and ion beam sample interaction. From [52].  

For static observations, where the samples were observed without the application of 

external stimuli, the lamellae were prepared using a standard in situ lift out FIB 

procedure, see Fig. 2.14. Firstly, a thin layer of Pt was deposited using the electron-

beam at 0° stage tilt. The sample stage was then tilted to 55° so that the sample is 

orthogonal to the FIB beam. The sample surface is further protected with a ~ 2.5 µm 

thick bar of Pt that has been deposited by the ion beam. This step is followed by the 

milling of deep (~ 10 µm) trenches either side of the Pt bar with a beam current of 5 

nA. Further thinning was performed until a thickness ~1.5 µm is achieved with 1 nA. 

The left hand side of the sample is cut free with 500 pA, this it to allow space for the 

needle to come in and attach to the sample. The stage is then rotated back to 0° to 

perform an ’undercut’ at 300 pA, which frees the bottom of the lamella from the bulk 

sample, before the stage is returned to 55° for lift out. A sharp needle, attached to a 

micromanipulator, is then driven down to the sample and welded to the left hand side 

of the lamella using ion-beam Pt. The right side of the lamella is then cut free, and the 

stage is dropped. The lamella is then attached to a TEM grid, which is a Cu finger grid, 

using ion-beam Pt. The lamella can then be thinned to electron transparency, where 

the current is stepped down approximately every 250 nm. When the thickness reaches 

~ 200 nm, the accelerating voltage is stepped down from 30 kV to 5 kV, and a final 
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polish at 5 kV, 20 pA is used to reduce as much thickness of the amorphized layer as 

possible.  

 

For in situ TEM studies, the samples were prepared using an ex situ lift out technique. 

In this case all thinning is done in the trench, see Fig. 2.15. In the final stage, the 

sample is completely cut free from the bulk sample. The next step involves a delicate 

transfer of the lamella from the trench to one of the electron transparent windows of 

the heating chips, see Fig. 2.8b, using an optical microscope micromanipulator setup 

and a glass needle.  

 
 

Figure 2.14: Example of lamellae preparation using an in situ lift out technique. 

Firstly, (a) a protective layer of Pt is deposited over the region of interest, with e-beam 

deposited Pt at 0° stage tilt and ion-beam deposited Pt at 55° stage tilt. (b) Trenches 

are milled at high ion beam currents and the sample is thinned to ~ 1.5 µm. (c) The 

left side of the lamella is cut free to allow space for the needle. The stage is then rotated 

to 0° so the bottom side of the lamella can be cut free. (d) The needle is brought in and 

attached to the left hand side of the lamella. (e) The right hand side is also cut free, 

and the stage is lowered away from the needle. (f) The lamella is brought into contact 

with the TEM grid and welded with Pt. Following this, the lamella is thinned to 

electron transparency (~ 100 to 200 nm). 

10 μm

(a) (b) (c)

(d) (e) (f)
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Figure 2.15: An example of a lamella sample prepared for ex situ lift out. All thinning 

is done in the trench. The central portion of the lamella is electron transparent. Thicker 

borders are left to help maintain the structural integrity of the sample. 

 

2.6 Electron backscatter diffraction (EBSD) 

Electron backscatter diffraction (EBSD) is a powerful microstructural SEM-based 

technique that can be used to determine the crystallographic orientation and texture of 

crystalline materials, which are strongly related to the properties of the material [53]. 

For this thesis, EBSD was used to determine the grain orientations in bulk 

polycrystalline BTO and transmission kikuchi diffraction (TKD), was used to 

determine the absolute orientation of grains within BTO lamellae for compatibility 

analysis in chapter 3. EBSD was conducted in the TESCAN LYRA3 dual beam SEM-

FIB, equipped with an Oxford Nordlys EBSD detector. This detector consists of a 

phosphor screen, a compact lens and a low light CCD camera. To perform EBSD, the 

bulk sample (flat and highly polished) is mounted onto a 70° pre-tilted holder at an 

angle of 20° to the electron beam, where the sample is oriented towards the phosphor 

screen of the EBSD detector, see Fig. 2.16a. The incident electron beam (30 kV, 6 nA) 

is focused onto the crystalline surface causing the electrons to disperse within the 

surface, which subsequently diffract among the crystallographic planes. The diffracted 

electrons are subjected to path differences that lead to constructive and destructive 

interference, where those that interfere constructively produce a pattern composed of 

intersecting bands [54]. The diffraction angles have small values (~1-2°) and thus 

appear as straight lines on the phosphor screen, which emits light suitable for the 

2 μm
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camera to record. This produces electron backscatter patterns (EBSPs), which consists 

of many intersecting, linear features, called Kikuchi bands. The orientation of the 

crystal can then be determined by assigning the indices to the visible Kikuchi bands, 

or the intersections between the Kikuchi bands. This pattern analysis is routinely 

carried out using sophisticated software algorithms, in this case by the Aztec software 

from Oxford instruments. First, the diffraction pattern is transferred from the detector 

to the software. A Hough transform is used to identify the positions of the Kikuchi 

patterns, where the bands are seen as peaks in Hough space. If the calibrated geometry 

is known, then it is possible to calculate the angles between the detected bands, which 

are compared with a list of the interplanar angles in the reference structure. The best 

fit from the possible solutions is assigned, which allows the orientation matrix to be 

calculated. The orientation of the crystal, relative to a known crystal orientation, is 

described by Euler angles. In the Bunge convention, the three Euler angles (𝜑!, Φ, 𝜑") 

are three subsequent rotations of the reference crystal, first around the Z-axis (𝜑!), the 

second about the X axis (Φ) and the third again about the Z axis (𝜑"). These rotations 

bring the coordinate system of the reference crystal into coincidence with the sample 

orientation. An example of EBSD mapping of domains in polycrystalline BTO can be 

seen in Fig. 2.17. Indexing with a tetragonal solution allows both grain and 90° domain 

orientations to be realised. However, this can lead to pseudosymmetry issues. The 

EBSPs between 90° domains are very similar such that it is difficult to distinguish 

between the [100] and [001] directions [55]. For this reason, cubic solutions were 

mostly applied to the EBSD data. 

 

TKD, also known as transmission-EBSD, is very similar to conventional EBSD. In 

this case however, the bulk sample is replaced with an electron transparent sample 

(lamella) which is -20° to the EBSD detector, see Fig. 2.16b. A shorter working 

distance is used, level with, or just above the top plane of the EBSD detector. The 

collected EBSPs have been transmitted through the sample, which are then analysed 

by the same method described above.  
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Figure 2.16: Schematic showing the setup of (a) EBSD and (b) TKD. From [56].  

 
Figure 2.17: EBSD of domains in polycrystalline BTO. When indexed using (a) a 

cubic solution, only the grain orientations can be determined in the inverse pole figure 

(IPF Z) map. 90° ferroelastic domain orientations can also be determined in the IPF 

map when using a (b) tetragonal solution. The EBSPs from the different domains at 

two positions, x and o, marked in (b) can be seen in (c) and (d) respectively. The unit 

cell orientations are shown as insets.  The difference in the EBSPs in the two domains 

come down to a few pixels only, leading to pseudosymmetry issues. 

 

(a) (b)

xo

x o

(a) (b)

(c) (d)
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2.7 Energy dispersive X-ray spectroscopy (EDX) 

Energy dispersive X-ray Spectroscopy (EDX) is an analytical technique used for 

chemical characterisation. Nowadays, EDX detectors are commonplace in EMs. At 

rest, the electrons in an atom are at their ground state, contained in electron shells 

which are bound to the nucleus. When an electron of high energy is incident on the 

sample, this can excite an electron from the inner shell of the atom, causing it to be 

ejected, leaving a hole where the electron was. This hole is filled by an electron from 

an outer higher-energy shell, where the energy difference between the two shells is 

emitted as a photon typically within the X-ray frequency of the electromagnetic 

spectrum, see Fig. 2.18a. The atomic level energies are unique to a particular element 

and thus, the X-rays produced are ‘characteristic’. The spectrum of X-rays produced 

can therefore be used as a ‘fingerprint’ of the individual elements contained within the 

sample, see Fig. 2.18b. Alongside the characteristic X-rays, another type of X-ray 

production exists. These are known as ‘continuum’ or ‘Bremsstrahlung’ X-rays. This 

is caused by electrons being decelerated by the nucleus and electrons in the atoms of 

the material, where the energy lost by the electrons are emitted as X-rays. These are 

not generally useful for analysis and can be detrimental to elemental analysis. 

 

EDX is a useful technique that can be used to determine and estimate the abundance 

of chemical elements present within a sample. However, the method does suffer from 

certain limitations. Firstly, the accuracy of the quantitative analysis is affected by the 

fact that not all X-rays generated will escape the sample. In the TEM, the likelihood 

of escape is given by various factors, including the composition, thickness, and density 

of the material. Secondly, EDX is far more sensitive to heavier atoms. Although 

modern EDX detectors have been designed with ultrathin or windowless detectors 

[57], allowing the detection of elements down to Boron. Furthermore, the limited 

energy resolution of the detector results in peak-overlap problems.  
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Figure 2.18: Example of EDX analysis of a <100>pc BTO lamella. (a) Schematic of 

atomic energy levels showing the transitions which give rise to characteristic X-ray 

production. From [58]. (b) EDX spectrum with characteristic X-rays identified. 

2.8 Atomic force microscopy (AFM) 

Atomic force microscopy (AFM) is a high-resolution type of scanning probe 

microscopy (SPM), where the ‘imaging’ probe is a sharp nanometre-scale tip attached 

to a microscale cantilever, which rasters the probe along the sample surface by means 

of piezo-tube actuators. The general geometry of an AFM is illustrated schematically 

in Fig. 2.19. In contact mode, a laser spot is focused on to the back of the cantilever, 

which is reflected onto, and detected by, a photodiode detector [59]. As the tip rasters 

along the surface, changes in the sample height (ΔZ) causes deflections of the 

cantilever, due to changes in the Van der Waals interaction. This shifts the position of 

the laser spot on the photodiode. The photodiode itself is a quadrant, which is bisected 

(a)

(b)

(c) (d)
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into two halves. The voltage difference between the vertically bisected diode (left and 

right) detects the lateral deflection, whilst the other horizontally bisected diode detects 

the vertical deflection. The voltage difference is used as an error signal for feedback 

electronics, which adjusts the probe height to return the laser to a user defined set 

point. By recording the piezo-tube height at a function of lateral position (x), a 2D 

topography map of the specimen is generated [60]. 

 
Figure 2.19: Illustration of AFM imaging. From [61]. 

2.8.1 Piezoresponse force microscopy (PFM)  
 

Piezoresponse force microscopy (PFM) is a variant of atomic force microscopy (AFM) 

that allows the imaging and manipulation of ferroelectric domains. A PFM set-up 

typically consists of a four-quadrant detector, a function generator, and two lock in 

amplifiers, see Fig. 2.20 [62]. Essentially, PFM is AFM operating in contact mode, 

with the addition of an oscillating voltage that is applied to a conductive coated tip. 

The ferroelectric sample is placed between a bottom electrode, and the conductive tip, 

which acts as a moving top electrode. Application of an ac electrical bias to the tip 

results in mechanical distortions of the ferroelectric surface, due to the converse 

piezeoelectric effect. The deflection of the probe cantilever is detected through a split 

photodiode detector, which is then demodulated by use of a lock-in amplifier. In this 

manner, both the out-of-plane electromechanical surface response (vertical PFM, 

VPFM) and in-plane component (lateral PFM, LPFM) can be obtained. PFM is a 

powerful technique for nm-scale studies of ferroelectrics and has dominated dynamic 
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domains research [63-66]. However, dynamic characterisations are limited by the 

response times and the tip scan speeds. 

 

In this thesis, PFM is performed on lamellae samples, which requires the removal of 

the damaged layer introduced by the FIB. The lamella (placed on a platinised 

substrate) is housed in a crucible, placed into a furnace and heated to 700°C (ramp rate 

= 5°C/min) for 1 hour. This forms gallium rich platelets on the surface, which can then 

be removed by etching the lamella in diluted HCl (3M) for five minutes at room 

temperature, leaving the lamella in pristine condition [59]. 

 

 
Figure 2.20: PFM experimental setup. From [62]. 
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2.8.2 Vector PFM 
 

VPFM enables access to out-of-plane (Pz) polarisation components and LPFM allows 

imaging of in-plane polarisation components that are orthogonal to the cantilever axis 

(Px). If the other direction (Py) is collected, the 3d polarisation map of the sample can 

be reconstructed in a technique known as vector-PFM, see Fig. 2.21 [67]. The easiest 

way to get the other direction is to physically rotate the sample by 90° and perform 

LPFM again. For an arbitrarily oriented sample, the relative amplitude of Px, Py and 

PZ components is determined in order to obtain the true net-polar-orientation. Vector-

PFM analysis is challenging, requiring careful calibration of the vertical and lateral 

sensitivities, and is only effective where a good degree of knowledge of the crystal 

orientation is known [60]. However, there are several cases where the accurate 

implementation of vector PFM has been used to great effect [68-70]. 

 
Figure 2.21: Principles of vector PFM. To determine the magnitude and orientation 

for any given polarisation vector (P), three measurements must be made (VPFM, 

LxPFM and LyPFM) along three orthogonal directions (x,y,z) to obtain the polar 

relevant components (Px, Py and Pz). From [59]. 
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3. Polycrystalline BaTiO3 

3.1 Introduction 

In this chapter, a study of domain compatibility across grain boundaries in ceramics 

BaTiO3 (BTO) is presented, with particular attention paid to cases where domain wall 

continuity is observed. It is widely accepted that the microstructure, or pattern of 

domains, controls the physical properties of ferroelectric materials [1-7]. For example, 

the effective piezoelectric coefficient depends upon the fractions of different domain 

variants present [8], and networks of competing domains have been found to create 

similar conditions to morphotropic phase boundaries (the basis of high-performance 

piezoelectrics) at so called thermotropic phase boundaries [9, 10]. Furthermore, over 

the past couple of decades, a branch of ferroelectric technology, called domain 

engineering, has developed rapidly with the aim to produce, tune and control specific 

domain structures with reproducibility, in ferroelectric materials [11-13]. 

 

The domain formation, in any ferroelectric, is mainly governed by three factors: the 

domain wall energy, the electrostatic energy, and the elastic energy [14]. In a single-

crystal ferroelectric, the resulting domain configuration balances these energies, which 

are mainly dependent on the thickness of the crystal plate, the defect structure and the 

boundary conditions present [15]. However, most ferroelectrics used in today’s 

applications, such as sensors and actuators, are polycrystalline, due to their low cost 

and fast preparation timescales in comparison to their single-crystal counterparts [16, 

17]. Sintered polycrystals, called ceramics, contain many single-crystal grains which 

are separated by grain boundaries, increasing the number of factors that affect the 

domain formation as the material cools through the Curie temperature (TC). 

Essentially, the domain microstructure in the grains of polycrystals form under 

clamped conditions [18], resulting in intricate domain patterns that are considered 
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complex in nature. Fine control and tuning over these domain configurations are 

challenging when compared to their thin film counter parts, and thus the development 

of ceramic ferroelectrics is still under extensive investigation, addressing new and past 

issues in relation to their widespread applications [19]. Considering the importance of 

the domain configuration on ferroelectric properties, it becomes technologically 

relevant to investigate polycrystalline samples in a systematic manner and try to 

rationalise domain compatibility with a suitable theoretical framework.  

 

In this chapter, domain continuity across grain boundaries (GBs) in lamellae grain 

junctions cut from a BaTiO3 (BTO) ceramic is investigated, by combining electron 

microscopy techniques and the theory of compatibility in terms of martensite 

crystallography adapted for free standing polycrystalline films [20]. Typically, the 

notion is that the constraints on grains in bulk polycrystalline ceramics are so severe 

that stress-free states are unlikely and complex energy minimising domain patterns 

form [19, 21]. However, in polycrystalline thin films and free-standing lamellae, it is 

thought that the out-of-plane constraints can be relaxed, giving the material greater 

freedom to adopt a stress-free configuration [22], making these ideal candidates for 

investigation.  

 

Scanning transmission electron microscopy (STEM) on a high angle annular dark-field 

(HAADF) detector was used to image 90° ferroelectric-ferroelastic domains near and 

across grain boundaries in BTO. Unlike conventional TEM imaging, STEM HAADF 

imaging provides less diffraction contrast and therefore allows a clearer identification 

of the 90° domains and GB contrast. BTO powders were prepared by calcination of 

ball-milled BaCO3 and TiO2 at 1100°C for 4 hrs. During the latter stages of a post-

calcination ball mill, 2 wt% of a PVA binder was added. Green pellets 10 mm in 

diameter were prepared by uniaxial die pressing under a load of 10 tonne for 20 

seconds. Prior to sintering, the pellets were heated at 50°C/hr and held at 550°C for 4 

hrs to burn out the binder. They were then heated at 300°C/hr to 1340°C and held for 

16 hrs before cooling to room temperature at a nominal 300°C/hr. This process created 

relatively large grains, ideal for this study.  
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Lamellae samples, suitable for STEM imaging (thickness ~ 150 nm), were fabricated 

using focused ion beam techniques (refer to section 2.5.3). In this work, it is 

demonstrated that the theory of martensite crystallography can be used to rationalise 

domain continuity in polycrystalline ferroelectrics, by evaluating the agreement 

between the theoretical framework and experimental cases. A comprehensive 

experimental study of static domain configurations near and across GBs in bi-grain 

and tri-grain free-standing samples was conducted, providing a pleasing agreement of 

minimal polarisation and strain mismatch in cases where domain continuity was 

observed. The results here obtained revealed an interesting insight into microstructural 

conditions and presents a comprehensive experimental data set, with theoretical 

justification, that explores domain wall continuity across GBs.  

 

The work presented in this chapter has resulted from several collaborations. The BTO 

ceramic was prepared by D. Woodruff in Prof. A. Bell’s group at the University of 

Leeds. Support for EBSD and TKD measurements was provided by Dr. A. Gholinia 

at the University of Manchester. Furthermore, the analysis of GB arrangements in 

relation to the theory of martensite crystallography was carried out in collaboration 

with Prof. J. Huber from the University of Oxford. 

 

3.2 Domains in polycrystalline ceramics 

Domain patterns that form in bulk single crystal ferroics, particularly BTO, are quite 

well understood, with the first (and now highly cited) publications coming just a few 

years after its discovery in the 1940’s [23-25]. High-quality single crystals are grown 

using specialist recipes to contain a very low number of defects and imperfections, 

often resulting in properties such as enhanced actuation and large dielectric constant 

[26, 27]. On the other hand, ferroelectric ceramics are made via harsh sintering 

processes, where the particles are fused together into one solid mass without melting 

the materials, using a combination of pressure and temperature. This results in a 

complex landscape consisting of many grains of varying size and orientation, 

separated by defects called grain boundaries (GBs), which are immobile in the low 

temperature regimes at study here. The sintering conditions affects the microstructure 

and properties of these ceramics. For example, increasing the temperature and holding 

time during the sintering of a BTO ceramic has been found to increase the grain size, 
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crystallinity and dielectric constant [28]. In addition, textured ceramics (effective 

control of grain orientation) can be used to achieve ultrahigh piezoelectric response in 

PbTiO3 [29]. A comparison of two vastly different BTO ceramics is shown in Fig. 3.1, 

where (a) has an average grain size ~ 5 µm (sintering parameters unknown) and (b) 

has an average grain size ~ 25 µm. The second ceramic has been deliberately sintered 

at 1340°C for a 16 hrs to produce relatively large grains. The ferroelectric properties 

are inherently linked to and controlled by the domain configuration. The domain 

formation is far more complex in polycrystalline materials than single crystal, and 

there are many aspects that are not particularly well understood. In a ceramic, each 

grain is mechanically constrained by its neighbours, inducing stress fields that extend 

from the GB into the interior of the grain [18, 30]. Thus, the resulting domain 

configuration in a ceramic, formed when cooling through TC, must balance the long-

range elastic and electrostatic interactions between grains of varying degree of 

misorientation. The equilibrium domain patterns are influenced by the size [2, 18, 30, 

31] and orientation of the grains [32, 33], the presence of GBs [32, 34] and, to a lesser 

extent, other sintering factors such as the porosity [35], which all affect the domain 

switching and thus the global properties of the ceramics. For example, the domain size 

has been shown to decrease with the square root of the grain diameter [18, 31], with 

dielectric and piezoelectric measurements proving that domain wall motion decreases 

with decreasing grain size [36-38].  

 
Figure 3.1: Comparison of grain size and orientation distribution between two BTO 

ceramics using inverse pole figure (IPF) colouring from electron backscatter 

diffraction (EBSD). (a) Average grain size ~ 5µm and (b) average grain size ~ 25 µm. 

Orientation key shown on inset of (b). 
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3.2.1 Domain continuity in ceramics 
 

The vast utility of ferroelectrics is derived from their potential for electric-field-based 

(dielectric response, switching and actuation) and stress-based (transduction) 

applications. Arguably, the largest factor that affects domain switching is the 

crystallographic texture of the ceramic and the nature of the GBs. GBs are highly 

defective regions in the crystal structure, where the ferroelectric properties degrade 

completely, resulting in depolarising fields within the grains [34]. Nucleation of new 

domains has been shown to occur near the GBs, resulting in high stress fields, which 

then propagate into the grain interior [32]. The switching process must involve a 

complex collective response across all the grains, meaning that the switching in one 

grain influences the switching in the next grain and so on [39]. In theory, the stress 

would decrease if the macroscopic polarisation distribution is correlated across 

neighbouring grains, where the domains meet at the GB with the same periodicity. In 

practical terms, this phenomenon may seem highly improbable, considering that 

domain walls themselves are confined to certain crystallographic planes and that 

untextured ceramics have randomly orientated grains. However, domain wall 

continuity appears to be relatively common, with experimental observations published 

in BTO [40] and Pb[ZrxTi1-x]O3 (PZT) [41]. Various works on <111> twin boundaries 

also explicitly show that <110> plane matching can occur through them [42, 43]. 

 

Domain continuity at GBs affects the grain boundary-domain interactions, producing 

a coupling effect between grains, but there are still conflicting reports on whether 

domain continuity could either inhibit or enhance the ferroelectric properties [18, 44-

46]. The most exciting possibility is that domain continuity would allow a collective 

switching response over several grains, meaning that the microstructure within one 

grain would change due to the switching of a neighbouring grain [30, 47, 48]. In this 

picture, those GBs that are not compatible for promoting domain continuity could be 

considered as pinning sites, reducing the bulk polarisation during switching [49]. With 

this assumption, it is conceivable that textured ceramics with a degree of domain 

continuity can offer excellent potential for smart novel ceramic devices. Therefore, it 

is of high scientific and technological importance to deepen our understanding of this 

phenomenon. 
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There have been few efforts in literature that investigate domain wall continuity across 

GBs in ferroelectric ceramics. Of note, the theoretical work of Mantri et al., who 

presented the mathematical requirements for domain wall plane matching between bi-

grains in several crystal systems of BTO and linked this to the expected polarisation 

charge generated on the boundary itself [45, 49]. In a tetragonal system, with a [001] 

polar direction, they confirmed a relationship between the domain pattern and the grain 

geometry by studying commonly investigated grain misorientations [49]. It was found 

that orthorhombic and rhombohedral symmetries are more likely to allow domain wall 

continuity than tetragonal symmetry – a direct result of the increased number of 

domain planes and polarisation vectors in these symmetries [45]. Other work has also 

alluded to this phenomenon. For example, the work by Choudhury et al., who 

presented phase field simulations that simulate the switching behaviour in bi-crystals 

with varying misorientation. It was found that the switching behaviour in polycrystals 

was similar to single crystals when the misorientation between the two grains was 

<15°. When there is larger misorientation between the grains, the GB was predicted to 

play a significant role in the domain switching, which could be linked to the likelihood 

for domain continuity [32]. On the experimental front, most of the efforts have been 

devoted to understanding the role of GBs in polycrystalline ferroelectrics by 

investigating the influence of single GBs on domain patterns, domain wall motion and 

pinning at the GB [44, 50]. While some reference to domain continuity is made, the 

effect or conditions needed to promote domain continuity are not explored. The 

potential impact that domain continuity will have on domain mobility and ferroelectric 

properties cannot be understated [18, 44, 51, 52], and thus demands further 

investigation.  

 

3.3 Domain compatibility 

Ferroelectric crystals are known to adopt low energy, compatible domain 

configurations. Several methods, based on energy minimization, have been developed 

to predict the equilibrium structures in ferroelectric and other ferroic systems [53-55]. 

The corollary idea, is that domain pairs will attempt to adopt low energy 

configurations, such that the internal charge and residual stress at the domain wall is 

minimised [56]. The compatibility conditions at a single domain wall are well known 

from the crystallographic theory of martensite [19, 53, 57]. Domain walls with a low 
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energy configuration are compatible if they have no net charge (continuity of the 

normal component of electrical polarisation) and no dislocations (continuity of lattice 

strain) at the boundary [58]. For a pair of ferroelectric domains i and j with lattice 

strain states 𝛆: , 𝛆;, and corresponding polarisation vectors pi, pj, the interface normal 

vector n of a compatible domain wall must satisfy: 

 

𝛆: − 𝛆; =
!
"
(𝐚 ⊗ 𝐧 + 𝐧⊗ 𝐚)               (Eqn. 3.1) 

X𝐩: − 𝐩;Z ∙ 𝐧 = 0    (Eqn. 3.2) 

 

Provided a vector a exists that satisfies equation (1), there is a compatibility of strains. 

Equation (2) ensures continuity of electrical polarisation, giving a charge-free domain 

wall in the absence of electric field or stress. Equations (1) and (2) have solutions in 

many crystal systems, including typical ferroelectrics. In tetragonal BTO, the six 

symmetric polarisation states take the form 𝐩 = ±𝑃+𝐞: 			(𝑖 = 1⋯3), where 𝐞: are the 

orthogonal basis vectors of the tetragonal unit cell and 𝑃+ is the spontaneous 

polarization magnitude. The corresponding strain states are given by: 

 

      𝛆: = 𝜀+ I
#𝐩.⊗𝐩.
")"!

− !
"
𝐈J                     (Eqn. 3.3) 

 

where 𝜀+ is the magnitude of the spontaneous lattice strain and 𝐈 is the identity matrix.  

In the tetragonal system, compatible 180° domain walls can form in any plane parallel 

to any one of the 𝐞: while compatible 90° domain walls only occur on <110>pc 

crystallographic planes.  

 

Where two domain walls meet at the GB, they must also adopt domain configurations 

that satisfy the compatibility conditions to reduce the energy of the system. It is 

expected that the formation of ferroelectric twins (90° domains), will cause a severe 

concentration of stress at the intersection between the domain wall and GB because of 

incompatibility between the lattice distortions and the grain boundary constraints. 

However, it is theorised that this stress will decrease if domains are continuous at the 

boundary. Domain continuity between adjacent grains is recognised when the position 

and spacing of domains on one side of a grain boundary is matched by corresponding 

domains on the other side of the GB, see Fig. 3.2a. If individual domains are 
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compatible in pairs across the GB, it is expected that their matching spacing will 

produce a low-energy arrangement of domains. Where two domains in different grains 

meet at a GB with normal 𝐧^_, equations (1) and (2) may be applied to determine 

whether they form a low energy, compatible arrangement. If there is no such 

arrangement, alternative domain patterns that can reduce energy may form, and fine 

domains, with needle-like terminations at GBs, will be observed. These formations 

reduce strain by satisfying compatibility in an average way, at the cost of increased 

domain wall energy, see Fig. 3.2b. 

 

 
Figure 3.2: Schematic representation of domain wall continuity. (a) Domain walls are 

continuous across the grain boundary (GB), domain spacings and positions are 

matched. (b) No domain wall continuity. Fine needles may form to accommodate 

strain mismatch, large single domains may form preferentially on one side of the grain 

boundary. 

 

In the context of GBs, it appears likely that the interface could contain dislocations 

and a space charge distribution. However, in the sintering process, crystals are bonded 

at high temperatures above TC (cubic phase); they then transform to the ferroelectric 

phases upon cooling. Thus, the formation of domain patterns can accommodate strain 

compatibility and polarisation continuity at GBs if there are solutions to Eqns. 3.1 and 

3.2. The strains 𝛆: , 𝛆; now represent the lattice strains of particular domains in the 

different grains, and similarly 𝐩: , 𝐩; are the corresponding spontaneous polarisation 

states. Since there may be an arbitrary rotation of crystal lattice between the grains, 

there is no guarantee of solutions to Eqns. 3.1 and 3.2, even if the symmetry related 

crystal variants in the individual grains can form compatible domain walls. It is 

(a)

GB

(b)

GB
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hypothesised that the appearance of continuity corresponds to the existence of 

solutions, or near misses in Eqns. 3.1 and 3.2. 

 

Mantri et al. [45, 49], have summarized the general conditions for continuity of a 

domain wall across a GB, including Eqn. 3.2 and an additional condition on the domain 

wall orientations that allows them to meet at the grain boundary, namely that:  

 

   𝐧^_ ∙ X𝐧: × 𝐧;Z = 𝟎     (Eqn. 3.4) 

 

This condition was earlier given in the work of Fousek and others [59, 60]. The work 

of Mantri et al. neglects the strain compatibility condition that appears particularly 

significant in ceramics due to the high elastic energy penalty associated with elastic 

mismatch, which originates from the grain misorientation. In this chapter, the 

conditions are applied to specific experimental configurations to test the hypothesis 

that domain continuity is related to compatibility conditions across neighbouring 

grains in ferroelectric ceramics. The experimental configuration tested is that of thin 

lamellae of BTO; this configuration provides additional freedom due to the free 

surfaces, and so makes the observation of compatible matches across GBs more likely. 

In the lamella, it is expected that the constraint provided by Eqn. 3.4 can be overcome 

by rotations of the domain wall out of its habit plane at the GB with minimal energy 

penalty. It is expected that a little flexibility in the domain wall can be accommodated, 

and in fact is highly likely in ceramics, where grain boundaries and other defects have 

an influence on the total system energy [61, 62]. Similarly, mismatch in the out-of-

plane strain components can be tolerated with minimal energy penalty due to the low 

thickness to size ratio. Furthermore, out-of-plane polarisation states are suppressed due 

to the requirement for charge compensation at the free surface. The special conditions 

in lamellar samples thus reduce the compatibility conditions to a simpler form. 

Neglecting the out-of-plane strain components allows Eqn. 3.1 to be rewritten as 

 

						𝐭 ∙ X𝛆: − 𝛆;Z ∙ 𝐭 = 𝟎       (Eqn. 3.5) 

 

Where  𝐭 is a unit vector parallel to the grain boundary in the plane of the lamella, such 

that 𝐭 ∙ 𝐧^_ = 0. If the polarisation vectors lie in the plane of the lamella, then, 
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decomposing 𝐩: as 𝐩: = (𝐩: ∙ 𝐧)𝐧 + (𝐩: ∙ 𝐭)𝐭, expressing the tetragonal strain states 

in terms of polarisations through Eqn. 3.3 and substituting into Eqn. 3.5 shows that 

polarisation compatibility is implied by strain compatibility in this case. The 

conclusion is that in assessing the possibility of continuity across a GB in a thin lamella 

of tetragonal material, it is sufficient to test equation Eqn. 3.5. If there are strain states 

that allow the compatibility according to this equation, then the continuity of 

polarisation is also possible. The experimental outline of the chapter is this: firstly, a 

proof-of-concept will be generated by inspecting a bi-grain junction of small 

misorientation, this will then be compared with bi-grain samples of large angle 

misorientation, followed by tri-gain cases. Each case will be rationalised with respect 

to the theory presented in sections 3.3, which has been continued in section 3.4.2. 

 
3.4 Inspecting domain continuity in a bi-grain junction of 

small misorientation 
 

To investigate whether domain continuity can be related to compatibility and to 

generate a proof-of-concept, EBSD (see experimental section 2.6) was employed to 

identify two grains closely oriented to each other, and to the <100>pc orientation, see 

Fig. 3.3. This served a dual purpose: (i) a degree of alignment between the grains is 

guaranteed, dramatically increasing the likelihood of domain continuity at the GB and 

(ii) the orientation guaranteed no projection effects at the domain boundaries, which 

complicates the STEM analysis. Large areas of the ceramic were mapped to find a 

suitable grain boundary, where the inverse pole figure (IPF) maps revealed the crystal 

direction that is parallel to the sample direction that the IPF is assigned to. Of interest 

is the orientation of the crystal in the ‘IPF Y’ direction, because this becomes the ‘Z’ 

direction in the TEM following sample preparation and lift out, see Fig. 3.3b. The 

sample was prepared with an in situ FIB lift-out method, where the lamella is attached 

to a Cu grid (see section 2.5.3) and imaged with a double tilt TEM holder to allow 

more flexibility in the tilt ranges such that the zone axis (ZA) of each grain can be 

reached. 
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Figure 3.3: Employing EBSD to find two grains of reasonable size that are closely 

oriented to each other and to the <100>pc orientation. (a) Secondary electron (SE) 

image of bulk image, with region of interest identified. (b) IPF ‘Y’ map of the two 

grains, with orientation key shown in inset. 

3.4.1 Initial TEM imaging and selected area diffraction (SAED) 
 

Initially, bright field (BF) TEM was used to inspect the sample and to identify the 

orientation of the grains via selected area electron diffraction (SAED), see Fig. 3.4. 

Imaging polycrystalline lamellae requires more consideration than single crystals 

because individual crystallites (grains) that are more closely oriented to strong Bragg 

reflections than others, appear darker due to diffraction contrast. In a crystal, a group 

of planes parallel to a certain direction is called a crystal zone, where the direction, 

usually of high symmetry, is termed a “zone axis” (ZA). The double tilt holder can be 

tilted in two directions (𝛼 and 𝛽) to tilt each grain to ZA. In Fig. 3.4a, the left grain of 

the sample is on ZA, and thus appears darker than the contrast in the right grain. This 

required a tilt of 4.14° and 2.91° in 𝛼 and 𝛽, respectively. In Fig 3.4b, the right grain 

is on ZA, and thus appears darker than the left grain, which required a tilt of -0.45° 

and 3.01° in 𝛼 and 𝛽, respectively. The tilt condition therefore controls the contrast of 

the grains and domains in the sample. Thus, it is of great importance when imaging 

polycrystalline ferroelectrics, that all grains be tilted to ZA and inspected, if the tilt 

range of the holder allows.  

 

The SAED from each grain confirmed that the symmetry was <100>pc within small 

tilt ranges, consistent with the EBSD data. When viewed with higher magnification, 

the initial prediction that the domain walls could be continuous at the boundary was 

101001

111

(a) (b)

10 μm 5 μm
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also confirmed, see Fig. 3.4c. Due to the small misalignment between the grains, this 

occurred with no change in the direction of the domain wall at the GB. High resolution 

TEM (HRTEM) confirmed no discontinuity in the crystal lattice at the GB, see Fig. 

3.4d. 

 

 
Figure 3.4: TEM observation of a bi-grain junction of polycrystalline BTO. The 

contrast of the grain, hence the contrast of the domains in the sample, changes whether 

the (a) left grain or the (b) right grain are on ZA. SAED patterns and holder tilt values 

are shown in inset. (c) Higher magnification image of the GB showing that the domains 

are readily continuous at the boundary, without change in direction. (d) HRTEM image 

of the GB confirming no discontinuity in the lattice spacing across the grain boundary. 

The GB is indicated by the yellow dotted line in all cases. 

 

α: -0.45°
β: 3.01°

α: 4.14°
β: 2.91°

(a) (b)
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3.4.2 Generating a proof of concept 
 

The STEM acquisition conditions (200 kV, 50 pA) were found to provide suitable 

contrast of the grains and the domains for the subsequent analysis by martensite theory. 

The current was kept deliberately low to avoid any unwanted electron-beam-induced 

ferroelectric domain behaviour [63]. To assess the compatibility of the domains, an 

area comprising the grain boundary was taken. The STEM image (Fig. 3.5a) is 

represented schematically in Fig. 3.5b. This representation clearly displays the 90° 

domains, labelled A-D for clarity, where domains A/D and B/C are continuous across 

the grain boundary between grain 1 (G1) and grain 2 (G2). The domain walls are 

orientated at 45° to the local <100>pc directions as determined from the diffraction 

patterns of each grain (see Figs. 3.5c and 3.5d). 

 

 
Figure 3.5: Experimental observation of a single GB in BTO between 2 grains of 

small misorientation. (a) STEM image of a grain boundary separating grains G1 and 

G2. (b) The domains (labelled A-D) are oriented 45° from the local <100>pc axis, 

determined from the selected area electron diffraction (SAED) patterns from (c) G1 

and (d) G2. Schematic of the unit cell orientations from transmission kikuchi 

diffraction (TKD) are shown in the inset of (c) and (d). The 𝛼 and 𝛽 values depict the 

tilt on the double tilt holder required to put each grain on ZA. Scale bar represents 1 

µm. 
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To rationalise the compatibility of the domains A/D and C/B domains using martensite 

theory, the transformation strains (Eqn. 3.3) for each grain must be determined. This 

requires the orientation of each grain. The orientation of each grain in a polycrystalline 

system can be represented by three Euler angles (𝜑!, 𝜙, 𝜑") in the Bunge convention 

[64]. This describes the crystal orientation as three subsequent rotations about a fixed 

axis, first around the Z axis (𝜑!), the second about the X axis (𝜙) and the third again 

around the Z (𝜑"). This can be determined experimentally from TKD data, see Fig. 

3.6. The electron backscatter diffraction patterns (EBSPs) from each grain are 

collected, which are then automatically indexed by the EBSD software, see Fig. 3.6a. 

The unit cell orientations also provide a nice representation of the grain orientations 

(see Figs. 3.6b and 3.6c), which correspond well to the SAED shown for each grain in 

Fig. 3.5. The Euler angles were determined as: 

 

 

 

 

Table 3.1: Euler angles determined from TKD data for G1 and G2. 

 
Figure 3.6: Transmission Kikuchi diffraction (TKD) data of the bi-grain junction. (a) 

Forescatter detector (FSD) image from the EBSD detector. With EBSP from G1 and 

G2 shown in inset. The unit cell orientations for G1 and G2 are shown in (b) and (c), 

respectively. 

 

 

 

G2

G1
G1

G2

(a) (b)

(c)

Grain 𝛗𝟏 (°) 𝛟 (°) 𝛗𝟐(°) 

1 115.4 3.6 45.5 

2 106.8 8.0 54.6 
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The rotation matrix, 𝐑:, can be computed for each set of Euler angles from 

 

       𝐑/ = #−
cos 	𝜑0 sin 	𝜑0 0
sin 	𝜑0 			cos 	𝜑0 0
0 0 1

. #
1 0 0
0 cosΦ sinΦ
0 −sinΦ 			cosΦ

. #
cos 	𝜑1 sin 	𝜑1 0
−sin 	𝜑1 			cos 	𝜑1 0

0 0 1
.      (Eqn. 3.6) 

 

Given the TKD coordinates, the inverse transform 𝐑:′ is taken for each grain to keep 

the coordinate system consistent, giving 

 

𝐑!′(Grain 1) = �
−0.9437 −0.3260 0.0567
0.3278 −0.9444 0.0269
0.0448 0.0440 0.9980

�   (Eqn. 3.7) 

 

𝐑"′(Grain 2) = �
−0.9402 −0.3136 0.1332
0.3213 −0.9461 0.0402
0.1134 0.0806 0.9903

� (Eqn. 3.8) 

 

The orientations of the domain walls can then be identified in each grain by using Eqn. 

3.1, to obtain the domain wall normal, n, in local coordinates, where the domain walls 

are expected to appear in the STEM images parallel to  

 

𝐞b × (𝐑:𝐧)    (Eqn. 3.9) 

 

where 𝐞b is the unit vector in the z-direction. Considering the importance of the grain 

orientation on the compatibility calculations, a check was made to ensure confidence 

in the TKD data. Equation 3.9 was incorporated into a MATLAB code, which draws 

and outputs all permissible {110}pc walls projected onto the plane of the lamella. The 

permissible domain walls for each grain in this sample has been shown in Fig. 3.7a. 

By overlaying these walls onto the STEM image, Fig. 3.7b, the contributing domain 

variants can be identified. For the case in Fig. 3.5, only two domain variants were 

present in each grain (A/B for G1 and C/D for G2), corresponding to the (11@0) wall 

in each grain. In total, 7 grain junctions (11 individual grains) were studied, and in all 

cases the experimental domain walls in the STEM image matched within 2-3° of the 

theoretically permissible domain walls calculated from the 𝐑:. This was found to be 

an acceptable error, considering the challenging geometry required for TKD 

measurements. Upon further inspection, only (110) or (11@0) walls were found to be 
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present experimentally. This corresponds to the domain variants that have their 

polarisation lying approximately in the plane of the lamella. There are several potential 

explanations for the preference. These are that: (i) the lamellae is sufficiently thin, 

such that the out-of-plane compatibility conditions can be overcome with minimal 

energy cost and the intergranular constraints only form in-plane, (ii) mismatch in the 

out-of-plane strain components can be tolerated with minimal energy penalty due to 

the low thickness to size ratio and (iii) out-of-plane polarisation states may be 

suppressed due to the requirement for charge compensation at the free surfaces. It is 

likely that a combination of these factors results in the preference. Also needed for the 

compatibility calculation are the GB angles, which were measured directly from the 

STEM image to be 88° between G1 and G2 (𝜃!) and 268° between G2 and G1 (𝜃"), 

when taken anticlockwise from the x-axis, see Fig. 3.7c. 

 
Figure 3.7: Orientation check. (a) Schematic representation of all permissible 90° 

walls for G1 and G2. (b) Schematic representation of the lamella sample, with the 

identified domain wall overlayed. (c) Grain boundary angles between G1 and G2 (𝜃!) 

and G2 and G1 (𝜃") are measured directly from the STEM image. Scale bar represents 

1 µm. 
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 The tangential direction, t and the normal direction, n, of each boundary are given by 

[cos(𝜃) sin (𝜃)] and [-sin(𝜃) cos (𝜃)] respectively. After simplification of the problem 

to consider only the ‘in-plane’ domain variants present in each grain, the mismatch in 

the linear strain of domain A in G1 and domain C in G2 (𝑙F7) is then given by 

 

𝑙cd = 𝐭 ⋅ (𝛆c − 𝛆d) ∙ 𝐭	                     (Eqn. 3.10) 

 

and similar calculations provide the mismatch for the other possible domain pairings. 

The strain mismatch is thus defined as the difference in linear stretch, relative to a 

reference cubic state, along the GB, normalized by the magnitude of the spontaneous 

strain. Following this, the corresponding polarization mismatch was calculated for 

each possible domain pair. Between G1 and G2 where domains A and C meet, the 

polarization mismatch (𝑝cd) is given by:  

 

𝑝cd = �|𝐏c ∙ 𝐧| − |𝐏d ∙ 𝐧|	�/𝑃+            (Eqn. 3.11) 

 

This is the minimum screening charge per unit area (normalised by P0), required at the 

GB. Equation 3.11 accounts for the uncertainty over the sign of polarization in each 

strain variant, because there are two opposite polarization states associated with each 

strain state. Similar calculations give the mismatch for the other possible domain 

pairings, see table 3.2. In this example, the linear strain (𝑙) and polarisation mismatch 

(𝑝) between G1 variant 1 (V1) and G2 variant 1 (V1) was extremely low at 𝑙 = 0.006 

and 𝑝 = 0.004. The values between G1 V2 and G2 V2 were similarly small at 𝑙 =

−0.004 and 𝑝 = 0.012. Therefore, there exists two domain pairs with small 

mismatches, which can be continuous at the GB. In comparison, the other possible 

domain pairing resulted in significantly higher mismatches, and thus, these are 

unlikely to be continuous at the boundary. Given the sample symmetry, i.e., that 𝜃" =

	𝜃! + 180°, the values for the second GB are identical and do not need to be reported.  
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GB (1) @ 109° G1 V1 G1 V2 

G2 V1 𝒍 0.006 1.244 

𝒑 0.004 0.658 

G2 V2 𝒍 -1.242 -0.004 

𝒑 0.674 0.012 

 

Table 3.2: The values for linear strain (𝑙)  and polarisation (𝑝) mismatch for each 

pairing of strain variants at the GB of the sample in Fig. 3.5. The highlighted cells 

represent the pairings that allow domains continuation across the GB. 

 

3.5 Inspecting domain continuity in bi-grain junctions of 

large misorientation 
 

In section 3.4, EBSD was employed to deliberately identify two grains with small grain 

misorientation, which resulted expectedly in small mismatches at the GB. This 

situation is rare in untextured ceramics. In many cases, the mobility of the interfaces 

(grain boundaries) are controlled by kinetic mechanisms, leading to metastable states 

that locally favour high-angle misorientations over low-angle values [65]. The 

question addressed here is whether bi-grain junctions with large misorientation can 

form continuous, compatible domain arrangements at the boundary. To investigate 

this, two bi-grain examples of large misorientation are shown in Fig. 3.8. Generally, 

high-angle GBs are described as having a misorientation greater than 15° [66]. These 

two examples were analysed following the methodology given in sections 3.2 to 3.4.  

Two additional bi-grain examples are also included in Appendix A. For the first 

example (Figs. 3.8a-c), the Euler angles were measured as follows: 

 

 

 

 

Table 3.3: Euler angles for a bi-grain of large misorientation, example 1. 

 

Grain 𝛗𝟏 (°) 𝛟 (°) 𝛗𝟐(°) 

1 100.9 43.2 33.3 

2 127.4 35.2 8.7 
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The misorientation between G1 and G2 is 18.8°. The GB angles, measured directly 

from the STEM image were 𝜃! = 113° and 𝜃" = 293°, when taken anticlockwise from 

the x-axis.  For the second example (Figs. 3.8d-f), the Euler angles were measured as 

follows: 

 

 

 

 

Table 3.4: Euler angles for a bi-grain of large misorientation, example 2 

The misorientation between G3 and G4 was 34.6°. The grain boundary angles were 

measured to be 𝜃# = 90° and 𝜃$ = 293°, when taken anticlockwise from the x-axis. 

 

 
Figure 3.8: Two bi-grain examples with a high degree of misorientation between the 

grains. (a) A bi-grain junction that exhibits domain continuity and (d) a bi-grain 

example that does not. The yellow dotted line indicates the GB. The large yellow arrow 

indicates where the domain continuity occurs in (a), with the small blue arrows 

highlighting the presence of the 180° domains at the termination of the 90° needles 

due to the higher polarisation mismatch. The corresponding SAED from grains 1 – 4 

(G1 - G4) are shown in (b,c) and (e,f), respectively. Unit cell orientations from TKD 

are shown as insets. Scale bar is 2 µm. 

(a)

G1

G2

(d)

(b) (c)

(e) (f)

G3

G4

G1 G2

G3 G4

Grain 𝛗𝟏 (°) 𝛟 (°) 𝛗𝟐(°) 

3 218.9 28.6 18.0 

4 245.2 18.5 25.3 
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The linear strain (𝑙) and polarisation (𝑝) mismatch for examples 1 and 2 can be found 

in Tables 3.5 and 3.6, respectively. In the first experimental example, Fig. 3.8a, there 

is domain continuity at the GB, indicated by the yellow arrow. This corresponded 

nicely to a calculated pair of low mismatches between G1 V1 and G2 V1 (𝑙 = −0.070 

and 𝑝 = 0.149) and the other pair, G1 V2 and G2 V2 (𝑙 = 0.070 and 𝑝 = 0.034). 

Interestingly, whilst the strain mismatch was of equal magnitude between the two 

pairs, the polarisation mismatch between these variants is significantly higher, 

implying a degree of mismatch. However, the system appears to compensate for this 

mismatch in the manifestation of 180° domains (marked by the blue arrows), close to 

the termination of the 90° grains in G2.  

 

In the second example (Fig. 3.8d), there exists no theoretical pair of domain variants 

that have low strain or polarisation mismatch between grains with this specific degree 

of misorientation. Consequently, a more typical 90° pattern is adopted in G4, and G3 

remains monodomain, like the case described in Fig. 3.2b. Following observations of 

five bi-grain junctions and two tri-grain junctions, it was observed that domain 

continuity generally occurs in cases where both the strain and polarisation mismatch 

between a pair of domain variants is < 0.3, see Fig. 3.11. Furthermore, testing the 

skewness of the experimental domain wall’s intersection with the GB showed only 

coincidental matches between small error angles and cases of domain continuity, 

which confirmed that the constraint provided by Eqn. 3.4 could easily be overcome 

due to the boundary conditions of the lamellae. Another factor to consider is the 

possibility that the domain wall can twist close to the GB, providing the match required 

by Eqn. 3.4. In this lamella configuration, this would be a low energy adjustment that 

might be observed as an apparent widening or narrowing of the projected image of the 

domain wall as observed by STEM. 
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GB (1) @ 113° G1 V1 G1 V2 

G2 V1 𝒍 -0.070 -1.037 

𝒑 0.149 0.345 

G2 V2 𝒍 1.037 0.070 

𝒑 0.529 0.034 

 

Table 3.5: The values for linear strain (𝑙) and polarisation (𝑝) mismatch for each 

pairing of strain variants at the GB for G1 and G2 in the lamella in Fig. 3.8a. The 

highlighted cells represent the pairings that allow the continuation of domains at the 

GB. 

GB (3) @ 90° G3 V1 G3 V2  GB (4) @ 293° G4 V1 G4 V2 

G4 V1 𝒍 -0.492 -1.161  G3 V1 𝒍 0.827 -0.226 

𝒑 0.558 0.754  𝒑 0.443 0.052 

G4 V2 𝒍 0.979 0.310  G3 V2 𝒍 0.461 -0.592 

𝒑 0.388 0.193  𝒑 0.128 0.367 

 

Table 3.6: The values for linear strain (𝑙) and polarisation (𝑝) mismatch for each 

pairing of strain variants at both grain boundaries between G3 and G4 for the lamella 

in Fig. 3.8c. 
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3.6 Predicting domain continuity in bi-grain junctions  
Considering the good agreement between the compatibility framework and the 

experimental bi-grain samples, the discussion was extended to cover theoretical bi-

grains configurations, in effort to predict the orientations that will allow for domain 

wall continuity in this system. As mentioned before, domain continuity across a GB is 

associated with elastic and dielectric energies that depend upon the degree of mismatch 

in strain and polarisation respectively. Based on Eqn. 3.5 a strain mismatch can be 

calculated by 

 

Δε = �𝐭 ∙ X𝛆: − 𝛆;Z ∙ 𝐭�              (Eqn. 3.12) 

 

which is the magnitude of the difference in linear strain due to transformation from a 

reference cubic state for the two variants meeting at the grain boundary. This calculates 

only the direct strain component along the grain boundary, in the plane of the lamella. 

For the tetragonal crystal variants, Δε  has maximum magnitude 3ε+/2. Similarly, the 

polarisation mismatch, based on Eqn. 3.2 is 

 

Δ𝑃 = min¢X𝐩: ± 𝐩;Z ∙ 𝐧^_£                 (Eqn. 3.13) 

 

which is a measure of the jump in polarisation normal to the grain boundary. For 

tetragonal crystal variants the jump in polarisation has maximum magnitude 2𝑃+. 

However, in practice values greater than 𝑃+ are unlikely to be observed because in 

these cases it is always possible to replace one domain by an oppositely polarised 

domain and reduce the mismatch. Equation 3.13 ensures that the minimum mismatch 

is chosen. 

 

To illustrate the variation of Δε and Δ𝑃 in lamellae where two distinct domains meet 

across a grain boundary, consider the simple arrangement in Fig. 3.9a, representing a 

lamella situated in the x-y plane. Here, the global co-ordinate system is aligned with 

the crystal lattice of grain 1, wherein a domain polarized along the ±𝑦 axis meets the 

grain boundary. Thus grain 1 has Euler angles (0, 0, 0) and the tetragonal strain variant 

present is variant 2 (V2). The GB is taken to be flat and normal to the surface of the 

lamella, oriented at angle 𝜃 to the x-axis. In grain 2, the Euler angles are (𝜑!, 𝜑	, 0) 
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and V2 is again taken to be present. This restricts two of the five degrees of freedom 

associated with the grain boundary (Euler angle 𝜑" in grain 2 is fixed at zero, and the 

grain boundary normal is forced to lie in the x-y plane). The resulting 3 degree of 

freedom system is sufficient to illustrate the general idea of compatibility at the GB.  

 

Figures 3.9b-d show the normalised strain and polarisation mismatches Δε/ε+ and 

Δ𝑃/𝑃+ across a range of 	𝜑 and 𝜑! values, with separate results for GB angle 𝜃 =

0°, 22.5°	and 45°. For the configuration with results shown in Fig. 3.9b, 𝜃 = 0°, the 

strain mismatch varies sinusoidally between zero and a maximum dependent on Euler 

angle 𝜑. Similarly, the polarisation mismatch varies sinusoidally in the range  0°	 ≤

𝜑! ≤ 90° beyond which point the mismatch is minimised by switching the sign of 

polarisation, giving rise to symmetry about 𝜑! = 90°.  The sinusoidal variations are 

expected from simple rotation of rank 1 and rank 2 tensorial quantities. As the out-of-

plane rotation 𝜑 varies, the dependence of polarisation mismatch on 𝜑! reduces and 

the mismatch generally increases until, with 𝜑 = 90° the polarisation mismatch is 𝑃+  

regardless of rotation 𝜑" because the domain in grain 2 now has fully out-of-plane 

polarization. When the grain boundary orientation is 𝜃 = 	22.5°	or 45° (see Figs. 3.9c 

and 3.9d), the dependence of strain and polarisation mismatch on the Euler angles of 

grain 2 has the same general character, but with shifted values. The symmetry about 

𝜑! = 90° is lost and discontinuities in slope occur wherever the underlying strain or 

polarisation values switch sign. The special case of 𝜃 = 	45° with  𝜑! = 90° and 𝜑 =

0° is noteworthy: in this case the GB plays a similar role to that of a 90° domain wall, 

separating domain variants with orthogonal polarisation vectors, and the mismatches 

fall to zero.  

 

A key observation from Fig. 3.9, is that conditions where polarisation compatibility is 

achieved do not generally correspond to conditions of strain compatibility. Thus, use 

of one or other condition alone would not normally be sufficient to identify low energy 

continuous domain arrangements at a GB. However, in the special case of in-plane 

domains (𝜑 = 0°) strain mismatches of zero always correspond to polarisation 

mismatches of zero. Since most of the experimental observations considered in this 

paper concern in-plane, or nearly in-plane domains, there is typically a coincidence of 

near matches in strain and polarisation continuity. A further observation is that, 
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although exact matching at the GB is rare, approximate matches (e.g. Δε/ε+ and Δ𝑃/𝑃+ 

both < 0.3) are common and can occur over wide ranges of Euler angles.  

      

 
Figure 3.9: Normalised strain and polarisation mismatches across a range of 	𝜑 and 

𝜑! values. (a) Arrangement of domains adjacent to a grain boundary in a lamella with 

three degrees of freedom indicated. (b-d) Strain and polarisation mismatches shown 

for various combinations of Euler angles in grain 2, with the grain boundary angled 

(b) at 0°, (c) at 22.5°, and (d) at 45°. 
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3.7 Inspecting domain continuity in a tri-grain junction 

Bi-crystal configurations are often investigated because they offer a relatively simple 

starting point for fundamental studies, both experimentally and theoretically [32, 44, 

45, 49]. However, bi-grain samples are not common in applications, nor do they 

resemble bulk (or thin film) polycrystalline ferroelectrics. A more complex situation 

of interest is where multiple grains meet at a GB. An example of this is the tri-grain 

junction shown in Fig. 3.10a, which has been represented schematically in Fig. 3.10b. 

In this case, the situation becomes more complex because there are 3 GBs and 6 

experimental domain variants (labelled A-F) to consider. Each grain was determined 

to be closest to <100>pc from the SAED collected in each grain (see Figs. 3.10c-e). 

The experimental data is as follows: 

 

 

 

 

 

Table 3.7: Euler angles for the tri-grain junction in Fig. 3.10b. 

The misorientation between G1 and G2 was 20.5°, between G2 and G3 was 36.2° and 

G3 and G1 was 25.8°.  The angle at GB (1) 𝜃! = 52°. The angle at GB (2), 𝜃" = 176°. 

Angle at G3 (3), 𝜃# = 300°. 

 

The resulting strain and polarisation mismatches are reported in table 3.8. There is no 

good compatibility agreement between G1 and G2, and the portion of G1 that shares 

the boundary with G2 does not form a domain pattern, remaining monodomain in 

similar fashion to the bi-grain junction from Fig. 3.8d. Between G2 and G3, there 

existed a pair of low mismatch between G2 V1 and G3 V2 (𝑙 = 0.012 and 𝑝 = 0.107) 

and the other pair G2 V2 and G3 V1 (𝑙 = 	−0.100 and 𝑝 = 0.035). The system does 

attempt to create the domain continuity, but some of the 90° domain walls terminated 

before they reached the boundary. It is plausible that this is due to large difference in 

the magnitude of the strain mismatch, which prevents full continuity. Between G3 and 

G1 the theory also predicted a pair of low mismatch variants between G3 V1 and G1 

V2 (𝑙 = 0.220 and 𝑝 = 0.199) and the other pair G3 V2 and G1 V1 (𝑙 = −0.233 and 

Grain 𝛗𝟏 (°) 𝛟 (°) 𝛗𝟐(°) 

1 115.0 21.0 67.1 

2 94.9 14.5 67.8 

3 30.3 5.5 75.6 
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𝑝 = 0.147). In the lamella, the domains were readily continuous at the boundary. 

Interestingly, the reported strain and polarisation mismatch values of ~0.23 and ~0.22, 

respectively, were higher than any reported domain continuation in the bi-grain 

samples. It is likely that the increased intergranular clamping and elastic constraint in 

the tri-grain junction allows for a higher tolerance of strain and polarisation mismatch. 

Importantly, however, the general observations of domain continuity was consistent 

between the bi-grain and tri-grain lamellae samples, suggesting the potential 

scalability of this approach to predict more complex junctions in polycrystalline thin 

films or even ceramics. 

 
Figure 3.10: Experimental observation of domain continuity occurring at a grain 

junction surrounding a pore. (a) STEM image of the lamella, with grains labelled 1-3, 

schematically represented in (b). The third grain is on axis in the image. The domains 

(labelled A-F for clarity) are oriented at 45° from the local <100>pc axis, determined 

from the selected area electron diffraction (SAED) patterns (c-e). Schematic of the unit 

cell orientations from TKD are shown in the inset of (c) and (d). The scale bar 

represents 2 µm. 
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GB (1) @ 109° G1 V1 G1 V2 

G2 V1 𝒍 0.355 0.659 

𝒑 0.177 0.258 

G2 V2 𝒍 -0.768 -0.464 

𝒑 0.375 0.294 

 

GB (3) @ 90° G2 V1 G2 V2  GB (4) @ 293° G4 V1 G4 V2 

G3 V1 𝒍 1.166 -0.100  G3 V1 𝒍 1.077 -0.233 

𝒑 0.702 0.035  𝒑 0.579 0.147 

G3 V2 𝒍 0.012 -1.253  G3 V2 𝒍 0.220 -1.089 

𝒑 0.107 0.630  𝒑 0.199 0.528 

 

Table 3.8: The values for strain (𝑙) and polarisation (𝑝) mismatch for a tri-grain 

junction sample (Fig. 3.10). The highlighted cells represent the pairings that allow 

domain continuation at the GB. 

3.8 Discussion of compatibility solutions 

In total, eleven individual grain boundaries, ranging from very small (< 5°) to very 

large (> 45°) misorientation between the adjacent grains were experimentally studied. 

In each case, the linear strain (𝑙) and polarisation (𝑝) mismatch were calculated for the 

possible domain pairings between the four in-plane domain variants (other examples 

shown in appendix A). A plot of the misorientation angle vs. the calculated 𝑙 and 𝑝 

values for the lowest mismatch pairing, representing the pairing most likely to allow 

domain continuity at the GB, are shown in Fig. 3.11. Each angular misorientation (GB) 

is represented in a given colour, where the four observed cases of domain continuity 

in the bi- and tri-grain junctions are represented by crosses and triangles, respectively, 

and highlighted for clarity. From this graph, it can be seen that polarisation and strain 

matching can occur over a large range of angular misorientations, in agreement with 

theoretical computations. see Fig. 3.9. Importantly, the combined results from all the 

GBs indicate that the use of just one or other condition (𝑙 and 𝑝) alone is not sufficient 

to predict domain continuity. In fact, domain continuity was only found to occur in 

cases where mismatches were both < 0.3, marked as a cut-off value by the dotted red 

lines in Fig. 3.11. However, it is elucidated that the elastic mismatch provides the more 
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significant contribution, considering that in all cases where 𝑙 < 0.3, there is a 

coincidental match where 𝑝 < 0.3, but the converse is not true. In this manner, it is 

confirmed that continuous domain structures can be predicted by compatibility 

conditions, directly relating to the system’s ability to compensate the electrostatic and 

elastic charge generated by the strain and polarisation mismatch formed between two 

domain variants from adjacent grains which meet at the GB. It should be noted that 

the value of 0.3 may not be valid for other systems with greater spontaneous strain and 

matrix permittivity. It is hypothesised that a system with greater spontaneous strain 

will require a better alignment of the domain walls to lower the elastic energy at the 

GB, such that the tolerance value that allows domain continuity will decrease. 

Furthermore, additional contributions such as structural disorder, defects, changes in 

local symmetry, diffusion, and presence of dopants near the GB, which have not been 

considered in this case, would likely affect domain continuity. 
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Figure 3.11: Lowest calculated linear strain and polarisation mismatch for a pair of 

domain variants (2 data points) across 11 individual GBs of varying misorientation. 

(a) Linear strain mismatch (𝑙)	and (b) polarisation mismatch (𝑝) vs. misorientation 

angle (°). Domain continuity is observed in four cases, where the normalised 

mismatches are < 0.3 for both 𝑙	and 𝑝. Bi- and tri-grain samples that show domain 

continuity are represented by crosses and triangles, respectively, and highlighted by 

a box. All other boundaries that do not show domain continuity are shown as circles. 

The dotted red line indicates the cut-off value for both polarisation and strain (< 0.3), 

above which domain continuity was no longer observed. 
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3.9 Conclusion 

Ferroelectrics in ceramic form are utilised in many applications, but there is still a 

constant effort to control and tune these properties in order to create novel devices. To 

achieve this, processing techniques are tweaked to produce desired domain structures, 

which can dramatically enhance the practical use. Recently, the idea that domain 

continuity across GBs will allow a collective switching response over many grains, 

has been of interest. While domain continuity has been observed experimentally for 

over 50 years and some theoretical progress has been made, as of yet, there has been 

no explicit rationalisation in conjunction with experimental evidence, for the 

conditions needed for this phenomenon to occur. Potentially, this is due to the 

experimental difficulties associated with studying these types of systems. The data 

here obtained was a result of careful experimental design, which combined electron 

microscopy techniques with the theory of martensite crystallography, to systematically 

study domain continuity in grain junctions of BTO lamellae. In total 11 individual 

grain boundaries were evaluated, ranging from bi-grain samples with small 

misorientation <5°, to tri-grain and bi-grain examples with a maximum orientation 

>45°. In all cases, it was found that the lamella samples adopted a domain 

configuration where the polarisation lies approximately in the plane of the lamella, due 

to the lamella boundary conditions. The following correlations between the strain, 

polarisation mismatch and domain continuity across GBs were drawn: (i) domain 

continuity can be expected to occur where the strain and polarisation mismatches 

between a pair of domain variants are both < 0.3 in free-standing BTO thin films. This 

proved that domain continuity is related to compatibility conditions across 

neighbouring grains in ferroelectric ceramics. Importantly, this work demonstrates that 

the use of one or other condition alone is not sufficient to predict continuous domain 

arrangements, although it was noted that there is typically a coincidence between low 

strain and low polarisation mismatch, indicating that the former mismatch makes a 

more considerable contribution in this configuration. Furthermore, no apparent link 

between the allowance of the domain continuation and increasing misorientation 

between the grains was identified. (ii) When there exists no pair of variants with low 

strain and polarisation mismatch < 0.3 at a GB, the boundary is expected to be 

dominated by one good match on both sides of the boundary. Experimentally this 

resulted in little to no continuity. It was found that one grain would form a 
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microstructure, whilst the other remained monodomain. (iii) It is predicted that if there 

are no good matches, the boundary is likely to have fine domains that minimize the 

energy by “average” compatibility. Importantly, this work confirmed the hypothesis 

that this phenomenon is related to the compatibility conditions across neighbouring 

grains in ferroelectric ceramics. Consequently, the results within this chapter offer a 

significant advance in the understanding of the conditions needed to promote or inhibit 

domain wall continuity. This work appeals to those working in ceramic processing and 

polycrystalline thin films, or domain engineering, who can apply advanced sintering 

methods to promote particular GB types, thereby adjusting the likelihood for domain 

continuity to occur over GBs.  
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4. In situ heating of free-

standing BaTiO3 

4.1 Introduction 

Ferroelectric domain configurations are formed as the system cools below the Curie 

temperature (TC), based on a complex interplay between the system’s spontaneous 

strain and polarisation, as discussed in Chapter 3. The domain walls (DWs) that 

separate the domains are moveable entities that respond to external stimuli, such as 

heat, bias, and mechanical loading. The overall structure and mobility of the domains 

heavily influences the macroscopic properties of the materials [1]. Therefore, the 

understanding of domain behaviour under external fields, including their field-induced 

dynamics and characterisation of domain-defect interactions, is of great technological 

importance. 

 

Temperature and biasing are key factors that affect the state and behaviour of 

ferroelectric materials. Ferroelectric nucleation, and switching behaviour as a function 

of external biasing, has been well documented in the literature [2-6]. In contrast, the 

domain formation, and dynamics as a function of temperature has been studied to a 

much lesser extent [4, 7-9], and there are many aspects of this behaviour that are not 

well understood, particularly at the nanoscale. The internal strain and domain wall 

energies change with temperature and therefore, the equilibrium patterns are 

temperature dependent [9]. Ferroelectrics are known to exhibit sensitive responses to 

external forces near phase transitions [10], but the temperature dependent domain 

evolution and domain wall motion is also important, because of the critical influence 
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this has on piezo- and dielectric properties and performances of these materials [11]. 

Thus, to better understand and gain control over the ferroelectric properties, domain 

evolution during heating and cooling cycles must be studied.  

 

It is only recently that experimental developments have allowed the controlled in situ 

study of domain dynamics [1, 12-16]. New frontiers of in situ electron microscopy has 

seen the development of a variety of in situ holders and fast acquisition cameras, which 

are powerful tools for studying functional materials such as ferroelectrics. However, 

the interpretation of such studies remains a challenge because extrinsic factors can 

induce potential artefacts. And, while interesting and highly relevant, polycrystalline 

lamellae pose extra challenges for in situ studies, due to the added complexity 

associated with grain boundaries, pores, and defect structures present. Therefore, as a 

first check, an in situ heating TEM holder was used to map the thermal dynamic 

response of 90° ferroelectric-ferroelastic domains in single crystal BTO, by STEM 

techniques. To achieve this, several lamellae specimen were prepared and placed 

directly onto dedicated in situ heating microelectromechanical system (MEMS) chips. 

Two orientations, <100>pc and <110>pc, were chosen for comparison, to directly 

investigate the orientational effect on the domain behaviour, which is important in the 

study of polycrystalline samples.  

 

The results here obtained for BTO single crystal, revealed an interesting and unique 

insight into thermally activated domain dynamics near and below TC. When heated 

(RT to above TC) the material undergoes a thermal expansion, and a loss of 

polarisation, as it moves closer to the cubic paraelectric state. Several interesting 

behaviours were observed including: (i) TC is pushed to higher temperatures (>150°C) 

than that of bulk BTO (~120°C), (ii) the domains exhibit significant mobility below 

TC within a low temperature regime (>20°C) and (iii) vacuum annealing promotes 

complex metastable domain configurations between competing phases at room 

temperature. 

 

In addition to STEM results, in situ PFM was performed as a complimentary technique 

aimed to check the STEM observations. Furthermore, vector PFM results are 

presented, which were used to determine the polarisation orientation of the competing 

domain variants in the lamella. Given that the domains here observed are 90° 
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ferroelastic domains, advanced strain mapping techniques, including 4D-STEM 

nanobeam electron diffraction (NBED) and dark field electron holography (DFEH), 

were employed to map the local strain fields (c/a ratio) of the domain variants as a 

function of temperature. The skilful combination of in situ TEM with advanced 

techniques gave a unique insight into the local elastic competition between needle 

domain variants as a function of temperature in needle junctions, as well as complex 

domain structures. To the author’s knowledge, this is the first time that in situ TEM 

heating has been combined with local strain measurement for BTO single crystal.  

 

Following the initial observations on the single-crystal samples, STEM in situ heat 

cycling experiments were carried out to explore the thermal behaviour and domain 

reconfiguration in bi-grain junctions, with particular attention placed on the interaction 

of domains with the grain boundary and how this evolves with temperature. 

Interestingly, the direct comparison to single crystal revealed more similarities than 

differences, which was not expected, considering the clamping conditions present in 

polycrystals. Domain continuity could be promoted by increasing temperature 

(>50°C) and would only occur in specific temperature ranges (50°C to TC).  

 

This project received funding from the European Union’s Horizon 2020 research and 

innovation programme under grant agreement No 823717 - ESTEEM3, to perform 

several advanced experiments at the Ernst Ruska-Centre (ER-C) in Jülich, Germany. 

NBED experiments were performed by A. Strauch and Dr. B. März in the group of 

Prof. Dr. K. Müller-Caspary at ER-C Jülich. DFEH and subsequent analysis was 

performed by Dr. Thibaud Denneulin at ER-C Jülich. All PFM data here presented 

was conducted by Dr. I. Gaponenko in the group of Prof. P. Paruch at the Université 

de Genève. The vector PFM characterisation was done by Dr. R. McQuaid from 

Queen’s University Belfast. 
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4.2 Phase transitions and domain structures 

Phase transitions are ubiquitous in nature. The physical nature of ferroelectricity is 

intimately coupled with the mechanism of phase transitions, which provides the origin 

of the Ps and leads to the formation of stable ferroelectric domain structures [17]. These 

structures are closely tied to the ferroelectric functionality and are manipulated in 

today’s modern devices. The thermodynamic description of phase transitions was 

introduced in section 1.2. In addition to the order of the phase transition, structural 

phase transitions can also be classified to have displacive or order-disorder character, 

which are driven by fundamentally different driving forces. The experimental 

signature of the displacive class is an underdamped soft-mode. While in the order-

disorder case, the atoms change from some split occupation probability to a more 

ordered configuration within the same set of atomic positions [18]. It is now widely 

believed that these two classes are not mutually exclusive, but that a mixture of order-

disorder and displacive character will occur at the phase transitions in BTO [17]. 

 

Above the material’s TC, BTO exists in a cubic state and undergoes three successive 

first-order transitions: tetragonal (T), orthorhombic (O) and rhombohedral (R). Within 

each phase, only mechanically compatible and electrically neutral domain walls are 

stable, see Fig. 1.13. An increase, or decrease, in the temperature of the system will 

change the nature of the octahedra cage that surrounds the Ti ion, affecting the 

ferroelectric displacements [19]. The domain wall characteristics, including the 

domain wall thicknesses and energy densities are also temperature dependent [20]. 

Considering this, the equilibrium domain patterns will also be dependent on the 

temperature, implying that domains will evolve during heating [9]. There is still great 

debate over the mobility, or immobility of ferroelastic domain structures in thin films 

and how this effects the ferroelectric switching dynamics [21-24]. What is in 

agreement, is the importance of domain walls in determining the response of 

ferroelectrics and that the ability to create, annihilate or move domains is critical for 

next generation devices [21, 25, 26]. Therefore, temperature dependent evolution of 

domains and domain walls is of crucial interest [11, 27-32]. 
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4.2.1 Temperature-strain phase diagrams 
 

It is well established that the ferroelectric properties, including the transition 

temperatures and the stability of different domain structures, can be tuned in 

ferroelectric thin films. The strong coupling between strain and polarisation results in 

the use of strain engineering as a means to control the ferroelectric properties, 

including the piezoelectric coefficients, dielectric properties and phase transition 

temperatures [33]. Strain due to lattice and/or thermal mismatch in thin films can lead 

to dramatic increases in TC and cause large variations to the stable domain patterns. 

For example, the introduction of biaxial compressive substrate strain can increase TC 

up to 500°C higher than its bulk in BTO epitaxial thin films [34, 35].  Li et al. 

employed phase field modelling to explore domain stability in a wide range of 

experimentally accessible compressive and tensile strains in BTO thin films. The 

phase diagram produced displays the stability of various ferroelectric phases and 

domain structures as a function of temperature and strain, see Fig 4.1 [36], where an 

increase in in-plane strain can push up the TC.  

 
Figure 4.1: Temperature strain-phase diagram for BTO thin films. Reprinted from 

[36]. 
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From the strain-phase diagram (Fig. 4.1), it is predicted that BTO will order in a variety 

of phases and domain configurations when grown under low strain conditions. These 

domain morphologies were simulated (see Fig.1 in [36])  and predicted to be accessible 

within moderate temperature ranges. Whilst experimental evidence of this region of 

the diagram is rare, Everhardt et al., reported on this using BTO thin films grown on 

NdScO3 substrates with under ~ 0.1 % strain. At room temperature (RT), a monoclinic 

ca1/ca2 phase with a 90° periodic in-plane domain configuration was stabilised. 

Monoclinic phases are known to give a high piezoelectric performance [28, 31, 37]. 

Upon heating above 50°C, the film underwent a phase transition to an a/c periodic 

phase, with alternating in-plane and out-of-plane polarisation [30]. In a further 

publication, Everhardt et al. utilised in situ heating PFM experiments to follow the 

transition between the ‘a/c’ and ‘a/b’ type domains, identifying a phase coexistence 

regime between 30°C and 50°C [9]. They found that the low strain condition flattens 

the energy landscape, meaning that different domain configurations can be accessed 

at low temperature ranges [38]. It was also observed that the domain periodicity of 

equilibrium domain patterns following phase transition halved multiple times, 

mediated by the nucleation of domains within the centre of existing domains [9]. In 

comparison, the manner in which 90° ferroelectric-ferroelastic domains respond to 

changes in the temperature has been mapped in bulk BTO single crystals using AFM. 

The domain periodicity does not change until ~2°C below the TC, where the domains 

coarsened dramatically [7]. The electrical boundary conditions also modify the phase 

transitions, phase stability and domain structures [39-41], but this will be discussed at 

length in the next chapter, where the domain configurations of BTO are investigated 

under different chemical environments.  

 

4.2.2 Low symmetry phases 
 

Low symmetry ferroelectric phases are of interest because of their enhanced 

piezoelectric functionality. High-performance piezoelectrics commonly feature 

morphotropic phase boundaries (MPBs), where the boundaries separate two 

competing chemical compositions. The crystal structure changes abruptly across the 

boundary, leading to intermediate low-symmetry monoclinic phases (M), where the 

electromechanical properties are maximal [42]. A promising alternative to MPBs are 

the recent reports of low symmetry monoclinic phases existing near phase transitions 
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in seminal ferroelectrics such as BTO. The monoclinic crystal system can be described 

by three vectors of unequal length, where two pairs of vectors are perpendicular, and 

the other is not. Various monoclinic phases, including MA, MB and MC, where the polar 

vectors lie in the (110), (101), and (010) planes, respectively, have been identified by 

various techniques [43]. Cao et al. first reported on a MC phase through the T-O 

transitions in BTO under an applied electric field [29]. Later on, Eisenschmidt et al. 

also observed monoclinic MC-type short range order in BTO while cooling slowly 

through TC [27]. Lummen et al, first reported that a network of competing domains 

can create similar MPB behaviour at so called ‘thermotropic phase boundaries’ (TPBs) 

across well-known phase transitions in classical ferroelectrics, such as BTO and 

KNbO3 [31]. Phase-field simulations confirmed that if the mechanical and dipolar 

interactions between multi-domain configurations are sufficient, then an intermediate 

monoclinic phase will emerge that bridges the O to T phases in these systems. These 

monoclinic phases can exist in wide temperature ranges around the conventional 

ferroelectric transitions, where the interphase-strain forms a bridging phase between 

the competing parent phases [37]. Unfortunately, the practical use of TPBs has so far 

been limited, because of their temperature instability. Typically, complex chemistry 

or intricate microstructure is required to achieve temperature-independent phase-

transition boundaries. However, Everhardt et al. recently reported that such a response 

can be achieved in BTO thin films using asymmetric electrodes. The strain gradient 

causes a coexistence between the T, O, and a low symmetry bridging phase that 

induces a ‘transitional’ vertical polarisation rotation. This recreates a smear in-

transition state and leads to a giant temperature-independent dielectric response [32]. 

The property coefficients of the bridging phase exceeds the parent T and O phases, 

presenting unique opportunities for the design of ‘green’ high-performance materials. 

 

4.3 Thickness effects  

Ferroelectric properties depend upon physical and electrical boundary conditions, and 

consequently, the physical dimension. Since lamella samples are thinned to electron 

transparency (~ 100 nm), this can dramatically change the properties from that of the 

bulk material. The change of properties with decreasing physical dimension are known 

as size effects [44, 45]. Size effects are common in thin-film ferroelectrics, where the 

combination of high performance and scaled integration, makes them very attractive 
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for applications in memory devices. In most cases, a reduction of the TC, spontaneous 

strain, polarisation, as well as a depression of all polarisation-related properties, is 

expected when the dimension is reduced to the nanoscale [44, 46]. Importantly, there 

is a critical size limit for ferroelectricity, which is of thermodynamic origin, 

determined by the depolarisation field and the bound surface charges on the material. 

When these charges are not effectively balanced by the available screening 

mechanisms or 180° ferroelectric domain formation, ferroelectricity can no longer 

exist [47]. Ferroelectricity can persist to very small thicknesses (2-3 nm) in epitaxial 

thin films of PbTiO3 and BTO [41, 48]. Whereas glass ceramics with BTO inclusions 

were reported to have a critical size of 10-20 nm when extrapolated from experimental 

results [49]. Further to this, Spanier et al. reported a rapid decay of TC in BTO 

nanowires when their diameter (dnw) is decreased below 20-30 nm. In comparison, 

larger dnw had comparable TC to bulk single crystal, see Fig. 4.2 [50]. Relevant to the 

work here presented, it has been reported that relatively thick lamella (250 – 300 nm) 

of BTO single crystal, will display a TC (~120°C) and properties comparable to the 

bulk, without any evidence of size effects [51].  

 

 
Figure 4.2: Ferroelectric phase transition (TC) as a function of nanowire diameter 

(dnw). From [50]. 

 

It should be reminded that in a ferroelectric-ferroelastic system, there is a square root 

dependence on the domain size with the film thickness [52], which is reported to hold 

down to tens of nanometre thickness (see section 1.6). Domain size is an important 

factor that can be used to enhance the piezoelectric coefficients in BTO single crystal 
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[53, 54]. On the other hand, sample thickness will also play a critical role in the domain 

switching behaviour. Chen et al., used free-standing BTO thin films to investigate the 

tuning of ferroelectricity with the thickness [55]. They observed that thinner samples 

exhibited huge surface strain, resulting in a surface reconstruction layer that is 

randomly polarised. This produces a local strain field between the 90° ferroelastic 

domains present with the sample and the sample surface, which prohibits the 

polarisation reversal. In thicker samples, it was found that switching can occur on 

much faster time scales, where the switched domains propagate continuously through 

the domain walls, aiding the switching behaviour of the sample [55]. In free-standing 

single crystal BTO lamellae, it has also been seen that the domain period will adapt to 

a thickness gradient, where the domain periodicity coarsens and domain bifurcation 

occurs if a thickness gradient is present either perpendicular or parallel to the domain 

wall, respectively [56]. Ceramic materials are also prone to size effects, for example a 

progressive variation of the dielectric, elastic and piezoelectric properties occurs when 

the grain size is reduced below 10	µm [57].  

 

4.4 Preparing for in situ STEM  

In the tetragonal phase of BTO, 90° domains can be readily imaged by diffraction 

contrast, whilst 180° domains are somewhat harder to image by TEM [58]. The domain 

configurations are sensitive to the sample dimensions [55, 56], thickness and 

temperature gradients [7], defects [59], the chemical environment [60, 61], strain [34, 

36], electron beam irradiation [62] and the presence of surface layers [63], amongst 

other factors. All of these parameters need to be carefully considered when preparing 

for in situ TEM observation. Some, including the physical dimension and the presence 

of thickness or strain gradients, are directly related to the quality of the sample and the 

FIB preparation. Others, including the temperature homogeneity and temperature 

control and the dose of the electron beam, must be considered during the experimental 

set-up. In this work, STEM imaging with a beam current ~ 50 pA and a 70 µm C2 

aperture was found to provide sufficient contrast, whilst preventing unwanted domain 

nucleation via electron beam irradiation [62, 64].   

 

The lamellae samples here observed, were prepared in the trench of the bulk BTO 

single-crystal and placed directly onto the heating chip using an ex-situ lift out 
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approach, as detailed in section 2.5.3. Using a free-standing thin ‘film’ rather than an 

epitaxial thin film offers several advantages for pursuing fundamental research. Most 

importantly, the lack of chemical interdiffusion and interfacial defects allow the size 

effects to be easily distinguished [51, 55, 63]. Further to this, there is no associated 

substrate to the film, meaning the lamella are in an inherently low-strain conditions 

and hence, allowing the interesting low-strain regime detailed in Fig. 4.1 to be 

investigated. For observation, the lamellae were placed over one of four central 

electron transparent holes on the Climate chip, to guarantee that a minimal temperature 

gradient during thermal cycling is experienced by the sample, see Fig. 2.8a. The main 

aim of the sample preparation is to optimise the FIB ‘recipe’ such that each sample is 

kept uniform in terms of thickness, sample dimensions and strain. In doing so, the 

observed thermal behaviours are representative of the bulk material properties under 

these specific boundary conditions. 

 

4.4.1 Comparison of <100>pc lamellae: in situ heating STEM 
 

The importance of a good quality sample is well known in the electron microscopy 

field, as the inclusion of small artefacts can dramatically alter the observations. For 

example, two <100>pc oriented BTO single crystal lamella fabricated from the same 

bulk sample and with the ‘same’ FIB recipe, but whose domain patterns and thermal 

behaviours clearly differ, can be seen in Fig 4.3.  

 

Lamella 1 (L1, Fig. 4.3a) is a representative sample of uniform thickness with no 

evident FIB beam damage. However, the ‘as-grown’ domain structure (the domain 

structure prior to in situ stimulus) is different from the expected needle domain pattern, 

the domains are limited to a portion of the lamella, and these did not scale according 

to Roytburd’s treatment of Kittel’s law [52, 56, 63]. For this lamella of thickness (~150 

nm), the domain size is predicted to be ~ 40 nm, see Fig. 1.12. However, the average 

domain size in this case was > 100 nm. Following thermal cycling from  200°C, some 

domain reconfiguration can be observed, see Fig. 4.3b. However, largely the domains, 

particularly in the unoccupied regions of the lamella, remained unchanged. For 

analysis, the domain variants were labelled as per the colour key shown below Fig. 

4.3a. By plotting the area fraction of the domains present during thermal cycling (from 

RT – 200°C – RT at 1°C/sec), it was clear that the domains were immobile even after 
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undergoing phase transition, see Fig. 4.3c. After the domains nucleated, only small 

increases of the area fraction were observed, which was associated with the sideways 

movement of the domain walls causing the domain to widen. Similar behaviours were 

present in all subsequent heat cycles of L1, see Figs. 4.4a-4.4c. This strongly indicates 

the presence of pinning sites in the lamella, which impedes domain mobility, likely 

inherited from the parent crystal [22, 65, 66]. 

 

In comparison, lamella 2 (L2, Fig. 4.3d) exhibits small thickness gradients (estimated 

~ 20 nm) introduced by FIB milling. The domain structure occupies the vast proportion 

the lamella and the domain width is considerably smaller (~ 50nm). Whilst the domain 

structure resembles that of similar reported samples, at a closer inspection, there are 

some anomalies such as ‘curved’ domain walls that deviate from the expected 

crystallographic axis for the tetragonal phase (<100>pc for 180° and <110>pc for 90° 

walls). These domain structures resemble those of metastable meandering domain 

walls that appear at small gradient energies for 109° and 180° domain walls in thin 

BiFeO3 (BFO) films [67, 68], which separate regions with unusually low monoclinic 

symmetry [67]. The difference between the two samples also carries on to the dynamic 

behaviour. The domains exhibited much higher mobility in L2 than L1, particularly at 

low temperatures (20°C - 50°C), highlighted by the red dotted boxes in Fig. 4.3d, 

where the domain configuration changes from predominantly projected <100>pc walls 

to <110>pc walls. 
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Figure 4.3: Differences in the domain configurations and thermal behaviours of two 

<100>pc BTO single crystal lamella during in situ heat cycling from RT – 200°C 

(above Tc) – RT at 1°C/sec. Stills are from (a-c)  “Lamella 1” (L1) and (d-f) “Lamella 

2” (L2).  (a,d) As-grown domain configurations at RT. (b,e) RT configurations after 

thermal cycling. (c,f) Graphs of the domain area fraction as a function of temperature. 

Domain variants and crystallographic axis are shown in the inset of (a). Thickness 

gradient present in L2 is shown in (d).  
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4.4.2 In situ heating STEM of <100>pc BaTiO3 lamellae: as-grown vs. high 
temperature annealing 
 

With the rationale of removing potential defects, pinning sites, strain gradients, and 

recovering any surface damage from FIB [69, 70], both lamellae were annealed in situ 

under the TEM vacuum. In each anneal, the sample was heated from RT – 800°C at 

5°C/s, held for 30 minutes, and cooled from 800°C – RT at 1°C/s. Previous studies 

have shown that thermal annealing at 700°C for 1 hour acts to both recrystallise the 

amorphous surface layer imposed by the FIB milling and to expel the gallium present 

[71]. Post annealing and subsequent cooling through TC, both samples exhibited a 

complete reset of the domain microstructure. For the non-uniform L2 sample, the 

intricate domain pattern changed from a complex, strained type of configuration, to a 

more typical pattern of needle domains, where the needle tip extends from the thinnest 

portion of the lamella to the lamella centre. The sample maintained its high domain 

wall mobility in the low temperature regime (20°C – 50°C), but the influence of the 

thickness gradient was not so obvious.  

 

Annealing L1 to high temperatures also produced a dramatic change in the static and 

dynamic behaviour of the domains. Temperature stills from the in situ heat cycle of 

L1 pre- (a-c) and post anneal (d-f) are shown in Fig. 4.4. Following the anneal process, 

the domain density increased dramatically, and the domain walls spanned the whole 

length and width of the lamella surface. This process promoted the introduction of 

<100>pc domain variants at RT, which reconfigured to a <110>pc domain configuration 

by 50°C, see Fig. 4.4e. The domain’s thermal domain mobility increased in this low 

temperature regime (20°C – 50°C), where many metastable domain configurations 

between the two temperatures were observed, analogous behaviour to that observed in 

L2 pre-anneal. 

 

Taken altogether, high temperature annealing caused the thermal behaviour of the 

lamellae to become comparable, not only to each other, but also to recently reported 

in situ heating work conducted on BTO single crystal [4, 72] and to previous reports 

in BTO thin films grown to have zero nominal strain [9, 30, 32]. For example, the 

domain periodicity (D.P, distance between the domain wall of one domain to its 

adjacent domain) of the ‘<110> right’ domain variant, increased from ~ 185 nm (50°C) 
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to ~ 280 m (80°C) to ~ 363 nm (100°C) to ~ 629 nm (120°C). This followed a very 

similar behaviour pattern reported in BTO thin films by Everhardt et al., who observed 

that the equilibrium domain structure when cooling down through TC is attained by 

halving the domain periodicity multiple times [9]. Further to this, the observed change 

in the domain configuration from <100>pc to <110>pc is also consistent with the 

behaviour of the same film, where it transitions from an ‘a/b’ type configuration at 

25°C to an ‘a/c’ type configuration at 70°C. The ‘a/b’ domain wall projections are 

parallel to the [110] direction at 25°C and the ‘a/c’ type domain wall projections are 

parallel to the [100] type at 70°C. This high-temperature ‘a/c’ phase with [010] 

projections by PFM are consistent with {101} domain walls observed by cross-

sectional TEM [30]. A brief overview of the in situ behaviours observed in seven 

<100>pc free-standing BTO thin films is summarised in section 4.4.4. 

 

 
Figure 4.4: Stills from in situ heating from RT – 200°C – RT at 1°C for L1 both (a-c) 

before (HAADF STEM) and (d-f) after (BF STEM) high temperature annealing at 

800°C. BF STEM imaging was found to provide better contrast post-anneal. 

Temperatures are (a,d) RT, (b,e) 50°C and (c,f) 120°C for pre- and post-anneal cycles, 

respectively. Dotted arrows represent the domain variants present using the same 

colour code shown in inset of 4.3a. Dotted white lines indicate the change of domain 

periodicity (D.P) of the ‘<110> right’ variant between 50°C and 120°C post-anneal. 

<100>

<1
00

>

(a) (b) (c)

1 μm

180° domains

D.P

(d) (e) (f)



4. In situ heating of free-standing BTO 

 128 

4.4.3 In situ heating STEM of <110>pc BaTiO3 lamellae 
 

Polycrystalline BTO is made up of many single-crystalline grains of given size and 

orientation, separated by grain boundaries (GBs). The ferroelectric properties of 

ceramic materials, including the switching behaviour and macroscopic properties, can 

be orientation dependent [6, 73], where ceramic texturing has been reported as a 

potential route to effectively improve the physical and mechanical properties of the 

material [74]. Therefore, it is important before moving on to perform in situ heating of 

polycrystalline lamella, that a different crystallographic orientation to the <100>pc is 

studied. The results can be used as an effective control experiment, to check whether 

the thermal behaviours or domain dynamics show orientation dependence. The domain 

configurations in <100>pc orientation have been largely studied [7, 51, 56, 63, 71, 75-

78], driven by the fact that thin films are typically grown with a (001) orientation. 

Other orientations such as the <110>pc are not so well studied, but observations from 

a different view-point will ultimately allow a 3D-like picture of the domain’s 

behaviour to be obtained.  

 

Here, two <110>pc lamellae were prepared from the bulk crystal at 45° to the <100>pc 

axis in the same ex-situ fashion as previously mentioned. Temperature stills from the 

in situ heat cycle of one example both pre- (a-c) and post anneal (d-f) are shown in 

Fig. 4.5. The lamella has no obvious preferential thinning or other FIB-induced 

defects. The as-grown domain structure at RT consisted of needle domains that 

spanned the entirety of the lamella, see Fig. 4.5a. Please note that the alternate viewing 

axis greatly changes the visualisation of the domain walls, which are now projected 

along the <111>pc and the <110>pc crystallographic directions, both of which are 

present in the lamella at RT. Due to this projection, the domains appear wider than the 

<100>pc. By 50°C only <111>pc projected walls remain, see Fig. 4.5b. This is 

comparable to the transition observed in the <100>pc oriented lamella in the low 

temperature regime (20°C – 50°C). An interesting feature of the as-grown and 

subsequent heat cycles is that the needles tend to grow, rather than retract, towards TC 

(opposite to the <100>pc case). Although the domain configuration at 50°C is largely 

unchanged by 120°C, there is evidence of further needle domain nucleation and growth 

of the existing needle domains, indicated by the solid and dotted orange arrows 

respectively in Fig. 4.5c. 
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To further compare to the <100>pc orientation, the <110>pc lamellae were also 

annealed (800°C), which caused a dramatic effect on the domain configuration at RT, 

see Fig. 4.5d. In comparison to the <100>pc orientation, the domain walls were not 

promoted, but rather supressed following the high temperature anneal. The annealed 

lamella was also subjected to in situ heat cycling, where the domain configuration 

between 50°C (Fig. 4.5e) and 120°C (4.5f) showed little evolution. This suggested that 

rather than removing the pining sites, the high temperature anneal created pinning 

sites, preventing the nucleation and mobility of domain walls.  

 

 
Figure 4.5: HAADF - STEM stills from in situ heating from RT – 200°C – RT at 1°C 

for a <110>pc BTO lamellae both (a-c) and (d-f) after high temperature annealing at 

800°C. Temperatures are (a,d) RT, (b,e) 50°C and (c,f) 120°C for pre- and post-anneal 

cycles, respectively. Dotted white arrow indicates the projected <110>pc domain wall. 

SAED from the lamella has been shown as in inset of (c). 

 

It is well-known that UHV conditions will promote the formation of oxygen vacancies 

(𝑉e) [79], which can cluster to form extended defects that act to pin domains [80]. 

Oxygen atoms comprise 70% of all atoms in the perovskite structure and are known 

to be crucial for phase stability and the ferroelectric phenomena. In addition, the 

migration and redistribution of 𝑉e are a dominant factor that results in ferroelectric 
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degradation [81]. The likelihood scenario is that the amount and stability of 𝑉e  

depends on the exposed crystallographic orientations (planes), which changes the 

activation energy for the formation and mobility of the 𝑉e within the structure with 

increasing temperature.  

 

Qualitatively, the implication of the change of crystallographic orientation can be 

considered by looking at the schematic of the atomic arrangements, and the slices 

available through the orientation, which form the surface terminated species, see Fig. 

4.6. Upon initial observation, there is a decrease in the number of surface atoms in the 

<110> plane, which increases the density of oxygen atoms available for the generation 

of 𝑉e. Previous experimental literature has employed thermally stipulated 

depolarisation current (TSDSC) analysis, which can be used to monitor defects in 

materials. It has been found that the crystal orientation and thermal treatment 

conditions have remarkable effects on the defect behaviour in BTO. The results 

indicated that the most defects were induced in the <110> pc orientation over a <100>pc 

orientation over a <111>pc orientation in a H2/Ar environment [82]. Further to this, 

TDSC measurement on a fellow perovskite structure, SrTiO3, found that (110) samples 

display both a higher concentration and activation energy (for mobility) of 𝑉e than 

other orientations, demonstrating that the oxygen vacancies tend to form on the TiO- 

terminated surface [83]. The thought that different crystallographic planes have 

different defect behaviours is not new and in other oxide systems, such as CeO2 – 

based materials, studies have shown that there are more 𝑉e on the (110) planes. Further 

to this, with increasing temperature, the vacancy activity is distinct in different planes, 

following the order (100) > (110) > (111). Where the [110] and [111] directions are 

favourable directions for 𝑉e clustering [84]. Taken altogether, the <110>pc planes have 

a higher propensity to form 𝑉e, which have less mobility with increasing temperature 

and are more likely to form potential domain pinning clusters than the <100>pc 

orientation. Therefore, it is suggested that 𝑉e are directly responsible for the 

differences observed in the thermal behaviours following high temperature annealing 

in different crystallographic orientations. 
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Figure 4.6: Unit cell schematics showing the difference between the (a-c) <100>pc and 

(d-g) <110>pc orientation in BTO. (a) (100) cubic unit cell structure with (b,c) 

schematics of the different slices through the orientation along z. (d) (110) cubic unit 

cell structure with (e-g) slices through the orientation (inside the page). In (f), the 

wedged triangles indicate that the four oxygen atoms are in the same plane, in front of 

the barium atom. 

4.4.4 Summary of  in situ heating STEM results  
 

In total, the thermal behaviours of seven <100>pc and two <110>pc single crystal 

lamellae were observed via in situ heat cycling in STEM, which were compared to in 

situ heating PFM on a <100>pc sample as a complementary check. For the <100>pc 

orientation a summary of the behaviours observed during in situ heating STEM is:  

 

(i) TC is pushed higher (150°C - 230°C) and is more diffuse (~ ±10°C) in the 

lamellae samples than reported values for the bulk (TC ~ 120°C). This was 

not expected, due to the general consensus that decreasing dimensionality 

will decrease TC [44], as shown in Fig. 4.2. However, an increase of TC in 

free-standing BTO single crystal films has been reported by other research 

groups [4]. There is potential that the TC increases due to strain [33, 34], 

(a) (b) (c)

(d) (e)

(f)

(g)

Ba
O

Ti



4. In situ heating of free-standing BTO 

 132 

which in this case would be induced by the mechanical boundary 

conditions (surface layers, thickness, clamping etc.). The effect of strain is 

more closely explored in section 4.7 On the other hand, previous reports 

have suggested that a surface proximity effect exists in bulk BTO, where 

imprint memory leads to the existence of ferroelectric twins, and tweed 

domains at the surface up to 150°C above TC, although the bulk of the 

material has transformed into the paraelectric phase [85]. In this work, TC 

is determined as the temperature at which all domain walls disappear from 

the sample, which is much less accurate than bulk measurement techniques, 

such as XRD. To accurately determine whether TC is increasing in these 

free-standing thin-films, similar techniques should be employed. In terms 

of the diffuseness of the transition, similar observations have been reported 

for nanocrystalline BTO, where the phase stability map adjusts as a 

function of crystal size. Large crystals tend to show abrupt transformations 

from tetragonal to cubic symmetry, whereas intermediate crystals 

demonstrate a tetragonal-cubic coexistence region [12].  

 

(ii) In three of the seven cases, the domain walls in the as-grown samples 

reconfigured from the projected <100>pc to the <110>pc axis in a low 

temperature regime (between 20°C-100°C), displaying similar behaviours 

that have been reported previously both in low-strain thin films [9, 30] and 

BTO lamellae [4]. This was initially suggested to be an observation of the 

orthorhombic to tetragonal phase transition and was later investigated, see 

section 4.6. Like the cubic-tetragonal phase transition, the TC and ‘phase 

coexistence’ range (typical of a first-order transition) was sample-

dependent and probably influenced by the lamella boundary conditions. 

 

(iii) The behaviour described in (ii) could be initiated, or further promoted in 

<100>pc lamellae by high temperature annealing (800°C), which resulted 

in highly mobile ferroelastic domain configurations. The increased thermal 

mobility and removal of pinning sites is attractive for ferroelectric 

switching enhancement. The switching of ferroelastic domains can 

significantly enhance the electromechanical response. However, there are 

conflicting reports regarding the mobility or immobility of ferroelastic 
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domain walls, suggesting that the switching capability of the system is 

microstructure specific [23, 24]. For example, the poor mobility of dense 

ferroelastic domain structures in epitaxial thin films can dominate the 

polarisation-switching kinetics in epitaxial thin films, where the removal 

or increased mobility of the domains can enhance the piezoelectric 

response [86]. On the other hand, studies have shown that the formation of 

mobile 90° nanodomains by mechanical manipulation can assist 

ferroelectric domain switching and reduce the threshold electric field 

needed by 40% [87]. Further to increased mobility, the possible 

coexistence of the two ferroelectric phases and the potential to form 

bridging phases, see section 4.2.2, is also attractive. 

 

(iv) Nucleation events of <110>pc walls can occur far below TC (~50°C to TC). 

This leads to changes in the periodicity similar to those reported in thin 

films [9]. After nucleation, the domains continue to grow in length and 

widen until they reach the lower temperature regime (~50°C) where they 

begin to retract as the <100>pc domains begin to dominate. This is also 

observed when cooling down through TC. 

 

(v) When heating to TC, there is a distinct decrease in the contrast, 

corresponding to the lowering of the tetragonality (c/a ratio) of the unit cell. 

This is explored more in section 4.7. 

 

In comparison, the domain behaviour of the as-grown sample, and subsequent pre-

anneal in situ heat cycles of <110>pc oriented lamella, exhibited similar behaviours to 

the <100>pc results, despite the obvious changes to the projection of the domain 

variants. However, there were distinct differences upon high temperature annealing, 

which was found to suppress the domain configuration and thermal mobility in lamella 

of this orientation. This was rationalised by considering the increasing 𝑉e 

concentration and the decreased mobility of these defects in the <110>pc 

crystallographic structure. These observations suggest that the mobility of domains is 

orientation dependent and must be considered when studying polycrystalline samples. 
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4.5 In situ heating piezoresponse force microscopy (PFM) 

An unavoidable artefact of microscopy is that the probes themselves can influence the 

domain microstructure and domain dynamics. For example, an electron beam with 

sufficiently high dose can induce ferroelectric domain nucleation and motion [62, 88]. 

Therefore, it is necessary to decouple the role of the electron beam. A complementary 

technique is PFM, which has been largely used to explore ferroelectric domain 

dynamics, mostly during switching [1, 89, 90]. Performing PFM on lamellae samples 

is not trivial due to the surface damage imposed by the FIB milling, however, the 

surface can be recovered as per the method detailed in section 2.8.1. An ex situ lamella 

preparation method is still used (see section 2.5.3), however, the PFM sample must be 

thicker (~ 300 nm) than the TEM samples (~ 120 – 150 nm), to ensure sufficient 

piezoelectric response. Other differences include that the lamella is not free-standing 

but positioned flat (uniform thickness) on a platinised substrate and that the gallium 

oxide layer induced formed by high temperature annealing (ambient environmental 

conditions), is removed by acid washing with HCl. Importantly, the domain 

microstructure imaged by STEM (UHV conditions) and PFM (ambient environmental 

conditions) are similar, see Figs. 4.7a and 4.7b respectively. At RT, both lamellae 

exhibit a mixed domain configuration of <100>pc and <110>pc domains. 

 

 
Figure 4.7: Comparison of the domain microstructures in <100>pc BTO lamellae at 

RT for (a) an annealed (UHV) lamella in HAADF STEM and (b) an annealed (ambient 

environmental conditions) lamella by lateral PFM (LPFM) amplitude. Both samples 

contained the same domain variants, a mixture of <100>pc and <110>pc, marked by 

white dotted arrows. Higher magnification images during in situ heating are shown 

from the yellow dotted box in Fig. 4.8. 
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In situ heating in the low temperature regime (between 0°C and 60°C) was performed 

on a Cypher AFM under ambient environmental conditions. At low magnifications, 

visualisation of the entire lamella could be achieved, see appendix B. From 20°C 

onwards, a similar structural change in the lamella was observed, and the <100>pc 

domain configuration transformed into the periodic <110>pc domain pattern. Whilst 

there was no obvious change of the domain structure below 20°C, the proximity to the 

bulk ferroelectric-ferroelectric phase transition between the tetragonal and 

orthorhombic phase (TC ~ 5°C) in BTO cannot be ignored [91]. Whilst the in situ 

heating holder for the TEM cannot reach temperatures below RT (~21°C), the 

temperature of the heating stage used in the Cypher PFM system can be readily 

lowered using liquid N2. Higher magnification PFM was acquired from the region 

highlighted by the dotted yellow box in Fig. 4.7b, every 1°C from 0°C – 40°C – 1°C. 

The amplitude graph indicates the strength of the signal and thus the material’s 

piezoelectric tensor, and the phase signal provides information about the polarisation 

direction. The lateral (in plane) PFM (LPFM) at interesting temperatures is shown in 

Fig. 4.8. At 0°C, technically within the material’s orthorhombic phase, the domain 

pattern forms a stable configuration of <100>pc (dotted orange arrows) and non-

tetragonal variants (as identified from the crystallographic axis, see dotted red arrows), 

in Figs. 4.8a and 4.8b. Despite some signal loss, this domain configuration remains 

largely unchanged at 20°C, see Figs. 4.8b and 4.8c. This suggests that the domain 

configuration observed at RT is somewhat related to the orthorhombic phase. At 22°C, 

the <110> pc domains appear at the bottom left hand side of the scan (white dotted line), 

which continue to propagate through the area between 22°C to 26°C, to become a fully 

ferroelastic 90° ‘a1-a2’ tetragonal domain formation by 28°C. Similar observations 

were noted on the ramp down, where the ’transition’ occurred at a lower temperature 

range, 16ºC – 12°C, suggesting there is a degree of thermal hysteresis. This is 

indicative of a first order phase transition, with the results not dissimilar from the 

wavefront progression dynamics observed during the orthorhombic-to-tetragonal 

transition reported by Hershkovitz et al. in [91].  
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Figure 4.8: Higher magnification in situ heating LPFM of a region of Fig. 4.7b at (a,b)  

0°C, (c,d) 20°C, (e,f) 22°C, (g,h) 24°C, and (i,j) 28°C. The orange, red and white 

dotted lines highlight the projected <100>pc, non-tetragonal and projected <110> 

domain variants, respectively. 
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4.5.1 Comparison of in situ PFM and in situ STEM results 
 

To a large extent, the dynamic behaviour, particularly the ‘transition’ in the low 

temperature regime during in situ heating PFM, can be directly compared to the results 

obtained by in situ heating STEM. However, it should be noted that in PFM, the 

transition occurs in a narrower temperature range (between 20°C – 30°C) than in 

STEM (commonly 20°C – 50°C, although has been observed at higher temperatures). 

Furthermore, whilst it is difficult to ascertain the domain periodicity from the lower 

magnification images, it is clear that the same level of mobility is not observed in the 

PFM and STEM results. There are several potential reasons for these discrepancies: 

the (i) electron beam contribution or (ii) UHV conditions inside the TEM mediates the 

effect, or (iii) the sample dimensions (decreased thickness or increased strain) and (iv) 

presence of amorphous surface layers on the TEM lamellae, changes the mechanical 

and electrical boundary conditions in a significant manner. 

 

Logically, it is not likely that the electron beam is mediating this behaviour. An 

electron beam does inject thermal energy and some degree of charge into the system. 

However, in this case, the STEM acquisition parameters were optimised at low dose. 

In addition, the onset of the transition occurs at the same temperature via both 

techniques. The effect of the vacuum environment is trickier to decouple and is 

discussed at length in chapter 5, see section 5.7. The greatest likelihood is that it is the 

altering boundary conditions that significantly affects the thermal behaviour. This 

concurs with previous reports which have compared static imaging of the domain 

configurations in TEM and PFM lamellae, suggesting that the difference arises due to 

the different surface energy densities, which is related to the boundary and fabrication 

conditions [92]. As was previously stated, the mechanical boundary conditions of the 

sample changes between the two techniques. A TEM lamellae is free-standing and 

thinner, meaning that it contains naturally higher levels of strain than the thicker PFM 

lamella [55]. Furthermore, the central electron transparent region is slightly raised 

from the membrane of the heating chip and is only attached via slim panels on either 

side. In comparison, the PFM lamella is flat to the platinised substrate, with only one 

free surface available. After annealing, the sample is thermally bonded to the substrate, 

and so the lamella is clamped to a certain extent. Furthermore, the removal of the 

amorphous surface layer by acid washing on the PFM sample will also change the 
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electrical boundary conditions (e.g., presence of adsorbates, screening charges etc.) of 

the free surface. Although high temperature annealing is performed to recrystallise the 

amorphous layer on the TEM lamellae, acid washing is not possible because of the 

potential damage it could inflict on the MEMS chips. Electrical boundary conditions 

and surface screening effects are more closely explored in chapter 5. 

 

Taken altogether, the in situ PFM results were quantitatively comparable to the STEM 

results. However, the comparison of the behaviours between the two techniques 

revealed that even slight changes to the boundary conditions matter at this length-scale. 

With this finding it is elucidated that free-standing thin films, which in principle can 

be easily integrated onto silicon devices, can be tuned readily by the boundary 

conditions. 

 

4.6 Vector PFM  

One advantage to performing PFM on ferroelectric samples is that 180° domains are 

more easily visualised than in the TEM. Further to this, PFM can be used to determine 

the dipolar orientations of domains, which are obtained by performing three 

orthogonal PFM scans (two LPFM and one VPFM) which combine to reconstruct a 

3D polarisation map. This is a technique called vector PFM, see experimental section 

2.8.2. Vector PFM is considered challenging in nature, however, there are several 

cases where the accurate implantation of vector PFM has been used to great effect [93-

95]. Vector PFM was performed in this case to elucidate the domain variants present 

in the high temperature ‘phase’ above 50°C and the lower temperature ‘phase’ ~ 20°C.  

 

4.6.1 Vector PFM at 60°C 
 

To begin, vector PFM was performed at 60°C, see Fig. 4.9. It was assumed prior to 

vector PFM analysis that the <110>pc domain configuration was a 90° ‘a1-a2’ 

ferroelastic domain configuration, due to the crystallographic considerations of the 

tetragonal phase and the similarity of these domains to those previously reported in the 

literature [56, 63, 71, 76, 92]. The ‘a1-a2’ domain structure was confirmed by analysing 

the vector PFM results. For domains of this type, the polarisation lies completely in 

the plane of the lamella. There was piezo-contrast in both the LPFM scans (Figs. 4.9a 
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and 4.9c), but no contrast in the VPFM scan (Fig. 4.9e). Therefore, the VPFM can be 

discarded and a much simpler case of 2D vector PFM can be realised, where the 

detected in-plane components are combined to find the local resultant polarisation, see 

Fig. 4.10a. This can be used to imply the average polarisation direction of each large 

domain from the phase images, see Fig. 4.10b. On a fine scale, the 90° stripe domains 

are of ‘a1-a2’ type, but on a larger scale, they organise into bundles. This is very similar 

to work reported previously, where the author describes these bundles as 

‘superdomains’ of ‘a1-a2’ ‘subdomain’ constituents [76, 96]. If the bundles are 

considered as single entities, the boundaries that separate antiparallel alignment (180°) 

appear to lie along the <110>pc axis, whilst those separating bundles with 90° 

alignment, lie along the <100>pc axis. Using this knowledge, a schematic of the 

polarisation directions present in the lamella scan can be drawn, see Fig. 4.10c. 

 
Figure 4.9: Vector PFM performed at 60°C, where (a,c,e) are phase images and (b,d,f) 

are amplitude images for the three orthogonal PFM scan directions. The arrows 

indicate the sensed polarisation orientation. The orientation of the cantilever and its 

sensitivity to the polarisation orientation is shown in the inset of the amplitude images.  
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Figure 4.10: Analysis of vector PFM performed at 60°C. The (a) vector LPFM sensed 

components can be combined to imply the (b) average polarisation of each 

superdomain. This can be used to generate a (c) schematic of the polarisation of the 

‘a1-a2’ stripe subdomain. Please note that the period of the stripes is not 1:1 to the PFM 

image and that the in-plane polarisation could have a 180° rotation of the sensed 

components. 

 

4.6.2 Vector PFM at 10°C 
 

Vector PFM was performed at 10°C to elucidate the polarisation direction of the 

projected <100>pc domain configuration, see Fig. 4.11. Unlike the previous case of 

obvious ‘a1-a2’ domain configuration, the phase of these domain variants was 

unknown. The similarities of this domain configuration to those found at low 

temperature in BTO thin films suggested that the polarisation could be alternating in- 

and out-of-plane in an orthorhombic ‘a-c’ domain configuration [9, 30]. However, 

previous literature has also described the domains as ‘unusually stable’ 180° domains, 

based on the consideration of the directions of the crystallographic axis that tetragonal 

domain variants inhabit [4]. In this case, the presence of piezo-contrast in the VPFM 

indicated an out-of-plane component, see Fig. 4.11e, therefore a full 3D consideration 

of the polarisation must be made. The sensed components can be used to indicate the 

polar direction of the ‘superdomains’ in-plane, see white and black arrows in Figs. 

4.11a and 4.11c and the schematic in Fig. 4.12a. For the out-of-plane polarisation, the 

polarisation of the ‘subdomains’ were estimated by assuming the ‘yellow’ shaded 

polar vector and permutating around all of the domains. The VPFM was only used to 

assign the ‘purple’ polar vectors, since in these ‘superdomains’ the in-plane 
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polarisation should be perpendicular to the cantilever axis, so it is less likely that 

flexural contrast is dominant. Thus, the domain configuration could be made consistent 

with an ‘a-c’ tetragonal phase domain configuration, see schematic in Fig. 4.12b. In 

this case, the ‘a-c’ domain wall orientations (specifically the intersection of the {101}pc 

domain wall with the {100}pc surface) is orthogonal for the adjacent bundles. The in-

plane component of Pnet changes by 90°, while the out-of-plane remains the same [96].  

 
Figure 4.11: Vector PFM performed at 10°C, where (a,c,e) are phase images and 

(b,d,f) are amplitude images. The cantilever directions are shown as insets. The white 

arrows indicate the sensed polarisation direction. 

 
Figure 4.12: Analysis of Vector PFM performed at 10°C. Using the sensed 

components, schematics of the (a) in-plane and (b) out-of-plane polarisation 

components can be made. Note that the period of the stripe domains is not 1:1 of the 

PFM image and the in-plane polarisation could have a 180° rotation of the sensed 

components. 
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However, the orthorhombic phase cannot be explicitly ruled out, especially 

considering the proximity to the phase transition. In the orthorhombic system, there 

are twelve allowed polar directions (60°, 90°, 120° and 180° walls) versus the six 

allowed in tetragonal symmetry (only 90° and 180° walls), see Fig. 1.13 [20]. Whilst 

90° and 180° domains are common to both systems, the latter is incredibly rare in the 

orthorhombic phase [97], because 90° and 60° walls have lower energy than 180° walls 

[20]. At this point it is assumed that a phase transition between the orthorhombic and 

tetragonal crystal symmetries is being observed, but this must be confirmed by more 

exhaustive PFM to distinguish between the twelve possible polar variants. Convergent 

beam electron diffraction (CBED) was also attempted to elucidate the phases present, 

see appendix C, but the results were inconclusive. 

 

4.7 Strain mapping of ferroelastic domains 

As was introduced in section 4.2.1, there is a strong coupling between the strain and 

polarisation in ferroelectrics such as BTO. At RT, the unit cell of BTO is tetragonal 

with a 1.1% elongation of the c-axes compared to the a-axes of the unstrained lattice 

[19]. Due to this distortion, the angle between the c-axes of the ferroelastic domains 

will deviate slightly from 90° according to the equation: 

 

     𝜃 = 90° − 2tan1! /
5
   (Eqn. 4.1) 

 

Considering the lattice parameters of the unconstrained BTO lattice (a=3.99	Å and 

c=4.03 Å) [98], this rotation is estimated to be 𝜃	~	0.57°. Due to the rotation across 

the 90° domain wall (DW), mismatches occur in the lattice parameter at the 

boundaries, which forces strains to develop to maintain compatibility [99]. There are 

few examples in the literature for where stress or strain has been directly across 

domains in BTO, which have generally involved microscale analysis on bulk single 

crystals, using techniques such as EBSD or x-ray microdiffraction [99-104]. Bulk 

strain mapping is routinely done in thin films as part of the quality control for the 

growth. However, very little effort has been placed on using TEM-based strain 

mapping techniques for domains at the nanoscale [21], potentially due to the 

experimental challenges associated with the small tetragonality of the unit cell. 
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Considering that the 90° domains in BTO are ferroelectric-ferroelastic domains, TEM-

based techniques were employed to investigate the local strain fields around domain 

junctions in <100>pc lamella as a function of temperature. Please note that where the 

term ‘strain’ has been used in reference to the results, this is not an absolute measure 

of the strain, but a representation of the change in the tetragonality of the unit cell, 

which is based on variations of the c/a ratio [105]. To begin, NBED was employed, 

which is a simple, yet powerful technique, that can be used to map strain with nm-

scale resolution. STEM-based NBED studies have been used to successfully probe the 

local strain and strain gradients of needle domains present in compositionally graded 

PbZ!1YTiYO# heterostructures [21] and to map the elastic strain and local crystal 

rotation in Ba!1YSrYTiO# films [106] and therefore is a good candidate for mapping 

the strain fields surrounding domains in BTO lamella. In the case of NBED, the ‘strain’ 

maps were also generated without reference to an unstrained region, because there is 

no such region present in a free-standing ferroelectric thin film. Therefore, these 

results provide a more qualitative look at the evolution of the elastic distortion during 

in situ heating and provide a proof-of-concept that such local measurements can be 

performed with high precision using modern in situ heating technology. 

 

4.7.1 Nanobeam electron diffraction (NBED) of a needle domain junction 
 

Needle domains are thin lamellar domains that terminate within the crystal volume. 

They are commonly found in BTO [107], where their presence is significant for 

determining the poling, switching and piezoelectric behaviour of the material [108]. 

Therefore, experiments that improve the understanding of the interaction and evolution 

of needle domain structures at the nanoscale are desirable [109]. In the tetragonal 

phase, a needle domain consists of two 90° sidewalls, which satisfy the electrical and 

mechanical compatibility requirements, given by Eqns. 3.1 and 3.2. These sidewalls 

deviate from the <110>pc crystallographic plane to terminate at the needle tip. At the 

tip there must exist abrupt jumps in the Ps and strain, which do not satisfy the 

compatibility condition. It is likely that equivalent fields are present in the vicinity of 

the needle tip to allow these abrupt jumps in Ps and strain [109]. These needle points 

are known to be highly active points during ferroelastic switching [23], associated with 

the regions of high elastic energy (strain) that develop near 90° boundaries [109-111]. 
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NBED was performed on several ‘a1-a2’ needle domain junctions in a lamella that has 

been heat cycled through TC. After in situ observation, it was clear that the lamella was 

fully in a tetragonal phase, where the domain configuration did not transition from the 

<100>pc to the <110>pc axis. The details of NBED as a technique is presented in section 

2.4.1. Other NBED datasets are included in appendix D. Figure 4.13 shows the 

simplest case, consisting of a singular needle domain meeting another at a junction. 

This was identified from an overview STEM image tilted exactly to ZA to ensure an 

even illumination of the diffraction discs, see Fig. 4.13a. The strain is calculated by 

fitting the positions of every visible hkl disc in each diffraction pattern acquired using 

a radial gradient maximisation method [112], where the total scan area is comprised 

of 128 x 128 scan pixels (diffraction patterns). The two orthogonal discs whose 

positions were best fit by the algorithm were chosen to generate the four maps of: 

‘strain’ in x-direction (𝜀ff), ‘strain’ in y-direction (𝜀gg), shear strain (𝜀fg) and the 

rotation (𝜔fg), see Figs. 4.13b - 4.13e respectively. It is clear from these maps that 

despite the small tetragonality distortion of the unit cell and the limited dose of the 

beam on the sample, the technique is sensitive to the small shifts in the positions of 

the diffraction discs and the domains could be easily visualised using 4D-STEM. It 

should be noted that the pixel size for this scan is 2.14 nm, which is too large to 

measure subtle changes that occur at or near the domain wall. 

 
Figure 4.13: NBED of a needle domain junction at 20°C. (a) Overview HAADF 

STEM image. NBED was acquired from the dotted yellow box, which contained a 

needle domain junction. A summed DP is shown in the inset of (a), where the two 
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<100>pc hkl discs used for analysis are circled. The analysed data yielded maps of (b-

e) 𝜀ff, 𝜀gg, 𝜀fg and 𝜔fg, respectively. The scale bar is 50 nm, and the pixel size is 2.14 

nm. 

4.7.2 Assigning domain orientations used NBED  
 

The NBED data can be used to assign the orientation of the polarisation to the domains 

in a needle domain configuration. On either side of the DW in an ‘a1-a2’ type domain 

configuration, the c-axis of both domains are extended orthogonal to each other in the 

plane of the lamella, see schematic in Fig. 4.14a. By plotting a line profile of the 𝜀ff 

and 𝜀gg values across the domain (see yellow arrow in Fig. 4.14b), a plot of the change 

in tetragonality can be generated, see Fig. 4.14c. As the wall is approached, the value 

of 𝜀gg decreases and 𝜀ff increases until they cross each other, marking the DW of the 

needle domain. Similarly, as the second domain wall is approached, 𝜀gg increases and 

𝜀ff decreases. This is consistent with the crystallographic concept that the domains 

will become more “cubic” as they approach the domain wall, to accommodate for the 

rotated tetragonal dimensions of the unit cell in the neighbouring domain [101]. If 𝜀gg 

decreases at the domain wall, this suggests that the c-axis is parallel to 𝜀gg outside of 

and 𝜀ff inside of the needle domain. Using this knowledge, and prior assumptions that 

domains prefer to align head-to-tail, a reasonable assignment of the c-axis can be given 

to the domain configurations, marked by the white arrows in Fig. 4.14b. Please note 

that the polarisation could be rotated by 180° in-plane.  
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Figure 4.14: Assigning c-axis to ‘a1-a2’ domains in a needle configuration. (a) 

Schematic of an ‘a1-a2’ 90° domain wall, adapted from [113]. The line profile from the 

𝜀ff and (b) 𝜀gg map at 20°C were used to generate a (c) plot of the 𝜀ff and 𝜀gg values 

across the DW. The decrease in 𝜀gg and increase in 𝜀ff across the needle domain was 

used to assign the c-axis of the domains, see white arrows in (b). The green dotted 

lines indicate the DW. 

 

4.7.3 Evolution of the needle domain during in situ heating: strain analysis 
 

NBED was performed at select temperatures during the in situ heating of the needle 

junction between RT and TC to map the strain evolution of the needle domain, see Fig. 

4.15. Note that not all temperatures are shown here. It was observed that the width of 

the domain (domain size) first reduces between 20°C and 80°C, before retracting away 

from the second domain wall when reaching 120°C, see Fig. 4.14c. This behaviour is 

analogous to that observed in representative samples prior to vacuum annealing. The 

𝜀ff and 𝜀gg	values from the integrated line profile (10 pixels, ~21 nm) across the 

domain (yellow arrow) is plotted at each temperature, see Figs. 4.15d - 4.15f.  

 

These graphs can be used to extract valuable physical information such as the domain 

size and the maximum strain values within the needle domain as a function of 

-0.025

-0.015

-0.005

0.005

0.015

0.025

St
ra
in

Exx
Eyy

<100>

<1
00

>

!!!

!""

(b)

(c)

a2

a1

a1

a2

a1

a1
a2(a)

a1



4. In situ heating of free-standing BTO 

 147 

temperature, see Figs. 4.16a and 4.16b, respectively. As expected, the domain retracts 

and narrows with increasing temperature, which is associated with a continuous 

decrease of the ‘strain’ of the domain due to a decreasing c/a ratio as the material 

slowly adopts a cubic unit cell prior to phase transition.  

 
Figure 4.15: NBED data showing the evolution of a needle domain junction during in 

situ heating. (a-c) 𝜀gg ‘strain’ maps at 20°C, 80°C and 120°C, respectively. Plotting 

the 𝜀ff and 𝜀gg	values across an integrated line profile (10 pixels, ~21 nm), marked by 

the yellow arrow in (a), provides the plots in (d-f) at 20°C, 80°C and 120°C, 

respectively. The dotted white arrow indicates the decrease in domain size in (b) and 

the retraction of the needle in (c).  

 
Figure 4.16: Evolution of a needle domain during in situ heating (RT to TC). (a) 

Domain size of needle domain and (b) maximum 𝜀ff and 𝜀gg values across the needle 

domain as a function of temperature. Values are taken from across the integrated line 

profile, marked by the yellow arrow in Fig. 4.15a. 
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4.7.4 Strain gradient mapping  
 

The gradients of the 𝜀ff and 𝜀gg values can be used to generate a vector plot, which 

gives a 2D representation of the magnitude and direction of the strain around the needle 

junction, see Fig. 4.17. To achieve this, the 128 x 128 data was first binned in scan 

space to 64 x 64 pixels, which increases the signal to noise ratio but reduces the spatial 

resolution, with the pixel size increasing from 2.14 nm to 4.28 nm. The gradient of 

both maps were calculated using MATLAB, which first finds the gradient of both 

maps, based on the new pixel size, and generates a ‘quiver’ plot, which displays these 

gradients as arrows with directional components, see Fig. 4.17b. From the vector plot 

at 20°C, the largest gradients were found in the vicinity of the needle domain tip and 

at the 90° walls, which was expected. It should be stipulated that the pixel size used 

here is far too large to look at the strain changes across the DW, which are typically 

on the order of a few nanometres [20, 114]. However, a trend can be deduced from 

these datasets, where consistently the strain gradient is highest at the DW and falls to 

practically zero within the domain. This work provides a great proof of concept that 

local direct measurements can be taken across domain walls on the nanoscale as a 

function of temperature. Critically, if the acquisition conditions (such as pixel size and 

dose) are further optimised, important information of the strain profile across a domain 

wall could be acquired, which would be of fundamental interest. 

 
Figure 4.17: Strain gradient mapping of the needle junction at 20°C. (a) Binned 𝜀gg 

map (64 x 64 pixels). Pixel size is 4.28 nm. (b) A vector plot of the gradient of 𝜀ff and 

𝜀gg gives a 2D representation of the magnitude and direction of strain around the 

needle junction. Please note that the magnitude of the vectors has been multiplied by 

500x for visualisation purposes. 

(b)(a)
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4.7.5 Challenges associated with in situ NBED studies  
 

For this thesis, six different needle domain configurations in <100>pc lamella were 

analysed using NBED (extra examples included in appendix D). These NBED datasets 

were taken with optimised imaging conditions, where the dose of the electron beam 

and dwell time of each pixel was limited as much as possible to avoid beam-induced 

domain nucleation and charging effects induced by the insulator nature of BTO. 

However, several challenges were identified when performing the NBED in situ 

heating studies. Firstly, despite the high dynamic range of the EMPAD direct electron 

detector, the intensity of the discs suffered as a result of the low dose, and at times the 

radial gradient maximisation method failed to determine the position of the discs. 

Consequently, only a few hkl discs, typically of first order, could be used for ‘strain’ 

analysis. This is unfortunate because higher order diffraction discs are more sensitive 

to changing c/a ratio and hence would contain more information about the strain. 

Secondly, the electron beam charging effects also limited the pixel size that could be 

used for these maps, greatly hindering the spatial resolution that would have provided 

higher resolution data near the DW or indeed a more accurate strain measurement 

within the DW, and across the domain [115]. Lastly, another challenge was that the 

increased temperature caused a bulging of the Si3N4 window on the MEMS chip. This 

effectively creates a height change that changes the focus and hence blurs the image 

during in-situ imaging. The DENS Wildfire chips used for these studies have been 

designed to have minimal bulging (< 0.1µm below 250°C). However, in NBED 

analysis any change to the height due to bulging can place the lamella off ZA and 

change the illumination in the discs. Thus, affecting the accurate determination of the 

discs position and adding noise to the ‘strain’ maps. 

 
4.7.6 NBED of a complex domain configuration 
 

The previous results of this chapter show that high temperature annealing (800°C) 

under UHV conditions can be used to induce complex domain configurations between 

two competing phases in <100>pc lamella, which was related to the generation of 

mobile 𝑉e. Today, defects are considered as active elements that can be used to 

enhance the functionality of thin films [116-118]. In perovskite materials, the interplay 

between the strain and formation, and the migration and redistribution, of 𝑉e are 
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inherently coupled [81, 119, 120]. The strain can reduce the formation energy of 𝑉e in 

epitaxial films [120] and equally, 𝑉e are elastic dipoles that will affect the elastic and 

electric fields [121, 122]. It is also reported that under suitable conditions, the strain 

can be released or partially accommodated by increasing the number of oxygen 

vacancies [118, 123].  

 

To gain a better insight into the effect that vacuum annealing has on the strain, NBED 

was carried out in the low temperature regime that previously showed domain 

reconfiguration (20°C-50°C), on samples that were annealed to high temperatures 

(800°C). The 𝜀ff and 𝜀gg maps from 20°C confirm that the high temperature annealing 

induced a complex domain structure of projected <100>pc and <110>pc domain walls, 

see Figs. 4.18a and 4.18b. Furthermore, when the sample was heated to 50°C, the 

domain configuration evolved to only contain <110>pc domain walls, see Figs. 4.18c 

and 4.18d. The complexity of the domain structure changes the strain landscape, which 

is far more interesting than the simple needle domain configurations. Quantitatively, 

the average 𝜀ff and 𝜀gg values of the maps increased approximately three-fold 

following the high temperature anneal process. However, it should be noted that the 

pixel size used here (6.37 nm) is significantly larger than used in the last map (2.14 

nm), which could potentially affect this value by adding an averaging effect.  

 

It is suggested that the higher level of strain is accommodated by the increased content 

of 𝑉e that are promoted following the vacuum anneal. The different strain levels 

induced appear to align closely to the predictions of competing phases in the low-strain 

regime for BTO thin films, see Fig. 4.1. Furthermore, this concurs with previous 

reports which found that interphase-strain was of the upmost importance in the 

stabilisation of thermotropic phase boundaries [37]. 
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Figure 4.18: NBED of a complex domain configuration induced by high temperature 

annealing. (a) 𝜀ff and (b) 𝜀gg maps at 20°C. All four <100>pc and <110>pc domain 

walls are present. (c) 𝜀ff and (d) 𝜀gg maps at 50°C where only <110>pc walls are 

present, see white dotted arrows. Scale bar is 200 nm. Pixel size is 6.37 nm. 
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4.7.7 Dark Field Electron Holography (DFEH) 
 

Dark field electron holography (DFEH) is a relatively new TEM-based strain mapping 

technique. This technique is not as used as NBED or GPA, because it requires 

specialised modifications of the TEM column, namely the introduction of a bi-prism, 

as explained in experimental section 2.4.3. In this work, DFEH was used to 

complement the NBED results. The electron beam conditions used for NBED are 

similar to those used in STEM imaging, where a highly converged beam scans the 

sample’s surface. This beam  could potentially cause electron beam induced behaviour 

if the current is too high. In comparison, DFEH uses a broad parallel beam (TEM 

imaging), meaning less dose and decreased likelihood to cause beam-induced 

behaviours. Therefore, in a similar manner to the comparison between the in situ 

STEM and PFM results, DFEH could be used to decouple the role of the electron beam 

in the strain mapping.  

 

DFEH was performed between RT and 200°C on a <100>pc single crystal BTO 

lamella, where the sample was tilted to the (002) g-vector and selected by a small 

objective aperture. For analysis, the reference used in this case was taken from the 

large single-domain portion of the lamella. The (002) is the vertical direction, 

equivalent to the y direction of the NBED results. Please note the labelling of this hkl 

disc is assumed, based on the growth direction of the bulk single crystal. The vertical 

strain (equivalent to 𝜀gg) and the rotation of the RT domain configuration prior to and 

after in situ heat cycling is shown in Fig. 4.19. This clearly shows the reconfiguration 

of the domains through TC. The two 90° ‘a1-a2’ domain walls have equal strain and 

equal but opposite rotation, see Figs. 4.19d and 4.19e. This confirms that the 

assignment of the c-axis for the two <110>pc domains using NBED was correct, see 

Fig. 4.14b. Unfortunately, the horizontal direction could not be taken in this case, 

because the bending contours created during FIB processing caused large and 

unphysical variations in the resulting hologram. Thus, a full 3D strain result could not 

be realised. Despite this, the ‘strain’ variation does appear to be larger near the tips of 

the needle domains, which is consistent with the NBED results. 
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Figure 4.19: DFEH of a lamellar-type domain in a <100>pc BTO single crystal tilted 

to the (002) g-vector in the vertical direction. The phase of the electron is obtained by 

the shifts in the fringes of the (a) hologram. This can be used to retrieve the (b) vertical 

strain and (c) rotation of the domain prior to in situ observation. After the lamella was 

in situ heat cycled above TC, the domains reconfigured as can be seen in the (d) vertical 

strain and (e) rotation at RT after heat cycling. The colormap for the strain and rotation 

is shown below (a).  

 

4.7.8 Evolution of strain and rotation of a 90° domain in BTO using DFEH 
 

Figure 4.20 displays the vertical ‘strain’ and rotation as a function of temperature, 

extracted from a line profile across a domain. As the temperature increases, the domain 

size, ‘strain’ and rotation all decrease, consistent with a decreasing c/a ratio. These 

results directly compliment the NBED data, proving that the STEM imaging 

parameters did not add any artefacts. 

 

 

1 μm

1 μm

strain

rotation

-0.01 0.02

-0.5 1.0

(a)

(b) (c)

(d) (e)<100>

<1
00
>

(002)



4. In situ heating of free-standing BTO 

 154 

 
Figure 4.20: Evolution of strain and rotation across a domain in a <100>pc BTO single 

crystal sample via in situ heating. (a) Vertical strain from (002) g-vector at RT, (b) 

evolution of strain and (c) evolution of rotation with temperature. 

 

4.8 In situ heating of bi-grain lamellae 

The study of free-standing single-crystal lamellae has revealed that the domain 

configurations are incredibly sensitive to temperature. The domain dynamics can be 

altered by performing high temperature annealing, but interestingly the resulting 

behaviour is orientation dependent. A summary of those results is given in section 

4.4.4. In this section, the conversation will be extended to the in situ study of bi-grain 

polycrystalline lamellae. One example is shown here, and two other examples are 

included in Appendix F, which proved consistent in situ heating behaviours. 

 

As was discussed in section 3.1, ceramics are expected to have very different domain 

configurations to their single-crystal counterparts, mainly due to the presence of GB 

and additional clamping conditions originating from neighbouring grains [124, 125]. 
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GBs are highly defective regions in the crystal structure, where the ferroelectric 

properties degrade completely, resulting in depolarising fields within the grains [126]. 

It is known that the associated stress and electric fields that surround defects can affect 

ferroelectric behaviours such as switching, domain dynamics, phase transition, and 

fatigue [127]. In fact, almost all aspects of ferroelectric properties are defect sensitive 

and even small microstructural defects can dramatically influence the material’s 

response to external stimuli such as electric field or temperature. While significant 

efforts have been made to understand the role that the GB plays in determining the 

switching behaviour in ferroelectric ceramics [1, 5, 6, 73, 128-131], the thermal 

behaviour is not so well explored. Previous in situ TEM heating studies in ceramic 

materials have focused on identifying the phase transition and the subsequent domain 

nucleation [132-138], rather than the domain evolution during the heating cycle. From 

a fundamental point of view, it is interesting to investigate whether the domains and 

domain walls at the microscale (lamellae), behave similarly in poly-crystalline and 

single-crystalline lamellae. The assumption is that the clamping by neighbouring 

grains, the presence of GBs, twins, pores and other defect structures that are associated 

with sintered ceramics, will change the thermal behaviour. Also of interest is how 

domain continuity (see chapter 3) evolves with temperature. Considering that in 

general, it was observed that the strain decreases with increasing temperature, it is 

hypothesised that domain wall continuity can be promoted during in situ heating. 

 

Performing in situ heating on polycrystalline lamellae presents additional challenges 

than a single crystal. The presence of pores and GBs in ceramic materials can induce 

further artefacts during FIB milling, such as increased curtaining and preferential 

thinning, which affects the domain configurations by creating localised thickness 

gradients. Furthermore, a single-crystal sample has a defined crystallographic 

orientation and thus can be prepared very close to a desired zone axis (ZA). Unlike the 

bi-grain results reported in chapter 3, which utilised a double tilt holder, the results 

here shown were carried out on a DENS single-tilt holder, greatly limiting the ability 

to tilt each grain to ZA, ultimately leading to projection effects. The geometry and size 

of the heating chip is also incompatible with TKD, which minimises the orientation 

information that can be extracted. To overcome these limitations, EBSD was 

performed on the bulk ceramic to identify suitable <100>pc|<100>pc bi-grain junctions, 

prior to in situ heating, see Fig. 4.21. 
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Figure 4.21: Sample preparation of a bi-grain junction for in situ heating. (a) IPF Y 

map from EBSD performed on the bulk ceramic, used to identify a suitable grain 

junction. (b) BF STEM image of the as-grown domain structure of the lamella at RT. 

The GB is depicted by the dotted yellow line. The SAED for grains 1 (G1) and 2 (G2) 

are shown in (c) and (d) respectively. For imaging, G1 was oriented on ZA. 

Despite prior EBSD collection, the bi-grains could not be tilted to the <100>pc ZA, 

which required 𝛽 tilt, see Figs. 4.21c and 4.21d. Due to the orientation, the 

determination of the 90° domain type (whether it is ‘a1-a2’ or ‘a-c’) is less 

straightforward than for grains that are <100>pc. From static observations of bi-grain 

junctions (chapter 3), it was found that the polarisation of the domains form 

preferentially in the plane of the lamella (‘a1-a2’-type). However, in situ observations 

showed that single-crystal BTO can exist in an ‘a-c’ domain configuration at RT, 

before transitioning at low temperatures to an in-plane ‘a1-a2’ configuration. It was 

clear from the BF STEM image that the domain microstructure was incredibly rich 

with hierarchal both 90° and 180° sawtooth domains present, see Fig. 4.21b, far more 

complex than any of the static domain configurations observed in chapter 3. It is 

predicted that this is caused by the additional clamping that comes from the thicker 

portions of the lamella either side of the electron transparent region, as opposed to the 

flatter sample preparation used for the static observations of Chapter 3. The BF STEM 
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detector was used in this case over the HAADF, because it provided the best imaging 

conditions for both grains, due to contrast issues and projection effects that stem from 

the inability to place both grains on ZA at once. 

 

4.8.1 The low-temperature regime 
 

In situ heat cycling was carried out between RT and 250°C (> TC), to ensure a full 

transition to the paraelectric phase. The domains reorganised through TC and 

subsequent heat cycles resulted in slightly differing domain patterns, suggesting that 

the intergranular clamping from the bulk ceramic was relaxed during lamella 

fabrication and that the Ps has more freedom to adopt different orientations. Between 

20°C and 80°C, the domains were mobile, reorienting 45° from the RT domain 

configuration and creating networks of competing domain microstructure. This 

occurred during both in situ heating (a-c) and subsequent cooling (d-f) through TC, see 

Fig. 4.22. This phenomenon was observed in less than 50% of all the single-crystal 

lamellae studied (prior to high temperature annealing). However, this occurred in all 

three as-grown polycrystalline lamellae studied (see appendix F). Potentially, a further 

change to the boundary conditions in the form of mechanical clamping from the grain 

boundary in these samples is promoting the phase coexistence. Interestingly, the 

reorientation occurred first in grain 2 (G2) at a lower temperature (~ 40°C) than G1 

(~60°C). This is likely due to the different intra- and inter-granular stresses that arise 

in different grains due to their orientation and size [139]. Furthermore, the first 

domains to reorient did so far from the GB, see Fig. 4.22b, which could be associated 

with the high stress fields that are known to surround the GB. Importantly, this 

behaviour was comparable to the low temperature regime (20°C – 100°C) from the 

single-crystal lamellae. 
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Figure 4.22: In situ heating BF STEM imaging of a bi-grain sample of 

<110>pc|<111>pc orientation. (a)-(c) In situ heating from RT to above TC and (d-f) in 

situ cooling from above TC to RT. Temperatures shown as insets. Ramp rate was 

1°C/sec. Domain variants are labelled with the colour key shown in inset of (a). 

4.8.2 Domain continuity and other observations 
 

The internal strain and domain wall energies change with temperature and therefore, 

the equilibrium patterns are temperature dependent [9]. There is potential therefore, 

that domain continuity in polycrystalline lamellae can be promoted within certain 

temperature regimes, for example when the sample is heated from RT or indeed as the 

material is heat cycled through TC. Figure 4.23 displays selected frames from the in 

situ heating ramp from RT to 200°C. At 20°C, there is little to no domain continuity 

in the sample, see Fig. 4.23a. By 80°, two regions could be identified where the 

domains were continuous at the GB, marked with the yellow arrows in Fig. 4.23b. 

When increasing from 80°C, the needle domains began to retract and decrease in 

length as TC is approached. Similar to the single-crystal samples, there were changes 

in the domain periodicity with in situ heating. For example, the domain periodicity 

increases from ~ 120 nm to ~360 nm between 80°C and 120°C, respectively. However, 

the domain patterns are less periodic in these lamellae and this effect was not observed 

in every heat cycle and sample. 
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Furthermore, domains near the GB were found to exist to higher temperatures (~ 

180°C) then domains further from the GB (~160°C), which retract at earlier stages of 

the heat cycle. In addition, when cooling through TC, the domains nucleated close to 

the GB and then propagated into the grain interior, analogous to observations during 

switching. This suggested that TC is higher closer to the GB, which again, could be 

related to higher stress fields. The TC was found to be ~180°C - 185°C during heating 

and ~170°C – 175°C during cooling, comparable to the temperatures reported for the 

single-crystal. The same degree of diffusiveness (~ ±10°C) was also observed. 

 

 
Figure 4.23: In situ heating BF STEM of a bi-grain sample from RT to above TC at 

1°C/sec. Temperature shown in inset. In (b), the yellow arrows point to portions of the 

GB where domain continuity has been promoted with in situ heating. The dotted white 

lines in (b) and (c) indicate changes in the domain periodicity. In (e), the dotted yellow 

circle highlights domains close to the boundary that exist to higher temperatures. 
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4.8.3 High temperature annealing 
 

For comparison, the bi-grain sample was subjected to high temperature annealing in 

the same fashion as the single crystals, see section 4.4.2. Dissimilar from the single-

crystal observations, the anneal process did not have such a dramatic effect on the RT 

domain configuration, although a crack formed in G1, indicated by the red arrow in 

Fig. 4.24a. Following the anneal, G1 formed a ‘watermark’ 180° domain structure, 

with practically no 90° domain walls present, which remained the case during the 

entire heat cycle. G2 however, formed a new low temperature 90° configuration, which 

became a dense structure of in-plane domains by 80°C, see Fig. 4.24b. Once nucleated, 

the domains and their periodicity did not change significantly over the entire heat 

cycle, only retracting as TC is reached, similar to the <110>pc single-crystal 

observations.  

 

There are several reasons that the anneal process could be causing these changes. 

Again, this can be related to the orientation (in this case of the grain) and the propensity 

for the creation of oxygen vacancies as discussed in section 4.4.3. Energetically, the 

<111>pc orientation of G1 is unlikely to form 𝑉e, but likely to induce a high 

concentration of immobile 𝑉e in G2, which is of <110>pc orientation [82-84]. 

However, it was noted that the suppression observed after annealing the <110>pc single 

crystal lamella was not observed. The presence of the GB may play a role in this, 

because of its ability to trap oxygen vacancies, which acts as a resistance against 𝑉e 

diffusion. This occurs due to the presence of irregular O2- sites in the GB, which are 

energetically favourable for 𝑉e to reside, and is influenced by the coordination 

environment [140]. In addition, 𝑉e have been inescapably introduced during the 

sintering process at high temperatures and therefore the density of 𝑉e is expected to 

be significantly higher in ceramics than in single crystals [83]. On the other hand, the 

presence of the GB may dramatically change the strain landscape during the anneal 

process, which again could affect the domain structure following the anneal process. 

 

 Most interestingly, the anneal process completely demoted the domain continuation 

between G1 and G2. The case here now resembles a case shown in Fig. 3.2b, where 

fine needles form on one side of the GB (G1) and a large single-domain (note that 180° 
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walls are present) forms on the other side of the GB (G2), suggesting that the system 

must accommodate a large strain mismatch.  

 

Taken altogether, the in situ heating observations of the bi-grain lamella (and two other 

polycrystalline examples shown in Appendix F) were strikingly similar to that of the 

single-crystal lamella. Furthermore, the domain behaviours of the polycrystalline 

lamellae were not comparable to in situ heating of the bulk ceramic by ESEM (see 

Appendix G), which strongly suggested that the domain behaviours here observed is a 

direct result of the lamella boundary conditions. 

 

 
Figure 4.24: In situ heat cycling following high temperature annealing at 800°C. 

Temperature shown as inset. Red arrow in (a) points to a crack formed by the annealing 

process.  
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4.9 Conclusions 

There is an increasing interest from both fundamental and applied science sectors to 

further the understanding of ferroelectric domains at the micro- and nanoscale. The 

results here obtained, proved that MEMS-based heating technology for in situ TEM 

offers many opportunities for the study of thermally driven domains in ferroelectric 

materials, however that the success of these studies greatly relies on careful 

optimisation of the sample preparation and experimental set-up. In situ heat cycling of 

<100>pc revealed several interesting thermal phenomena including: (i) TC is pushed 

higher (150°C - 230°C) and is more diffuse (~ ±10°C) in the lamellae samples than 

reported values for the bulk (TC ~ 120°C). However, it should be noted that the method 

used to calculate TC is not as accurate as bulk techniques, such as XRD. (ii) In ~50% 

of cases, the domain walls in the as-grown domain structures reconfigured from the 

projected <100>pc to the <110>pc axis in a low temperature regime (20°C - 100°C), 

which was later attributed to the transition from the orthorhombic to the tetragonal 

phase by vector PFM results. The TC and coexistence range was largely sample-

dependent and probably influenced by the lamella boundary conditions. (iii) The 

behaviour described in (ii) could be initiated, or further promoted in <100>pc lamellae 

by high temperature annealing (800°C), which resulted in highly mobile ferroelastic 

domain configurations within a phase coexistence regime. The phase coexistence 

regime strongly resembled those observed at thermotropic phase boundaries and in 

thin films [9, 28, 30-32], suggesting that free-standing thin films, could potentially 

offer a new paradigm of tuneable devices for piezoelectric applications. To the 

author’s knowledge, this is the first time that such behaviour has been reported in free-

standing BaTiO3 thin films. In addition to their tunability, free-standing thin films are 

attractive because they do not require expensive substrates to provide the low-strain 

conditions that give rise to the interesting phenomena. Furthermore, free-standing thin 

films can be readily integrated into already existing silicon devices. The thermal 

behaviours during heat cycling of the <110>pc lamellae samples were largely 

comparable to the <100>pc results, despite the obvious changes to the projection of the 

domain walls. However, there were distinct differences observed following high 

temperature annealing, which was found to suppress the domain configuration and 

thermal mobility in lamellae of this orientation. This was rationalised by considering 
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the promotion of 𝑉e and the subsequent mobility of the newly created 𝑉e in different 

crystallographic orientations.  

 

Importantly, in situ PFM experiments yielded similar observations to the in situ STEM 

cycles, despite some small differences that arose from changes in the sample 

preparation and boundary conditions for the two techniques, which allowed the role of 

the electron beam to be decoupled from the thermal dynamic behaviour. Upon this 

basis, it is suggested that in situ TEM offers an alternative and complementary 

technique to PFM, which has long since dominated ferroelectric dynamic domains’ 

research. One advantage of in situ TEM, is that it can be combined with other advanced 

techniques, such as 4D-STEM and electron holography to probe other aspects such as 

strain and the crystal structure. Although the results here presented are preliminary, 

the ability to track the evolution of a needle domain junction in terms of tetragonality 

and domain size provided a great proof-of-concept. Previous reports have focused on 

strain-mapping of the bulk of thin films, or detailed nanometre-scale studies on thin 

films without the application of external stimuli. To the author’s knowledge, this is the 

first time that 4D STEM NBED has been combined with in situ heating to probe local 

measurements in free-standing ferroelectric single-crystals. These results therefore 

provide an insight into the evolution of the elastic strain between ferroelectric-

ferroelastic domain variants in nanoscale BTO as a function of temperature and should 

motivate similar studies in other technologically relevant ferroelectrics. Further to this, 

the difficulties of the technique were identified, providing a good basis for future 

measurements.  

 

Lastly, the understanding gained from the in situ studies of  ‘ideal’ single-crystal 

systems was applied to the in situ study of bi-grain (poly-crystalline) junctions. The 

observations of the two systems were mostly comparable, including the presence of a 

low-temperature transition and high thermal domain wall mobility. This was 

unexpected in the polycrystalline system due to the extra components present, such as 

the highly defective grain boundary. Following comparison of the bi-grain lamellae to 

observations of the bulk ceramic material subjected to in situ heating SEM (see 

appendix G), it was clear that the boundary conditions (mechanical and electrical) were 

contributing to this thermal behaviour.  
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In summary, this chapter presents an exploratory study on the domain evolution in 

free-standing ferroelectric thin films as a function of in-situ heating. The effect of 

different orientations and mechanical boundary conditions on the in situ heating 

behaviour are elucidated but call for the development of a theoretical model that is 

based upon these experimental observations, which will provide a theoretical 

explanation for the intricate thermal behaviours observed at the nanoscale. Ultimately, 

this will provide greater understanding of free-standing thin films in general, which 

are potential functional materials for novel applications due to their tunability. In the 

next chapter, the in situ heating capability of the holder is combined with a gas supply 

system, to study the effect that distinct chemical atmospheres have on the domain 

configurations. The principal motivation is to observe changes that occur in an oxygen-

rich atmosphere, given the apparent importance of oxygen vacancies that could be seen 

in the results of the current chapter.  
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5. Exploring domain 

behaviour in BaTiO3 under 

chemical environments and 

temperature 

5.1 Introduction 

For over a century, ferroelectric materials have remained a central topic in material’s 

science, owing to their interesting fundamental science and driven by the vast 

applications of modern ferroelectrics, which exploit their unique properties [1]. Over 

the past few decades, research has shifted from bulk crystals and ceramics to thin films 

and nanostructures. The study of the key component of ferroelectric films, the 

ferroelectric surface, presents significant theoretical and conceptual challenges and 

despite intensive research there are still many open questions regarding the surface 

chemistry of ferroelectrics [2]. Ferroelectric surfaces are complex because of the 

problematic excess charge that arises from the spontaneous polarisation (Ps). For the 

ferroelectric phase to be stable, this charge must be compensated sufficiently to 

prevent polar discontinuity. The interplay between the bound charges and the 

compensation mechanisms (screening) largely determines the chemical and physical 

nature of the surface [3]. Furthermore, there is evidence that the switching dynamics 

of ferroelectric materials, previously thought to occur through a purely physical 

process driven by the electrostatic boundary conditions, are intrinsically coupled to the 
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surface electrochemical phenomena [4]. Thus, surface chemistry is not only important 

for the stabilisation of ferroelectric surfaces, but also the polarisation switching 

kinetics which are utilised in many technological applications.  

 

It has been recognised since the 1950s that the spontaneous switchable polarisation 

(Ps) on ferroelectric surfaces can lead to polarisation direction-dependent surface 

chemistry [5-9], however, the nature of this is far from completely understood. A 

precise understanding of the surface behaviour in ferroelectrics is necessary for their 

use in surface science applications which, so far, is limiting their incorporation into 

devices [3]. For example, the ability to manipulate the dipole orientation in 

ferroelectric oxides holds promise as a method to tailor surface reactivity for specific 

applications. For example, the surface polarisation can lead to spatially selective 

adsorption [10] and surface redox reactions [11], and their potential use in 

photocatalytic applications such as dye degradation [12] and water splitting [13] has 

been demonstrated. The converse effect, namely that the chemical environment can be 

used to control the polarisation orientation in a ferroelectric film, has also been 

observed [14-16]. Reversible chemical switching was first demonstrated by Wang et 

al., who employed in situ synchrotron X-ray scattering measurements to show that 

high or low oxygen partial pressure (pO2) induces outward or inward polarisation, 

respectively, in ultrathin PbTiO3 films [14]. The chemical control of polarisation is an 

intriguing phenomenon, but importantly, studies could provide insight into the 

mechanisms by which the polarisation orientation can be used to modify surface 

chemical reactions. This rationale has motivated a flurry of experimental studies which 

aim to look at polarisation switching in various gas environments. Studies that have 

attempted to disentangle the role of surface chemistry, polarisation direction and 

surface structure have, so far, been dominated by synchrotron X-ray scattering 

measurements [14], X-ray photoelectron spectroscopy (XPS) measurements [17, 18] 

and low energy electron diffraction (LEED) [19, 20]. Only a limited number of 

publications utilise techniques that are capable of simultaneously imaging the domain 

microstructure in different chemical environments, such as the work by Kim et al., 

who reported chemical switching in BiFeO3 (BFO) thin films using PFM [16].  

 

In chapter four, state-of-the-art in situ heating electron microscopy was used to study 

the thermal behaviours of BaTiO3 (BTO) in ultra-high vacuum (UHV) conditions. The 
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results demonstrated, by comparison to complementary PFM experiments, that in situ 

electron microscopy is an excellent candidate for studying the thermal dynamics 

processes in ferroelectrics. Recent years has seen the development of other specialist 

holders for in situ study, including advanced liquid and gas environment holders [21-

23]. In an effort to understand more about the mechanisms for charge compensation, 

the stabilisation of stoichiometric polar surfaces, the bonding interaction between 

adsorbed ions and surface ions and other unanswered questions about a ferroelectric 

material’s surface chemistry, much benefit could be gained from electron microscopy 

studies that capture the behaviour of ferroelectric domains in different chemical 

environments. Such an experiment would also provide information about the role that 

UHV imaging in a TEM has on ferroelectric behaviour, especially when performing 

other in situ experiments such as heating and biasing; and indeed, even the effect of 

FIB sample preparation, and whether this is a potential limitation of the technique.  

 

In this chapter, the domain behaviours in free-standing BTO thin films under distinct 

atmospheres are explored using in situ gas and heating STEM. In addition to the STEM 

results, in situ PFM under UHV conditions was performed as a complementary check 

to both the gas experiments in this chapter and the PFM results from the previous 

chapter. The exploratory results here presented, offer a valuable insight into the 

delicate link between domain stability (domain size and periodicity as well as the phase 

transition temperature) and the chemical environment (including vacuum, inert, 

oxygen-rich and reducing atmospheres). To the author’s knowledge, this is the first 

time that windowed in situ gas and heating TEM has been used to study ferroelectric 

surface effects and consequently, these preliminary findings could motivate further 

exploration and use of this technique in the pursuit of novel pathways to tuneable 

ferroelectric surface chemistry.  

 

The in situ gas and heating STEM results were conducted on the DENSsolutions 

climate holder at Queen’s University Belfast QUB. Considering the advanced 

experimental set-up and design (see experimental section 2.3.3), the data here 

presented was a collaborative effort from the members of the electron microscopy 

group, including Dr. M. Arredondo, Dr. K. Holsgrove and Dr. P. Kumar. The UHV 

PFM data here presented was conducted by Dr. I. Gaponenko in the group of Prof. P. 

Paruch at the Université de Genève. 
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5.2 Screening mechanisms in ferroelectrics 

The role of charge compensation on ferroelectric surfaces, particularly at the 

nanoscale, has been in debate for over 50 years [24, 25]. The development of Ps 

generates a polar discontinuity at ferroelectric surfaces, which leads to the presence of 

surface- and interface-bound charges that must be reduced to stabilise the ferroelectric 

phase. Intrinsically, the most important mechanism available to a ferroelectric material 

is the formation of ferroelectric domains, where each domain has a macroscopic 

polarisation. In the case of 180° domains, neighbouring domains have anti-aligned Ps 

which cancel each other out, thereby reducing the net polarisation. The density of the 

domains depends on the boundary conditions and critically, the energy associated with 

the formation of the domain wall [26]. Please refer to sections 1.4 - 1.6 for more 

information. 

 

Even in the presence of domain structures, ferroelectric materials must further 

compensate the charge and reduce the depolarisation energy with various internal and 

external mechanisms. External mechanisms include screening by conductive electrons 

in metallic electrodes, adsorption of foreign gas species, or the presence of mobile 

and/or static ionic species in an external component [25]. Internal screening is 

provided by the electrons or oxygen (cationic) vacancies present within the 

ferroelectric material, which lead to changes in the polarisation, carrier, and ionic 

species concentration profiles in the vicinity of the surface [24]. Oxygen vacancies 

(𝑉e) are particularly common in perovskite materials, and are known to effectively 

screen polarisation charge [27]. Both internal and external screening mechanisms are 

realised simultaneously, where the established state of the system is determined by the 

kinetics and thermodynamics of the screening mechanisms available.  

 

In addition to 180° stripe domain formation, it is widely accepted that a ferroelectric 

material prefers to compensate bound charges through adsorbates and defect 

formation, rather than by electronic reconstructions [6, 28-30]. In this regard, the 

biggest effect would be that of water in the environment, which is ubiquitous on 

ferroelectric surfaces under ambient conditions [31, 32]. In the case of normal or high 

humidity, the surface screening is typically realised by the adsorbed mobile charges 

[18, 33-36]. In comparison, the screening charges for a ferroelectric that is in a dry 
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atmosphere or in ultrahigh vacuum (UHV), are often localised at surface states that are 

populated or induced by the strong band bending of the depolarisation field [37].  

Therefore, the chemical environment and the presence of adsorbates play a governing 

role in behaviour of a ferroelectric. Due to the long-range nature of the depolarisation 

fields, incomplete surface screening strongly influences the domain structure, 

controlling phenomena such as domain wall pinning, the nucleation and mobility of 

domains, and the overall size, shape and stability of the domain variants [33].  

 

5.3 Ferroelectric polarisation and surface chemistry 

While much is known about the bulk properties of ferroelectrics, very little is known 

about the interplay between the polarisation, the surface structure, and the surface 

chemistry of ferroelectric oxides. However, the technological potential for surface 

science applications cannot be understated. In this section, a brief overview of the role 

of ferroelectric polarisation and surface chemistry, and the potential incorporation into 

applications such as water splitting, will be introduced.  

 

5.3.1 Surface chemistry and adsorption properties 
 

In recent years, it has been shown that the ferroelectric polarisation affects the 

adsorption (physisorption and chemisorption) properties of the ferroelectric surface 

[38-43]. Vohs and coworkers used temperature programmed desorption (TPD) and 

scanning surface potential microscopy (SSPM) measurements to probe the surface-

adsorbate interactions for BTO with CH3OH, which revealed domain orientation 

dependent sticking coefficients (S) [10]. Further to this, AFM and SSPM 

measurements were employed to study the adsorption of CO2 on Pb[Zr(x)Ti(1-x)]O3 

(PZT) surfaces, which again indicated that the reactive S are polarisation dependent, 

with c- oriented surfaces showing improved S, see Fig. 5.1. It was later proved that the 

absorption of chemical species such as methanol and CO2 on BTO usually occur at 

defect sites, such as oxygen vacancies (𝑉e) [44]. Gas phase molecules such as CO2 

physisorb onto the ferroelectric surface, diffuse until they reach an oxygen vacancy 

site, where they then chemisorb. The amount of chemisorption is largely dependent on 

the direction and magnitude of polarisation. At this point, it was hypothesised that a 

more polar adsorbate will interact more strongly with the surface polarisation of a 
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ferroelectric [45]. This was confirmed using a more polar adsorbate, 2-fluoroethanol, 

with TPD studies, which proved that the activation energy for the production of the 

acetaldehyde product was higher on the c+ termination relative to the c- termination, 

and was therefore dependent on the orientation of the ferroelectric dipoles [46]. 

 

 
Figure 5.1: TPD spectra of a BTO (001) thin film that has been exposed to CH3OH. 

(a) The CH3OH and CH2O desorption signals for c+, unpoled and c- BTO films. (b) 

The CH3OH signal for unpoled, c+ and unpoled surface. From [10]. 

5.3.2 Spatially selective oxidation and reduction and its potential for 
applications 
 

The effect that polarisation has on chemical adsorption is attractive for photocatalytic 

applications, because it can lead to spatially selective oxidation and reduction reactions 

occurring at the surface [12]. This selective surface chemistry is due to the band 

bending associated with different polarisation orientations in ferroelectric materials 

[11]. The screening of the polarisation by upward or downward band bending leads to 

an altered electronic structure close to the surface, which dictates the type of carriers 

available in the material. Therefore, the chemical and photochemical reactivity of 

ferroelectrics are dipole orientation (domain) specific. An example of this was 

published by Rohrer and coworkers, who found that metal nanoparticles will 

selectively deposit at particular domain boundaries on the surface of BTO using AFM. 

When the BTO surface, which was covered in a salt solution, was illuminated in UV 

light, the Ag+ was reduced on the surface of c+ domains, and Pb2+ was oxidised on c- 

domains [47, 48], see Fig. 5.2. Similar spatially selective redox reactions have been 

published on PZT [49] and BFO [50] surfaces. This selective photochemical reactivity 
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provides charge and half-reaction separation on a surface of the same material, which 

generally leads to improved photocatalytic performance attractive for applications 

such as dye degradation [12] and water splitting [51]. The enhanced photocatalytic 

activity arises due to the promotion of charge separation and transport, which is related 

to the internal field that originates from Ps. 

 
Figure 5.2: Selective redox reaction on BTO surfaces. (a) Topographic AFM image 

of the BTO surface and (b) corresponding surface potential image before the reaction. 

Topographic images of the surface after reaction with (c) silver nitrate solution for 3s 

and (d) lead acetate solution for 3mins, highlight the selective redox. From [48]. 

5.3.3 Water Splitting 
 

Water splitting, the production of hydrogen, is a great potential application for 

ferroelectric surfaces. Hydrogen fuel is an attractive clean energy, which is currently 

produced by steam reforming of natural gas. For over 20 years, it has been known that 

photocatalytic water splitting with semiconducting materials could provide a cleaner 

method for hydrogen generation, however the efficiency of the process is still low [52]. 

Ferroelectric materials offer a suitable alternative, because the permanent electric field 

can aid the charge separation and diffusion [11]. The groundwork began back in the 

late 1980s by Inoue and coworkers, who created a device consisting of a thin film of 
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TiO2 deposited on ferroelectric LiNbO3 substrates. It was found that the different 

poling of the LiNbO3 substrates (c+ and c-) changes the hydrogen production rate, 

indicating that the polarisation plays a role in the charge carrier separation and can be 

used to enhance the ferroelectric activity [53]. Despite the obvious potential for 

hydrogen production, there are only a few examples of where ferroelectric materials 

have been used for water splitting. Of merit is the work conducted by Misra and co-

workers, who used single-phase BFO nanoparticles to achieve water decomposition 

under simulated solar light [54], and Rohrer and coworkers who published a study on 

photocatalytic water splitting using heterostructures comprising of ferroelectric core 

of BTO and nano-shell of TiO2 [13]. Further to this, Park and co-workers provided the 

first study on powdered ferroelectric photocatalysts for water splitting applications. 

They demonstrated the effect of poling and proved that the enhancement of the 

photocatalytic activity was caused by polarisation, and can mainly be attributed to the 

internal dipole field [55]. Taken altogether, the increased photocatalytic performance 

of certain ferroelectrics indicate that they are very promising materials for visible-light 

driven photochemistry. 

 

5.4 Chemical switching 

In the previous section, 5.3, the activity of ferroelectric surfaces and their potential use 

in photocatalytic applications was explored. These findings highlight that the dipole 

orientation at the ferroelectric surface can be used to change the surface chemistry of 

the material. Now, the converse effect is explored, namely, that the chemical 

environment can be used to control the polarisation orientation in a ferroelectric. For 

relatively thick films exposed to ambient atmospheres, there is strong evidence that 

the surface is compensated by ionic adsorption [56-58]. Previous reports have shown 

that the surface state of ferroelectrics is sensitive to the external environment, where 

the polarisation depends on the chemical nature of the adsorbate [14, 28]. This was 

first demonstrated by Fong et al., who investigated the stabilisation of monodomain 

polarisation in ultrathin PbTiO3 films grown on conducting substrates, where the 

surfaces were exposed to a controlled vapor environment [28]. X-ray scattering 

experiments were used to determine the TC of the films, by measuring the temperature 

dependence on the c out-of-plane lattice parameter. The oxidising conditions favoured 

a positive polarisation directed towards the free surface [28], confirming that the films 
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were monodomain. They rationalised the observed stability of the monodomain phase 

using ab initio density functional theory (DFT) calculations, which verified that the 

surface charge passivation of OH adsorbates, combined with their thermodynamic 

stability on ‘up’ polarised surfaces, was sufficient to stabilise the observed 

monodomain state in the film. With these findings, the prediction that the polarisation 

is dependent on the chemical nature of the adsorbate and that the chemical 

environment can be used to control the polarisation of a ferroelectric film, was 

confirmed. This was later verified by Wang et al. using in situ synchrotron X-ray 

scattering measurements to show that a high or low oxygen partial pressure (pO2) will 

induce an outward or inward polarisation, respectively, in ultrathin PbTiO3 films [14]. 

PbTiO3 films with a variety of thicknesses were studied between temperatures of 550K 

to 950K. Plots of the c lattice parameter against pO2 for all film thicknesses where the 

T < TC of the film (TC = 920K) displayed hysteretic butterfly loops, indicative of 

switching, for two temperatures, see Fig. 5.3. Ab initio calculations verified that the 

ionic compensation of the surface can control the ground state polarisation, 

demonstrating that simple variations in pO2 can be used to switch the polarisation of a 

ferroelectric film [14].  

 

Despite the potential applications for chemical switching, the effect of chemical 

environment on polarisation has not been studied extensively and has been largely 

untouched for a decade. In addition, only a few publications have utilised techniques 

that are capable of simultaneously imaging the domain microstructure with changing 

environment, such as the work reported on the chemical switching of BFO thin films 

using PFM [16]. Considering the potential insight that could be gained into the 

mechanisms by which the polarisation orientation can be used to modify surface 

chemical reactions, the experimental study of chemical switching demands fuller 

exploration. 
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Figure 5.3: Display of reversible chemical switching by X-ray scattering for a 10 nm 

PbTiO3 film, against oxygen partial pressure (pO2). The PbTiO3 c lattice parameter is 

plotted for three temperatures. Note that when T > TC (950K), no butterfly loop is 

observed. Adapted from [14]. 

5.5 Experimental overview 

Given the advanced experimental set-up and the relatively new concept of windowed 

in situ gas and heating TEM holders, a brief overview of the experiment will be 

detailed in this section. For a more comprehensive overview of the holder and 

experimental set-up, the reader is referred to experimental section 2.3.3. The holder 

utilised in these experiments is the single-tilt ‘climate’ holder from DENSsolutions. 

The tip of the holder consists of a bottom heating chip and a top chip which are aligned 

together, creating a sealed gas cell configuration called a ‘nanoreactor’ (NR). A 

schematic representation of the NR with the gas flow can be seen in Fig. 5.4a. Note 

that due to the sample preparation the lamella technically has two free surfaces which 

are exposed to the gas environment. A STEM overview of the <100>pc BTO lamella, 

which shows the alignment of the bottom and top chips, can be seen in Fig. 5.4b. The 

climate holder 𝛼-tilt (~ -1°) was used to tilt the sample as close as possible to zone 

axis, see Fig. 5.4c. It should be noted that imaging off axis will affect the diffraction 

contrast of the domains. However, this 2 beam condition (slightly away from ZA) is 

preferable as it increases the contrast when ZA is not possible. 
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Figure 5.4: Experimental overview of a <100>pc BTO lamella within the NR of the 

climate holder. (a) Schematic representation of the NR at the tip of the holder. Note 

that this is not to scale and there are ten electron transparent windows available on the 

bottom heating chip for observation. (b) STEM overview of the lamella within the 

nanoreactor. The purple and yellow arrows point to the bottom and top chips, 

respectively. (c) Electron diffraction pattern of the lamella. Please note that a scan 

rotation has been applied to the STEM images for easier observation. 
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In this investigation, the lamella was imaged during in situ heat cycling between RT – 

250°C – RT at 1°C/sec under distinct atmospheres using in situ gas and heating STEM 

in BF mode. The BF detector was found to provide better contrast than HAADF 

imaging after gas was introduced into the NR. The lamella is created using FIB under 

high vacuum conditions and transferred to the chip with the ex situ lift out technique 

described in section 2.5.3. In an ideal situation, the lamella would be transferred and 

aligned in situ with the top chip in a glovebox to prevent any exposure to uncontrolled 

species. However, this is not currently possible, and between lamella lift out and chip 

alignment, the surface is exposed to ambient conditions. Therefore, it is likely that the 

surface is not clean, and adsorbates are present prior to observation. Ambient-exposed 

surfaces typically contain water adsorbates, which can form layers on the surface by 

physical adsorption, pseudo-dissociation, or from chemisorption by simultaneously 

hydroxylating and protonating the surface [59]. Water adsorbates play an important 

role in the screening and the ferroelectric phase stabilisation, because of its dipolar 

character and ionic conductivity [18]. However, considering that ferroelectrics have 

been shown to have reversible behaviours in different atmosphere [14], this was not 

thought to be a limiting problem. More attention was paid to the control of the 

temperature and how the gases were changed throughout the course of the experiment, 

see Fig. 5.5.  

 

As an initial approach, the as-grown structure of the lamella, and the first in situ 

heating cycles, were performed in vacuum. This provided a starting point for the 

experiment, allowing a direct reference and comparison between the domain behaviour 

and that of previously observed samples (see chapter 4). The first chemical 

environment that was investigated right after vacuum, was nitrogen (N2). N2 is an inert, 

chemically inactive gas, that has no external charges which can compensate the 

ferroelectric surface. On that logic, it was assumed that N2 flow would have very little 

effect on the domain microstructure or the in situ behaviour of the lamella. Therefore, 

this would act as a good control experiment for the oxygen (O2) rich and reducing 

atmospheres and would act as a check for the flow and pressure of the NR. During gas 

flow, the pressure inside the nanoreactor (PNR) was set to 900 mbar and the flow to 0.3 

ml/min. These two parameters were allowed to stabilise at RT prior to any in situ 

heating. These values were chosen because they are significant enough to observe any 

changes under the distinct atmospheres, without the risk of the NR failing. Following 



5. Exploring domain behaviour in BTO under chemical environments and temperature 

 186 

this investigation, the environment was switched to an oxygen-rich 20% O2/Ar mix. It 

was expected that this would cause the largest change in the observed domain 

behaviour, considering the previous reports of polarisation switching in oxygen-rich 

environments [14, 28]. The reversibility of the system (between vacuum and O2/Ar 

environment) is also probed. 

 

Figure 5.5: Overview of the atmosphere changes during the initial investigation. In 

each atmosphere, the lamella is heated between RT – 250°C (above TC) – RT. The 

pressure inside the nanoreactor (PNR) was kept to 900 mbar and the flow was set to 0.3 

ml/min. 

5.6 Recap of in situ heating under UHV conditions  

Prior to in situ heating in vacuum, the quality of the lamella was ensured by imaging 

under static conditions to check for preferential thinning, the presence of thickness 

gradients, or any bending or curtaining in the sample that could potentially lead to 

strain gradients. As witnessed in section 4.4, these can potentially affect the thermal 

dynamics and more importantly for this investigation, the screening charges present 

on the sample surface [60]. The observations of the initial heat cycles (without the top 

chip present) were comparable to previously studied samples, see summary of 

behaviours in section 4.4.4. The specific temperature ranges and features of this 

sample were: (i) TC is pushed higher (~190°C) and is more diffuse (±10°) than that of 

bulk BTO (~ 120°C), (ii) the domains reconfigure from the <100>pc to the <110>pc 

axis in the low temperature regime (>60°C), and coexist over certain temperature 

ranges (60°C – 90°C), leading to metastable domain configurations, (iii) nucleation 

events occur far below TC (> 50°), which results in the domain periodicity decreasing 

with decreasing temperature, (iv) high domain wall mobility where the needles 

propagate (retract) during in situ cooling (heating) and (v) there is a distinct decrease 

in the contrast leading to TC, corresponding to the lowering of the tetragonality (c/a 
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ratio) of the unit cell. After the first heat cycle, the domain configuration was largely 

similar before (Fig. 5.6a) and after TC (Fig. 5.6b), with some of the expected 

reorganisation associated with the change in the boundary conditions (from bulk to 

thin film) which was also seen in the initial vacuum tests. 

 

 
Figure 5.6: Comparison of the domain microstructure between UHV and inert 

atmospheres. (a) The as-grown structure in UHV (prior to in situ observation), (b) the 

reconfigured domain structure following heat cycles under UHV and addition of the 

top chip to create the NR, (c) in N2 flow prior to in situ heat cycling and (d) under N2 

flow after heat cycling from RT – 250°C – RT. PNR = 900 mbar, flow = 0.3 ml/min. 

Black arrows indicates the 180° sawtooth domains  present and yellow circle indicates 

the loss of horizontal <100>pc domain walls. 
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5.7 In situ gas and heating STEM 
5.7.1 In situ heating under N2 gas flow 
 

After in situ heating was performed in UHV conditions, the full NR was assembled. 

The domain structure prior to gas flow (after addition of the top chip) was unchanged 

from that observed directly following the heat cycles, see Fig. 5.6b. The entire system 

was flushed with N2 gas for 5 minutes, before the PNR and flow of N2 was set to 900 

mbar and 0.3 ml/min, respectively, and allowed to fully stabilise. Surprisingly, the 

domain microstructure changed after the flow of N2 at RT, see Fig. 5.6c. This included 

a complete suppression of the horizontal <100>pc domain variant (yellow circle) and a 

change in the 180° sawtooth domain configuration (black arrows). At first glance, this 

would indicate that there has been a change in the screening conditions at the 

ferroelectric surface, which could be related to N2 adsorption. N2 is a small gaseous 

molecule, that would likely be physiosorbed onto the surface, aided by the flow and 

pressure within the small NR. However, N2 is an inert gas, with no external charge 

available to compensate the depolarising field, so even if adsorbed it would not change 

the screening conditions. It is also unlikely that flowing N2 at RT would affect the 

number of 𝑉e in the material, considering that previous heating cycles have been 

performed to 250°C in UHV, where the promotion of 𝑉e is expected. 

 

It could be argued that the adsorption of N2 is potentially changing the current 

adsorbate structure (H2O, OH-, CO2 etc.), present on the BTO’s surface due to the 

exposure to ambient conditions during the NR set-up. Such adsorbates screen the 

charge from the Ps on the surface, decreasing the depolarisation energy as well the 

surface energy [61]. A change in the adsorbate structure would therefore change the 

equilibrium domain structure. Dohnálek et al. studied the physisorption of N2 on fully 

oxidised TiO2 (110) surfaces using beam reflection and temperature-programmed 

desorption (TPD) techniques. At high coverages of N2, it was found that most Ti4+ 

sites became occupied and the close proximity of the adsorbates to their neighbouring 

positions resulted in strong repulsion [62]. It is not unfeasible that the N2 flow could 

also promote adsorbate diffusion on the surface, which would also change the level of 

screening available. On metal surfaces, the adsorption of individual atoms or 

molecules is almost always a purely random process and the formation of ordered 

layers requires the diffusion of adsorbates from their initial adsorption sites [63, 64]. 
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However, as has already been discussed, the adsorption of molecules on ferroelectric 

surfaces is not a random process, but somewhat dependent on the dipole orientation. 

It is probable that the adsorbates are already in an ordered fashion and presumably in 

low energy positions. Furthermore, the lamella is being imaged at low temperature and 

it is unlikely that the adsorbate is excited with kinetic energies larger than the diffusion 

barrier [65]. One argument that supports that N2 flow is affecting the adsorbates, is 

that the RT configuration changes after the lamella is heat cycled from 21°C to 250°C 

(above TC) to 21°C, see Fig. 5.6c and 5.6d. For example, the 180° sawtooth domain 

(black arrow) disappears following the heat cycle in nitrogen. Further to this, a 

previous literature report revealed a gradual incorporation of positive charges onto the 

surface of a PZT thin film during low humidity (N2) experiments [66]. The authors 

considered it unlikely that such charges came from new adsorbates in the environment, 

but the generation of the charge was not explored. 

 

Another possibility is that it is the physical flow of gas through the NR that changes 

the domain structure. The introduction of the ~ 5	µm gas layer caused ~ 1 µm of 

defocus during imaging. This suggests that the thin film covering the heating chip has 

bulged, causing a change in height of the specimen. If the film has bulged unevenly, it 

will affect the visualisation of the domains in different areas of the lamella. However, 

there was no obvious signs of bulging before and after the flow of gas (no change in 

focal point across the lamella). Furthermore, domains were visible across the entire 

lamella at some point during the heat cycle. Another possibility is that it could be the 

pressure within the NR that causes the change to the domain configuration. In UHV 

conditions, the pressure in the TEM is ~6x10-8 mbar in comparison to the near 

atmospheric pressure in the NR during N2 flow, PNR ~ 900 mbar. Unfortunately, the 

ability to vary PNR is still limited in this new technology, however, some pressure 

effects have been explored in section 5.9.3, which did suggest that the domain 

configurations are at least partly by increasing pressure. 

 

5.7.2 In situ heating under oxygen-rich environments  
 

Following the in situ heat cycle in N2, the gas line was changed to an oxygen rich 20% 

O2/Ar source. Upon first inspection, there did not appear to be a significant change in 

the domain configuration between the N2 and O2/Ar atmospheres. This was 
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unexpected because unlike N2, which is chargeless and inert, the adsorbates present in 

an oxygen-rich environment can screen charge. The ionic charges carried by oxygen 

can effectively change the internal electric fields, control the polarisation orientation, 

and drive the domain wall motion of a ferroelectric film [67]. For example, negative 

ions, such as O2-, can bind to the surface of ultrathin PbTiO3 films, successfully 

compensating the surface to allow positive monodomain polarisation under high pO2 

[28]. It should be noted that adsorption is purely a surface phenomenon. Whilst 

adsorption does often precede absorption in the bulk, this is not expected to occur in 

this case. In addition to adsorbate structure, an oxygen-rich atmosphere is also 

expected to decrease the volume of oxygen vacancies (VO), particularly at the surface 

of the material, which is thought to be a reversible process. VO are positively charged 

defects and therefore can influence the overall polarisation state of the material, by 

stabilising a downwards polarisation [18]. Unlike adsorbates, VO can occur in both the 

bulk and at the surface of the thin lamella, although it is expected that the vacancy is 

more stable on the surface than in the bulk, but this is dependent on the orientation of 

the sample [68]. 

 

The lamella was then heated between RT – 250°C – RT at 1°C/sec in the same fashion 

as the N2 and vacuum ramps. It was thought that allowing the lamella to go through 

TC would ensure that the system had sufficient time and thermal energy for the surface 

to respond to the change. A comparison of the static domain microstructures at two 

interesting temperature points, 90°C (‘a1-a2’ domain configuration) and RT 

(orthorhombic ‘a-c’ domain configuration), during cooling from TC (250°C to RT) has 

been shown in Fig. 5.7. The four observed 90° domain walls have been labelled as per 

the same key used in chapter 4, see inset of Fig. 5.7a. In the vacuum cycle, all four 90° 

walls are observed, see Fig. 5.7a and 5.7b, where the two walls interact over specific 

temperature ranges. After N2 is introduced into the NR and heat cycled, most of the 

domain configuration is supressed, where only one domain wall is observed at 90° 

(‘<110> left’) and RT (‘vertical <100>’), see Figs. 5.7c and 5.7d. During heat cycling, 

these two walls did not appear to interact, occupying different portions of the lamella, 

indicated by the dotted blue line. Similar observations were observed in the 20% O2/Ar 

atmosphere, see Figs. 5.7e and 5.7f.  
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One large difference between the static observations of the N2 and O2/Ar atmospheres 

was the appearance of a mottling pattern on the bottom half of the lamella, see yellow 

dotted arrow in Fig. 5.7e. This effect was subtle at RT but became increasingly 

apparent at higher temperatures (>180°C) and remained after cooling, indicating the 

appearance of a new chemical species on the surface. The most plausible explanation 

is that the surface species is gallium oxide. Gallium is implanted during the FIB 

process, which creates an amorphous layer on the lamella surface. Previous work has 

shown that recrystallisation and gallium expulsion can be achieved by thermally 

annealing the lamella in air, however this process simultaneously forms gallium oxide 

platelets [69]. Considering that the species only forms during heat cycling in an 

oxygen-rich, gallium oxide seems to be the most likely option. Furthermore, only the 

bottom half of the lamella forms the mottling. This region is more prone to damage 

from re-sputtered material from the trench sidewalls during FIB milling, and therefore 

will contain a higher gallium concentration. However, EDX analysis did not reveal 

any significant increase in the gallium or oxygen concentration in this mottled region 

(see Appendix H). This was perhaps expected because in general, light elements such 

as oxygen are difficult to quantify using EDX because of the limited sensitivity of the 

detector. To successfully determine if the oxygen content has increased, a more 

appropriate technique, such as electron energy loss spectroscopy (EELS), should be 

employed. Furthermore, to reveal chemical information about the species, for example 

the oxidation state or valence, a technique such as XPS would be very useful. Such 

techniques are not available at QUB and have been considered in the future work of 

this project. Another possibility is that the surface species corresponds to barium 

peroxide (BaO2). Domingo et. al., identified BaO2 formation during an XPS study of 

a bulk BTO thin films during heating in O2 atmosphere [18]. The formation of BaO2 

has previously been neglected in the literature, but it was found to be fostered by 

annealing in O2 atmosphere to temperatures of 250°C. In the paper, it was discussed 

that BaO2 would be an important active specie for the study of screening mechanisms 

and that it would be closely related to the catalytic activity of the material. As likely 

as the formation of BaO2 is under these conditions, there is still the question on the 

contrast - such a contrast change between BaO2 and BTO would be unexpected. 

However, further investigations by XPS or EELs is needed to fully identify the 

chemistry of this species. 
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Figure 5.7: Static BF STEM observations of domain microstructure after heat cycling 

and cooling through TC in distinct atmospheres: (a, b) Vacuum (c, d) N2 and (e, f) 20% 

O2/Ar at 90°C and RT, respectively. The dotted blue line highlights the regions that 

the select domain wall in each family of variants occupies during in situ heat cycling 

in N2 and O2/Ar environments. The yellow arrow highlights the ‘mottling’ effect 

produced after exposure to O2/Ar environments >180°C. 

<100><1
00

>

(a) (b)

(c) (d)

(e) (f)

1 μm

90°C

N2 flow

O2 / Ar
flow

RT



5. Exploring domain behaviour in BTO under chemical environments and temperature 

 193 

5.7.3 Dynamic observations 
 

The effect of each atmosphere on the dynamic thermal behaviour was investigated by 

plotting the area fraction of the domain variants present against the temperature, see 

Fig. 5.8. 

 
Figure 5.8: Dynamic observations during in situ heat cycling from RT – TC – RT at 

1°C/sec under different atmospheres. (a) BF STEM lamella overview in vacuum 

conditions following initial heat cycling. Each of the 4 observed domain walls have 

been colour coded and labelled, see below (a). Plots of the domain area fraction during 

in situ heat cycling under (b) vacuum, (c) N2 and (d) 20% O2/Ar indicate the thermal 

mobility and domain stability in the distinct atmospheres. The dotted lines indicate the 

highest area fraction of each domain variant recorded during the ramp down in UHV 

conditions for comparison. 
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The vacuum environment was found to have a high area fraction of domains, where 

all four domain walls were present before and after heat cycling, see Fig. 5.8b. After 

the introduction of N2, the dominant ‘vertical <100>’ variant was immediately 

supressed, with the area fraction reducing from ~ 0.7 to ~ 0.3. During in situ heat 

cycling, the transition from <100>pc to <110>pc still occurred, albeit it at slightly 

different temperatures to the vacuum ramp. However, the two families of variants  (i.e., 

the <100>pc and <110>pc projected domain walls) coexisted over a smaller temperature 

range (80°C – 100°C) in N2 flow, than in vacuum (60°C – 90°C). Rather than 

competing, the domain walls occupied different portions of the lamella, where there 

was little interaction between them, see dotted blue lines in Figs. 5.7c and 5.7d. 

Furthermore, only one of the domain walls in each family was stable. Although these 

were the dominant walls present in the vacuum ramp, the other two variants (‘<110> 

right’ and ‘horizontal <100>’) did occupy significant area fractions of the lamella 

(~0.24 and 0.11%, respectively) prior to N2 flow and were present before and after TC 

in vacuum. The analysis of vector PFM indicated that the 90° domains with ‘<110> 

right’ and ‘<110 left’> walls have an average polarisation rotated 180° to each other, 

see section 4.6. This indicates that the gas flow (adsorption of N2 or diffusion of 

adsorbates). Another option is that the pressure within the NR, has caused a 

polarisation preference, which will be further discussed in section 5.9.3. 

 

Following the introduction of 20% O2/Ar into the NR there were no obvious changes 

to the domain configuration from that in inert N2 gas, which was unexpected due to 

the compensating charges, as has previously been discussed. Following heat cycling 

through TC, the area fraction of the ‘<110> left variant’ did further reduce from ~ 0.3 

to ~ 0.2, see Fig. 5.8d. However, in the current experiment, a monodomain state was 

not reached. There are several potential reasons for this: (i) the lamella studied in this 

case is significantly thicker (~ 120 nm) than the ultra-thin films that have been 

previously studied [14, 28], indicating that more complex screening mechanisms are 

at play. Although, there is still strong evidence that significant surface compensation 

is achieved by ionic adsorption for relatively thick films [56-58]. It is plausible that 

the pO2 achieved in the NR is not high enough to fully stabilise a monodomain state. 

A pressure of 900 mbar and 0.3 ml/min flow is a limiting factor in this experiment, 

because increasing these values could potentially rupture the windowed cell. (ii) The 

lamella contains two free surfaces, whereas a thin film only contains one. It is assumed 
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that the top side of the lamella has greater exposure to the gas flow, however, 

negatively charged O2- ions can technically accumulate at both free surfaces, meaning 

a full preferential polarisation orientation is not achieved. (iii) A complete 

monodomain state may not be possible in this configuration. In addition to Ps, BTO 

also requires the spontaneous strain in the system to be compensated when cooling 

through TC, where strain relaxation occurs via the formation of 90° ferroelastic 

domains. Previous work has modelled the effect that the surface damage induced 

during the FIB processing has on the domain configuration, where it was found that 

the driving stress for the formation of periodic 90° domains is provided by this 

encapsulating surface layer [70]. Considering the presence of the mottling effect 

observed in oxygen atmospheres, it is apparent that there is surface damage from FIB 

milling present on the surface.  

 

5.8 High temperature annealing in distinct atmospheres 

The benefits of high temperature annealing (800°C) in situ of the TEM vacuum have 

been discussed previously, see section 4.4.2. In terms of the domain configuration, it 

has been seen that the anneal process promotes the formation of complex, metastable 

domain configurations in <100>pc BTO lamella. It is elucidated that annealing in high 

temperatures (in all atmospheres) would cause gallium expulsion or crystal 

recrystallisation which will recover the sample damage induced by the FIB [69]. This 

would also remove adsorbents present on the ferroelectric surface, such as hydroxyl 

groups and carbonates. To investigate this, the lamella was annealed in the following 

order: N" → O"/Ar → vacuum. In each anneal, the sample was heated from RT – 

800°C at 5°C/s, held under atmosphere for 30 minutes, and cooled from 800°C – RT 

at 1°C/s. The domain configurations after each anneal are shown in Fig. 5.9. 
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Figure 5.9: Effect of high temperature annealing (to 800°C) on the domain 

configuration in distinct atmospheres. (a) RT after annealing in N2, (b) RT after 

annealing in 20% O2/Ar, (c) RT after annealing in vacuum (evacuated NR). Black 

arrow indicates the formation of a 180° domain. 

The microstructure after annealing the lamella in N2 and O2/Ar were very similar to 

each other and to the pre-anneal domain structures. There were only a few subtle 

differences, including the promotion of the 180° domain (black arrow) following the 

anneal in O2/Ar, see Fig. 5.9b. Consistent with previous results, annealing the lamella 

in vacuum conditions caused dramatic changes to the microstructure, creating complex 

patterns of competing domain variants that spanned the full area of the lamella, see 

Fig. 5.9c. In chapter 4, the rich domain microstructure that was developed after the 

high temperature anneal was attributed to the creation of 𝑉e. Previous literature reports 

that have studied ferroelectric thin films in vacuum and oxygen-rich environments 

have concluded similar. For example, Domingo et. al., found that the polarisation state 
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of epitaxial ferroelectric SrRuO3 (SRO)/BTO thin films would reverse when the 

sample was exposed to temperatures up to 200°C in vacuum [18]. They attributed this 

to the creation of a positive surface potential by the formation of 𝑉e at the surface 

during the annealing process, see Fig. 5.10. 𝑉e are positively charged defects that 

interact with the domain walls and influence the overall polarisation state of the 

material. It has been shown that 𝑉e in the region adjacent to the domain wall have the 

lowest activation energies and that 𝑉e	tend to accumulate in areas close to a 90° wall 

[71]. It is typically thought that oxygen vacancies will pin domain walls, reducing their 

mobility during ferroelectric switching [72]. In this case however, the mobility is 

enhanced following the vacuum anneal. Potentially, this can be attributed to the 

creation of oxygen vacancies at both the surface and in the bulk of the lamella. 

However, a technique such as EELs is required to confirm an increase in the number 

of V0 between the vacuum ramps and the high temperature annealed data. This was 

explored in section 4.4.3. 

 

 
Figure 5.10: Schematic representation of polarization switching from up to down state 

on a BTO thin film, caused by formation of positive electric field (Ev) associated with 

the creation of surface oxygen vacancies (𝑂B2) during vacuum annealing. Reprinted 

from [18]. 

5.8.1 Subsequent heat cycles following high-temperature annealing 
 

Following the anneal at 800°C in each atmosphere, normal heat cycles (RT – 250°C – 

RT) at 1°C/s) were performed to observe any changes to the thermal dynamics of the 

system post-anneal. Once again, the area fraction of the domain variants were plotted 

as a function of temperature, see Fig. 5.11. The dynamic observations in N2 and O2/Ar, 
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see Fig. 5.11a and 5.11b, did not exhibit any notable differences and were largely 

comparable to the pre-anneal cycles shown in Fig. 5.8b and 5.8c. It is elucidated that 

high temperature annealing in inert or oxygen-rich chemical environments at near 

atmospheric pressure does not promote the formation of VO. This suggests two things: 

(i) heat cycling to 250°C is sufficient to allow for adsorption and diffusion of 

adsorbates or defects (𝑉e) and (ii) recrystallisation of the amorphous layer and 

expulsion of gallium does not have a significant effect on the domain behaviours. 

Please note that this does not conclude if the encapsulating layer (now gallium oxide) 

has no effect on the domain structures. 

 

Following the vacuum anneal, the dominant domain walls in the two temperature 

regimes, ‘vertical <100>’ below 80°C and ‘<110> left’ above 80°C’ continued to be 

the preferential wall after the anneal, in higher area fractions than before (~0.6 and 

~0.5, respectively), see Fig. 5.11c. Similar to previous results shown in section 4.4.2, 

the vacuum anneal promoted the mixing of the projected <100>pc and <110>pc 

variants. Whilst they coexisted over similar temperature ranges (60°C – 90°C) to the 

vacuum cycle previously shown, see Fig. 5.8, this mixing and competition was far 

more significant than post N2 and O2/Ar anneal (90°C – 100°C). Following these 

observations, it was concluded that the enhanced activity following vacuum annealing 

to high temperatures (800°C) is not due to gallium expulsion or recrystallisation of the 

amorphous surface, but rather the promotion of VO on the surface.   
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Figure 5.11: Dynamic observations during in situ heat cycling from RT – TC – RT at 

1°C/sec after annealing to 800°C in distinct atmospheres. (a) BF STEM lamella 

overview following the initial heat cycling in vacuum. Each of the 4 observed domain 

orientations have been colour coded and labelled, see below (a). Plots of the area 

fraction of these domains during in situ heat cycling under distinct atmospheres after 

annealing in (b) N2, (c) O2/Ar and (d) vacuum are shown. The dotted horizontal lines 

indicate the highest area fraction of each domain variant recorded during the cool down 

through TC in vacuum for comparison. 
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5.9 Other experimental studies 
5.9.1 Reversibility: vacuum → oxygen-rich → vacuum 
 

Heat treating to 800°C in UHV conditions is a harsh treatment of the lamella surface, 

that induces many 𝑉e. Of interest, is whether the surface can be recovered by 

reintroducing an oxygen-rich gas flow. A fully reversible system would be attractive 

for potential applications such as chemical sensors. The reversibility is also expected, 

considering the previous literature published on reversible chemical switching [14]. 

After the O2/Ar flow (900 mbar, 0.3 ml/min) was reintroduced into the NR following 

a high temperature anneal, the domain microstructure was immediately suppressed, 

see Fig. 5.12. Further heat cycles in O2/Ar environment mimicked those observed prior 

to high temperature annealing in the initial O2 rich and N2 heat cycles, see Fig. 5.8. 

This effect could be reproduced upon several gas evacuations and heat cycles, 

confirming the expected reversibility of the system. This reversible behaviour has also 

been observed in another BTO <100>pc sample, see Appendix I. 

 

 
Figure 5.12: Investigating the reversibility of the system. BF STEM images after (a) 

vacuum annealing to (800°C) and performing a heat cycle through TC and (b) after 

O2/Ar flow for 5 minutes at RT, show that even after annealing to high temperatures 

in vacuum, the chemical environment can still be used to control the domain 

configuration. 

 

 

(a) (b)

1 μm
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5.9.2 Temporal effects 
 

The prolonged exposure of a ferroelectric surface to ambient conditions can lead to an 

increment of carbon, carbonates and other oxygen species on the surface [18]. During 

the initial study, the temporal effects were probed, where the lamella was exposed for 

prolonged periods of time (typically 1 hour) at elevated temperatures (90°C) in each 

environment. In every case, the domain structure did not change after lengthened 

exposure to the chemical environment. 

 

To further test the temporal effects, the holder was removed from the TEM and stored 

for approximately 1 week in a vacuum station. Interestingly, during the second round 

of observations, changing between the chemical environments no longer had an effect 

on the domain configuration and thermal mobility. In each case (vacuum, N2 and 

O2/Ar), the observations resembled the previously recorded N2 and O2/Ar ramps, 

where the thermal mobility and phase coexistence previously observed in the vacuum 

heat cycles was lost. It is elucidated that the extended exposure to a sealed environment 

could cause the migration of the adsorbates and defects to their equilibrium positions, 

which would effectively ‘imprint’ the domain microstructure by pinning the domain 

walls [71, 73]. Such pinning sites cause the domain wall to sit in a local energy 

minimum, requiring a larger activation energy (thermal) or external electric field to 

unpin the wall [74]. It was found that annealing the lamella in vacuum to 800°C, 

followed by rapid quenching (10°C/s) could reinduce the vacuum behaviours 

originally observed, see Fig. 5.8a. As has been discussed in section 5.2, the established 

state of the system is determined by the kinetics and thermodynamics of the screening 

mechanisms available. When the material is rapidly quenched through TC, domain 

formation is the fastest energy-lowering process available and therefore dominates the 

system, forming dense domain structures. The system energy can be further 

compensated by screening from mobile surface charges, but reconfiguration of the 

domains is unlikely due to high kinetic barriers [24]. In this case, it is thought that the 

high temperature annealing upsets the equilibrium surface structure of adsorbates and 

defects, and the rapid quenching in vacuum prevents these from migrating back to their 

stable configuration, meaning that the disordered state becomes frozen. 
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5.9.3 Pressure effects 
 

It is of great interest to observe whether a change in the pressure conditions can induce 

changes to the domain microstructure, especially considering that a flow of N2 gas did 

so despite its lack of charge and chemical inertness. There are conflicting reports about 

the effect of pressure on ferroelectric materials. In general, it is acknowledged that 

ferroelectricity is suppressed with increasing hydrostatic (liquid) pressure, because it 

increases the short-range repulsions which favour the nonpolar phase, more rapidly 

than long-range interactions that prefer the ferroelectric phase [75]. For example, in 

bulk SrTiO3, 66 kbar of applied hydrostatic pressure is a critical pressure for 

ferroelectric instability [76]. Contrarily in nitride perovskites, such as LaMoN3, 

moderate hydrostatic pressures have been found to stabilise the ferroelectrics phase, 

which is only metastable under ambient conditions [77]. 

 

Windowed cells for in situ gas and heating TEM are relatively new to the market and 

there are still many improvements that can be made to the experimental design that 

would increase their practical use. For example, the pressure range that can be 

achieved (max ~ 1bar) is small and is a current limitation of this technique. However, 

even with limited control, it was found that reducing the PNR by 200 mbar at a constant 

flow rate (0.3 ml/min) allowed new domain walls to nucleate at relatively low 

temperatures (90°C), see Fig. 5.13. This can be rationalised by addressing the 

concentration of the O2 molecules present in the NR, which is higher at 900 mbar (Fig. 

5.13a) then at 700 mbar (Fig. 5.13b). An important factor mentioned in previous 

reports of chemical switching is the partial pressure of oxygen (pO2). For example, the 

polarisation orientation can be inverted in ultra-thin PbTiO3 by changing between high 

and low pO2 [14, 28]. Furthermore, the temperature dependence of the polarisation is 

a strong function of the external pO2. At intermediate values for example, the TC in 

the film is strongly supressed, because it is this value below TC where the polarisation 

changes sign [15]. With this rationale, it could be that the increased pressure causes 

more adsorbates to bind to the surface of the lamella, changing the screening 

conditions and successfully compensating the depolarising fields. However, the 

introduction of chargeless and inert N2 atmosphere was also found to change the 

domain structure significantly. In section 5.7, it was discussed whether it could be the 

flow or pressure of N2 changing the current adsorbate structure (H2O, OH- CO2 etc.) 
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on the surface, which would change the screening conditions and hence the preferred  

polarisation orientation. In support of this argument was a previous literature report 

which revealed a gradual incorporation of positive charges onto the surface of a PZT 

thin film during low humidity (N2) experiments [66]. Segura et al. considered it 

unlikely that such charges came from new adsorbates in the environment, but this was 

not fully rationalised. In the current work, it is difficult to ascertain whether it is the 

presence of adsorbates, the creation and diffusion of oxygen vacancies, or the pressure 

and flow in the NR, which causes the significant changes to the domain microstructure. 

Potentially, a limiting factor is the FIB processing, which creates an amorphous 

gallium-implanted surface layer that encapsulates the material of interest. This would 

limit the ability for the charge to be compensated by adsorbates, which is purely a 

surface phenomenon. It is important to address this aspect in future experiments, 

because the full potential to study the ferroelectric surface by this technique may be 

limited by the sample preparation. The reader is referred to section 6.2, where 

strategies for the removal of FIB induced effects in these experiments are discussed. 

To fully eliminate the role of the pressure on the stability of metastable ferroelectric 

phases, domain structure and domain mobility, a more in-depth study where greater 

control of the PNR can be achieved, must be conducted. In addition, performing in situ 

gas and heating STEM on a purely ferroelastic system, such as LaAlO3, would allow 

the role of the polarisation to be decoupled, meaning that the effects of pressure could 

be more purely studied. 

 
Figure 5.13: Effect of PNR on domain microstructure. (a) 900 mbar O2/Ar, 0.3 ml/min, 

(b) 700 mbar O2/Ar. White arrows indicate positions where domain walls have 

nucleated after the pressure was reduced. Temperature is 90°C. 

1 μm
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5.10 Reducing environment (H2/N2/Ar)  

The final atmosphere that was investigated was a reducing atmosphere, which 

consisted of a H2/N2/Ar gas mix. This atmosphere was purposefully investigated last, 

because of the strong literature evidence to suggest that ferroelectric materials 

properties degrade under reducing conditions [78-80]. Figure 5.14 shows the effect of 

changing the chemical environment on a vacuum annealed lamella from vacuum (Fig. 

5.14a) to reducing atmosphere (Fig. 5.14b) to oxidising atmosphere (Fig. 5.4c) at RT. 

After ~ 30 minutes in the reducing atmosphere (900 mbar, 0.3 ml/min), the domain 

microstructure did not change significantly from the annealed vacuum configuration. 

Intriguingly, the pressure effect discussed in section 5.9.3 did not occur and after 

swapping the gas back to O2/Ar, the domain microstructure did not suppress as it did 

previously. A potential explanation for this is that high hydrogen concentrations in 

oxide ferroelectrics can catalyse the production of oxygen vacancies and other positive 

charges, where the activation energy required to move an oxygen vacancy is lower 

than the activation energy to create an oxygen vacancy [81-83]. Because this reaction 

is exothermic, local avalanche-like runaway reactions can occur, which can produce 

hydrogen-defects as well as oxygen vacancy clusters [79]. Clusters of positively 

charged oxygen vacancies will strongly couple to the polar order via local strain and 

electric fields, meaning that they can stabilise exotic polarisation patterns, such as the 

one that is present after annealing in vacuum [84]. Furthermore, a hydrogen atom 

(transformed to atomic hydrogen by catalytic reaction at Pt electrodes) acts as a donor 

in BTO as the H ionises to H+ and an electron, the H+ combines with an O2- to form an 

OH- ion. The OH- ion acts as a fixed dipole which tends to pin the domains, reducing 

the mobility [85]. In both cases, the strong interaction with vacancies is not ideal, 

because it can cause clamping of the domain walls [74, 86] and will eventually lead to 

imprint, retention loss, and fatigue of polarization states [73]. The clamping of the 

domain is so severe that flow of O2/Ar cannot immediately ‘recover’ the system as it 

could previous. However, it should be noted at this point that the lamella has been 

heat-cycled many times through TC and annealed at high temperatures (800°C). 

Therefore, the domain pinning could also be an effect of the ferroelectric history, or 

thermal fatigue, rather than the chemical environment at this stage. 
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Figure 5.14: Effect of a reducing environment on the domain microstructure at room 

temperature. STEM BF images directly after (a) annealing in vacuum (800°C), (b) 

after 30 minutes in H2/N2/Ar and (c) after 20 minutes in 20% O2/Ar at RT are shown. 

Due to prolonged imaging, there is now evidence of beam damage and contamination 

within the gas cell, indicated in (a). 

  

beam damage

(c)

1 μm
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5.11 Effect of chemical environment on TC 

The Curie temperature (TC) is amongst the most important properties of a ferroelectric 

material. In the previous chapter, it was mentioned that TC can be shifted by changing 

the film properties, for example, the amount of strain between the substrate and the 

material can be used to stabilise desired ferroelectric phases and domain structures 

[87]. Of scientific interest is whether the chemical environment can shift the TC. In 

this system, it is difficult to determine the exact TC of the lamella. With increasing 

temperature, the c/a ratio decreases, and the domains retract across wide temperature 

ranges towards the edge of the lamella until they leave the field of view. Considering 

the small tetragonality in the unit cell, it is unreliable to determine if the material is 

still tetragonal from the electron diffraction pattern, particularly given that the lamella 

is not fully on ZA due to the tilt limitations of the holder. In this case, the phase 

transition was determined as the point where no more needle domains were present in 

the field of view, although it is possible that these domains continue to exist outside 

of the field of view at higher temperatures. The measured ‘TC’ for each atmosphere is 

given in Table 5.1. 

 

Chemical Environment  TC (°C) (±𝟓%) 

Vacuum 190 – 200 

N2 220 – 230 

20% O2/Ar 210 – 220 

H2 200 - 210 

 

Table 5.1: Observed ‘TC’ in different chemical environments.  

The vacuum and H2 environments lowered the TC of the lamellae. This is expected 

because these environments promote a higher number of oxygen vacancies and other 

charged defects. The presence of such defects decreases the tetragonality of the unit 

cell, thereby decreasing TC [79]. Applying a similar logic, an oxygen rich environment 

should have a higher TC than the inert atmosphere, however, this proved not to be the 

case. One explanation for this is that the gases have different thermal conductivities 

and thus the ‘observed’ temperature at the surface is not the same in all atmospheres. 

However, the design for the MEMs-based microheater for the TEM Climate holder is 
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very sophisticated. The four-point-probe uses 2 sensing lines that reach close to the 

central portion of the chip to measure the temperature in that region, while the other 

two probes simultaneously adjust the current to keep the temperature to the correct 

setpoint via closed-loop feedback control. The heating control is fully independent 

from the gas control and is therefore not affected by the gas setting and has ~ 95% 

accuracy. Potentially, the gas type will also affect the temperature gradient, however 

this occurs to a very low extent thanks to the geometry and the automated 

compensation of the holder [88, 89]. This discrepancy is therefore put down to the fact 

that the TC cannot be measured accurately in the images. In the future a more accurate 

technique, such as XRD would be employed to realise this effect fully.  

 

5.12 Effect of chemical environment on domain size and 

periodicity 
The domain size (DS), measured from wall to wall of the same domain, and domain 

periodicity (D.P), measured from the first wall of one domain to the first wall of the 

neighbouring domain are important properties in a ferroelectric system [90-93]. The 

DS and D.P of the ‘a1-a2’-type domains present at 90°C in vacuum, N2 and O2/Ar 

environments were measured directly from an intensity profile across the domains, see 

Fig. 5.15. A similar method was used to measure the DS and D.P in H2/N2/Ar 

following an anneal to 500°C. It must be noted that because DS and D.P have been 

measured by hand using ImageJ software, there is a degree of uncertainty in the results 

displayed. These properties were also difficult to measure because the domain 

structures in free-standing thin films are not as periodic as in traditional thin films, due 

to the lack of epitaxial strain present. For a more accurate measurement an automated 

processing technique using code or machine learning is preferable. The results have 

been shown in table 5.2. It was found that the DS and D.P in vacuum, inert and 

oxidising atmospheres are largely comparable, but are both smallest after annealing in 

H2/N2/Ar. In other words, there are more 90° domain walls per unit area in a reducing 

atmosphere post-anneal than in vacuum, oxygen, or inert atmospheres. The full 

reasoning behind this is not known, however, it is predicted that it is due to a change 

in the strain conditions induced by the creation of many 𝑉e, but this needs more 

exploration. There is the potential nevertheless, that growth conditions under different 

chemical environments can be used to tune the DS and DP of a thin film, which is of 
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practical interest. Due to the contrast, it was not possible to determine the periodicity 

of the orthorhombic ‘a-c’ type domains. However, it is expected that the domain 

spacing of the ‘a-c’ phase will be larger than the ‘a1-a2’ phase because of the out-of-

plane component and the projection effect onto the rear face [94]. 

 

 
Figure 5.15: The effect of chemical environment on the domain size and periodicity. 

(a) BF STEM image in N2 at 90°C prior to annealing. The white arrow indicates where 

the line profile across the ‘a1-a2’ domains was taken. The domain size (DS) and domain 

periodicity (D.P) is measured from the (b) intensity graphs for each atmosphere. 

Chemical 

Environment  

Domain size 

(nm) 

Domain Periodicity 

(nm) 

Vacuum 25.8 66.6 

N2 23.0 63.9 

20% O2/Ar 28.1 52.8 

H2/N2/Ar (after anneal) 21.1 48.8 

 

Table 5.2: Measured domain sizes and periodicities for different chemical 

environments at 90°C. 

 

  

90°C vacuum
90° Nitrogen
90°C Oxygen

DS

D.P

(a) (b)

1 μm
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5.13 In situ heating PFM under UHV conditions 

In the previous sections of this chapter, it was discovered that the temperature range 

for which the projected <100>pc and <110>pc domain walls were both present in the 

lamella was larger in vacuum (60°C - 90°C), than in N2 and O2/Ar environments (80°C 

– 100°C). After annealing the lamellae in N2 and O2/Ar, this temperature range of 

‘coexistence’ further decreased (90°C – 100°C). Interestingly, the same transition also 

occurred over smaller temperature ranges (22°C – 28°C) during in situ heating PFM 

performed under ambient environmental conditions, see section 4.5. Potentially 

therefore, the vacuum could be mediating the coexistence of the domain variants. To 

investigate this and for completeness, in situ PFM was performed under UHV 

conditions and compared to the previously acquired PFM. The domain microstructure 

at RT was comparable to the ambient PFM and STEM observations at RT, comprising 

predominantly of <100>pc domains, see Fig. 5.16. In situ heating was performed 

between ‘300K’ and ‘460K’, with PFM scans taken at 7-predetermined temperatures 

that were deemed of interest during the STEM cycles. Temperature stills from this heat 

cycle have been shown in Fig. 5.17. The temperature of the stage was controlled via a 

dual heating and cooling system (liquid N2) and was monitored using two sensors, ‘A’ 

and ‘B’, where ‘A’ is placed close to the lamella position. Please note that it is 

estimated that the temperature at the sample surface is ~ 20 - 30% lower than is 

recorded on sensor ‘A’.  

 

Heating the sample to ‘330K’ (~ 40°C) clearly shows a full transition from the <100>pc 

structure at RT (Fig. 5.16), to the ferroelastic ‘a1-a2’ <110>pc configuration (Fig. 

5.17a), which is within similar temperature ranges exhibited in the ambient PFM 

experiments. In addition, the TC of this sample was determined to lie between ‘430K’ 

and ‘460K’ (estimated 110°C – 140°C), due to the complete loss of the amplitude and 

phase signal at 460K. Even estimated, the TC is significantly lower than the TC 

recorded during all in situ heating STEM experiments (> 150°C). It is difficult to 

compare the thermal domain mobility of the 90° ferroelastic domain configuration in 

the UHV experiment and in situ TEM, because of the view field, the scan distortions, 

the thermal drift, and the degradation of the tip at higher temperatures. However, 

combining the vacuum and ambient PFM data together suggested that the observed 

domain mobility is lower during in situ PFM. Taken altogether, it was concluded that 
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the vacuum alone cannot purely be mediating the coexistence of the two phases and 

the high thermal domain mobility. Considering that the transition (and coexistence) 

between the phases observed by vacuum PFM is largely comparable to that seen during 

ambient PFM, but the phase coexistence is far more pronounced under vacuum 

conditions in STEM than under gas flow, this further enhances the argument that it is 

the difference in the mechanical boundary conditions (and equally how this will then 

effect the electrical boundary conditions) of the lamellae samples created for these two 

techniques, which ultimately determines the thermal behaviour.  

 

 

Figure 5.16: PFM of a BTO <100>pc lamella under UHV conditions at RT. LPFM (a) 

amplitude and (b) phase and VPFM (c) amplitude and (d) phase.  
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Figure 5.17: In situ heating PFM under UHV conditions. LPFM (a,c,e,g,i) amplitude 

and (b,d,f,h,j) phase at 330K, 370K, 400K, 430K and 460K, respectively. 
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5.14 Conclusions 

The complex states that arise on ferroelectric surfaces are not currently well defined, 

due to the presence of mobile electrochemically active and physisorbable components 

that change the surface screening mechanisms and influence the domain 

microstructure. In this chapter, a unique insight into the thermal behaviours of 

ferroelectric and ferroelectric-ferroelastic domains in vacuum, inert, oxygen-rich and 

reducing atmospheres, using exploratory in situ gas and heating STEM experiments, 

was presented. Most importantly, the differences observed during both static and 

dynamic measurements under distinct atmospheres, highlighted that the chemical 

environment must be carefully considered when performing in situ experiments on 

ferroelectric materials, particularly under UHV conditions. Consistent with the results 

presented in chapter 4, a UHV environment promoted metastable configurations of 

competing domain variants. Intriguingly, both N2 and O2/Ar environments were found 

to immediately suppress the domain structure present under UHV conditions, where 

after gas flow, only one select domain wall within each family of domain variants 

(predominantly <100>pc below- and <110>pc above 70°C) were stable. Each wall 

occupied separate portions of the lamella in their respective temperature regimes, 

exhibiting lower temperature ranges of coexistence (80°C – 100°C) than in UHV 

(60°C – 90°C). 

 

The potential causes for this polarisation preference under the inert and oxidising 

atmospheres were argued, including the role of the chemical environment on the 

adsorbate structure and surface screening conditions. This was easy to rationalise in 

the O2/Ar environment, where the adsorbates (O2- ions) and formation of surface 

species (BaO2) can screen charge, and the role that O2 can play on the number of 𝑉e 

present. On the other hand, N2 is an inert, neutral gas, that is unlikely to affect the 𝑉e 

concentration. It was discussed whether the adsorption of N2 on the surface can disrupt 

the previous adsorbate structure, or if the N2 flow could promote adsorbate diffusion 

on the surface, but this seemed unlikely. Another possibility that was considered, was 

that it was the physical flow and pressure of gas within the nanoreactor prompting the 

change in the domain microstructure, which was later confirmed by performing a 

pressure test. After the reduction of PNR by 200 mbar at 90°C, new domain walls 

nucleated in the lamella under O2/Ar gas glow. It is suggested therefore, that the 
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pressure conditions induced the significant changes to the domain microstructure, and 

a lesser effect is observed due to changes in the adsorbate and surface layers. It was 

noted at this point that the potential ability for the ferroelectric surface to respond to 

changes in the chemical environment is compromised by the amorphous layer that 

encapsulates the ferroelectric surface, which is created during FIB processing. 

However, high temperature annealing, a proven method to recrystallise this surface 

layer, did not change the observed thermal behaviours and thus this hypothesis requires 

more thought. 

 

Following this, multiple gas cycles were performed to establish the reversibility of the 

system when changing between a vacuum and the O2/Ar environment. The observed 

reversibility was found to be consistent with previous reports of chemical switching in 

thin films. However, after introduction of a reducing atmosphere, the reversible nature 

of the system was lost. Again, this could be attributed to the formation of 𝑉e, which 

are catalysed by the hydrogen ions present. The 𝑉e form preferentially at the domain 

walls and pin the domain structure, reducing the domain mobility. These observations 

offer insight into how ferroelectric properties degrade in reducing atmospheres. The 

effect of the chemical environment on properties such as the TC of the film and the 

domain size and periodicity in the lamella was also explored. It was found that TC is 

lower in reducing and vacuum environments, which was justified by the increased 

number of 𝑉e, which overall act to decrease the tetragonality of the cell. Further to 

this, both domain size and periodicity was smallest after the system was annealed (to 

500°C) in reducing atmosphere. Whilst the cause was not investigated, there appears 

to be potential to tailor ferroelectric properties based on the chemical environment, 

which is attractive for potential applications. 

 

Finally, as a complementary check considering the differences observed in UHV and 

oxygen-rich conditions that have been detailed above, in situ PFM was performed 

under UHV conditions on a <100>pc BTO lamella. This revealed no discernible 

changes to the ambient PFM results presented in chapter 4. Of importance, was that 

the transition between the projected <100>pc and <110>pc walls occurred at lower and 

narrower temperature ranges (approximated at 20°C – 30°C) than the in situ STEM 

under UHV conditions. This further supports the argument that the mechanical 
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boundary conditions, which are different for the lamellae fabricated for each 

technique, ultimately determines the thermal behaviour.  

 

To the authors knowledge, this is the first time that such experimental techniques have 

been applied to study environmental effects on domain configurations in free-standing 

ferroelectric thin films. These exploratory results on BTO lamella have provided a 

sufficient proof-of-concept that emphasise the power and capabilities of in situ gas and 

heating TEM, that aim to motivate a plethora of further studies of the ferroelectric 

surface.  

 

  



5. Exploring domain behaviour in BTO under chemical environments and temperature 

 215 

5.15 References 

[1] J.F. Scott, Applications of Modern Ferroelectrics, Science 315(5814) (2007) 954-
959. 
[2] L.W. Martin, A.M. Rappe, Thin-film ferroelectric materials and their applications, 
Nature Reviews Materials 2(2) (2017). 
[3] I. Efe, N.A. Spaldin, C. Gattinoni, On the happiness of ferroelectric surfaces and 
its role in water dissociation: The example of bismuth ferrite, The Journal of Chemical 
Physics 154(2) (2021) 024702. 
[4] A.V. Ievlev, C.C. Brown, J.C. Agar, G.A. Velarde, L.W. Martin, A. Belianinov, P. 
Maksymovych, S.V. Kalinin, O.S. Ovchinnikova, Nanoscale Electrochemical 
Phenomena of Polarization Switching in Ferroelectrics, ACS Applied Materials & 
Interfaces 10(44) (2018) 38217-38222. 
[5] K. Garrity, A.M. Kolpak, S. Ismail-Beigi, E.I. Altman, Chemistry of Ferroelectric 
Surfaces, Advanced Materials 22(26-27) (2010) 2969-2973. 
[6] K. Garrity, A. Kakekhani, A. Kolpak, S. Ismail-Beigi, Ferroelectric surface 
chemistry: First-principles study of the PbTiO3 surface, Physical Review B 88(4) 
(2013). 
[7] A. Kakekhani, S. Ismail-Beigi, Ferroelectric-Based Catalysis: Switchable Surface 
Chemistry, ACS Catalysis 5(8) (2015) 4537-4545. 
[8] A. Kakekhani, S. Ismail-Beigi, E.I. Altman, Ferroelectrics: A pathway to 
switchable surface chemistry and catalysis, Surface Science 650 (2016) 302-316. 
[9] Z.-W. Wang, D.-J. Shu, Intrinsic interaction between in-plane ferroelectric 
polarization and surface adsorption, Physical Chemistry Chemical Physics 21(34) 
(2019) 18680-18685. 
[10] D. Li, M.H. Zhao, J. Garra, A.M. Kolpak, A.M. Rappe, D.A. Bonnell, J.M. Vohs, 
Direct in situ determination of the polarization dependence of physisorption on 
ferroelectric surfaces, Nature Materials 7(6) (2008) 473-477. 
[11] M.A. Khan, M.A. Nadeem, H. Idriss, Ferroelectric polarization effect on surface 
chemistry and photo-catalytic activity: A review, Surface Science Reports 71(1) 
(2016) 1-31. 
[12] Y. Cui, J. Briscoe, S. Dunn, Effect of Ferroelectricity on Solar-Light-Driven 
Photocatalytic Activity of BaTiO3—Influence on the Carrier Separation and Stern 
Layer Formation, Chemistry of Materials 25(21) (2013) 4215-4223. 
[13] D. Arney, T. Watkins, P.A. Maggard, Effects of Particle Surface Areas and 
Microstructures on Photocatalytic H2 and O2 Production over PbTiO3, Journal of the 
American Ceramic Society 94(5) (2011) 1483-1489. 
[14] R.V. Wang, D.D. Fong, F. Jiang, M.J. Highland, P.H. Fuoss, C. Thompson, A.M. 
Kolpak, J.A. Eastman, S.K. Streiffer, A.M. Rappe, G.B. Stephenson, Reversible 
Chemical Switching of a Ferroelectric Film, Physical Review Letters 102(4) (2009). 
[15] M.J. Highland, T.T. Fister, D.D. Fong, P.H. Fuoss, C. Thompson, J.A. Eastman, 
S.K. Streiffer, G.B. Stephenson, Equilibrium Polarization of Ultrathin PbTiO3 with 
Surface Compensation Controlled by Oxygen Partial Pressure, Physical Review 
Letters 107(18) (2011). 
[16] Y. Kim, I. Vrejoiu, D. Hesse, M. Alexe, Reversible plasma switching in epitaxial 
BiFeO3 thin films, Applied Physics Letters 96(20) (2010) 202902. 
[17] N. Domingo, I. Gaponenko, K. Cordero-Edwards, N. Stucki, V. Perez-Dieste, C. 
Escudero, E. Pach, A. Verdaguer, P. Paruch, Surface charged species and 
electrochemistry of ferroelectric thin films, Nanoscale 11(38) (2019) 17920-17930. 



5. Exploring domain behaviour in BTO under chemical environments and temperature 

 216 

[18] I. Spasojevic, G. Sauthier, J.M. Caicedo, A. Verdaguer, N. Domingo, Oxidation 
processes at the surface of BaTiO3 thin films under environmental conditions, Applied 
Surface Science 565 (2021) 150288. 
[19] J. Shin, V.B. Nascimento, A.Y. Borisevich, E.W. Plummer, S.V. Kalinin, A.P. 
Baddorf, Polar distortion in ultrathin BaTiO3 films studied byin situ LEEDI−V, 
Physical Review B 77(24) (2008). 
[20] J.L. Wang, F. Gaillard, A. Pancotti, B. Gautier, G. Niu, B. Vilquin, V. Pillard, 
G.L.M.P. Rodrigues, N. Barrett, Chemistry and Atomic Distortion at the Surface of an 
Epitaxial BaTiO3 Thin Film after Dissociative Adsorption of Water, The Journal of 
Physical Chemistry C 116(41) (2012) 21802-21809. 
[21] H.G. Liao, H.M. Zheng, Liquid Cell Transmission Electron Microscopy, in: M.A. 
Johnson, T.J. Martinez (Eds.), Annual Review of Physical Chemistry, Vol 672016 
[22] X. Huang, T. Jones, A. Fedorov, R. Farra, C. Copéret, R. Schlögl, M.G. Willinger, 
Phase Coexistence and Structural Dynamics of Redox Metal Catalysts Revealed by 
Operando TEM, Advanced Materials 33(31) (2021) 2101772. 
[23] L.I. Van Der Wal, S.J. Turner, J. Zečević, Developments and advances in in situ 
transmission electron microscopy for catalysis research, Catalysis Science & 
Technology 11(11) (2021) 3634-3658. 
[24] S.V. Kalinin, Y. Kim, D.D. Fong, A.N. Morozovska, Surface-screening 
mechanisms in ferroelectric thin films and their effect on polarization dynamics and 
domain structures, Reports on Progress in Physics 81(3) (2018). 
[25] M. Stengel, Electrostatic stability of insulating surfaces: Theory and applications, 
Physical Review B 84(20) (2011). 
[26] D.M. Evans, V. Garcia, D. Meier, M. Bibes, Domains and domain walls in 
multiferroics, Physical Sciences Reviews 5(9) (2020). 
[27] M.F. Chisholm, W. Luo, M.P. Oxley, S.T. Pantelides, H.N. Lee, Atomic-Scale 
Compensation Phenomena at Polar Interfaces, Physical Review Letters 105(19) 
(2010). 
[28] D.D. Fong, A.M. Kolpak, J.A. Eastman, S.K. Streiffer, P.H. Fuoss, G.B. 
Stephenson, C. Thompson, D.M. Kim, K.J. Choi, C.B. Eom, I. Grinberg, A.M. Rappe, 
Stabilization of monodomain polarization in ultrathin PbTiO3 films, Physical Review 
Letters 96(12) (2006). 
[29] S.V. Levchenko, A.M. Rappe, Influence of Ferroelectric Polarization on the 
Equilibrium Stoichiometry of Lithium Niobate (0001) Surfaces, Physical Review 
Letters 100(25) (2008). 
[30] M. Setvin, M. Reticcioli, F. Poelzleitner, J. Hulva, M. Schmid, L.A. Boatner, C. 
Franchini, U. Diebold, Polarity compensation mechanisms on the perovskite surface 
KTaO3(001), Science 359(6375) (2018) 572 
[31] Y. Tian, L. Wei, Q. Zhang, H. Huang, Y. Zhang, H. Zhou, F. Ma, L. Gu, S. Meng, 
L.-Q. Chen, C.-W. Nan, J. Zhang, Water printing of ferroelectric polarization, Nature 
Communications 9(1) (2018). 
[32] A.V. Ievlev, P. Maksymovych, M. Trassin, J. Seidel, R. Ramesh, S.V. Kalinin, 
O.S. Ovchinnikova, Chemical State Evolution in Ferroelectric Films during Tip-
Induced Polarization and Electroresistive Switching, ACS Applied Materials & 
Interfaces 8(43) (2016) 29588-29593. 
[33] S.V. Kalinin, D.A. Bonnell, Screening Phenomena on Oxide Surfaces and Its 
Implications for Local Electrostatic and Transport Measurements, Nano Letters 4(4) 
(2004) 555-560. 



5. Exploring domain behaviour in BTO under chemical environments and temperature 

 217 

[34] A.V. Ievlev, A.N. Morozovska, V.Y. Shur, S.V. Kalinin, Humidity effects on tip-
induced polarization switching in lithium niobate, Applied Physics Letters 104(9) 
(2014) 092908. 
[35] A.N. Morozovska, S.V. Svechnikov, E.A. Eliseev, S. Jesse, B.J. Rodriguez, S.V. 
Kalinin, Piezoresponse force spectroscopy of ferroelectric-semiconductor materials, 
Journal of Applied Physics 102(11) (2007) 114108. 
[36] I. Gaponenko, L. Musy, N. Domingo, N. Stucki, A. Verdaguer, N. Bassiri-Gharb, 
P. Paruch, Local and correlated studies of humidity-mediated ferroelectric thin film 
surface charge dynamics, npj Computational Materials 7(1) (2021). 
[37] N.G. Apostol, Band bending at ferroelectric surfaces and interfaces investigated 
by x-ray photoelectron spectroscopy, AIP Publishing LLC. 
[38] L. Li, P.A. Salvador, G.S. Rohrer, Photocatalysts with internal electric fields, 
Nanoscale 6(1) (2014) 24-42. 
[39] I. Grinberg, D.V. West, M. Torres, G. Gou, D.M. Stein, L. Wu, G. Chen, E.M. 
Gallo, A.R. Akbashev, P.K. Davies, J.E. Spanier, A.M. Rappe, Perovskite oxides for 
visible-light-absorbing ferroelectric and photovoltaic materials, Nature 503(7477) 
(2013) 509-512. 
[40] N. Nuraje, K. Su, Perovskite ferroelectric nanomaterials, Nanoscale 5(19) (2013) 
8752. 
[41] D. Tiwari, S. Dunn, Photochemistry on a polarisable semi-conductor: what do we 
understand today?, Journal of Materials Science 44(19) (2009) 5063-5079. 
[42] M.H. Zhao, D.A. Bonnell, J.M. Vohs, Effect of ferroelectric polarization on the 
adsorption and reaction of ethanol on BaTiO3, Surface Science 602(17) (2008) 2849-
2855. 
[43] Y. Yun, E.I. Altman, Using Ferroelectric Poling to Change Adsorption on Oxide 
Surfaces, Journal of the American Chemical Society 129(50) (2007) 15684-15689. 
[44] J. Garra, J.M. Vohs, D.A. Bonnell, Defect-mediated adsorption of methanol and 
carbon dioxide on BaTiO3(001), Journal of Vacuum Science & Technology A: 
Vacuum, Surfaces, and Films 27(5) (2009) L13-L17. 
[45] H. Zhao, P. Wu, L. Du, H. Du, Effect of the nanopore on ferroelectric domain 
structures and switching properties, Computational Materials Science 148 (2018) 216-
223. 
[46] M.H. Zhao, D.A. Bonnell, J.M. Vohs, Influence of ferroelectric polarization on 
the energetics of the reaction of 2-fluoroethanol on BaTiO3, Surface Science 603(2) 
(2009) 284-290. 
[47] N.V. Burbure, P.A. Salvador, G.S. Rohrer, Photochemical Reactivity of Titania 
Films on BaTiO3 Substrates: Origin of Spatial Selectivity, Chemistry of Materials 
22(21) (2010) 5823-5830. 
[48] A. Bhardwaj, N.V. Burbure, A. Gamalski, G.S. Rohrer, Composition Dependence 
of the Photochemical reduction of Ag by Ba1−xSrxTiO3, Chemistry of Materials 22(11) 
(2010) 3527-3534. 
[49] S.V. Kalinin, D.A. Bonnell, T. Alvarez, X. Lei, Z. Hu, J.H. Ferris, Q. Zhang, S. 
Dunn, Atomic polarization and local reactivity on ferroelectric surfaces: A new route 
toward complex nanostructures, Nano Letters 2(6) (2002) 589-593. 
[50] A.M. Schultz, Y. Zhang, P.A. Salvador, G.S. Rohrer, Effect of Crystal and 
Domain Orientation on the Visible-Light Photochemical Reduction of Ag on BiFeO3, 
ACS Applied Materials & Interfaces 3(5) (2011) 1562-1567. 
[51] A.S. Pisat, G.S. Rohrer, P.A. Salvador, Spatially selective photochemical activity 
on surfaces of ferroelastics with local polarization, Semiconductor Science and 
Technology 32(10) (2017). 



5. Exploring domain behaviour in BTO under chemical environments and temperature 

 218 

[52] Z.H.N. Al-Azri, W.T. Chen, A. Chan, V. Jovic, T. Ina, H. Idriss, G.I.N. 
Waterhouse, The roles of metal co-catalysts and reaction media in photocatalytic 
hydrogen production: Performance evaluation of M/TiO2 photocatalysts (M = Pd, Pt, 
Au) in different alcohol-water mixtures, Journal of Catalysis 329 (2015) 355-367. 
[53] Y. Inoue, M. Okamura, K. Sato, A thin-film semiconducting titanium dioxide 
combined with ferroelectrics for photoassisted water decomposition, The Journal of 
Physical Chemistry 89(24) (1985) 5184-5187. 
[54] J. Deng, S. Banerjee, S.K. Mohapatra, Y.R. Smith, M. Misra, Bismuth iron oxide 
nanoparticles as photocatalyst for solar hydrogen generation from water, J. Fundam. 
Renew. Energy Appl. 1 (2011) 1-10. 
[55] S. Park, C.W. Lee, M.-G. Kang, S. Kim, H.J. Kim, J.E. Kwon, S.Y. Park, C.-Y. 
Kang, K.S. Hong, K.T. Nam, A ferroelectric photocatalyst for enhancing hydrogen 
evolution: polarized particulate suspension, Phys. Chem. Chem. Phys. 16(22) (2014) 
10408-10413. 
[56] S.V. Kalinin, C.Y. Johnson, D.A. Bonnell, Domain polarity and temperature 
induced potential inversion on the BaTiO3(100) surface, Journal of Applied Physics 
91(6) (2002) 3816-3823. 
[57] T. Tybell, C.H. Ahn, J.M. Triscone, Ferroelectricity in thin perovskite films, 
Applied Physics Letters 75(6) (1999) 856-858. 
[58] S.V. Kalinin, D.A. Bonnell, Local potential and polarization screening on 
ferroelectric surfaces, Physical Review B 63(12) (2001). 
[59] N. Domingo, E. Pach, K. Cordero-Edwards, V. Pérez-Dieste, C. Escudero, A. 
Verdaguer, Water adsorption, dissociation and oxidation on SrTiO3 and ferroelectric 
surfaces revealed by ambient pressure X-ray photoelectron spectroscopy, Physical 
Chemistry Chemical Physics 21(9) (2019) 4920-4930. 
[60] T. O'Reilly, K. Holsgrove, M. Arredondo, Investigating BaTiO3 via in situ heating 
TEM, Imaging and Microscopy Wiley Analytical Science, 2021. 
[61] K. Yasui, K. Kato, Influence of Adsorbate-Induced Charge Screening, 
Depolarization Factor, Mobile Carrier Concentration, and Defect-Induced Microstrain 
on the Size Effect of a BaTiO3 Nanoparticle, The Journal of Physical Chemistry C  
(2013) 130911155918002. 
[62] Z. Dohnálek, J. Kim, O. Bondarchuk, J.M. White, B.D. Kay, Physisorption of N2, 
O2, and CO on Fully Oxidized TiO2(110), The Journal of Physical Chemistry B 
110(12) (2006) 6229-6235. 
[63] H. Brune, M. Giovannini, K. Bromann, K. Kern, Self-organized growth of 
nanostructure arrays on strain-relief patterns, Nature 394(6692) (1998) 451-453. 
[64] J.V. Barth, G. Costantini, K. Kern, Engineering atomic and molecular 
nanostructures at surfaces, Nature 437(7059) (2005) 671-679. 
[65] R. Otero, Dyanmics of Organic Molecules at Solid Surfaces, Encyclopedia of 
Interfacial Chemistry, Elsevier 2018, pp. 38-44. 
[66] J.J. Segura, N. Domingo, J. Fraxedas, A. Verdaguer, Surface screening of written 
ferroelectric domains in ambient conditions, Journal of Applied Physics 113(18) 
(2013) 187213. 
[67] D.C. Ma, Y. Zheng, B.A. Wang, C.H. Woo, Domain structures of ferroelectric 
thin film controlled by oxidizing atmosphere, Applied Physics Letters 99(14) (2011). 
[68] H. Li, Y. Guo, J. Robertson, Calculation of TiO2 Surface and Subsurface Oxygen 
Vacancy by the Screened Exchange Functional, The Journal of Physical Chemistry C 
119(32) (2015) 18160-18166. 



5. Exploring domain behaviour in BTO under chemical environments and temperature 

 219 

[69] A. Schilling, T. Adams, R.M. Bowman, J.M. Gregg, Strategies for gallium 
removal after focused ion beam patterning of ferroelectric oxide nanostructures, 
Nanotechnology 18(3) (2007). 
[70] I.A. Luk'yanchuk, A. Schilling, J.M. Gregg, G. Catalan, J.F. Scott, Origin of 
ferroelastic domains in free-standing single-crystal ferroelectric films, Physical 
Review B 79(14) (2009). 
[71] X.Y. Wang, T. Xu, F.Z. Xuan, C.Q. Chen, T. Shimada, T. Kitamura, Effect of the 
oxygen vacancy on the ferroelectricity of 90 degrees domain wall structure in PbTiO3: 
A density functional theory study, Journal of Applied Physics 126(17) (2019). 
[72] L.X. He, D. Vanderbilt, First-principles study of oxygen-vacancy pinning of 
domain walls in PbTiO3, Physical Review B 68(13) (2003). 
[73] Y. Noguchi, H. Matsuo, Y. Kitanaka, M. Miyayama, Ferroelectrics with a 
controlled oxygen-vacancy distribution by design, Scientific Reports 9(1) (2019). 
[74] T. Rojac, M. Kosec, B. Budic, N. Setter, D. Damjanovic, Strong ferroelectric 
domain-wall pinning in BiFeO3 ceramics, Journal of Applied Physics 108(7) (2010). 
[75] W. Cai, J. He, H. Li, R. Zhang, D. Zhang, D.Y. Chung, T. Bhowmick, C. 
Wolverton, M.G. Kanatzidis, S. Deemyad, Pressure-induced ferroelectric-like 
transition creates a polar metal in defect antiperovskites Hg3Te2X2 (X = Cl, Br), Nature 
Communications 12(1) (2021). 
[76] A. Kvasov, A.K. Tagantsev, N. Setter, Structure and pressure-induced 
ferroelectric phase transition in antiphase domain boundaries of strontium titanate 
from first principles, Physical Review B 94(5) (2016). 
[77] C. Gui, S. Dong, Pressure-induced ferroelectric phase of LaMoN3, Physical 
Review B 102(18) (2020). 
[78] Y. Shimakawa, Y. Kubo, Degradation of ferroelectric SrBi2Ta2O9 materials under 
reducing conditions and their reaction with Pt electrodes, Applied Physics Letters 
75(18) (1999) 2839-2841. 
[79] J.F. Scott, S.A.T. Redfern, M. Zhang, M. Dawber, Polarons, oxygen vacancies, 
and hydrogen in BaxSr1–xTiO3, Journal of the European Ceramic Society 21(10-11) 
(2001) 1629-1632. 
[80] H. Ashida, M. Tomotani, T. Tamura, K. Matsuura, Y. Goto, S. Otani, Evaluation 
of electrical properties and SIMS profiles on forming gas(N2-H2) annealed Pt/PZT/Pt 
capacitors, Integrated Ferroelectrics 21(1-4) (1998) 97-105. 
[81] Y. Fujisaki, K. Kushida-Abdelghafar, Y. Shimamoto, H. Miki, The effects of the 
catalytic nature of capacitor electrodes on the degradation of ferroelectric Pb(Zr,Ti)O3 
thin films during reductive ambient annealing, Journal of Applied Physics 82(1) 
(1997) 341-344. 
[82] J.-P. Han, X. Guo, T.P. Ma, Memory effects of SrBi2Ta2O9 capacitor on silicon 
with a silicon nitride buffer, Integrated Ferroelectrics 22(1-4) (1998) 213-221. 
[83] W.L. Warren, D. Dimos, B.A. Tuttle, G.E. Pike, H.N. Al-Shareef, Relationships 
among ferroelectric fatigue, electronic charge trapping, defect-dipoles, and oxygen 
vacancies in perovskite oxides, Integrated Ferroelectrics 16(1-4) (1997) 77-86. 
[84] M. Li, J. Li, L.-Q. Chen, B.-L. Gu, W. Duan, Effects of strain and oxygen 
vacancies on the ferroelectric and antiferrodistortive distortions in PbTiO3/SrTiO3 
superlattice, Physical Review B 92(11) (2015). 
[85] K. Xiong, J. Robertson, Hydrogen-induced defects and degradation in oxide 
ferroelectrics, Applied Physics Letters 85(13) (2004) 2577-2579. 
[86] Y. Kitanaka, Y. Noguchi, M. Miyayama, Oxygen-vacancy-induced 90 degrees-
domain clamping in ferroelectric Bi4Ti3O12 single crystals, Physical Review B 81(9) 
(2010). 



5. Exploring domain behaviour in BTO under chemical environments and temperature 

 220 

[87] Y.L. Li, L.Q. Chen, Temperature-strain phase diagram for BaTiO3 thin films, 
Applied Physics Letters 88(7) (2006). 
[88] R.G. Spruit, J.T. Van Omme, M.K. Ghatkesar, H.H.P. Garza, A Review on 
Development and Optimization of Microheaters for High-Temperature In Situ Studies, 
Journal of Microelectromechanical Systems 26(6) (2017) 1165-1182. 
[89] R. Spruit, Optimized MEMS-based Nanoreactor for In-situ Transmission 
Electron Microscopy Studies at High Temperature and Atmospheric Pressure, Delft 
University of Technology, 2017. 
[90] J.F. Ihlefeld, D.T. Harris, R. Keech, J.L. Jones, J.P. Maria, S. Trolier-McKinstry, 
Scaling Effects in Perovskite Ferroelectrics: Fundamental Limits and Process-
Structure-Property Relations, Journal of the American Ceramic Society 99(8) (2016) 
2537-2557. 
[91] V. Buscaglia, C.A. Randall, Size and scaling effects in barium titanate. An 
overview, Journal of the European Ceramic Society 40(11) (2020) 3744-3758. 
[92] A. Schilling, T.B. Adams, R.M. Bowman, J.M. Gregg, G. Catalan, J.F. Scott, 
Scaling of domain periodicity with thickness measured in BaTiO3 single crystal 
lamellae and comparison with other ferroics, Physical Review B 74(2) (2006). 
[93] A.S. Everhardt, S. Damerio, J.A. Zorn, S.L. Zhou, N. Domingo, G. Catalan, 
E.K.H. Salje, L.Q. Chen, B. Noheda, Periodicity-Doubling Cascades: Direct 
Observation in Ferroelastic Materials, Physical Review Letters 123(8) (2019). 
[94] L.J. McGilly, Domain Topologies in Nanoscale Single-Crystal Ferroelectrics, 
PhD thesis, 2011. 
 



6. Summary 

 221 

6. Summary  

6. Summary  

In this concluding chapter, the results presented in Chapters 3 – 5 are summarised and 

the future vision for the project is outlined. 

 

6.1 Conclusions 
 

Throughout this thesis, the underlying theme has been the study of the configurations 

and thermal dynamics of domains in the well-studied standard ferroelectric, BaTiO3, 

using in situ microscopy techniques. This was achieved by combining conventional 

static imaging, optimised in situ heating technology and state-of-the-art TEM 

windowed gas-cell in situ gas and heating holders. The results and conclusions drawn 

were strengthened with complimentary methods, such as advanced 4D-STEM and 

DFEH strain mapping techniques, microstructural characterisation by EBSD and in 

situ PFM.  

 

For the initial study on polycrystalline BaTiO3 ceramics, the objective was to create a 

comprehensive data set that investigated domain continuity across grain boundaries in 

polycrystalline BaTiO3 lamellae samples. Firstly, a proof-of-concept was generated by 

inspecting domain continuity in a bi-grain junction, where EBSD was employed to 

ensure the two grains had small misorientation and thus greater likelihood to exhibit 

domain continuity. The compatibility of this specific bi-grain case, where the Euler 

angles of the grains in the lamella were determined by TKD measurements, revealed 

that there existed a pair of in-plane domain variants that have extremely low 

polarisation and strain mismatch at the grain boundary. The same methodology was 

then used to inspect the compatibility of four bi-grain junctions and two tri-grain 
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junctions where the grains had random (large) misorientation. It was observed that the 

samples only contained domain variants that have their polarisation lying 

approximately in the plane of the lamella. Potential explanations for this include that 

(i) the lamella is sufficiently thin, such that the out-of-plane compatibility conditions 

can be overcome with minimal energy cost and the intergranular constraints only form 

in-plane, (ii) mismatch in the out-of-plane strain components can be tolerated with 

minimal energy penalty due to the low thickness to size ratio and (iii) out-of-plane 

polarisation states may be suppressed due to the requirement for charge compensation 

at the free surfaces. After simplification of the problem to only consider the ‘in-plane’ 

domain variants present in each grain, the following correlations between strain, 

polarisation mismatch and domain continuity across GBs were established: (i) domain 

continuity can be expected to occur where the strain and polarisation mismatches 

between a pair of domain variants are both < 0.3. Thereby emphasising, that domain 

continuity is related to compatibility conditions across neighbouring grains in 

ferroelectric ceramics. Importantly, the use of one or other condition alone is not 

sufficient to predict continuous domain arrangements. However, it was noted that there 

is typically a coincidence between low strain and low polarisation mismatch, 

indicating that the former mismatch makes a more considerable contribution in this 

configuration. (ii) When there exists no pair of variants with low strain and polarisation 

mismatch < 0.3 at a GB, the boundary is expected to be dominated by one good match 

on both sides of the boundary. Experimentally this resulted in little to no continuity. It 

was found that one grain would form a richer microstructure, whilst the other remained 

monodomain. (iii) It is predicted that if there are no good matches, the boundary is 

likely to have fine domains that minimize the energy by “average” compatibility. 

Following experimental validation, the discussion was extended to cover theoretical 

arrangements of bi-grain junctions, using the consideration that domain continuation 

can occur when Δε/ε+ and Δ𝑃/𝑃+ are both < 0.3. It was concluded that, whilst exact 

matching was rare, approximate matches were common and could occur over a wide 

range of Euler angles. Importantly, the results within this study offer a significant 

advance in the understanding of domain continuity at GBs, driven by both theoretical 

and experimental observations. 

 

The second part of the experimental work in this thesis focused on the in situ heating 

(S)TEM study of BaTiO3 lamella under the UHV conditions of the TEM column. 
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Initially, challenges were presented regarding the reproducibility of the thermal 

behaviours between lamella samples, which highlighted that the sample preparation 

by FIB and experimental conditions must first be optimised to conduct reliable in situ 

TEM experiments. In total, seven <100>pc and two <110>pc single-crystal lamellae 

were investigated. In the <100>pc configuration, interesting behaviours were observed 

including: (i) TC is pushed to higher temperatures (>150°C) than bulk BaTiO3 

(~120°C) , (ii) domains have significant thermal mobility far below TC (>20°C) and 

(iii) vacuum annealing promotes complex metastable domain configurations of 

competing domain walls projected along <100>pc and <110>pc in a low temperature 

regime. The start of this transition and temperature range of coexistence for the two 

variants was sample dependent and likely defined by the individual mechanical 

boundary conditions of each lamella sample.  

 

Comparison of the thermal behaviours between <100>pc and <110>pc oriented lamella 

samples matched until high temperature annealing was performed, where it was 

observed that the domain configurations in <110>pc samples became supressed and 

pinned. This could be explained by considering the promotion of oxygen vacancies 

within the two orientations during the anneal process, and their subsequent mobility 

within the two orientations in ensuing heat cycles. However, this was an educated 

guess based on existing literature and thus demands further exploration. Importantly, 

in situ PFM experiments yielded similar observations to the in situ STEM experiments 

where critically, the ’transition’ between the projected <100>pc and <110>pc domain 

walls still occurred at close onset temperatures (~ 25°C). In this regard, the role of the 

electron beam could be decoupled from the thermal dynamic behaviour and thus, in 

situ TEM was found to offer an alternative and complimentary technique to PFM, 

which has long since dominated ferroelectric domains research. Vector PFM, together 

with the in situ PFM, revealed that the transition in the low temperature regime was 

between an (orthorhombic) ‘a-c’ 90° domain configuration (< 50°C) and a tetragonal 

‘a1-a2’ 90° type configuration (> 50°C). This phase coexistence regime strongly 

resembled those observed at thermotropic phase boundaries and in thin films, 

suggesting that free-standing thin films could potentially offer a new paradigm of 

tuneable devices for piezoelectric applications. Further to this, the comparison 

between in situ heat cycles of single-crystal and bi-grain lamella revealed 

corresponding thermal behaviours, which were not present during the in situ heat 
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cycling of the bulk ceramic. This indicated that desirable thermal behaviours of free-

standing BaTiO3 films, including high thermal mobility, metastable domain 

configurations and phase coexistence, can be tailored by the mechanical boundary 

condition and induced by high temperature annealing in certain orientations when the 

sample is studied in UHV environment. 

 

Briefly, NBED results were discussed which highlighted the ability to track the 

evolution of a needle domain junction with temperature in terms of the tetragonality 

of the unit cell, which is related to the elastic distortion in the system, yielding a unique 

insight into the local elastic competition between the domain variants. To the author’s 

knowledge, this is the first time that 4D STEM has been combined with in situ heating 

to probe local strain fields in free-standing ferroelectric single-crystals as a function of 

temperature. For this reason, these experiments can provide the basis future for in situ 

4D STEM exploration on ferroelectrics materials. 

 

Lastly, exploratory results which utilised the recent advancement in windowed in situ 

gas and heating TEM technology are presented. In situ heat cycles were performed on 

a <100>pc BaTiO3 single-crystal sample in vacuum, oxygen-rich, inert, and reducing 

atmospheres. Whilst vacuum environments promoted metastable domain 

configurations, both N2 and O2/Ar gas flow immediately suppressed the domain 

microstructure, where only one wall from each variant from each family (<100>pc and 

<110>pc) was stable throughout the heat cycle. The potential causes for the polarisation 

preference were argued, including the role of the chemical environment on the 

adsorbate structure and surface screening. The possible effects of the pressure within 

the nanoreactor (PNR) on these fine domain structures was also examined, where it was 

discovered that a decrease in the PNR conditions allowed the nucleation of new domain 

walls. From these observations, it was elucidated that the ability for the ferroelectric 

surface to respond to changes in the chemical environment is compromised by the 

amorphous layer (induced by FIB) that encapsulates the ferroelectric surface.  

 

Following these observations, multiple gas cycles were performed, which established 

the reversibility in the domain behaviours between a UHV and O2/Ar environment, 

consistent with previous reports of chemical switching in thin films. However, after 

application of a reducing atmosphere, the reversible nature of the system was lost, 
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which was attributed to the formation of networks of oxygen vacancies. These results 

may offer further insight into why ferroelectric properties degrade in reducing 

atmospheres. Moreover, the effect of the chemical environment on important 

properties in the system, such as the domain size, periodicity and TC were also 

investigated. The TC of the lamella in reducing and vacuum environments was lower 

than in inert and oxidising. Furthermore, the domain size and periodicity were 

measured smallest in the reducing atmosphere. Whist the cause(s) of these differences 

were not explored thoroughly, there appears to be potential to tailor ferroelectric 

properties based on the chemical environment, which is attractive for potential 

applications. 

 

Finally, as a complementary check considering the differences observed in UHV and 

oxygen-rich conditions by in situ gas and heating STEM, in situ PFM was performed 

under UHV conditions on a <100>pc BTO lamella. The results were not comparable to 

the in situ STEM results performed under UHV conditions, further supporting the 

argument that the mechanical boundary conditions, which are different for the lamella 

fabricated for each technique (PFM and TEM), ultimately determines the thermal 

behaviour. This experiment, the first of its kind for free-standing thin films, should 

motivate further exploration and use of this technique in the pursuit of novel pathways 

to tuneable ferroelectric surface chemistry. 

 
6.2 Future vision 
 

The work presented in chapter 3 of this thesis successfully investigated the conditions 

for which domain continuity occurs across grain boundaries in polycrystalline BaTiO3. 

With these findings, ceramics could theoretically be textured to contain as much, or as 

little, domain continuity as desired for applications. However, the true impact of this 

phenomenon, i.e., whether domain continuity will positively or negatively impact the 

ferroelectric properties is not yet clear. Future work could see the design of a similar 

set of experiments where bi-grain junctions are subjected to in situ application of 

electric field, to probe whether the grain boundaries that do exhibit domain continuity, 

have a different ferroelectric switching response to those that do not. Furthermore, the 

in situ heat cycling of bi-grain samples shown in chapter 4, proved that domain 

continuity can be promoted during in situ heat cycling, offering the exciting possibility 
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that heating can be used as a method to tune or control domain continuity. In keeping 

with this theme, it would also be of interest the expand the application of in situ 4D 

STEM, analogous to the NBED results presented in chapter 4, to the polycrystalline 

cases of domain continuity. It is now known that domain continuity is related to low 

strain and polarisation mismatch between pairs of domain variants at the grain 

boundary, but what appeals is whether the strain fields at the grain boundary change 

significantly before and after domain continuity occurs. This would increase the 

fundamental understanding of the physical mechanisms responsible for promoting 

ferroelectric domain continuity in bi-grains or even ferroelectric ceramics. Lastly, the 

theoretical framework should be expanded to predict domain continuity and domain 

configurations in technologically relevant bulk ceramic samples. The boundary 

conditions of the lamella allow the domains to organise in a stress-free manner across 

the grain boundaries. The domain configurations in a bulk polycrystalline however, 

are far more restricted, due to the elastic clamping by neighbouring grains. To achieve 

this, a combination of good microscale imaging (SEM) and microstructural-

crystallographic techniques (EBSD) would need to be made in conjunction with more 

complex theoretical modelling. In summary, the combination of in-situ TEM and 

SEM, combined with PFM, would provide a multiscale study on this phenomenon. 

 

The work presented in chapter 4, which is primarily concerned with the in situ heating 

study of single-crystal BTO lamellae under vacuum environment, could be further 

expanded. The evidence collected so far, has suggested that the mechanical boundary 

conditions (i.e., thickness) can be used to tune the thermal behaviours in free-standing 

thin film specimens. To confirm this hypothesis, a systematic study of decreasing 

lamella dimensions could be designed to find the critical point which these behaviours 

emerge. Likewise, PFM experiments could be designed to test the idea that the ‘free-

standing’ condition affects the domain behaviours. For example, in situ PFM could be 

performed on lamella suspended over a trench in the platinised substrate. This 

knowledge would potentially appeal to the adaptable electronics industry, because 

free-standing thin films can be readily integrated onto existing silicon technologies.  

 

 If more time was given to the project, the effect and mechanism behind which high 

temperature annealing can be used to promote certain behaviours, would also be 

further investigated. From the results here shown, it was elucidated that vacuum 
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annealing plays a role in the production of oxygen vacancies, which has different 

implications for different crystallographic orientations (e.g., surface exposure). A 

potential study could involve vacuum annealing (800°C) of <100>pc, <110>pc and 

<111>pc free-standing single-crystal lamellae followed by analysis using high-

resolution electron energy loss spectroscopy (EELS), combined with simulations via 

atomistic methods such as density functional theory (DFT) [1]. In doing so, the valence 

of the chemical species can be identified, providing similar information to XPS studies 

[2]. This could aid current research efforts, which attempt to create desirable defect 

structures that enhance the properties of ferroelectric materials [3, 4]. Most 

importantly, future work for this part of the thesis would see the employment of 

machine learning techniques to conduct the analysis, such that the domain 

configurations can be tracked as a function of external stimuli in a methodical and 

reproducible way. The ultimate goal would be to combine the findings into an 

extensive theoretical model, to increase the fundamental understanding of thermal 

dynamics in ferroelectric materials at the nanoscale, which so far, has been largely 

neglected in the literature. 

 

It is this author’s opinion that the priorities for future work should be focused on the 

continuation of the in situ gas and heating STEM work that was presented in Chapter 

5. This method is relatively new and has not been applied extensively to ferroelectric 

systems, therefore the scope and potential for future work in this field is massive. For 

example, this system (together with in situ liquid chips) could be used to explore the 

role of the ferroelectric surface for applications such as water splitting or dye 

degradation, offering complimentary information to well-established in situ XRD and 

XPS measurements. First however, the sample preparation must be further optimised. 

It is clear from the results of chapter 4 that the domain configurations in ferroelectric 

materials are incredibly sensitive to the sample preparation, where FIB processing 

causes amorphous gallium-implanted surface layers that encapsulates the material of 

interest. Therefore, at present, the full potential to study the ferroelectric surface cannot 

be entirely realised. The initial future work therefore lies in developing an AFM tip-

assisted cleaning process, which will remove the damaged surface layer in a portion 

of the lamella. This process requires a sufficiently stiff AFM tip, which mechanically 

removes material locally from the sample [5, 6]. Upon doing so, the gas cycles would 

be re-run in similar fashion to those presented in chapter 5 and any differences in the 
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domain behaviour would be noted. Also of interest, is whether different orientations, 

such as <110>pc or <111>pc have different behaviours or preferred orientations in 

chemical environments.  
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7. Appendices 

Appendix A: Additional polycrystalline lamella examples 

In chapter 3 of this thesis, the domain configurations across grain boundaries in 

polycrystalline BTO lamellae were rationalised with respect to martensite theory. In 

addition to the four junctions shown in the main text, two further bi-grain junctions 

and one additional tri-grain junction were examined following the methodology 

described in sections 3.2 – 3.4. The strain and polarisation mismatches calculated from 

these examples were included in the graph displayed in Fig. 3.11, which was used to 

study the cut-off values for when domain continuity is expected to occur. These 

examples are included in this appendix. Furthermore, a note on the TEM holder tilt 

and its effect on the projection of the domain walls is given. 

 

A1.1 Bi-grain junction (example 1) 
 

A bi-grain junction (example 1) has been shown in Fig A1.1. The Euler angles 

measured from TKD are shown in table A1.1. 

 

 

 

 

Table A1.1: Euler angles for the bi-grain junction shown in Fig. A1.1. 

 

The misorientation between G1 and G2 was 43.9°. The angle at GB (1) 𝜃! = 73°. The 

angle at GB (2), 𝜃" = 253°. The full strain and polarisation mismatch for ‘example 1’ 

(Fig. A1.1) has been included in Table A1.2. No good matches are identified for the 

variants for G1 and G2. Thus, no domain continuation occurs at this GB. 

Grain 𝛗𝟏 (°) 𝛟 (°) 𝛗𝟐(°) 

1 75.6 32.3 8.9 

2 290.6 37.5 43.8 
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Figure A1.1: Bi-grain junction (example 1). (a) HAADF STEM image with grains 

labelled G1 and G2. SAED from (b) G1 and (c) G2 are given, with ZA labelled. 

 
GB (1) @ 73° G1 V1 G1 V2 

G2 V1 𝒍 0.768 -0.620 

𝒑 0.555 0.097 

G2 V2 𝒍 0.826 -0.562 

𝒑 0.309 0.343 

 

Table A1.2: The values for linear strain (𝑙) and polarisation (𝑝) mismatch for each 

pairing of strain variants at the GB for G1 and G2 in the lamella in Fig. A1.1.  

  

G1

G2

(a)

G2 <110>pc

(b)
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A1.2 Bi-grain junction (example 2) 
 

A second bi-grain junction (example 2) has been shown in Fig. A1.2. The Euler angles 

measured from TKD are shown in Table A1.3. 

 
Figure A1.1: bi-grain junction (‘example 2’). (a) STEM image with grains labelled 

G1 and G2. SAED from (b) G1 and (c) G2 are given, with ZA labelled. 

 

 

 

 

Table A1.3: Euler angles for the bi-grain junction in Fig. A1.2. 

 

The misorientation between G1 and G2 was 46.5°. The angle at GB (1) 𝜃! = 109°. 

The angle at GB (2), 𝜃" = 289°. The full strain and polarisation mismatch for 

‘example 2’ (Fig. A1.2) is included in Table A1.4. No good matches are identified for 

the variants for G1 and G2. Thus, no domain continuation occurs at this GB. 

 

 

 

 

 

G1

G2

(a)

(b)

(c)

G1 <111>pc

G2 <111>pc

2 μm

Grain 𝛗𝟏 (°) 𝛟 (°) 𝛗𝟐(°) 

1 349.8 21.9 33.6 

2 30.5 24.1 39.8 
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GB (1) @ 109° G1 V1 G1 V2 

G2 V1 𝒍 -0.787 0.548 

𝒑 0.341 0.530 

G2 V2 𝒍 -0.467 0.869 

𝒑 0.210 0.661 

 

Table A1.4: The values for linear strain (𝑙) and polarisation (𝑝) mismatch for each 

pairing of strain variants at the GB for G1 and G2 in the lamella in Fig A1.2. 

A1.3 Tri-grain junction (example 3) 
 

A tri-grain junction (example 3) has been shown in Fig. A1.3 The Euler angles 

measured from TKD are shown in table A1.5. 

 
Figure A1.2: Tri-grain junction (example 3). (a) STEM image with G1, G2 and G3 

labelled. SAED from (c) G1 and (d) G2 and (e) G3 are given, with ZA labelled. 
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Table A1.5: Euler angles for the tri-grain junction in Figure A1.2. 

 

The misorientation between G1 and G2 was 42.4°, between G2 and G3 as 45.5° and 

G3 and G1 was 336°. The angle at GB (1) 𝜃! = 91°, the angle at GB (2), 𝜃" = 213° 

and the angle at GB (3), 𝜃# = 336°. The full strain and polarisation mismatch for the 

tri-grain example (Fig. A1.3) has been included in Table A1.6. No good matches are 

identified for the variants for G1 and G2. Thus, no domain continuation occurs at these 

GBs. 

 

GB (1) @ 91° G1 

V1 

G1 V2  GB (2) @ 213° G2 V1 G2 V2 

G2 

V1 

𝒍 0.716 -0.615  G3 V1 𝒍 -0.682 -0.752 

𝒑 0.239 0.648  𝒑 0.187 0.634 

G2 

V2 

𝒍 1.088 -0.243  G3 V2 𝒍 0.542 0.472 

𝒑 0.845 0.042  𝒑 0.490 0.044 

 

GB (3) @ 336° G3 V1 G3 V2 

G1 V1 𝒍 0.473 0.658 

𝒑 0.231 0.428 

G1 V2 𝒍 -0.453 -0.268 

𝒑 0.222 0.024 

 

Table A1.6: The values for strain (𝑙) and polarisation (𝑝) mismatch for a tri-grain 

junction sample in Fig. A1.3. 

  

Grain 𝛗𝟏 (°) 𝛟 (°) 𝛗𝟐(°) 

1 41.4 25.9 48.4 

2 159.1 44.7 87.3 

3 349.6 38.5 37.9 
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A1.4 A note on TEM holder tilt and domain wall orientation 
 

The double tilt holder, used for STEM imaging, can be tilted in two directions (𝛼 and 

𝛽) to orient the sample (or part of the sample) to zone axis (ZA). Consider the tri-grain 

example given in the main text (Fig. 3.10), shown in Fig. A1.4. In (a) G1 is on ZA 

with a tilt of 𝛼 = 18.88° and 𝛽 = 7.63°. In (b) G3 is on ZA with 𝛼 = 2.60° and 𝛽 =

−5.93°. It is impossible to simultaneously orient both grains on ZA, and orienting one 

grain on ZA will change the resulting contrast for both grains. This can be seen by the 

stark changes in contrast between the two STEM images in Fig. A1.3. Importantly 

however, the domain wall orientations in all samples did not change with the different 

holder tilts, meaning that the grain that gives the best contrast can be used for the 

imaging without drastically affecting the analysis. 

 

 
Figure A1.3: Effect of holder tilt on contrast and domain wall orientation. (a) STEM 

image with G1 on ZA, (b) STEM image when G3 ZA. The SAED for G1 and G3 can 

be seen in (c) and (d) respectively. Purple and yellow dotted lines indicate the same 

DW in the two STEM images. It was noted that a change in the holder tilt did not affect 

the domain wall orientations.  
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Appendix B: Low magnification in situ PFM data 

Chapter 4 discusses in situ heating PFM (under ambient environment) from a high 

magnification region of a <100>pc BTO lamella, see Fig. 4.8. The entire lamella was 

also imaged at 5°C steps during heating from 15°C to 60°C and cooling from 60°C to 

5°C, see Fig. B1.1. The overview clearly shows the transition from a stable 

configuration of <100>pc (dotted orange arrows) and what we suspect are non-

tetragonal variants (dotted red arrows) at 15°C, to a predominantly 90° <110>pc 

ferroelectric-ferroelastic configuration (dotted white arrow) by 30°C. The entire 

lamella transitions over 20°C – 30°C between the two configurations, which is a lower 

and narrower temperature range observed during TEM in situ heating. 

 
Figure B1.1: In situ heating PFM of an entire <100>pc BTO lamella. (a,c,e,g) LPFM 

amplitude images and (b,d,f,h) LPFM phase images at 15°C, 20°C, 25°C and 30°C, 

respectively.  
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Appendix C: Convergent beam electron diffraction (CBED) 
 

In addition to the in situ and vector PFM results presented in sections 4.5, convergent 

beam electron diffraction (CBED) was performed at 20°C and 50°C in order to 

ascertain the phase of BTO at the temperatures where the two distinct domain 

configurations (<100>pc and <110>pc) exist, see Fig. C1.1. Due to the Ps in ferroelectric 

materials, when CBED patterns are taken along incident beam directions, the projected 

polarisation direction can be determined by identifying the mirror plane in the CBED 

image. A CBED pattern taken from a tetragonal phase BTO will have its mirror plane 

(m) in the [001] direction, whereas the orthorhombic phase will have its m in the [011] 

direction.  

 

In these CBED patterns, potential <100>pc and <110>pc mirror planes were identified 

at both 20°C and 50°C, therefore the phase could not conclusively be assigned at either 

temperature. The apparent similarity of the patterns at both temperatures suggests that 

no phase transition had taken place. The experimental CBED patterns were then 

compared to simulated (multislice method) orthorhombic (O) and tetragonal (T) 

CBED patterns for a range of thicknesses up to 300 nm, see Fig. C1.2. After 

comparison between the two, the lamella sample was estimated to have a thickness 

~120 nm. Features of the experimental patterns could be assigned to both the O and T 

simulations, where the likeness between the two simulated patterns was noted. 

Therefore, it was determined that the phase could not definitively be assigned using 

CBED in this case.  
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Figure C1.1: Experimental CBED patterns taken from a <100>pc single-crystal BTO 

lamella at (a,b) 20°C and (c,d) 50°C. In (a, c) the <100>pc and (b, d) the <110>pc mirror 

planes (m) are investigated. Dotted yellow and red lines indicate a potential mirror 

plane and no mirror plane, respectively. Red arrows point to hkl discs with different 

intensity distributions in the mirror plane. 

 
Figure C1.2: Simulated CBED patterns (multislice) for orthorhombic (O) and 

tetragonal (T) phase BTO. (a) O phase at 120 nm and (b) 150 nm thickness. (c) T phase 

at 120 nm and (d) 150 nm thickness. 
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Appendix D: Additional NBED examples 

Chapter 4 presents local 4D STEM measurements, combined with in situ heating on a 

double tilt holder, to map the evolution of a needle domain junction, see section 4.7. 

The example presented in Chapter 4 was the highest quality data set from a series of 

six needle domain junctions that were examined in the <100>pc single-crystal lamella. 

In this appendix, two further needle junctions are shown. The first example is a more 

complex configuration of needle domains, where three separate needle points meet 

another, see Fig. D1.1. Another example of a single needle junction, comparable to the 

dataset shown in the main text is shown in Fig. D1.2. The evolution of the 𝜀ff maps 

with in situ heating is shown in Fig. D1.3. In both cases, the elastic distortion of the 

needle domains and their evolution with in situ heating were comparable to those 

shown in section 4.7.  

 

 
Figure D1.1: NBED of a domain configuration, where three needle domains meet 

another, at 20°C. (a) HAADF STEM image, (b-e) 𝜀ff, 𝜀gg ,	𝜀fg	and	𝜔fg ,	respectively. 

The scale bar represents 100 nm. Pixel size is 3.02 nm. 
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Figure D1.2: NBED of a simple needle domain configuration at 20°C. (a) HAADF 

STEM image, (b-e) 𝜀ff, 𝜀gg ,	𝜀fg	and	𝜔fg ,	respectively. The scale bar represents 100 

nm. Pixel size is 3.02 nm. 

 
Figure D1.3: Evolution of a needle domain junction during in situ heating via NBED. 

(a-f) 𝜀gg ‘strain’ maps at 20°C, 50°C, 80°C, 100°C, 120°C and 140°C, respectively. 

Yellow arrow indicates the region of higher elastic distortion that exists at the needle 

tip. The white arrows indicate the narrowing of the domain and the retraction of the 

needle domain. Scale bar is 100 nm. Pixel size is 3.02 nm.  
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Appendix E: DFEH as a function of in situ heating 

Chapter 4 also presents DFEH as a function of in situ heating, as a complementary 

technique to NBED, see section 4.7.7. Analogous to the NBED results, a line profile 

was taken across a domain and used to plot the vertical strain and rotation as a function 

of temperature, see Fig. 4.20. The vertical strain maps and rotation maps as a function 

of in situ heating used to generate these line profiles are shown in Fig. E1.1 and Fig. 

E1.2, respectively. 

 

 
Figure E1.1: Vertical strain maps from DFEH as a function of temperature at (a-f) 

20°C, 50°C, 80°C, 100°C, 120° and 200°C, respectively. Line profiles across the 

lamella domain were used to generate the graph shown in Fig. 4.20b. 
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Figure E1.2: Rotation maps from DFEH as a function of temperature at (a-f) 20°C, 

50°C, 80°C, 100°C, 120° and 200°C, respectively. Line profiles across the lamella 

domain were used to generate the graph shown in Fig. 4.20c. 
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Appendix F: Further examples of in situ heat cycling of 
polycrystalline BTO lamellae 
 

In chapter 4, in situ heat cycling of a bi-grain junction was presented, where the 

thermal behaviours were compared to the cycling of <100>pc and <110>pc single-

crystal lamella. One more bi-grain sample was investigated for comparison (example 

1). The as-grown structure and diffraction data is shown in F1.1. During in situ heating 

from RT to 200°C (above TC) to RT, there was reorientation of the domain walls at 

low temperatures (white arrows) and temperature ranges (>50°C to TC), where domain 

continuity was promoted in the heat cycle (yellow arrow), see Fig. F1.2. This was 

consistent with the example shown in the main text. 

 

 
Figure F1.1: Additional bi-grain junction (example 1) subjected to in situ heating. (a) 

HAADF STEM image of the as-grown domain structure with grains 1 (G1) and 2 (G2) 

labelled. The SAED from G1 and G2 is shown in (b) and (c) respectively. G2 was 

placed on ZA for image. Dotted yellow line represents the grain boundary. 
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Figure F1.2: In situ heating of bi-grain junction (example 1). (a-c) HAADF images 

during heating RT to 200°C, (d-f) HAADF images during cooling from 200°C to RT. 

Ramp rate = 1°C/s. Temperature shown as insets. White arrows indicate the 

reorientation of the domain walls between 30°C and 80°C. Yellow arrows point to 

regions along the grain boundary where domain continuity was promoted during the 

as-grown heat cycle. 

 

Further to this, a polycrystalline lamella containing two grain boundaries (example 2), 

was subjected to in situ heat cycling from RT to 250°C (above TC) to RT at 1°C/sec, 

see Fig. F1.3. Like the bi-grain examples, there was a reorientation of the domain walls 

at low temperatures (20°C – 50°C) and domain continuity was promoted at certain 

temperatures within the heat cycle (50°C – TC). This suggested that increasing the 

number of grain boundaries did not clamp the domain configurations significantly. In 

all examples shown, the in situ heating behaviour closely resembled the thermal 

behaviours observed in single crystal BTO lamella and not the in situ SEM heat 

cycling of the bulk ceramic, see appendix G. As a result, it was elucidated that it is the 

mechanical boundary conditions of the lamella that allow the high thermal domain 

mobility and extension of the orthorhombic to tetragonal transition in free-standing 

thin films. 
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Figure F1.3: In situ heating of polycrystalline lamella (example 2). (a-c) BF STEM 

images during heating RT to 200°C. Temperatures are shown as insets. White and 

black arrows indicate the reorientation of the domain walls between 30°C and 80°C. 

Yellow arrows point to regions along the grain boundary where domain continuity was 

promoted during the as-grown heat cycle. 
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Appendix G: In situ cycling of bulk polycrystalline BaTiO3 

Throughout this thesis, the results have concerned free-standing ‘thin films’ of single 

crystal and polycrystalline lamellae, which have been FIB machined from bulk 

ferroelectrics to a thickness of ~120-150 nm. It is well-known that the ferroelectric 

properties depend upon the boundary conditions present, amongst other factors [1]. 

Therefore, the phenomena observed during in situ heating of lamellae samples are not 

expected to be observed in bulk crystals due to the extra mechanical constraints. For 

example, in situ polarising optical microscopy of bulk BTO has shown that the width 

of domains during heat cycling do not change significantly with temperature [2], whilst 

in situ PFM determined that the domain periodicity and overall domain pattern remains 

largely unaltered until approximately 2°C below the TC [3]. Furthermore, the phase 

transitions are known to occur in a narrow temperature range and are not diffuse like 

those observed in thin-films [4]. Environmental SEM has also been used to directly 

observe ferroelectric domain formation in bulk (Ba,Ca)TiO3 ceramic [5]. The domains 

are not mobile with in situ heating, instead they blur (due to a loss in c/a ratio) and 

gradually disappear when TC is approached. Cooling through TC causes a recurrence 

of the domains in the same pattern as before. 

 

In this appendix, the differences between the lamellae behaviour and the bulk 

behaviour are explored. In situ heating of the bulk ceramic, the same polycrystal used 

to fabrication the polycrystal lamellae included in chapters 3 and 4, was carried out by 

Dr. A. Baghi Zadeh in the group of Dr. M. Willinger at ETH Zürich. The 

polycrystalline was subjected to in situ heat cycling between RT and ~ 180°C in an 

environmental SEM (ESEM) equipped with a laser. The experiment was performed 

under vacuum (albeit at lower vacuum levels to the TEM), but it was thought that 

oxygen vacancies and other vacuum effects are promoted to the same extent. Selected 

frames from the heat cycle are shown in Fig. G1.1. Small changes in the domain 

configuration were observed between RT and 120°C. Above this temperature, the two 

grains highlighted in Fig. G1.1a, showed change in the domain periodicity (dark blue 

arrow) and preferential annihilation of the horizontal over the vertical domains (yellow 

dotted line) between 120°C (Fig. G1.1b) and 141°C (Fig. G1.1c). One potential 

explanation for this can be attributed to a release in the elastic energy conditions 

(clamping) above this temperature. It must be noted that this ceramic surface has been 
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polished prior to observation. The grains that are now at the surface where previously 

covered in 3D by layers of other grains. At RT, the domain energy would not be 

sufficient for the domains to reorganise due to the energy cost associated with the 

moving of a domain wall, but this could be possible at higher temperatures. The pattern 

observed at 141°C remained largely unchanged to temperatures of 160°C (Fig. G1.1d). 

In some cases, the contrast could still be seen in the images above 180°C, much higher 

than the TC expected in bulk BTO (~ 120°C). However, this temperature reading must 

be taken cautiously. In this case, the temperature has been measured by thermocouples 

to the SEM stage and thus given the thickness of the sample (> 5 mm), it is possible 

that the temperature is not homogeneous, and a temperature gradient is present. As 

expected, the domain structure in a bulk ceramic is a direct result of the elastic 

clamping conditions given by the surrounding grains. The mechanical stresses cause a 

predetermined polarisation orientation and hence a fixed domain pattern occurs, which 

is likely to re-emerge once more when cooling through TC. This is in direct contrast to 

the lamellae heat cycling, where the spontaneous polarisation has more freedom to 

adopt different orientations, leading to a varying domain pattern after each temperature 

cycle. 
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Figure G1.1: In situ heating of bulk BTO ceramic using ESEM. Temperature shown 

as insets. Dotted lines in (a) indicate the grain boundaries between two grains of 

interest labelled G1 and G2. The dotted dark blue arrow highlights the change in 

domain periodicity observed of this variant between (a) and (c). The dotted yellow 

arrows indicate the preferential annihilation of the horizonal domains in G2.  
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Appendix H: EDX analysis of ‘mottling’ effect 

The in situ heating of a <100>pc lamella in a 20% O2/Ar environment caused the 

formation of a surface species on the lamella at ~ 190°C, apparent in the form of specks 

or mottling, which was initially attributed to the formation of gallium oxide. In an 

attempt to identify the surface species of this mottling, EDX analysis was performed 

following the in situ gas experiments, see Fig. H1.1. This revealed no significant 

increase in the gallium concentration in regions that exhibited the mottling effect and 

the atomic fraction of gallium remained <0.5% across the whole lamella. Another 

possibility for this mottling effect could be the formation of barium peroxide. 

However, this would not be identifiable by EDX analysis and would require further 

exploration using EELS or XPS to confirm the surface chemical species here being 

formed. 

 
Figure H1.1: EDX analysis of ‘mottling effect’ on the surface of the BTO lamellae. 

(a) HAADF STEM image. White arrow indicates the mottling effect. (b) Atomic 

fraction percentage of elements and HAADF intensity across the dotted yellow line 

profile in (a).  

(a)

(b)
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Appendix I: More in situ gas and heating examples 

In addition to the lamella studied in chapter 5, a further <100>pc single-crystal lamella 

was studied in the climate system, see Fig. I1.1. Unfortunately, during the alignment 

of the bottom and top chip, the lamella attached itself to the top chip which hindered 

the experiment greatly, because the temperatures recorded by the system are no longer 

accurate. However, the sample could still be heat cycled above TC (300°C to account 

for heat loss) in vacuum and O2/Ar environments and the domain configurations could 

be compared to those shown in the main text. In O2/Ar environments, no new domain 

nucleation occurred in the lamella, see I1.1a. After the nanoreactor was evacuated (to 

vacuum conditions) and heat cycled, both 90° and 180° domains nucleated, see Fig. 

I1.1b. This was shown to be a reversible effect following a further heat cycle in 20% 

O2/Ar, see Fig. I1.1c. Taken altogether, these observations are consistent with the 

results shown in chapter 5. 

 

 
Fig I1.1: Further in situ gas and heating results on a <100>pc BTO lamellae attached 

to the top chip. The domain configuration after heat cycling (RT – 250°C – RT) in (a) 

20% O2 Ar, (b) vacuum and (c) 20% O2/Ar is shown. PNR = 900 mbar, flow rate = 0.3 

ml/min. 
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