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Bart: “Who would have thought that our visit to Itchy & Scratchy Land would
be our best vacation ever?”
Lisa: “Yeah, best ever!”
Marge: “Are you two bonkers? We almost got killed! Not to mention all the
embarrassment I suffered.”
Lisa: “But, Mom, it’s exactly what you wanted in a vacation! It brought us
together as a family, we got a lot of good exercise outdoors, and we have so
many memories!”
Marge: “You know? You’re right. This truly was the best vacation ever. Now let
us never speak of it again.”
The Simpsons | Season 6 | Episode 4 | “Itchy and Scratchy Land”
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Abstract
Ferroelectric materials, defined by a switchable, spontaneous electrical
polarisation, have made significant inroads into our lives under the guise of
invaluable technologies such as data storage and nanoelectronics. These
technologies typically rely on ferroelectric domains, that is, macroscopic
regions of uniformly oriented dipole moments within the crystal. Over the past
decade, however, attention has now turned to the entity that separates these
domains, the domain wall, due to their widely reported enhanced functional
properties distinct from the bulk material. Running parallel to this fertile branch
of ferroelectrics research is the troubling realisation that we are approaching a
bottleneck in nanoscale transistor design due to fundamental operational
limits. To circumvent these issues, exotic physical concepts have been
invoked. In particular, the phenomenon of negative capacitance has been
proposed, and it is here that ferroelectrics, particularly their constituent domain
walls, could play a crucial role in the continued success of transistor-based
technologies; ephemeral domain wall-based transistors, for example, have
been envisioned as superseding current transistor designs. In this thesis, I
report the anomalous motion of specific domain boundaries in a sample of
improper ferroelectric-ferroelastic copper-chlorine boracite Cu3B7O13Cl (Cu-Cl
boracite) that is commensurate with a non-transient negative capacitance
effect.
As a benchmark, and to ensure that I could make valid statements about
the electric field-induced changes in polarisation observed in these crystals, a
variety of optical and scanning probe techniques were employed to
characterise the local domain states. Information regarding the ferroelastic
domains, manifest as distinct sample surface corrugations, was used in
conjunction with electrical-based scanning probe measurements such as
conducting Atomic Force Microscopy (c-AFM) and Piezoresponse Force
Microscopy (PFM) to determine that domain walls with an associated dc
conductivity distinct from the bulk are caused by two types of polar
discontinuity: 90° tail-tail conducting or 90° head-head insulating.
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The same charged domain boundaries can be readily injected into the
crystal upon application of point stress from a sharp preparation needle. I
demonstrate that subsequent sweeping of the needle across the sample
surface can uniformly switch considerable portions of the crystal into only a
handful of distinct domain states delineated by large, rectilinear domain
boundaries that are charged and span hundreds of micrometres in length. Sitespecific injection of such boundaries subsequently paved the way for their
precise control using externally applied electric fields.
The electric field-induced motion of 90° tail-tail conducting walls was found
to be entirely conventional and thermodynamically concrete; domains aligned
with the biasing field grow favourably at the expense of domains with a
spontaneous polarisation anti-aligned with the field. Remarkably, however, the
development of polarisation across 90° head-head insulating boundaries is
out-of-phase with the applied field, and subsequent positional hysteresis
measurements confirm this. The inferred polarisation-electric field hysteresis
indicates that d𝐏/d𝐄 is negative throughout the range of fields applied which,
consequently, is proportional to the capacitance.
This study culminates with the direct measurement of the negative
capacitance effect by examining the switching currents induced by the
anomalous motion of charged insulating domain boundaries. To circumvent
the issues associated with low field-driven domain wall propagation speeds, a
relatively new scanning probe technique called Charge Gradient Microscopy
(CGM) was utilised, which allowed me to resolve the small switching currents
by recreating the same relative motion between the probe (electrode) and wall
observed in typical bias-driven experiments, but at a significantly faster rate.
The CGM results, in conjunction with domain wall velocity-voltage
measurements, were used to infer the current-voltage (𝐼-𝑉) characteristics of
the domain boundary and confirm the negative capacitance effect. On the
basis of these measurements, certain mechanisms that, historically, have
been attributed to negative capacitance, such as the magnetic storage of
energy and local field electric field reversal at the domain boundary, are
excluded. The exact mechanism generating the negative capacitance effect
within the boracites is still presently unknown, but outstanding experiments,
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investigation of charged domain wall dynamics in lamellar-sized geometries
are considered.
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1 Introduction
One-hundred years ago, Joseph Valasek, then a graduate teaching assistant
at the University of Minnesota, presented a report at the Meeting of the
American Physical Society where, in a material called potassium sodium
tartrate, more commonly known as Rochelle salt, he observed a relationship
between the dielectric displacement, 𝐃, and applied electric field, 𝐄, that bore
a striking resemblance to the well-known hysteretic relationship between
magnetization, 𝐌, and applied magnetic field, 𝐇, in ferromagnetic materials [1],
[2]. Unbeknown to him, Valasek had founded the field of “ferroelectricity”
which, since its discovery, has blossomed into a vast area of research that
incorporates many aspects of solid-state physics and materials science,
having also provided many beneficial technologies for society [3], [4].
In this chapter, concepts such as ferroelectricity and ferroelasticity are
introduced. Emergent properties such as domains and domain walls are also
considered. Understanding these concepts will allow the reader to appreciate
the experimental results presented in later chapters. This introductory chapter
concludes with a description of the material of interest in this thesis, copperchlorine boracite, Cu3B7O13Cl.
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1.1 Ferroelectricity
Ferroelectricity in dielectric materials is the phenomenon of a spontaneouslyforming electrical polarisation, 𝐏s , that can be reversibly reoriented between
two (or more) stable configurations with the aid of an externally applied electric
field, 𝐄 [5, p. 9]. Materials that possess ferroelectricity are referred to as being
ferroelectric (or residing in the ferroelectric state) and, by analogy with
ferromagnets (hence the name), exhibit polarisation-electric field (𝐏-𝐄)
hysteresis, one of the defining experimental features of a genuine [6]
ferroelectric material. A sketch of a 𝐏-𝐄 hysteresis loop, presented in Figure
1.1, reveals some features that are useful when describing a ferroelectric:
firstly, the intercepts through the 𝐄-axis, ±𝐄𝑐 , define the necessary coercive
field strength required to reorient the polarisation from one configuration to
another; secondly, the 𝐏-axis intercepts, ±𝐏𝑟 , correspond to the remnant
values of polarisation in the absence of an 𝐄-field. For a range of values
beyond the coercive field strength, the ferroelectric behaves like a linear
dielectric as polarisation eventually reaches a saturation value; 𝐏𝑠 is inferred
by extrapolating from the linear portion of the hysteresis loop back to the 𝐏axis. Experimentally, conventional ferroelectric hysteresis loops are obtained
using parallel plate capacitor geometries, and are largely based on the original
experiments of Sawyer and Tower [7].
The ferroelectric state exists within a material-dependent temperature (and
pressure) range, beyond which the phenomenon disappears. The point at
which ferroelectricity vanishes is known as the Curie point (or more generally
as the transition point), where the new, non-ferroelectric phase is referred to
as being paraelectric (or residing within the paraelectric state). Such a
paraelectric-ferroelectric phase transition is typically marked by an abrupt
change in the dielectric (and optical) properties of the material, the
measurement of which serving as an additional diagnostic tool to characterise
the onset (or termination) of the ferroelectric phase and its associated
properties [5, p. 10].
The net macroscopic polarisation in a ferroelectric crystal is due to the
collective alignment of each electrical dipole, 𝒑, comprising each unit cell of
15

the material [8] where, by definition, 𝒑 is directed from the negative charge
centre to the positive charge centre. The symmetry of the crystal lattice, from
which the unit cell is derived, dictates the presence of ferroelectricity. The main
criterion is that the crystallographic point group of the lattice (in the ferroelectric
state) is non-centrosymmetric, i.e., it possesses no inversion symmetry. Of
the thirty-two crystallographic point groups known [9, pp. 12–13], twenty-one
are non-centrosymmetric, from which ten are identified as being compatible
with ferroelectricity (Figure 1.2). By virtue of their respective point group
symmetry, ferroelectric materials are additionally piezoelectric (polarised
when subject to a stress field) [10, Ch. 12], and pyroelectric (develop a
spontaneous polar axis with a corresponding polarisation that varies with
changing temperature) [10, Ch. 8]. It is the presence of a switchable
spontaneous polarisation that differentiates a ferroelectric from a strictly
pyroelectric material.

Figure 1.1 | Polarisation-electric field (𝐏-𝐄) hysteresis in ferroelectric
materials. The red curve illustrates the non-linear behaviour of P(E) in the
ferroelectric state, where two non-zero values of polarisation, ±𝐏𝑟 , are accessible
in the absence of an externally applied electric field. Above the ferroelectricparaelectric transition point, the material typically exhibits linear dielectric behaviour
throughout the entire biasing procedure (line in grey).
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Upon heating through the transition point, the crystal structure is physically
altered such that the lattice point group is now centrosymmetric and hence can
no longer support ferroelectricity. In fact, the ferroelectric state can be
considered to be a subtle structural distortion of the high-temperature state
where, upon cooling, particular atoms (or ions) are displaced (with respect to
their high temperature position) such that certain symmetry elements
associated with the high-temperature unit cell are now lost through the
transition.
If the formation of a spontaneous polarisation completely accounts for the
symmetry elements lost through the paraelectric-ferroelectric phase transition,
it is considered to be a proper ferroelectric (or a material that exhibits a
proper ferroelectric phase transition). On the other hand, if a spontaneous
polarisation develops that is unable to account for the symmetry elements lost
through the low temperature phase transition, then polarisation is considered
to be a by-product (or a secondary effect) of a transition that is governed by
some other property or process [11]. In this case, it is referred to as an
improper ferroelectric (or a material that undergoes an improper ferroelectric
phase transition). This distinction becomes relevant when describing
paraelectric-ferroelectric phase transitions on a phenomenological basis using
so-called Landau theory, which is outlined later in this chapter. The explicit role
of symmetry in phase transitions is deeply rooted in a branch of mathematics
known as group theory [12], hence such a treatment is beyond the scope of
this thesis. Instead, consider the relatively simple example described by
Levanyuk in [11]. Here, he remarks that if one were to polarise the cubic,
paraelectric phase of the ferroelectric material barium titanate (BaTiO 3,
“BTO”), the resulting symmetry becomes tetragonal, with the additional
constraint of non-centrosymmetry. If, however, one were to solely strain the
cubic phase along the same cubic edge, the crystal adopts a tetragonal phase
but remains centrosymmetric as the uniform deformation preserves the centre
of symmetry. Although a spontaneous strain emerges in the tetragonal phase
of BTO [13], it is the formation of spontaneous polarisation that completely
accounts for the loss of symmetry through the phase transition, hence it is
deemed a proper ferroelectric phase transition.
17

Irrespective of the origin of ferroelectricity in a given material, the transition
is normally reversible by heat cycling, marked, to some degree, by dielectric,
elastic, or optical anomalies, and, per the definition, exhibits polarisationelectric field (𝐏-𝐄) hysteresis.

Figure 1.2 | The path towards ferroelectricity in crystalline materials. A
flowchart classifying the thirty-two crystallographic point groups according to
symmetry constraints that permit various electrical phenomena. The blue line marks
the route towards ten point groups that allow for ferroelectricity (box outlined in red).
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1.2 Ferroelasticity
Ferroelasticity in crystals describes the emergence of a spontaneous strain,
𝑥𝑠 , of the unit cell in the absence of a mechanical stress, 𝑋, where the sense
of strain can be reversibly switched between two (or more) equivalent strain
states by application of an external stress field [14]. The relationship between
stress and strain in a ferroelastic is also hysteretic and can be represented by
Figure 1.1, where 𝑋 now replaces 𝐄 and 𝑥 replaces 𝐏. Parameters such as
the coercive stress and spontaneous strain can be extracted from such a
curve in a similar manner as before. The spontaneous strain is typically defined
with respect to the high temperature, unstrained paraelastic phase, which is
achieved upon heating through its associated transition temperature.
Ferroelastic hysteresis loops can be measured by applying a mechanical load
to the relevant crystal face, where the subsequent distortion of the crystal is
monitored carefully via optical interferometry, such as that originally
implemented by Salje and Hoppman [15].
An important distinction between ferroelectricity and ferroelasticity is that in
polarisation is a vector (or first rank tensor) whereas spontaneous strain is
described using a second rank tensor:

𝑥11
𝑥
𝑥𝑖𝑗 = ( 21
𝑥31

𝑥12
𝑥22
𝑥32

𝑥11
𝑥22
𝑥13
𝑥33
𝑥23 ) → 𝑥𝑖 =
𝑥23
𝑥33
𝑥13
(𝑥12

Traditional notation

= 𝑥1
= 𝑥2
= 𝑥3
= 𝑥4 ,
= 𝑥5
= 𝑥6 )

Eq. 1.1

Voigt notation

where 𝑥11 , 𝑥22 , and 𝑥33 are principal strains and the remaining components
are shear strains (Figure 1.3). Activation of a shear component such as 𝑥12
will subsequently activate 𝑥21 by symmetry, meaning the strain tensor (or
matrix) can be diagonalized and reduced to a format originally adapted for
mathematical convenience by Voigt (Eq. 1.1). This adaptation becomes useful
when handling tensors of a higher rank.
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Some materials simultaneously exhibit ferroelectric and ferroelastic
properties within the same temperature and pressure range but, as described
previously, usually only one completely accounts for the loss of symmetry
elements through the phase transition. The exception is of course that both
properties emerge as a by-product of a different phenomenon entirely, in which
case the associated phase transition is an improper ferroelectric, improper
ferroelastic phase transition.

Figure 1.3 | Visualising the strain tensor. (a) The undistorted, cubic phase of a
fictitious ferroelastic crystal. (b) Activation of a principal strain, such as 𝑥11 . The
original, undistorted cubic phase is represented by the dotted grey line. Note also
that the area is preserved. (c) Activation of a shear component, such as 𝑥12 . The
explicit form of 𝑥12 describes distortions (red arrows) along both axes.

1.3 Domains and domain walls
If one were to obtain a transparent ferroelectric or ferroelastic crystal and
examine it under an optical microscope, fine lines that extend throughout the
crystal thickness are typically observed and are oriented at specific angles with
respect to each other (and the crystal edges). Moreover, it is observed that
when a suitably-oriented electric field (or stress field) is applied across the
crystal, some of these fine lines are observed to move, coalesce, or disappear
entirely. The regions separated by these lines are called ferroelectric (or
ferroelastic) domains, and were eventually understood [16] to be local
regions possessing a particular orientation of polarisation (or strain) that is
different (by a particular symmetry operation) to the adjacent domain(s). The
fine lines that separate domains are referred to as ferroelectric (or
20

ferroelastic) domain walls, which mediate the growth or contraction of
domains based on their orientation with respect to the externally-applied
electric (or stress) field. The formation of domains and domain walls can be
understood from an energetics standpoint and is discussed below within the
context of ferroelectric materials.

1.3.1 Kittel’s law
If one considers the electrostatics associated with a spontaneously-forming,
homogenous polarization in a ferroelectric (dielectric) material [17],
schematized in Figure 1.4, each surface of the crystal normal to the
polarisation vector is anticipated to possess a bound surface charge, 𝜎𝑏 , due
to the divergence of 𝐏 at the crystal boundary. Unless compensated by a
sufficient number of ambient charges in the surrounding medium, the
ferroelectric will generate a relatively large electrostatic field, called the
depolarising field, 𝐄𝑑𝑒𝑝. , that is oppositely oriented with respect to the
spontaneous polarisation vector. To offset the energetic cost associated with
this field, the material has access to an equivalent polarisation direction that
can negate, to some degree, the effect of the original depolarising field, i.e.,
the material can form two distinct domains, with antiparallel polarisation
vectors, separated by a domain wall. The material can subsequently form
additional domains to further reduce the magnitude of the depolarisation field,
but domain walls have an associated energy cost; subdivision of the crystal
only continues until the cost of forming domain walls equals the energy saved
by reducing the depolarising field. An equilibrium domain configuration can be
established by considering the energy density, 𝐺, associated with the
formation of domains and domain walls. If one considers the volumetric energy
density of the domain, 𝑈 [J/m3], and the areal energy density of the domain
wall, 𝛾 [J/m2], such that that total energy is:

𝐺 = 𝑈𝑤 + 𝛾

𝑡
,
𝑤

Eq. 1.2

where 𝑤 and 𝑡 are the average domain width and domain thickness,
respectively, then the equilibrium domain distribution is found by minimising 𝐺
with respect to 𝑤:
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∂𝐺
𝑡
𝛾
=𝑈−𝛾 2 =0→𝑤 =√ 𝑡.
∂𝑤
𝑤
𝑈

Eq. 1.3

This expression for 𝑤 implies that the average domain width increases as the
square root of domain thickness. This result is known as Kittel’s law, first
formulated for ferromagnetic domains (localised regions of spontaneous
magnetisation) [18], and successfully applied to ferroelectric systems by Mitsui
and Furuichi in the early fifties [19]. The above expression assumes that
domain walls have zero thickness which, with respect to the size of the
domain(s), serves as a simple approximation. The reality, however, is that the
complete reorientation of the polarisation from one domain to the next is not
usually accounted for in a single unit cell, as this is considered to be
energetically costly. Instead, a gradual reorientation or decrease in magnitude
of the polarisation vector across more than one unit cell is anticipated to occur,
meaning the wall has a finite thickness. Historically, ferroelectric domain walls
were considered to be of Ising type, that is, the magnitude of the polarisation
vector continuously changes across the domain boundary instead of rotating
with a fixed magnitude. However, it was recently demonstrated that such walls
can simultaneously possess rotational components, exhibiting so-called Bloch
and Néel-type behaviour [20].
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Figure 1.4 | Domain formation in ferroelectrics and ferroelastics. (a) A
ferroelectric monodomain (polarisation labelled “P”) generates a corresponding
depolarisation field, Edep., that can be minimised by forming domains, (b). Domain
walls themselves are energetically costly, hence an equilibrium polydomain
configuration is generated, (c). The black arrows labelled “𝑤” and “𝑡” are the
average domain width and domain thickness, respectively. (d) – (f) A similar
scenario can be envisaged in ferroelastics, where the monodomain state
corresponds to an energetically costly homogenous strain (presented here as a
shear strain) that can otherwise attempt to adopt its original high temperature shape
(indicated by the dotted grey box) by forming domains with an opposing sense of
shear strain.
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1.3.2 Charged domain walls and domain wall conduction
The description of domains and domain walls using Kittel’s law assumes a
domain configuration consisting of oppositely-oriented, “180°” domains. The
corresponding charge state of each domain wall is considered to be neutral
such that the bound charge, 𝜎𝑏 , across every wall is zero [21]:
̂ =0,
𝜎𝑏 = (𝐏2 − 𝐏1 ) ⋅ 𝒏

Eq. 1.4

where 𝐏1 and 𝐏2 represent the polarisation in domain 1 and domain 2,
̂ is a unit vector normal to wall plane (Figure 1.5). If,
respectively, and 𝒏
however, the wall were arbitrarily oriented with respect to the polarisation
vector in each adjacent domain, then components of polarisation normal to the
domain boundary emerge, resulting in a net 𝜎𝑏 along the wall that is
determined by the relative angle between 𝐏 in each domain and the
intermittent wall:
𝜎𝑏 = P𝑠 cos(𝜃) .

Eq. 1.5

Bound charge present at a domain wall can give rise to its own depolarisation
field which, if larger than the coercive field required to switch the domain, can
act to eliminate the wall from the material completely. Therefore, to stabilise a
charged domain boundary, the bound charge must be compensated by
internal screening charges, in a manner analogous to the screening of bound
charge on the crystal surface. However, ferroelectric materials are dielectric,
i.e., they are largely insulating. Proper ferroelectrics thus tend to avoid forming
charged domain boundaries due to an inability to screen such electrostaticallycostly domain configurations. Instead, the domain walls comprising some
proper ferroelectric systems are engineered to be charged via external charge
injection techniques, including intentional doping of the sample [22], local
manipulation via electric fields [23], or strain engineering [24].
Contrast this with improper ferroelectric systems, where polarisation
develops instead as a by-product through the phase transition. Here, there are
particular domain configurations where the electrostatic cost of forming
charged domain boundaries does not take precedence over the energy
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considerations of the main material property governing the phase transition;
native, charged domain boundaries can thus be realised without the necessity
of deliberate injection of charge into the sample. In both the proper and
improper case, charged domain boundaries, be they native or engineered,
should possess measurable functional properties distinct from the bulk.

cos 0

=0

cos

=

cos 0

=

Figure 1.5 | Charged domain boundaries. (a) A neutral, 180° boundary. (b) The
orientation between each polarisation vector in (i) is still 180° but the relative angle
̂ is 45°. Other domain configurations
each vector now makes with the unit vector 𝒏
exist, such as a 90° “tail-tail” boundary (ii) or, similarly, a 90° “head-head” boundary
(not shown). (c) A maximally-charged domain boundary. The degree of
“chargedness” in each scenario is represented by the gradual reddening of the
domain wall. The broken red “lines” straddling the domain wall in (c) represent
bound negative charges.

Although the notion of charged domain boundaries and domain wall
conduction was considered as early as the seventies [25], it was not until 2009
that direct confirmation of enhanced conductivity at domain walls was
observed by Seidel et al. [26] in a thin film sample of the perovskite bismuth
ferrite (BiFeO3, “BFO”). Since this important discovery, ferroelectrics research
has turned its attention to ferroelectric domain walls and their associated
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functional properties. A variety of (proper) ferroelectric materials have since
been confirmed as possessing charged domain boundaries. For example,
domain wall conduction has been observed in thin films of lead titanate,
(Pb(Zr0.2 Ti0.8)O3, “PTO”) [27], and later in bulk single crystals [28]. Domain
wall conduction was also demonstrated in bulk single crystal lithium niobate
(LiNbO3, “LNO”) [29] and its thin film counterpart [30]. The same phenomenon
has also been observed in the classic perovskite ferroelectric barium titanate
(BaTiO3, “BTO”) [31] (see Figure 1.6).
Proper ferroelectrics aside, the improper ferroelectric family of hexagonal
manganites, in particular ytterbium (YbMnO3, “YMO”) and erbium (ErMnO3,
“EMO”) manganite, have been shown to exhibit native, albeit anisotropic,
domain wall conduction [32]–[34], and is one of the few improper ferroelectric
systems subjected to domain wall conduction-based measurements (Figure
1.7). For a comprehensive list of references regarding the experimental and
theoretical aspects of charged domain walls, one is encouraged to consult the
review paper by Bednyakov et al. [21].
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Figure 1.6 | Domain wall conduction in proper ferroelectrics. (a) A
Piezoresponse Force Microscopy (PFM) “amplitude” image revealing two domains
separated by a conducting domain boundary, (b), in thin film PTO. (c) Associated
amplitude and current line profiles confirm that the conduction anomaly is spatially
correlated with the domain wall. (d) PFM amplitude and corresponding current map,
(e), reveal domain wall conduction in a bulk single crystal of PTO. (f) A PFM “phase”
image reveals the location of three domains in bulk single crystal LNO, where the
corresponding current map, (g), illustrates domain wall conduction. (h) – (i) Wall
conduction has also been observed in thin film, “ion-sliced” LNO. (a) – (c), (d) – (e),
(f) – (g), and (h) – (i) adapted from [27], [28], [29], and [30], respectively.
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Figure 1.7 | Domain wall conduction in improper ferroelectrics. (a) Spatiallyresolved current map reveals distinct current anomalies at the domain boundaries
in a bulk single crystal of YMO. (b) Corresponding domain configuration inferred
from PFM measurements reveals the in-plane nature of polarisation in this sample.
The current varies along the wall according to the relative angle a given portion of
wall makes with the adjacent polarisation vectors. (c) PFM phase image reveals
the local orientation of polarisation in a bulk single crystal of EMO. (d) Zoomed-in
section from (c), where the polarisation orientation is indicated. (e) Corresponding
current map for (c) reveals a distinct current anomaly that spatially correlates with
the domain boundary. (a) – (b) and (c) – (e) adapted from [33] and [34],
respectively.
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1.4 A macroscopic description of ferroelectricity
1.4.1 Landau-Ginzburg-Devonshire (LGD) theory
The transition from a high-temperature paraelectric phase to a lowtemperature ferroelectric phase can be described using Landau theory [35],
[36]. The theory is phenomenological, i.e., it is not concerned with the
underlying microscopic mechanism governing the phase transition, but instead
quantifies it using macroscopic thermodynamic variables such as temperature,
strain, polarisation, etc. The energetics associated with the transition can be
parameterised using a suitably-chosen order parameter, 𝑄, which varies
between a high temperature value of zero and a non-zero value in the lowtemperature regime. It was Devonshire who originally assigned the order
parameter as being polarisation, 𝐏, in proper ferroelectrics [13], and Levanyuk
who adapted the theory to suit improper ferroelectric phase transitions [11].
In general, the theory assumes that one can express the thermodynamic
potential of the ferroelectric, that is, the Gibbs (𝐺) or Helmholtz (𝐹) free energy,
within the vicinity of its phase transition temperature using a power series
expansion in 𝑄, followed by other relevant thermodynamic variables. This
thermodynamic potential would incorporate, for example, elastic energy terms
due to straining of the ferroelectric, and any subsequent coupling between
polarisation and strain. For mathematical convenience, however, one may
neglect such terms and consider a fictitious ferroelectric that possesses solely
a spontaneous polarisation along one crystallographic axis that also couples
to an externally-applied 𝐄-field. The free energy expansion can take the
following form [37]:

𝐺 = 𝛼P 2 + 𝛽P 4 + ⋯ − 𝐄 ⋅ 𝐏,

Eq. 1.6

where 𝛼 is a temperature-dependent fitting parameter and 𝛽, for additional
convenience, is treated as being a temperature-independent fitting parameter.
Higher order terms in 𝐏 are required if the phase transition is discontinuous in
nature [13]. Regarding the coupling term between polarisation and the external
𝐄-field, it can be appreciated that 𝐄 ⋅ 𝐏 = |𝐄||𝐏| cos(𝜃), meaning that if 𝐄 and 𝐏
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are co-aligned, cos(𝜃) =

and the free energy is reduced, otherwise there is

an energetic penalty associated with the polarisation being anti-aligned with
the external field.
By minimising the free energy with respect to P, one subsequently derives
an expression relating P and E:
∂𝐺
= 0 → E = 𝛼P + 𝛽P 3 ,
∂P

Eq. 1.7

the significance of which will be considered shortly. If one recalls that electrical
susceptibility, 𝜒, in dielectric media is, by definition, d𝐏/d𝐄, then it can be seen
that by differentiating E with respect to P, one can derive an expression for 𝜒
in terms of 𝛼 and 𝛽:

𝜒=

dP
=
.
dE 𝛼 + 𝛽P 2

Eq. 1.8

Above the transition point, P is zero, and as such the second term in the
denominator is forced to zero:

𝜒=

𝛼

.

Eq. 1.9

In proper ferroelectric systems, one observes empirical Curie-Weiss behaviour
in the electrical susceptibility above the transition point, hence 𝛼 is assumed
to be:
𝛼 = 𝛼0 (𝑇 − 𝑇𝐶 ) ,

Eq. 1.10

where 𝑎0 is a fitting parameter, 𝑇 is temperature, and 𝑇𝐶 is the transition point.
Below 𝑇𝐶 , 𝛼 becomes negative. Restating Eq. 1.6 using Eq. 1.10:

𝐺=

𝛼0 (𝑇 − 𝑇𝐶 )P 2 + 𝛽P 4 − 𝐄 ⋅ 𝐏 .

Eq. 1.11
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Eq. 1.11, in the absence of an externally applied electric field, is presented
graphically for three representative temperatures above, at, and below the
transition point for a fictitious ferroelectric crystal in Figure 1.8.

Figure 1.8 | Behaviour of the Gibbs free energy through a proper ferroelectric
phase transition as described by basic LGD theory. (a) Gibbs free energy, 𝐺,
as a function of polarisation, P, for three representative temperatures around the
transition point. Above TC, there is a single minimum in the free energy that
coincides with P = 0. As the temperature is reduced through TC, the free energy
minimum is displaced from 𝑃 = 0 and migrates to two, energetically equivalent
minima where 𝑃 ≠ 0, i.e., spontaneously-polarised states. (b) P𝑠 as a function of
increasing temperature. Here, polarisation continuously decreases to zero as the
transition point is reached, unlike the abrupt drop to zero through a discontinuous
transition (not shown). (c) Corresponding behaviour of the susceptibility, 𝜒, and 𝜒 −1
around TC. Curie-Weiss behaviour (dotted line) arises beyond TC.
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Reconsidering Eq. 1.7, if one plots polarisation more intuitively as a function
of electric field (as illustrated in Figure 1.9), one obtains a multi-valued
expression for P that resembles 𝐏-𝐄 hysteresis. Such a model, if it can
adequately describe the phase transition for the material under investigation,
can be fitted to experimentally-obtained hysteresis loops, and the relevant
constants can subsequently be extracted. This model, however, predicts a
region where dP/dE is negative, which is considered unphysical [38]. In real
systems, an increasing field magnitude acts to increase the polarisation further
in the same direction. Recently, however, there has been speculation
regarding the possibility of realising and exploiting this negative differential
region [39], which is described in Chapter 5.

Figure 1.9 | Ferroelectric hysteresis as predicted by LGD theory. Polarisation
as a function of externally-applied electric field reveals an “S”-shaped hysteresis
loop, where a region of dP/dE possessing a negative gradient is predicted. This
region (denoted by the blue box) is considered unphysical (or thermodynamically
forbidden) as the polarisation is, experimentally, observed to reorient with the
externally applied 𝐄 −field.
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1.4.2 Incorporating additional free energy terms
It can be appreciated thus far that some basic dielectric properties of
ferroelectrics can be readily extracted from LGD theory despite such
simplifying assumptions. In reality, many ferroelectric transitions are
accompanied by straining of the unit cell (resulting in strain-polarisation
coupling), and as such one is required to incorporate elastic energy terms into
the thermodynamic potential to generate a more complete picture of the
dielectric (and elastic) behaviour. It is known, for example, that the ferroelectric
phase transition in BaTiO3 is accompanied by a straining of the unit cell
predominantly along the polar axis [13]. Regarding the potential, if one
considers strain to be acting solely along the polar axis, the relevant elastic
terms one could incorporate into the free energy expression can take the form:

𝐺=

𝐶𝑥 2 + 𝑞𝑥P 2 − 𝑥𝑋 .

Eq. 1.12

The first term describes the elastic energy of the unit cell (with respect to the
high temperature phase), where 𝐶 is the elastic constant and 𝑥 is displacement
(or strain), the second term accounts for coupling between strain and
polarisation, where 𝑞 is a coupling parameter, and the final term considers
coupling of strain to an external stress field (if the field is present). The
thermodynamic potential in Eq. 1.11 can now take the form:

𝐺 = 𝛼0 (𝑇 − 𝑇𝐶 )P 2 + 𝛽P 4 + 𝐶𝑥 2 + 𝑞𝑥P 2 − 𝑥𝑋 − 𝐄 ⋅ 𝐏 ,

Eq. 1.13

where the term 𝑞𝑥 𝑚 𝑃𝑛 (𝑚 = , 𝑛 = ) is determined by the relevant symmetry
of the system. Minimising the free energy with respect to strain, ∂𝐺/ ∂𝑥 = 0,
one can express the equilibrium strain state as a function of polarisation (in the
absence of external stimuli):
𝑞
𝑥 = − P2 .
𝐶

Eq. 1.14
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which, when substituted into Eq. 1.13 yields an alternative expression for the
free energy that now alters the P 4 coefficient and, consequently, the magnitude
of the polarisation as a function of temperature

𝐺=

𝛼0 (𝑇 − 𝑇𝐶 )P 2 + (𝛽 −

𝑞2
) P 4 − 𝑥𝑋 − 𝐄 ⋅ 𝐏 .
𝐶

Eq. 1.15

1.4.3 The free energy of an improper ferroelectric
In an improper ferroelectric system, polarisation is no longer considered to be
the primary order parameter, but rather is a secondary effect that does not
drive the phase transition. Experimentally, this will manifest as anomalous
dielectric behaviour near the transition point that does not follow regular CurieWeiss behaviour, for example. To describe such behaviour in a
phenomenological way, one can designate polarisation as a term in the landau
expansion that couples to the primary order parameter, 𝑄. A relatively simple
free energy expression that would satisfy this criterion would, in the absence
of external stimuli, look something like:

𝐺=

𝛼(𝑇 − 𝑇𝐶 )𝑄 2 + 𝛽𝑄 4 + 𝛾P 2 + 𝛿P𝑄 2 ,

Eq. 1.16

where 𝛿 is a coupling parameter. When the free energy is minimised with
respect to 𝑄:
d𝐺
= 𝛼(𝑇 − 𝑇𝐶 )𝑄 + 𝛽𝑄 3 + 𝛿P𝑄 = 0 ;
d𝑄

Eq. 1.17

𝛼
𝛿
𝑄 2 = − (𝑇 − 𝑇𝐶 ) −
P.
𝛽
𝛽

Eq. 1.18

Minimising the free energy with respect to polarisation, 𝜕𝐺/𝜕𝑃 = 0, and
subsequently inserting Eq. 1.18 into the new expression relating P and 𝑄:
δ
𝛿𝑎
(𝑇 − 𝑇) ,
P = − Q2 → P = 2
γ
𝛿 − 𝛽𝛾 𝐶

Eq. 1.19
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i.e., polarisation varies linearly with temperature. Moreover, the dielectric
susceptibility, 𝜒, is shown to be completely temperature-independent.
To summarise, Landau theory provides a relatively simple framework from
which one can extract basic dielectric and elastic properties about ferroelectric
materials, at least on a macroscopic level. Originally, before the 1950s, LGD
theory was the sole framework that united many different ferroelectric
materials. From a microscopic standpoint, however, there was no unifying
mechanism that could adequately describe the emergence of ferroelectricity.
This eventually changed, however, in the early 1950s, with the introduction of
lattice instability modes.

1.5 A microscopic description of ferroelectricity
1.5.1 A classical description of lattice vibrations
When a wave (mechanical or electromagnetic) passes through a crystal, entire
planes of atoms move together in phase, leading to particular (or normal)
modes of vibration of the crystal lattice. Up until the late fifties, most
descriptions of ferroelectricity were largely phenomenological or specific to
only a few families of minerals. It was around this time, however, that Cochran
[40] posited that ferroelectric phase transitions could be accounted for by a
sudden ‘freezing-in’ of particular lattice vibrational modes, the frequency of
which dropping to zero as the ferroelectric phase transition is approached.
Specifically, Cochran determined that the square of the frequency of this
particular vibrational mode, 𝜔2 , is proportional to the Curie-Weiss law:
𝜔2 ∝ (𝑇 − 𝑇𝐶 ) ,

Eq. 1.20

such that the amplitude of the vibrational mode decreases to zero as the phase
transition point is reached. This mode is referred to as the soft mode, or
frozen mode.
In some cases, ferroelectricity and ferroelasticity will couple to vibrational
modes that induce purely structural distortions of the unit cell such that the
ferroic behaviours are secondary effects. The corresponding analysis using
Landau theory is made possible if one chooses such a vibrational mode as the
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primary order parameter, something that can be determined using group
theoretical analysis [12]. The material of interest in this thesis, examined in the
next section, is considered to possess such a phase transition, hence it is
worth considering some of the basic concepts relating vibrational modes in
crystals to the emergence of ferroelectricity. In a three-dimensional crystal,
such vibrational modes can readjust atoms or ions to new equilibria positions
in all three spatial dimensions, and hence can be quite complex. Consideration
of purely one-dimensional atomic chains, however, is adequate in describing
the basic underlying principles of lattice instabilities and ferroelectricity.

1.5.2 Monatomic and diatomic chains
One can generate an intuitive picture of vibrational modes using the simple
model of a one-dimensional (1D) monoatomic chain of atoms. Under the
assumption that the only interaction terms are those of nearest atomic
neighbours, one can derive an expression for the displacement, 𝑈, of a given
atom in the chain (due to a mechanical perturbation, for example) by assuming
a wave-like solution of the form [41, p. 91]:
𝑈 = 𝐴𝑒 𝑖(𝑘𝑥−𝜔𝑡) ,

Eq. 1.21

leading to a dispersion relation between the angular frequency of
displacement, 𝜔, and the wavenumber (wavelength), 𝑘 = 𝜋/𝜆, when
substituted into Newton’s Second Law of motion [41, p. 91]:

𝜔2 =

𝜇 2 𝑘𝑎
sin ( ) ,
𝑚

Eq. 1.22

where 𝜇 is the spring constant of the bond, modelled as a simple spring,
between two adjacent atoms, 𝑚 is the mass of each atom, and 𝑎 is the
equilibrium spacing between adjacent atoms. Solutions to Eq. 1.22 are
periodic every

𝜋/𝑎 and, as a result, one need only consider the interval

−𝜋/𝑎 → 𝜋/𝑎, the so-called (first) Brillouin zone.
For a diatomic chain, consisting of adjacent atoms with mass 𝑚 and 𝑀, one
can derive the following expression [41, p. 97]:
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2

𝜔2 = 𝜇 [

𝑚

+

] ± 𝜇 [( + ) −
𝑀
𝑚 𝑀
𝑚𝑀

1

𝑘𝑎 2
2
sin ( )] .

Eq. 1.23

The key feature is that 𝜔 is a multi-valued function of 𝑘, forming two distinct
branches in the dispersion plot. In particular, when the second term is added
to the first term in Eq. 1.23, one generates the so-called optic branch of allowed
vibrational modes. Moreover, in the diatomic chain, both longitudinal and
transverse displacements of atoms are permissible, hence one can derive
expressions for both 𝜔𝐿 and 𝜔 𝑇 , the subscripts denoting the longitudinal and
transverse nature of the displacements [42]. Lyddane, Sachs, and Teller [43]
derived an expression relating 𝜔𝐿 and 𝜔 𝑇 to the dielectric constant 𝜀(0):
𝜔𝐿2
𝜀(0)
2 = 𝜖(∞) ,
𝜔𝑇

Eq. 1.24

where 𝜀(∞) is considered to be the unperturbed dielectric constant of the
material. Cochran, based on his expressions for 𝜔𝐿 and 𝜔 𝑇 , then used Eq.
1.24 to determine that a balancing of Coulombic and short-range forces can
force the transverse optic mode, 𝜔 𝑇 , to zero at 𝑘 = 0, and, interestingly, leave
other vibrational modes intact. Incorporating the effects of anharmonic terms,
such as linear temperature dependence, he subsequently determined Eq. 1.20
and arrived at the conclusion that ferroelectric transitions are commensurate
with the instability of a crystal against certain normal modes of vibration.
Physically, the softening of a vibrational mode at 𝑘 = 0 (wavelength
approaching infinity) though the ferroelectric transition temperature results in
a fixed displacement of atoms (or ions) such that charge centres are now
displaced, and a spontaneous polarisation emerges.

1.5.3 Coupling of ferroelectricity to the soft mode
As was mentioned previously, a structural distortion of the unit cell, due to the
freezing of vibrational modes in the low-temperature phase, can in fact be the
property responsible for driving the phase transition. Additional properties,
such as polarisation and strain, subsequently arise due to coupling to the soft
mode. In the context of Landau theory, neither polarisation nor strain are
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primary order parameters, but rather components of the soft mode, 𝜂, serve to
drive the phase transition instead. The complete change in symmetry is
accounted for by this frozen mode, unlike the less symmetrical polarisation and
strain.
A classic example of polarisation and strain coupling to a soft mode is that
of gadolinium molybdate (Gd2(MoO4)3, “GMO”). This material was originally
identified as possessing a switchable polarisation [44] but, unlike what was
considered to be regular (or proper) ferroelectric behaviour at the time, GMO
exhibited a very small dielectric response through its transition temperature
[45]. Specifically, when the material was clamped, no dielectric anomaly was
observed through the phase transition. The presence of a large elastic
anomaly near the transition temperature led researchers to believe that this
was due to the material being a proper ferroelastic, with the spontaneous
polarisation following suite due to its coupling to strain via the piezoelectric
effect [45]. The classification of this material as a proper ferroelastic is
inconsistent, however, with the absence of a complete critical divergence of
strain beyond the transition point.
X-ray experiments eventually revealed [46] that a doubling of the unit cell
occurred below the transition point from tetragonal to orthorhombic which,
according to group theory analysis, could be adequately described by the
softening of a Brillouin zone-boundary structural mode. Specifically, it was
discovered that a lattice vibrational mode at the Brillouin-zone 𝑀 point,
(

0)(𝜋/𝑎), condensed at the transition. In an effort to describe the transition

using Landau theory, the order parameter was thus considered to be the
thermally averaged critical phonon amplitude [5, p. 359]. The resulting
expressions for 𝐏 and 𝑥 were determined as being:
𝑃𝑧 ∝ 𝜒33 𝑥𝑥𝑦 ;

𝑥𝑥𝑦

𝜂2
∝−
,
𝑐66

Eq. 1.25
Eq. 1.26
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where the key result is that polarisation is linearly proportional to strain, 𝑥𝑥𝑦 ,
and 𝑥𝑥𝑦 is proportional to the square of the order parameter, 𝜂2 . 𝑐66 is an elastic
constant.

1.6 Material of Interest: Cu3B7O13Cl
The sole material of interest in this thesis is Cu3B7O13Cl (hereafter “copperchlorine boracite” or “Cu-Cl boracite”). The family of minerals known as the
boracites have been studied for hundreds of years; Mg3B7O13Cl (“magnesiumchlorine boracite”, “Mg-Cl” boracite) was discovered in 1787 and known to
exhibit the pyroelectric effect as early as 1791 [47]. Notably, the Curie brothers
studied Mg-Cl boracite in their experiments concerning piezoelectricity in 1879
[48], but it was Hans Schmid and co-workers who discovered, by synthesising
their own boracite samples, that many members of the family are
simultaneously ferroelectric and ferromagnetic at low temperatures and, as
such, were the first multiferroic materials ever discovered. In this thesis, only
the dielectric, ferroelectric, and ferroelastic properties of the boracites are
considered, though the references throughout this section invariably provide
significant detail regarding the magnetic properties also. The reader is
encouraged to consult Hans Schmid’s memoir, which recounts the tale (and
turmoil) of creating the world’s first multiferroic material. [47].

1.6.1 Essential features
Cu-Cl boracite is an improper ferroelectric, improper ferroelastic material that
was first synthesised by Hans Schmid in 1965 [49]. Upon cooling through its
transition point at approximately 92°C [25], it undergoes a structural phase
transformation from cubic point group ̅ 𝑚 to orthorhombic point group 𝑚𝑚 ,
which is accompanied by a structural shearing of the unit cell perpendicular to
the [00 ]𝑜𝑟𝑡ℎ𝑜𝑟ℎ𝑜𝑚𝑏𝑖𝑐 (𝑜) axis. There are six equivalent polar and strain variants
that can form through the transition [50], with a reported spontaneous
polarization of ~ .8 𝜇𝐶/𝑐𝑚2 that is parallel to [00 ]𝑜 [51]. The chemical
composition of Cu-Cl boracite (and the majority of boracites) is M3B7O13X,
where M is a divalent metal ion, B is boron, O is oxygen, and X is usually a
halogen. The crystalline phase of Cu-Cl is thought to be stable up until
~1000°C [52].
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The high temperature cubic phase of Cu-Cl boracite comprises a large,
complex unit cell with almost one hundred atoms (Figure 1.10). Using the
original, high temperature crystal structure determination of Mg-Cl boracite as
an example [53], the unit cell consists of an unbroken network of boron and
oxygen atoms comprising corner-sharing BO4 triangular pyramids and BO3
triangles. Filling the interstices of this network are the Mg2+ and Cl- ions, which
can be crudely envisaged as a perovskite-like structure where the Cl- is located
at the centre of each octahedron formed by the surrounding Mg 2+ .
Upon cooling through the transition to the orthorhombic state, and with
reference to Figure 1.11, alternate layers of Cl- ions shift along different
〈

0〉𝑝𝑠𝑒𝑢𝑑𝑜𝑐𝑢𝑏𝑖𝑐 (𝑝𝑐) directions, with an additional shift along [00 ]𝑝𝑐 that

displaces the negative charge centres. Note that the orthorhombic and the
pseudocubic axes differ by a rotation of 45° around their mutual 𝑐-axes. The
Mg2+ ions perform anti-parallel shifts along the 〈00 〉𝑝𝑐 directions, wherein two
perpendicular sublattices can be defined. These ions perform a final shift in
the [00 ̅ ]𝑝𝑐 direction, giving rise to a mutual displacement between the
negative and positive charge centres, and thus the creation of a local dipole
moment [54]. The atomic structure presented in Figure 1.11 is derived from
the original X-ray study by Ito et al. [53], though different atomic positions were
later reported by Dowty and Clark [55]. Regardless, both structure
determinations are adequate enough to infer the relevant ferroelectric and
ferroelastic properties in most cubic-orthorhombic boracites, such as the study
by Torre et al. [56] and Schmid [54]. Only recently has the crystal structure of
Cu-Cl boracite been correctly determined in a study by Fernandez-Posada and
co-workers [57], which is isostructural with Mg-Cl boracite.
Ferroelectricity and ferroelasticity are simultaneously observed in the
orthorhombic phase of Cu-Cl boracite. In the context of soft modes, the
boracite crystal structure is primarily distorted according to a so-called 𝑋5
vibrational mode, which effectively corresponds to a Brillouin zone boundary,
whereas ferroelectricity and ferroelasticity evolve according to a Γ4 distortion
mode [58], [59] located at the centre of the Brillouin zone. The primary order
parameter of this transition is thus considered to be due to the vibrational
distortion mode 𝑋5, whereas ferroelectricity and ferroelasticity are coupled to
40

𝑋5 via Γ4 , and hence are secondary effects. This improper behaviour is
manifest in the lack of a Curie-Weiss law for the electrical susceptibility through
the transition temperature [60], and the lack of a critical divergence of the
elastic constants. The associated Landau expansion for boracites was
originally provided by Dvorak and Petzelt [61] using an involved group
theoretical analysis and consideration of the atomic coordinates determined in
[53].
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Figure 1.10 | Cubic structure of Mg-Cl boracite. (a) The metal-halogen (M-X)
network that fills the interstices of the boron-oxygen (B-O) network, (b). Together
they form the high temperature cubic structure in (c). (d) The same cubic phase as
viewed down the [00 ]𝑐 axis. (e) The B-O network can be envisaged as a network
of BO4 polyhedra (dashed blue) linked by smaller BO3 polyhedra (solid pink). Atomic
coordinates from [53].
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Figure 1.11 | Orthorhombic structure of Mg-Cl boracite. The relative
displacements of the chlorine (Cl) and magnesium (Mg) ions along the out-of-plane
𝑐-axis results in a separation of the charge centres and the formation of a dipole
moment along 𝑐. The relative orientation between the orthorhombic and (pseudo)cubic axes is 45°, which both share a mutual 𝑐-axis. The black dotted lines mark
the unit cell boundaries, and the solid black lines represent Cl-Mg bonds. Atomic
coordinates from [53].
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1.6.2 Ferroelectricity in boracites: a historical view
In 1959, Jona speculated that Mg-Cl boracite was ferroelectric [62] based on
the crystallographic study by Ito et al. in 1951 [53] and the provisional dielectric
measurements of Le Corre in 1957 [63], the latter detecting a very small
spontaneous polarisation (𝑃𝑠 < 0.00 𝜇𝐶/𝑐𝑚2 ) within the vicinity the phase
transition (near 265°C). To circumvent the issues associated with impurities in
naturally-occurring Mg-Cl boracite, Jona synthesised his own crystals,
including nickel-bromine (Ni-Br), zinc-chlorine (Zn-Cl), and cadmium-chlorine
(Cd-Cl) boracite, having measured the dielectric constant through their
respective structural phase transition temperatures and noting a distinct
dielectric anomaly for each crystal. No ferroelectric hysteresis loops were
successfully obtained, however, citing lossy dielectric behaviour and the
supposed presence of a large energy barrier prohibiting polarity reversal.
Eventually, in 1964, robust evidence for ferroelectricity emerged in the form
of domain wall motion when a (111)pc-cut, bulk sample of nickel-chlorine (NiCl) boracite was subjected to an in-plane electric field whilst being viewed
under a crossed-polarised, transmission optical microscope [64]. In the same
study, dielectric constants were reported for Ni-Br, cobalt-bromine (Co-Br) and
cobalt-iodine (Co-I). These results, however, could not be rationalised using
the Landau-Ginzburg-Devonshire (LGD) theory of ferroelectric phase
transitions which, up until then, always assumed polarisation to be the order
parameter [65]. It was soon realised that boracites undergo an improper
ferroelectric phase transition instead [61].
In 1965, in an effort to synthesise simultaneously ferroelectric-ferromagnetic
materials [47], Schmid et al. [66] performed magnetic measurements on
eleven members of the boracite family. Here, they reported the observation of
a paraelectric-ferroelectric phase transition at 60°K in Ni-I boracite (via optical
microscopy) that coincided with a weakly antiferromagnetic transition inferred
from magnetic susceptibility measurements, thus providing strong evidence of
the coexistence (and possibly coupling) of magnetic and ferroelectric domains.
In that same year, the group of Ascher et al. [67] finally reported
ferromagnetoelectricity, that is, the simultaneous control of ferroelectric and
ferromagnetic properties. This remarkable experimental effort heralded the
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discovery of the world’s first multiferroic material [68] and, naturally, a flurry of
research quickly followed.
The ferroelectric and ferroelastic properties of the boracites were
extensively studied in the late sixties [54], [69], [70] and, throughout the
seventies, additional X-ray studies confirmed the orthorhombic crystal
structure of Fe-I boracite and its associated lattice strains [71], [72]. Additional
dielectric measurements, including the spontaneous polarisation and electrical
resistivity, were reported for Fe-I and Cu-Cl boracite in 1976 [25], [51], [73].
Interestingly, the relatively low dc resistivity of Cu-Cl boracite in the
ferroelectric-ferroelastic phase was (correctly) attributed to a higher electrical
conduction along domain walls, though at the time it was not possible to
directly measure the effect for individual walls.
Many additional properties of the boracites were examined throughout the
eighties and the nineties [51], [60], [74]–[89]. Within the past decade, however,
only a few studies regarding boracites have been published, with an emphasis
on Raman spectra [90], the ability to manipulate the magnetoelectric properties
of some boracites near room temperature [58], and UV laser-based
applications [91], [92]. As ferroelectrics research has turned its attention to the
functional aspects of domain boundaries, an important study by McQuaid et
al. [24] emerged in 2017, which reported the direct observation of enhanced
conduction along charged domain boundaries in Cu-Cl boracite using a variety
of scanning probe microscopy (SPM) techniques, as well as the controlled
position and motion of such walls using externally-applied stress and electric
fields. This study has since triggered additional experimental and theoretical
measurements of Cu-Cl boracite [57], [59]. The work by McQuaid et. al. [24],
including permissible ferroelectric-ferroelastic domain states in Cu-Cl boracite,
is considered in more detail in Chapter 3.
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2 Experimental Techniques
The experimental data presented in this thesis was primarily obtained using a
variety of scanning probe and optical microscopy techniques. Historically,
within the context of ferroelectrics research, optical microscopy has served as
the primary tool for characterising ferroelectric materials. However, one can
bypass the resolution limits associated with optical microscopy via scanning
probe techniques instead. Moreover, by making the necessary adaptation to a
scanning probe, a wide range of electrical, magnetic, and electromechanical
properties are now accessible to the user on the micro- and nanoscale. These
experimental tools have proven invaluable over the past decade, allowing us,
for example, to spatially resolve the electrical current associated with individual
conducting domain walls, as well as manipulate the local polarisation
orientation and electromechanical response of domains and complex
ferroelectric microstructures. To allow the reader to understand the
experimental results presented in this thesis, I outline the basic principles that
underpin each scanning probe technique employed in this thesis. The relevant
limitations and disadvantages associated with these techniques are elaborated
upon, where necessary, in the subsequent results chapters.
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2.1 Scanning Probe Microscopy (SPM)
Most modern scanning probe microscopy (SPM) techniques are fundamentally
based on the Atomic Force Microscope (AFM) invented by Binnig, Quate, and
Gerber in 1986 [93], thus this section begins by outlining the basic working
principles of AFM.

2.2 Atomic Force Microscopy (AFM)
AFM entails the use of a small, sharp probe attached to a microfabricated
cantilever that scans microscopically-small surface regions of a sample.
When the probe encounters relative changes in height across the surface, the
cantilever physically bends, which is detected via the reflection of a laser beam
off the backside of the cantilever into a photodiode detector (Figure 2.1). The
deflection of the laser beam with respect to the centre of the detector is
converted into a corresponding voltage that is calibrated to provide the user
with a value for the physical displacement of the cantilever/probe. The detector
is also split into four quadrants (labelled A, B, C, and D), allowing the user to
distinguish between vertical and torsional deflection of the cantilever via:
[𝐴 + 𝐵] − [𝐶 + 𝐷]
;
𝐴+𝐵+𝐶+𝐷
Vertical deflection

Eq. 2.1

[𝐵 + 𝐷] − [𝐴 + 𝐶]
.
𝐴+𝐵+𝐶+𝐷

Eq. 2.2

Torsional deflection

Scan sizes are typically on the order of tens of microns, and thus an accurate
means of positioning the probe is also required. This is made possible by using
piezoelectric actuators housed inside a delicate piezotube. By virtue of the
converse piezoelectric effect, the application of a voltage across the tube
generates a small elongation (or contraction) of the tube that can be exploited
by attaching the probe at the tube end, resulting in small, precise
displacements of the probe in all three spatial dimensions.
When the probe is initially lowered towards the sample surface, short range
forces begin to affect the cantilever. For example, the attractive Van der Waals
force between the local sample surface and the atoms comprising the probe
tip causes the cantilever to deflect towards the sample surface. Upon further
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lowering, however, long-range Coulombic forces influence the cantilever such
that it causes the cantilever to deflect away from the surface [94]. The
deflection of the cantilever can be treated by considering the Lennard-Jones
interatomic potential, 𝑉(ℎ), for neutral atoms/molecules:
d𝑉(ℎ) 𝑈0 ℎ0 13
ℎ0 7
𝐹(ℎ) = −
=
[( ) − ( ) ] ,
dℎ
ℎ0 ℎ
ℎ

Eq. 2.3

where ℎ0 and 𝑈0 are scaling coefficients. Specifically, ℎ0 is the height above
the sample surface that coincides with a net force of zero acting on the
cantilever, i.e., the well of the potential. The user has access to two regimes of
scanning: ℎ < ℎ0 and ℎ > ℎ0 or, using AFM terminology, contact and noncontact mode, respectively. Contact mode is characterised by maintaining a
constant force on the cantilever as the probe scans across the surface. Any
deviation of this force, due to variations in topography, trigger feedback
electronics that subsequently shift the piezotube (and the cantilever) closer to
(or further from) the surface along the 𝑧-axis to maintain a constant force.
Changes in 𝑧 are then plotted as a function of spatial position. The probe is
rastered across the surface such that height information can be obtained for
both the forward (trace) and reverse (retrace) scanning path. In non-contact
mode, the probe is mechanically oscillated near its free air resonant frequency
by the piezotube, with the user defining a set-point for the oscillation amplitude.
Local variations in topography, which modify the probe-sample surface
separation, inadvertently causes damping of the probe amplitude which, in
turn, shifts the free air resonant frequency. This shift is monitored via a
feedback loop that corrects the probe/sample separation in order to maintain
the original free air resonance. This particular mode of operation can be used
to avoid direct sample surface contact if, for example, the sample is relatively
soft or organic in nature. Most topography images presented in this thesis were
obtained by operating the AFM in contact mode. Specifically, two AFM
machines were used: a Veeco Dimension 3100 AFM system (with a
Nanoscope IIIa controller), and an Asylum Research MFP-3D Infinity AFM
system. Conducting, platinum-iridium (Pt/Ir)-coated silicon probes from
Nanosensors were primarily used for AFM.
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Figure 2.1 | Atomic Force Microscopy (AFM). (a) Experimental set-up comprising
a probe, a piezotube to move the probe with picometre precision, a laser, and
photodiode detector to monitor the cantilever deflection as the probe is rastered
across the surface of a sample. (b) A sketch of the Lennard-Jones potential used
to model the interaction between the probe tip and sample surface. The shaded
regions represent the two primary regimes under which AFM scanning operates:
contact and non-contact mode. (c) A plan view of the sample in (a) to demonstrate
the manner in which the probe is scanned across the surface. For a given scan line,
both the trace information (variation in height moving from left to right), and the
retrace information (right to left) can be obtained before advancing to the next scan
line (indicated by black arrow). The spacing between these lines effectively
determines the resolution of the image. If one needs to continuously scan a specific
line, one can disable the slow scan axis of the probe. (d) By monitoring the
cantilever deflection throughout the entire scanning process, a local topographic
map can be reconstructed, from which individual scan lines can be selected and
analysed.
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2.3 Conducting Atomic Force Microscopy (c-AFM)
If the cantilever and probe are electrically conducting, which is made possible
by coating the probe in a conducting material, one can simultaneously acquire
topography and a spatially-resolved current map of a local surface region using
a mode of AFM operation called Conducting Atomic Force Microscopy (cAFM). In a typical experimental set-up, schematised in Figure 2.2, a DC bias
is applied to an electrode attached to the sample underside, and the probe is
electrically grounded to establish a potential difference across the material. As
the probe is rastered across the surface in contact mode, the electrical circuit
is complete and current will flow through the probe tip and into a current
amplifier with femtoamp (10-15A) resolution. One can subsequently correlate
small spatial variation in current with topographical features inherent to the
sample. This has huge implications within the context of ferroelectrics
research, where the technique constitutes the primary means of directly
assessing the conducting properties of charged domain boundaries. A notable
example is the study by Seidel et al. [26], who was the first to directly observe
conducting domain boundaries in a ferroelectric using c-AFM.
By manually adjusting the applied bias during a scan, one can monitor the
current response as a function of DC voltage, and hence investigate local I-V
characteristics. However, although small variations in current (on the order of
tens of femtoamps) can be routinely resolved, the technique is largely
qualitative. Current, per the definition, scales with the amount of charge flowing
through the probe tip, which will ultimately vary throughout a given scan due
to inevitable degradation of the conductive probe coating and blunting of the
probe tip, where the latter issue acts to increase the sample – probe contact
area and, consequently, the contact resistance.
In this thesis, c-AFM is specifically used to examine charged domain
boundaries in Cu-Cl boracite. The c-AFM data was obtained using a Bruker
Tunnelling AFM (TUNA) current amplifier module in conjunction with the Veeco
Dimension 3100 AFM system. Conducting, platinum-iridium (Pt/Ir)-coated
silicon probes from Nanosensors were primarily used for c-AFM.

50

Figure 2.2 | Conducting Atomic Force Microscopy. (a) Schematic showing the
basic experimental set-up required for c-AFM measurements, consisting of an
ammeter, a sensitive current amplifier, conducting probe, and bottom electrode. (b)
Current anomalies can be correlated with specific topographic features. Here, the
left hand side of the material, characterised by a decreasing slope, is more resistive
compared to the adjacent portion of material. (c) Representative current (red) and
topography (dotted black line) profile across a single scan line for the sample,
emphasising the relationship between local topography and current anomalies.

2.4 Piezoresponse Force Microscopy (PFM)
Piezoresponse Force Microscopy (PFM), first utilised by Güthner and
Dransfeld [95], is a polarisation-sensitive variant of AFM that exploits the
converse piezoelectric effect present in ferroelectric materials. Crucially, the
spontaneous polarisation in a ferroelectric is coupled to the electric fieldinduced strain, and thus information is gained regarding the polarisation,
specifically its relative orientation, such that the user can generate a local
three-dimensional (3-D) polarisation map.

2.4.1 The converse piezoelectric effect (CPE)
The CPE describes how an externally applied electric field will induce a strain
in the constituent unit cells of a ferroelectric (piezoelectric) crystal, resulting in
an overall, macroscopic deformation of the crystal. The constitutive equation
relating strain, 𝑥𝑗𝑘 , to electric field, 𝐸𝑖 , is given by [96, p. 115]:
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𝑥𝑗𝑘 = 𝑑𝑖𝑗𝑘 𝐸𝑖 .

Eq. 2.4

Adopting Voigt notation, the piezoelectric tensor, 𝑑𝑖𝑗𝑘 , reduces to 𝑑𝑖𝑗 , where
the subscripts 𝑗 and 𝑘, which represent the components of the strain tensor
using traditional notation, are now denoted solely by 𝑗. This means Eq. 2.4 can
be expressed as:
𝑥𝑗 = 𝑑𝑖𝑗 𝐸𝑖 .

Eq. 2.5

Devonshire originally demonstrated [97] that piezoelectric and ferroelectric
properties couple linearly via the dielectric and electrostriction tensors, 𝜀𝑖𝑚 and
𝑄𝑗𝑚𝑘 , respectively, via:
𝑑𝑖𝑗 = 𝜀𝑖𝑚 𝑄𝑗𝑚𝑘 𝑃𝑘 ,

Eq. 2.6

where, crucially, the polarisation orientation can be determined from the sense
of the field-induced strain (with reference to Figure 2.3). Providing an explicit
example of the form of the piezoelectric tensor, consider its most general
appearance for Cu-Cl boracite in the orthorhombic phase (point group 𝑚𝑚 )
[5, p. 615]:
0
𝑑𝑖𝑗 = [ 0
𝑑31

0
0
𝑑32

0
0
𝑑33

0
𝑑24
0

𝑑15
0
0

0
0] .
0

Eq. 2.7

Transposing Eq. 2.7 and inserting it into Eq. 2.5:
0
0
0
𝑥𝑗𝑘 =
0
𝑑15
[ 0

0
0
0
𝑑24
0
0

𝑑31
𝑑31 𝐸3
𝑑32
𝑑32 𝐸3
𝐸1
𝑑33 𝐸
𝑑 𝐸
[ 2 ] → 𝑥𝑗𝑘 = 33 3 .
0 𝐸
𝑑24 𝐸2
3
0
𝑑15 𝐸1
]
[
0
0 ]

Eq. 2.8

Physical displacements due to the CPE, however, are extremely small (on the
order of hundreds of picometres), so in order to separate this small signal from
random noise, a lock-in technique that excites the surface with an AC voltage
is implemented.
52

=0

= 80

Figure 2.3 | Piezoresponse Force Microscopy (PFM). (a) Experimental set-up
comprising a conductive probe and a lock-in amplifier to detect the small oscillatory
displacements of the local surface when an AC voltage is applied across the
sample. (b) – (e) Polarisation orientation can be inferred from the relative
displacement of the underlying material in response to an electric field. When
polarisation and external field are co-aligned, expansion of the material occurs.
Conversely, there is a contraction when the polarisation is anti-aligned with the field.

53

2.4.2 Lock-in technique
A modulated reference signal, 𝑉𝑅 , is applied to the conductive scanning probe,
giving rise to an oscillatory deformation of the local sample surface:
𝑉𝑅 = 𝑉𝐵 cos(𝜔𝑅 𝑡) ,

Eq. 2.9

where 𝑡 is time. The resulting oscillatory motion of the cantilever is detected by
the photodiode, which is converted into an oscillating voltage called the input
signal, 𝑉𝐼 :
𝑉𝐼 = 𝑉𝐴 cos(𝜔𝐼 𝑡 + 𝜙) ,

Eq. 2.10

where 𝜙 is the phase difference, if any, between 𝑉𝑅 and 𝑉𝐼 . As it is the probe
voltage that gives rise to the oscillatory displacement of the local sample
surface, 𝜔𝐼 = 𝜔𝑅 = 𝜔. The deflected laser incident on the photodiode will vary
as a function of time due to the general roughness of the sample and random
thermal fluctuations disturbing the probe but, by converting to frequency
space, the amplifier can identify the distinct peak associated with 𝜔. The
reference signal and input signal are multiplied together to generate an output
signal, 𝑉𝑜𝑢𝑡 :

𝑉𝑜𝑢𝑡 = 𝑉𝐴 𝑉𝐵 cos(𝜙) + 𝑉𝐴 𝑉𝐵 cos( 𝜔𝑡 + 𝜙)

Eq. 2.11

The output voltage is integrated over a period of time, 𝜏, to average (and
consequently remove) the AC ( 𝜔) component(s) of 𝑉𝑜𝑢𝑡 , whereas the DC
component remains intact. Two demodulated outputs, 𝑉𝑋 and 𝑉𝑌 , are created,
the latter shifted by

0 (𝜋/ ) with respect to the first, which possess the

relevant amplitude and phase information, 𝑅 and 𝜙, to generate the PFM maps
on a pixel-by pixel basis:

𝑉𝑋 =

𝑉𝐴 𝑉𝐵 cos(𝜙) ;

Eq. 2.12

𝑉𝑌 =

𝑉𝐴 𝑉𝐵 sin(𝜙) ;

Eq. 2.13
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𝑉𝑌
𝜙 = tan−1 ( ) ;
𝑉𝑋

𝑅 = √𝑉𝑋2 + 𝑉𝑌2 .

Eq. 2.14

Eq. 2.15

2.4.3 Lateral (L-) and Vector (V-) PFM
Specifically resolving vertical displacements of the probe during a PFM scan
constitutes a mode of operation called Vertical-PFM (V-PFM). If a ferroelectric
domain is polarised in the plane of the sample, the application of an out-ofplane AC voltage through the sample can still excite oscillatory sample
displacements that are parallel to the surface due to the presence of
piezoelectric shear tensor components, the activation of which depending on
the crystal orientation (with respect to the scanning probe) and, naturally, its
inherent piezoelectric tensor (Eq. 2.8 is one example). Once the 𝐄-field is
applied, and the underlying sample surface is distorted according to the
relevant shear components, frictional forces induce a torsional movement of
the probe. This is subsequently detected by horizontal changes in the position
of laser with respect to the centre of the photodiode detector, constituting a
different mode of operation called Lateral-PFM (L-PFM). If the exact
orientation of the polarisation vector is unknown, two orthogonal L-PFM scans
are required to resolve the in-plane component of the polarisation vector. If
necessary, one can obtain an additional V-PFM dataset to infer the 3D
orientation of the local polarisation vector (that is, if it is not solely confined to
within the plane of the crystal.) [98].

2.4.4 High-frequency (resonant) PFM
The constitutive equation relating the piezoelectric coefficient tensor and
polarisation

(Eq.

2.6)

implies

that

a

small

polarisation

generates

correspondingly small piezoelectric coefficients. Generating a good signal-tonoise ratio becomes troublesome when the inherent coefficients are small.
This is particularly the case when dealing with improper ferroelectric systems,
where the spontaneous polarisation is relatively small. Although it is tempting
to increase the applied bias, one can accidently causes ferroelectric switching
if the applied bias is too high. This becomes relevant in thin films, where the
required voltage to switch domains is on the order of just a few volts. To
circumvent this issue, one can perform PFM at a frequency that is nearer the
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mechanical resonant frequency of the cantilever/probe-sample contact. In
doing so, the physical deflection of the cantilever/probe dramatically increases,
meaning the laser incident on the backside of the cantilever will subsequently
oscillate with a much larger amplitude in the photodiode detector, improving
the signal-to-noise ratio. During scanning, however, the resonant frequency of
the cantilever/probe-contact is liable to change; substantial changes in surface
topography or gradual probe degradation can result in a shifting of the probesample resonant frequency. Care must therefore be exercised in ensuring that
one resides within the linear regime of the resonance curve to avoid
overshooting the resonance peak; this has implications for correctly
interpreting PFM phase maps, as overshooting the resonance peak will cause
a 80 flip in PFM phase contrast.

2.5 Kelvin Probe Force Microscopy (KPFM)
One can also spatially resolve the local surface potential of a material using
Kelvin Probe Force Microscopy (KPFM) [99], [100].This technique uses a twopass approach per scan line. In the first pass, the probe acquires topography
using non-contact mode. Once the first pass is finished, the probe is raised to
a user-defined lift height (on the order of tens of nanometres) above the
surface. In the second pass, the mechanical oscillation generated by the
piezotube in the first pass is switched off, and an AC bias voltage is now
applied between the probe and the sample, forcing the cantilever and probe to
oscillate at a frequency defined by the user (typically the mechanical resonant
frequency). As it scans, the probe maintains a constant lift height relative to
the surface, where any changes in the oscillating electrostatic force (due to a
varying surface potential) are nullified by applying a suitable DC bias. To
understand this, consider that the electrostatic force, 𝐹, acting on the probe is
approximated by:

𝐹=−

∂C 2
𝑉 ,
∂𝑧

Eq. 2.16

where 𝐶 is the capacitance between the probe and sample, and 𝑉 is the
potential difference between them, which consists of an oscillating term (as
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defined by the user), 𝑉𝐴𝐶 , and the contact potential difference between the
probe and sample, 𝑉0:
𝑉 = 𝑉0 + 𝑉𝐴𝐶 sin(𝜔𝑡) .

Eq. 2.17

By substituting Eq. 2.17 into Eq. 2.16, it can be shown that the “ 𝜔” term is
given by:

𝐹1𝜔 = −

∂𝐶
𝑉 𝑉 sin(𝜔𝑡) ,
∂𝑧 0 𝐴𝐶

Eq. 2.18

where terms such as “ 𝜔” are eliminated if, for example, a low-pass filter forms
part of the experimental set-up. It can be seen that 𝐹1𝜔 will vary if the contact
potential difference varies with surface position, and thus to nullify the effect of
𝑉0, a DC bias is applied to generate a net 𝜔 force of zero to nullify electrostatic
oscillations of the probe:

𝐹1𝜔 = −

𝜕𝐶
(𝑉 − 𝑉𝐷𝐶 ) sin(𝜔𝑡) .
𝜕𝑧 0

Eq. 2.19

𝑉𝐷𝐶 , therefore, becomes a direct, quantitative measure of the local contact
(surface) potential difference. In this thesis, KPFM was performed exclusivey
on the MFP-3D Infinity AFM system. Conducting, platinum-iridium (Pt/Ir)coated silicon probes from Nanosensors were also used for KPFM.
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2.6 AFM and Probe Specifications
Mode

System(s)

Probe(s)

Veeco Dimension 3100

Nanosensors PPP-

MFP-3D Infinity

EFM-PtIr5 Coating

AFM

c-AFM

Veeco Dimension 3100

PFM

Veeco Dimension 3100

KPFM

MFP-3D Infinity

Nanosensors PPPEFM-PtIr5 Coating
Nanosensors PPPEFM-PtIr5 Coating
Nanosensors PPPEFM-PtIr5 Coating

Scan Freq.
<1Hz

<=0.1Hz

<=0.1Hz

<0.2Hz

Rocky Mountain
Nanotechnology
CGM

MFP-3D Infinity

25Pt300B

>3Hz

Bruker DDESP-V2
Table 1.1 | AFM and probe specifications. The most common AFM systems and
probes used to perform the SPM experiments presented in this thesis. CGM (Charge
Gradient microscopy) is discussed in Chapter 5. The “Scan Freq.” column provides
a ballpark value of scanning frequency for each mode of operation.
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3 Native and stress-induced
domain structures in
Cu3B7O13Cl
In this chapter, the native ferroelectric and ferroelastic domain structure of bulk
single crystals of Cu3B7O13Cl is studied using a variety of optical and scanning
probe microscopy (SPM) techniques. I demonstrate, for example, the
prevalence of charged domain boundaries in this system using conducting
Atomic Force Microscopy (c-AFM), outline some confounding factors
associated

with

determining

local

polar

domain

orientations

using

Piezoresponse Force Microscopy (PFM), and illustrate techniques that readily
allow for the injection and manipulation of charged domain boundary
configurations via point stress from a preparation needle.
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3.1 Native domain structures
3.1.1 Original sample growth and preparation
The single crystals of Cu-Cl boracite used throughout this thesis were originally
grown by Prof. R. Whatmore, with the assistance of Mr. C. Brierley, at the Allen
Clark Research Centre in Northamptonshire using a sealed ampoule, vapour
phase transport technique [82]. Approximately 0.5 mm thick, (100)pc-faced
single crystal plates were obtained from the parent crystal by diamond sawing
followed by a chemical-mechanical polish. Of the two large crystal plates at
our disposal, only one was purposefully fragmented and used in experiments.
Photographs of the crystals are presented in Figure 3.1.

Figure 3.1 | Single crystals of Cu-Cl boracite. (a) One of the original, intact crystal
plates. It is approximately 7mm wide. (b) Small fragments obtained from the second
crystal plate that were subsequently used in the experiments presented in this
thesis. They are approximately 2mm wide each. Smallest rule increment is 0.5mm.

3.1.2 Heat cycling and confirmation of TC
Provisional experiments were conducted to determine the paraelectricferroelectric phase transition temperature for some of the Cu-Cl fragments. A
sequence of optical micrographs is presented in Figure 3.2, which shows a
Cu-Cl boracite crystal cooling through the temperature range 90-92°C. To heat
cycle the crystal, it was mounted on a bespoke temperature stage consisting
of a ceramic heating element (attached to a glass slide) with a hole through its
centre to allow for transmission optical microscopy (made possible using an
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Olympus BX51 Fluorescence Microscope). The temperature was monitored
using a Thorlabs TC 200 Controller. Above 92°C, no domains were visible
through the microscope. Upon cooling, however, a complex microstructure is
observed to nucleate and propagate throughout the sample at approximately
91°C. This is attributed to the phase transition and is consistent with that
originally reported by Schmid and Pétermann [25]. By virtue of their
spontaneous strain, ferroelastic domains exhibit birefringence [101], which has
been exploited in this thesis to provide additional contrast between domains
by introducing crossed, polarising filters into the optical setup; one immediately
above the transmission light source, and the second located above the
objective lens.
As the crystal is cooled further, distinct boundaries appear throughout the
crystal. A cursory look would suggest that they are oriented at either 45° or 90°
with respect to each other. Particularly around the crystal edges, dense
bundles of so-called ferroelastic needle domains form, the density and
population of which being altered by adjusting the rate of cooling [14] through
the transition temperature. In the case below (Figure 3.2), a simple
arrangement of domains and domain walls formed in the centre of the crystal,
and it is these more “ordered” domain patterns that I wish to characterise
further.

Figure 3.2 | Cooling through the transition temperature. (a) - (d) Crossed
polarised, transmission optical micrographs showing the onset of the ferroelectricferroelastic phase in a ~1mm2 region of a (100)pc-faced Cu-Cl boracite fragment.
The crystal is optically isotropic above TC, hence there is no birefringence effect,
and the crystal appears dark. The white dashed lines marks the crystal edges.
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3.1.3 Insight from Atomic Force Microscopy (AFM)
The optical resolution of the microscope is limited by the wavelength of the
light source [102]. Therefore, to examine domains on a finer scale, I resort to
Atomic Force Microscopy (AFM), a technique outlined in Chapter 2. Prior to
scanning, I typically embed the underside of the sample, that is, the (100) pc
crystal face, in a small portion of silver, conducting adhesive and then
immediately place the crystal onto a metal puck for additional stability
purposes. The local surface topography is presented in Figure 3.3 and was
obtained using the Veeco Dimension 3100 AFM system in conjunction with
platinum-iridium (Pt/Ir)-coated silicon probes from Nanosensors. The observed
surface deformations consist of corrugated-like features, tens of nanometres
in height and extending laterally across a few microns. Each perceived plane
in the image comprises a single, spontaneously sheared ferroelastic domain,
and each respective peak and trough are domain boundaries.
There is a strict orientational relationship between the sense of ferroelastic
shearing and the direction of the polarisation vector in most members of the
boracite family; polarisation sits perpendicular to the unit cell face diagonals
that become unequal in length through the phase transition [70]. Thus, for our
particular cut of crystal, it should be possible to infer the plane of polarisation
from topography alone. Consider the representative line section in Figure 3.3,
obtained from the topography scan in Panel (a) by averaging 2-3 AFM scan
lines. It is indicative of a shear plane that is perpendicular to the crystal surface
and, consequently, a polarisation that is entirely oriented in-plane. To confirm
this, the shear angle is calculated using as-measured topography and
compared with values in the literature. Without giving a quantitative value,
Uesu et al. [72] state that the pure shear component, 𝑥12 , in Cu-Cl boracite is,
at most, eight times larger than that found in Iron-Iodine (Fe-I) boracite which,
according to Kobayashi et al. [71], has a maximum value of 1’38” (or ~ 0.03°).
Based on this data, one would anticipate a maximum 𝑥12 value of ~ 0.24° in
Cu-Cl boracite. Using the aforementioned line section, the angle between unit
vectors normal to two adjacent planes (or lines in this case), 𝜑, is provisionally
calculated using conventional coordinate geometry:
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𝜑 = tan−1 (

𝑚2 − 𝑚1
),
+ 𝑚2 𝑚1

Eq. 3.1

where 𝑚1 and 𝑚2 represent the gradient of two adjacent planes comprising
the line section. Eq. 3.1 generates a value of ~ 0.62° for 𝜑. The shear angle,
𝑥12 , is related to 𝜑 via [71]:

𝑥12 = 𝜑 ,

Eq. 3.2

resulting in a value for 𝑥12 of ~ 0.15°. Using this value, a more robust Matlab®
script was created to analyse the entire 2D topography map by deconstructing
it into an array of 4096 (642) smaller planes. Unit vectors normal to each
idealised plane were subsequently determined and compared amongst each
other in order to gather statistics for 𝑥12 . The pole plot in panel (c) of Figure
3.3, which plots the angle 𝜑/ subtended by each unit vector with respect to
the sample surface normal (out of the page), reveals four distinct regions that
directly correlate with the orientation and population of the domains observed
in topography, i.e., four domain orientations are observed. Unit vectors that
subtend small angles near zero in the pole plot are attributed to simulated
planes that inadvertently represent a section of real topography containing two
oppositely oriented domains, which results in an averaged unit vector that
points vertically upwards, or is closely aligned with the vertical, out-of-plane
axis. One must exercise caution, therefore, when considering unit vectors that
subtend these relatively small angles as they could be erroneously attributed
to domains oriented out-of-plane, whereas it is clear from topography that no
such domains are present.
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Figure 3.3 | Local ferroelastic microstructure. (a) Cu-Cl boracite topography as
measured using AFM. (b) Line profile extracted from (a) reveals distinct peaks and
troughs due to the ferroelastic domains. (c) Pole plot illustrating the distribution of
unit vectors normal to the planes observed in topography. (d) A histogram plotting
the distribution of 𝑥12 = 𝜑/

between all unit vectors extracted from panel (c),

where the only physically meaningful counts correspond to the peak observed at
approximately 0.16°. The blue shaded region corresponds to the value (and
uncertainty) of 𝑥12 determined using X-ray diffraction by Charlotte Cochard (private
communication). The black dotted lines represent the provisional value of 𝑥12
determined by the line profile in (b) and the upper bound value of 𝑥12 inferred from
the literature (left and right line, respectively).

Each unit vector has been compared to every other unit vector to calculate
𝜑, and then divided by four to generate a value for 𝑥12 . The resulting
distribution of possible angles attributed to 𝑥12 , plotted as a histogram in Panel
(d) of Figure 3.3, reveals three features: firstly, there is a large count of small
angles below 0.05°. These are associated with the angle between two planes
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representing the same, real ferroelastic domain, which should otherwise have
a value of zero, and can thus be discarded; secondly, there is a small bump at
~ 0.12° which is the angle (divided by four) between unit vectors representing
domains oriented at 90° with respect to each other. These can also be ignored
as they do not constitute a value for 𝑥12 ; lastly, the peak at ~ 0.16° is consistent
with the provisional value for 𝑥12 calculated via the topographic line section.
Charlotte Cochard and co-workers have determined, via X-ray diffraction, the
shear angle of a monodomain crystal of Cu-Cl boracite (obtained from the
same parent crystal as those examined in this thesis) to be 0.145°, with an
error of less than 3.5%. This is encouraging as it suggests that scanning local
ferroelastic domain patterns via AFM, which is a comparatively much faster
experimental technique than X-ray diffraction, is adequate for estimating
ferroelastic shear angles if the crystal orientation is known. In short, the
topography strongly suggests that only four domain variants are present and
that polarisation, according to the literature, will be confined to within the plane
of the crystal.
In theory, there are six permissible domain states allowed in Cu-Cl boracite
(Table 2 of [68] and Table 27 of [50]). The remaining two, which correspond to
sheared domains with an out-of-plane polarisation, were never observed here
in AFM images of native topography. To appreciate how the four ferroelastic
domain variants observed can readily combine (and what this means when
addressing the additional ferroelectric nature of these domains), consider the
schematic presented in Figure 3.4. The four, coloured rhomb-like shapes
represent four of the six allowed ferroelastic shear states of the unit cell, where
the shear angle has been exaggerated and the direction of polarisation
indicated. It can be appreciated that domains with an opposing sense of shear
have matching rhomb-like faces that can meet together strain free. These, in
turn, correspond to 180° domains with domain walls oriented along the
<100>pc. On the other hand, creating 90° domain walls, which involves two
adjacent unit cells, such as those coloured green and red in the schematic,
requires that the constituent unit cells are cut in half, specifically along the
<110>pc plane. This reveals matching rhomb-like sections that may also
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combine strain free and, consequently, generates 90° domains with a
corresponding domain boundary aligned along the <110>pc plane.
It is worth noting that although the phase transition in Cu-Cl boracite
produces six ferroelastic domain variants, there is a strict 1:1 (“one-to-one”)
correspondence between the sense of ferroelastic shearing and the orientation
of the polarisation vector such that only six permissible polarisation
orientations also exist. This results in 90° domain walls being either head-head
or tail-tail and, interestingly, opens up the possibility of such walls possessing
unique electrical transport behaviour by virtue of the polarisation discontinuity
across the walls. To demonstrate this, one can characterise the local electrical
behaviour across domains and domain walls using c-AFM, which is discussed
in the next section.

Figure 3.4 | Common domain structures in (001)pc-oriented Cu-Cl boracite. (a)
Formation of 180° domains involves matching two unit cells each with an opposing
sense of shear. The strain-free formation of 90° boundaries requires that adjacent
unit cells are cut along the <110>pc plane (indicated by the white-dotted lines). This
reveals a second pair of matching rhomb-like sections that fit together without
incurring a strain mismatch. (b) If a scanning probe were rastered across such a
domain structure, the ferroelastic shearing of each domain would manifest as four
distinct types of plane, with a relative orientation of 90° with respect to rotations
around the 𝑧-axis (surface normal). (d) Plan view of (c) and the corresponding
polarisation vector of each domain.
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3.1.4 Native charged domain boundaries
Figure 3.5 shows the local electrical behaviour of another group of native
domains comprising the same crystal, obtained using conducting Atomic Force
Microscopy (c-AFM), a technique described in Chapter 2. Regarding the
experimental set-up, the underside of the crystal is embedded in conducting
silver adhesive to form a bottom electrode, after which it is attached to a copper
block from which an electrical connection to the Veeco Dimension 3100 AFM
system is established. The (Pt/Ir)-coated conducting scanning probe serves as
the second, grounded electrode. By applying -12Vdc across the crystal whilst
simultaneously rastering the probe across the surface (at a slow scanning
frequency of 0.0625 Hz), local variations in electrical current are monitored,
and both topography and current information are captured simultaneously.
At first glance, a variety of bright “I”- or “L”-shaped lines are clearly visible
in the current channel (Panel (c) of Figure 3.5), corresponding to regions of
enhanced electrical conduction (with respect to the bulk). Less visible,
however, are faint, “light blue” lines that correspond to regions of suppressed
electrical conduction. Superimposing the topography map with the current
map, one generates the composite presented in Panel (d). Here, it becomes
clear that the anomalous electrical behaviour coincides exactly with the
position of domain walls as observed in topography. Domain boundaries more
conducting than the bulk domains are hence referred to as “conducting” walls,
and those boundaries more insulating than the domains are referred to as
“insulating” walls.
Local current-voltage (I-V) measurements were performed using the same
conductive scanning probe on two adjacent conducting and insulating walls for
the voltage range 0-12Vdc. For biases greater than 4Vdc, the distinction
between conducting domain walls and the bulk becomes apparent. In this
instance, the largest currents recorded were on the order of 1pA. Comparing
this result with other improper ferroelectric systems, currents on the order of
10-100pA are typically observed in some members of the hexagonal
manganites [32], [33]. The domain wall conduction in the manganites is
associated with the aggregation of free charge carriers at head-head or tail-tail
domain boundaries. In our case, to determine which polarisation configuration
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generates each charged wall type, one can resort to Piezoresponse Force
Microscopy (PFM) to determine the local domain configuration.

Figure 3.5 | Charged domain walls and IV measurements. (a) Schematic
illustrating the experimental c-AFM setup. (b) Local topography. The scalebar
measures 5µm (c) Spatially-resolved electrical current, imaged at -12Vdc, from the
baseplate. (d) Composite image of topography and current demonstrating that
current anomalies are associated with specifically oriented domain walls. (e)
Representative line profiles illustrating the typical currents sourced from charged
conducting (red) and insulating (blue) domain walls. (f) Current-Voltage
characteristics of a charged conducting (red) and insulating (blue) domain wall.
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3.1.5 Local polarisation configurations inferred from PFM
3.1.5.1 Lateral PFM in Cu-Cl boracite
The results from PFM are presented in Figure 3.6. For each scan orientation,
indicated by the grey motif representing the probe cantilever, the topography,
lateral amplitude, and phase are obtained. Two mutually orthogonal lateral
PFM images were acquired, noting that a vertical PFM scan was also obtained
(not shown here) and yielded neither phase contrast nor amplitude signal. This
is an indication that the polarisation, to within the uncertainty of the
experimental equipment, is entirely in-plane. This is consistent with the
observed topography, shear angle, and c-AFM information examined thus far.
Flexure of the AFM probe, caused by a polarisation that is co-aligned with the
long axis of the probe cantilever, can result in a vertical PFM signal and,
consequently, an erroneous interpretation of the local domain structure [103].
Caution was therefore exercised to ensure that, based upon the appearance
of the ferroelastic domains from topography, the relative scanning orientation
between the cantilever long axis and polarisation was roughly ~ 45°.
The topography maps confirm that for each scan orientation the exact same
surface region is being examined. The amplitude and phase contrast for each
scan orientation is distinct and indicative of a domain structure that can be
readily determined. By superimposing the phase maps, a lateral PFM phase
composite is created. A peculiar feature of this composite is that all domain
walls, regardless of their alignment with the <100>pc and <110>pc
crystallographic axis, possess a discontinuity in polarisation across their
respective boundaries. This is at odds with the study by Zimmermann et al.
[70], who previously determined that polarisation is strictly aligned along the
[001]pc crystallographic axis and that, due to mechanical compatibility
constraints, the only walls that should be charged are those aligned along
<110>pc. Moreover, only <110>pc aligned walls show current anomalies in cAFM, which is consistent with the formation of 90° head-head or tail-tail
charged domain boundaries and uncharged 180° boundaries along <100>pc.
This anomaly was consistently observed across multiple PFM datasets.
Fearing that certain scanning orientations were being mislabelled, and hence
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incorrectly interpreted, an identical PFM measurement was performed to infer
the domain structure of a bulk single crystal of the proper ferroelectric barium
titanate (BaTiO3, “BTO”). This particular crystal was chosen due to its
polydomain structure, the analysis of which also requiring two mutually
perpendicular sample/cantilever orientations.
Figure 3.7 reveals the results. For each scan orientation, the exact same
surface region is also examined. The topography here, unlike, in Cu-Cl
boracite, would not suggest any particular domain structure, but the phase
maps reveal a rich microstructure consisting of corrugated domains 5-10 µm
wide that do not appear to correlate with the topography. An additional vertical
PFM scan was performed but, again, no signal was detected, thus one may
conclude that for this particular region the domain structure is also entirely inplane. By overlaying the phase information to create a composite image, a
total of four polarisation components are obtained and colour-coded to
generate a domain orientation schematic, which suggests that two types of
domain wall are present: uncharged 180 walls and uncharged head-tail 0
domain walls. This result is consistent with the literature; see Eng et al. [104]
for example, who originally performed PFM within the centre of a grain
comprising a ceramic sample of BTO, and determined a similar domain
structure. I performed additional experiments on the in-plane, uniaxial
ferroelectrics lithium niobate (LiNbO3, “LNO”) and erbium manganite (ErMnO3,
“EMO”) to ensure that the phase contrast colours were correctly assigned and
correctly interpreted for Cu-Cl boracite.
PFM routinely provides an excellent means to infer the local domain
structure of many ferroelectric systems [105], so it is very surprising that
anomalous PFM in the boracites is consistently observed. Amongst the variety
of techniques employed thus far to characterise the local properties of domains
in boracites, PFM was the most demanding, and I outline some cofounding
factors that adversely affected PFM in boracites in the next section.

70

Figure 3.6 | Lateral-PFM in Cu-Cl boracite. (a) Local topography, lateral
amplitude, and phase for one orientation of cantilever/polarisation. (b) The second,
orthogonal orientation with respect to (a). (c) Phase composite and the assignment
of polarisation vectors to the local domain structure, which erroneously predicts
polar discontinuities across every domain wall. The black scalebar measures 10µm.
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Figure 3.7 | Determination of local domain microstructure in BTO. (a) The local
LPFM response of a 50µm2 region of a BTO bulk single crystal (5Vac at 20kHz). The
scanning probe is represented by the grey motif, underneath which sit two colourcoded arrows that indicate the relevant lateral component of polarisation sensed
during that particular scan. (b) The second in-plane polarisation component is
obtained by rotating the sample with respect to the cantilever (as indicated by the
rotation of the grey motif). (c) A colour-coded composite map of the two in-plane
phase maps presented in (a) and (b) alongside a schematic illustrating the local
domain orientation inferred by the phase composite. The scalebar measures 10µm.
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3.1.5.2 Outstanding issues concerning PFM for Cu-Cl boracite
A variety of issues were encountered when attempting PFM on Cu-Cl boracite.
It is usually encouraged that, prior to any given AFM-related scan, the region
of interested is thoroughly cleaned. Removing loose dirt or debris, for example,
from the surface is important as it has the potential to adversely affect the
scanning probe’s ability to track the sample topography and monitor the
associated PFM amplitude and phase. Despite also bathing the samples in
chemicals such as acetone and isopropanol to remove additional surface
adsorbates, meaningful PFM imaging of Cu-Cl boracite was troublesome. In
fact, c-AFM became the primary means of identifying charged domain
boundaries (and inferring local domain orientation) in this system. In some
cases, once the surface was cleaned, a loading force was also applied to the
sample surface via the scanning probe to further remove any stubborn debris
or adsorbates. Naturally, the metallic coating of the probe is worn away during
this process, thus it is exchanged for a new probe and then PFM is performed
once the user is content with the local cleanliness of the sample as inferred
from the topography channel. These techniques, however, did nothing to
‘correct’ the lateral PFM contrast in Cu-Cl boracite.
Occasionally, it was observed that by removing the entire top surface layer
of the crystal via mechanical polishing, one could recover amplitude and phase
signal contrast. This was largely avoided, however, to ensure no slope was
induced into the original crystal face; this could potentially create a surface with
real out-of-plane polarisation components that would be activated during
vertical PFM scans. In some cases, when the crystal was heat cycled, the
newly formed domain structure would exhibit distinct LPFM contrast, but the
resulting interpretation of PFM phase would suggest still that all domain
boundaries are charged, such as that presented in Figure 3.6.
In instances where PFM could be performed, I was confronted with the issue
of a PFM phase contrast that would change with increasing scanning probe
speed. Typically, the user can perform PFM at speeds on the order of 1Hz or
more, i.e., one scan line per second. This is especially true for materials with
large converse piezoelectric coefficients such as LNO, possessing a
spontaneous polarisation as large as 80𝜇𝐶/𝑐𝑚2 , and almost two orders of
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magnitude larger than that in Cu-Cl [51]. In Figure 3.8, the effect of the scan
speed on a local region of Cu-Cl is illustrated, where scan speeds below
0.25Hz allow for the lock-in amplifier to properly track local changes in phase.
This, in conjunction with the as-obtained piezoresponse of Cu-Cl (and
occasional lack thereof), made systematic studies of the domain structure
using PFM difficult.
However, a technique to extract a meaningful piezoresponse signal from
as-obtained PFM maps in Cu-Cl boracite was originally outlined by McQuaid
et al. in their study of Cu-Cl boracite (see the supplementary section of [24]).
Here, I also attempt this correction to infer the local polarisation orientation.
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Figure 3.8 | Effect of scan speed on local piezoresponse. (a) Local topography
and (b) - (c) corresponding lateral-PFM amplitude and phase maps at consecutively
slower scanning speeds. (d) For relatively faster speeds, the as-obtained phase is
flipped (blue line), thus making any interpretation of the local polarisation orientation
difficult.
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3.1.5.3 Correcting PFM using a deflection-based method
In the study by McQuaid et al. [24], the same anomalous PFM in Cu-Cl boracite
is reported, i.e., the inferred domain configurations suggest that all domain
boundaries, irrespective of their crystallographic orientation, are charged. To
address this issue, they note that the topographic deflection, that is, d𝑧/d𝑥 or
d𝑧/d𝑦, for each scan orientation closely resembled the as-obtained
piezoresponse maps. This was a possible indication of topographic crosstalk
[106], [107], and hence they considered what effect topography would have on
the interpretation of the local piezoresponse and how it could be rectified.
Lateral PFM is sensitive to torsional deflections of the scanning probe. With
this in mind, topographic gradients oriented perpendicularly with respect to the
torsional axis of the scanning probe were considered as a potential source of
the anomalous LPFM signal. By assigning the deflection-based signal equal
weighting with the anomalous piezoresponse signal (by normalisation of each
map), a linear combination of the two was calculated via:

𝑃𝑅(𝑖, 𝑗) + 𝑘

𝜕𝑧(𝑖, 𝑗)
;
𝜕𝑥

Eq. 3.3

𝑃𝑅(𝑖, 𝑗) − 𝑘

𝜕𝑧(𝑖, 𝑗)
;
𝜕𝑥

Eq.3.4

𝑃𝑅(𝑖, 𝑗) + 𝑘

𝜕𝑧(𝑖, 𝑗)
;
𝜕𝑦

Eq. 3.5

𝑃𝑅(𝑖, 𝑗) − 𝑘

𝜕𝑧(𝑖, 𝑗)
,
𝜕𝑦

Eq. 3.6

where 𝑃𝑅 is the piezoresponse, 𝑖 and 𝑗 represent the position of each pixel
comprising the piezoresponse image, 𝜕𝑧/𝜕𝑥 and 𝜕𝑧𝜕𝑦 represent the
deflection, and 𝑘 is a weighting factor that is set to unity. After this procedure,
illustrated in Figure 3.10, usually one combination along 𝑥 and another along
𝑦 generates a “corrected” piezoresponse signal that is also consistent with the
observed topographic shearing and c-AFM (such as that presented in Figure
3.3 and Figure 3.5).
The anomalous piezoresponse of the numerous Cu-Cl boracite examined
here is considered to be a genuine phenomenon. A comprehensive
understanding of this anomalous effect, however, was beyond the scope of
this thesis, hence the ad hoc approach when correcting PFM images.
Recently, however, our group have begun to seriously treat this issue in a more
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rigorous manner by considering the piezoelectric tensor and the variety of
tensor components that would be activated (by the inhomogeneous electric
field of the scanning probe) during PFM for particular crystal orientations and
miscuts in Cu-Cl boracite. In any case, the assignment of polarisation using
solely topography and c-AFM is correct to within a 180° in-plane reversal of
the polarisation vectors. With the additional, corrected PFM information
determined using the deflection-based crosstalk method, this degeneracy is
now removed, allowing for one to assign charged domain boundaries in the
following manner: charged conducting domain boundaries, aligned along
<110>pc, are inferred as being due to a local 90° tail-tail orientation of
polarisation across the boundary. Charged insulating walls, also aligned along
the <110>pc, are considered to be caused by a 90° head-head domain
configuration across the domain boundary.
As an intermediate summary, we have examined native domain patterns in
a (100)pc-oriented sample of Cu-Cl boracite using a combination of AFM, cAFM, and PFM. The samples investigated consist of four domain variants that
manifest as distinct sample surface corrugations only a few microns wide. The
local electrical transport behaviour of domain boundaries along <110> pc is
distinct from both <100>pc-oriented boundaries and the remaining bulk
material, exhibiting either enhanced or suppressed electrical conduction.
These properties are consistent with the relationship between ferroelastic
strain and ferroelectric polarisation previously established by Zimmerman [70],
suggesting a polarisation that is entirely oriented in the plane of each crystal
examined in this thesis. Subsequent LPFM measurements were performed to
determine the local polarisation orientation but revealed a polydomain
configuration where all conceivable domain boundaries were charged; at
complete odds with AFM and c-AFM. A deflection-based crosstalk method was
employed to correct the PFM, from which physically meaningful PFM maps
were extracted to infer the 90° tail-tail and head-head nature of charged
conducting and insulating walls, respectively, in this system.
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Figure 3.9 | As-obtained piezoresponse for Cu-Cl boracite. (a) Local
topography. Scalebar measures 5 µm. (b) – (c) Two, as-obtained lateral
piezoresponse maps with a relative orientation of approximately 90° with respect to
each other. Grey motif represents the scanning probe, where the relevant direction
of polarisation components is indicated by the yellow and blue arrows. (d) Inferred
domain configuration from (b) and (c) would suggest that all domain boundaries,
regardless of crystallographic orientation, possess a discontinuity in polarisation.
(e) – (f) Topographic derivative along the 𝑥 and 𝑦 directions appear similar to the
as-obtained LPFM amplitude maps.
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Figure 3.10 | Corrected piezoresponse maps. (a) Local topography. Scalebar
measures 5 µm. (b) – (c) Corresponding piezoresponse maps after examining the
linear combination of as-obtained piezoresponse and deflection signal. By choosing
the appropriate combination, two mutually orthogonal piezoresponse maps are
generated, after which the domain configuration in (d) is inferred. The new maps
are consistent with current anomalies observed in c-AFM, (e).
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3.2 Stress-induced domain patterns
The past decade has cemented the idea that electrically conducting domain
walls can be treated as the constituent wires of an electrical circuit, whereby
the creation, positioning, and destruction of these two-dimensional planar
sheets would allow for reconfigurable electronic circuits [108]. However, if they
are to be incorporated into device geometries, then precise control over where
and when functional domain boundaries are injected into a system needs to
be mastered, something that remains at its nascent stage in ferroelectric
materials. Remarkably, however, one can inject, erase, and reconfigure
domain patterns in Cu-Cl boracite by virtue of its amenable ferroelastic
properties which, in conjunction with its ferroelectric properties, makes it a
viable candidate in the effort to realise domain wall-based nanoelectronics. In
this section, we take a cursory look at some studies relating to the field-induced
creation of domain boundaries in a selection of ferroelectric systems, and then
outline a variety of techniques that allow one to routinely generate similar
domain configurations in Cu-Cl boracite.

3.2.1 Electric field-induced domain wall injection
Whyte et al. [109] successfully demonstrated electric field-induced domain wall
injection in a lamellar slice of single crystal KTiOPO4 (“KTP”), a proper uniaxial
ferroelectric, by milling holes through the lamellar slice that alter the local field
strength. Supported by finite element modelling, upon application of an
external DC bias, domain walls would readily appear within the vicinity of the
milled feature, which specifically generated a local increase in the electric field
strength, and hence a strong tendency for site-specific switching and
nucleation of domain boundaries.
Sharma et. al. [110] performed a similar domain wall injection experiment,
save now for the introduction of a locally applied electric field created by a
conducting AFM probe. Small co-planar electrodes were placed on the surface
of a thin bismuth ferrite (BiFeO3, “BFO”) film and, by increasing the bias
between them, a domain wall was observed to nucleate in the interelectrode
gap. Interestingly, due to the crystallographic orientation of the thin film, a pair
of charged domain walls formed, and thus the notion of altering the resistive
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states between the co-planar electrodes was realised by altering the number
of charged domain boundaries within the gap.
These studies specifically relied on electric field-induced domain wall
injection. Such a methodology is applicable to most ferroelectric systems, but
in improper ferroelectric systems, where spontaneous polarisation is not the
primary order parameter, substantial electric field strengths are required to
induce ferroelectric switching. This is especially true on the macroscopic scale.
Instead, it is intuitively expected that the ferroelastic microstructure is more
amenable to applied stress, where reconfiguration of the ferroelastic
microstructure simultaneously reconfigures the ferroelectric domain structure.

Figure 3.11 | Electric field-induced domain wall injection. (a) Scanning electron
microscopy (SEM) image of a lamellar slice of uniaxial ferroelectric KTP possessing
multiple bore holes. (b) Finite element modelling indicates that the local electric field
strength increases in the vicinity of the milled features. (c) – (d) Corresponding PFM
imaging before and after application of an electric field reveals the formation of new
domains (and domain boundaries), the position of which correlating spatially with
regions of increasing field strength. Figured adapted from [109].
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3.2.2 Domain wall reconfiguration via mechanical stress
By applying a sufficient loading force via a scanning probe, local ferroelastic
(and consequently ferroelectric) domain structures can be altered in a dramatic
manner. This is particularly striking in thin film, mixed phase bismuth ferrite
(BiFeO3, “BFO”). By adhering to the lattice parameters of the underlying
substrate, thin film BFO, which is naturally rhombohedral, will adopt a purely
tetragonal phase. However, as the thickness of the thin film layer increases,
partial strain relaxation (due to the substrate) occurs, leading to the recovery
of the original rhombohedral phase, now embedded within a tetragonal matrix.
[111]. For a fixed substrate thickness, the population of rhombohedral and
tetragonal phase can be altered via the application of either an electric field,
which preferentially generates the tetragonal phase, or through mechanical
stress via the scanning probe, which leads to an increase in the rhombohedral
population. An interesting feature of these field-induced boundaries is that they
are electrically conducting, as was shown in [112], unlike the native
boundaries, which do not appear to conduct unless they have been doped
[113]. Naturally, by changing the phase population locally using a small
conducting probe, the resistive state of the region is also altered.
Both electric field-induced and mechanical switching experiments are
typically performed on thin film systems. However, some macroscopic crystals
have been subjected to localised stress, where local reorientation of domains
and polarisation has been demonstrated in response to external stress fields
facilitated by sharp nano-indenter needles. In a study by Schneider et al. [114],
a large grain in a barium titanate (BaTiO3) ceramic was subjected to an
inhomogeneous stress field via an indenter with a conical profile 800nm in
radius. The local domain configuration was subsequently inferred using lateral
piezoresponse force microscopy before and after indentation, where distinct,
stable changes in the domain orientation were observed in response to the
applied stress. The applied force from the indenter exceeded the local
elastic/plastic transition such that a permanent depression remained, but
ferroelastic domain reconfiguration occurred circumferentially around the
indenter/sample contact point, revealing a complex array of domains with an
overall quadrant-like response (see Figure 3.12).
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Figure 3.12 | Domain reconfiguration via mechanical stress. (a) – (b) Local
domain microstructure post application of point pressure from a micro-indenter
needle. (c) Characteristic topography of thin film, mixed phase BFO, comprising of
needles of rhombohedral (R) phase embedded within a tetragonal (T) matrix.
Topographic derivative also shown for clarity of R-phase. Scalebar measures
500nm. (d) Population of either phase can be modified via the application of bias,
which preferentially induces T-phase, whereas a loading force from the scanning
probes allows for recovery of the original R-phase. Corresponding c-AFM reveals
that, unlike native R-T boundaries, stress-induced boundaries are electrically
conducting. (a) – (b), (c), and (d) adapted from [114], [113], and [112] respectively.
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In 2017, McQuaid et. al. [24] demonstrated a technique for creating ordered
patterns of conducting domain walls in a large, bulk single crystal of Cu-Cl
boracite (the same examined in this thesis) using mechanical pressure
administered by a sharp metal needle. To improve susceptibility to the applied
stress, the temperature of the sample was raised to one degree Celsius below
the transition temperature, i.e., 90-91°C. Upon removal of the needle, a
depression on the sample surface remained, which consisted of domain
quadrants with a finer-scale domain pattern. Current mapping via c-AFM
revealed that each domain wall comprising each quadrant boundary is
charged, appearing in distinct pairs that are either more conducting or more
insulating than the bulk material itself. Based on the surface trace of these
pressure-induced, charged domain boundaries, it was apparent that their
alignment along the 〈

0〉𝑝𝑐 axis was consistent with the native charged

domain wall structure, which is known to form as a result of 90° tail-tail/headhead boundaries (Figure 3.13).
In the next section, I attempt to replicate the domain wall injection results of
McQuaid et al. [24]. I elaborate further on how it is possible to reconfigure of
the quadrant pattern in order to create long rectilinear charged domain walls
(millimetres in length) and void of any finer-scale domain structure. These
injected domain patterns are subsequently characterised, where possible,
using the same scanning probe techniques employed previously.
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Figure 3.13 | Stress-induced charged domain walls in Cu-Cl boracite. (a)
Schematic illustrating local domain wall injection using point pressure from a
preparation needle. The stress-induced walls specifically aligned along the <110>pc
axis are also observed to be charged, either of the conducting or insulating type.
Scalebars measure 10µm. (b) Crossed polarised optical micrograph of a quadranttype pattern injected into a bulk crystal of Cu-Cl boracite. The perceived thickness
of the <110>pc-aligned walls is a focusing artefact. Scalebar measures 100µm. (c)
Inferred domain configuration from PFM and c-AFM. Adapted from [24].

3.2.3 Domain wall injection in Cu-Cl boracite
Initially, an in-house pressure rig was designed to facilitate application of point
pressure to the crystals. The rig comprised of a laboratory jack upon which the
crystal would sit, and a spring-loaded spindle within which sat a
micromanipulator needle. By rotating the laboratory jack, the platform would
vertically rise, where a given sense of rotation had a corresponding lift or
retraction in vertical height. Rotating the jack enough times eventually meant
it was brought into coincidence with the spring-loaded spindle/needle system
such that the crystal would touch the micromanipulator and pressure could be
applied. A depth gauge was attached to the spindle such that its displacement
could be measured, and thus knowledge of the spring constant, displacement
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of the needle and its approximate contact area with the sample would allow
one to quantify the point pressure applied to the crystal.
Difficulties eventually arose as a temperature stage was always required to
simultaneously heat the crystal to near its ferroelectric transition temperature
for the sake of improving susceptibility to the applied stress. Quantifying the
applied pressure, therefore, became problematic as the heating stage tended
to drift during the application of pressure. Moreover, no camera equipment
could be incorporated into the setup to allow for simultaneous acquisition of
the domain reconfiguration as the digital calliper and spindle was positioned
directly above the sample, thus preventing a camera from observing down the
same line of sight. In Figure 3.14, however, two images of a Cu-Cl boracite
crystal are presented, before and after application of point stress via the
pressure rig. It can be seen that the entire native domain configuration has
been altered. Extremely long, rectilinear domain walls form and, based on
previous assignment of crystallographic directions, possess a surface trace
along the <110>pc. Four domain walls are observed that separate four distinct
quadrants, save for the presence of some off-axis <100>pc domain wall
needles that appear to straddle each of the four <110>pc-aligned walls.
To address this issue of administering pressure in-situ, the crystal was
instead mounted under a polarised light microscope (Olympus BX51
Fluorescence Microscope) with a large working space and heated near its
transition point. To avoid immediate displacement of the crystal when the
needle was brought into close proximity, the underside of the crystal was
usually embedded in a small portion of melted wax. In Figure 3.15, one can
see the results of applying pressure using a pair of macroscopic-sized
laboratory tweezers. The large droplet-like features on the surface consist of
debris and melted wax. Throughout the sequence of images presented in
Figure 3.15, the tweezers are carefully introduced into the field of view and
subsequently used to apply point pressure to the crystal. Immediately, domain
reconfiguration was observed to occur and nucleate at the probe/sample
contact area. To the left of the probe, a domain wall aligned along the <110>pc
propagates through the crystal towards the lower left-hand side of the crystal,
straddled by what appear to be a large population of <100>pc-oriented domain
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boundaries. The length of the wall and the density of <100>pc-aligned walls
was observed to increase when the loading force was also increased. Only so
much force could be applied, however, before there was a tendency for the
crystal to slip. Upon removal of the point pressure source, the crystal appears
to adopt an equilibrium domain pattern comprising of a complex quadrant
structure, the centre of which spatially correlating with the position of the
tweezers during the application of pressure. To characterise the structure on
a more local scale, I resorted to AFM imaging.

Figure 3.14 | Pressure induced domain wall reconfiguration using a point
pressure source. (a) Crossed polarised, optical microscopy image of the native
domain structure (obtained via heat cycling of the crystal). (b) Post application of
point pressure (from a pair of tweezers). Dramatic reconfiguration of the entire
crystal is observed. The quadrant structure is characterised by four primary domain
boundaries aligned along the crystallographic <110>pc axis. The scale bar
measures 100µm.
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Figure 3.15 | In-situ, stress-induced domain reconfiguration. (a) Native domain
structure that formed after cooling the crystal beneath its transition point. (b)
Incoming tweezer leg used to apply stress to the crystal. (c) Sample/probe now
make contact (tweezer leg outlined by solid white line). (d) Sustained pressure
causes progressive domain reconfiguration. (e) Increasing the applied pressure
results in the creation of a larger quadrant-type pattern. (f) Subsequent removal of
the tweezers causes the crystal to relax into an equilibrium configuration of
domains. Scalebar approximately 200µm.
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3.2.4 Further insight using scanning probe techniques
The stress-induced domains were examined using AFM and c-AFM,
specifically on the Veeco Dimension 3100 AFM system. Unfortunately, no
meaningful PFM contrast was obtained for these particular domain patterns.
In Figure 3.16, the centre of a stress-induced domain pattern is presented.
The corresponding c-AFM reveals that the <110>pc-oriented boundaries are
charged, either of the conducting or insulating type, in agreement with the
observation by McQuaid et. al. [24]. To examine the relative orientation of each
plane, a sample of unit vectors is extracted from the topography image. The
resulting polar plot reveals distinct bundles of unit vectors, consistent with the
ferroelastic domain variants previously determined as giving rise to the native
domain microstructure.
It is possible to reconstruct the quadrant pattern using purely native domain
configurations, such as the colour-coded domain variants presented previously
in Figure 3.4. A natural consequence of this is the formation of <110>pcoriented

charged

boundaries,

specifically

two

pairs

of

opposing

conducting/insulating boundaries. By simply extending the width of the blue
and red domain variants in the colour-coded model, one can also account for
the observation of charged wall pairs that do not meet exactly at the centre of
the injected quadrant pattern. The emergence of this 180° uncharged
boundary is attributed to the finite size of the preparation needle, as the stress
field does not extend outwards from an infinitely small point. An additional
consequence of the colour-coded model is a topographic protrusion that is
anticipated to form on bottom crystal surface. Although not presented here, I
remark that this particular topographic feature was observed on various
occasions by simply turning the crystal upside down and scanning the region
using AFM. The formation of this topographic protrusion leads one to the
speculation that if the crystal is firmly clamped to a specimen disk using wax,
or silver paste in particular, such that there is no space between the crystal
underside and the specimen disk, then it becomes more difficult to inject the
quadrant-type patterns described above.
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Figure 3.16 | Characterising of stress-induced domain patterns. (a) A 50µm2
AFM topography image of a stress-induced quadrant domain pattern. (b) Spatially
resolved c-AFM reveals distinct current anomalies at the <110>pc-oriented
boundaries, consisting of oppositely-oriented pairs of charged conducting and
insulating domain walls. (c) Polar plot revealing the relative orientation of the unit
vectors normal to each plane. (d) Reconstruction of the ideal quadrant-type domain
pattern using colour-coded domain variants. (e) Plan view of (d) with the
corresponding in-plane polarisation orientations, a natural consequence of which is
the formation of the charged domain boundary pairs as observed in experiments.
(f) If one were to physically rotate the crystal upside down, the corresponding
topography would resemble a surface protrusion.
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3.2.5 Pressure-resistive domain states
Historically, many members of the boracite family of minerals have been the
subject of various X-ray-based experiments, which specifically required
monodomain states for reliable determination of the lattice constants (as
ferroelastic twins and growth sectors would adversely affect the results) [64],
[72], [115]. To generate a monodomain state, the crystals are typically poled
under sufficiently high electric field to ensure complete polarity reversal.
Another means of generating a monodomain state is to mechanically squeeze
the crystal along the appropriate crystallographic axes to remove domain
boundaries. This technique was employed in [74], [75], whereby (100)pc
platelets were squeezed (using tweezers) along the [110] pc direction. In this
thesis, it was also possible to switch the crystals to a near-monodomain state
following the same procedure. The aim here, however, is to stress-induce
quadrant-type domain patterns into a monodomain state in the hope that
“clean” domain structures can be established.
To avoid sudden displacement of the crystal, the underside was again
embedded in wax and simultaneously observed under a transmission optical
microscope (with crossed polarisers). Once the crystal was secure, it was
squeezed along the [110]pc direction using a standard pair of tweezers. The
resulting domain pattern is present in Figure 3.17, where it can be appreciated
that the majority of the crystal has been ferroelastically switched into a nearlymonodomain state.
An interesting property of this few-domain state is that it became
increasingly more difficult to inject the usual quadrant-type pattern of domains
described previously. In Figure 3.17, two attempts were made to stress-induce
new domain boundaries. By administering the same magnitude of pressure
(via the same pair of tweezers previously used to inject domain walls), there
was little-to-no new domain formation. In the sequence of polarised light
microscopy images, only a few <100>pc-oriented domains emerge, though
they subsequently coalesce or disappear upon removal of the stress field. This
is perhaps a detrimental feature of adopting an otherwise ideal monodomain
state; there appears to be no region within the crystal where it is more
preferential for domains and domain boundaries to nucleate, whereas before
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the domain walls were injected into an already complex domain configuration,
with a corresponding complex energetic landscape that is possibly more
amenable to the applied pressure. To recover the more usual domain patterns,
the crystal was simply heat cycled through its ferroelectric/ferroelastic
transition temperature near 91°C.

Figure 3.17 Pressure-resistive domain states. (a) First attempt at injecting
domains into a newly-monodomain state using a pair of tweezers (outlined in white).
The near-monodomain state was created by squeezing the sides of the crystal
along the [110]pc direction. (b) A second attempt at stress-inducing new domain
boundaries was also unsuccessful, in the sense that the usual, dramatic domain
reconfiguration was not observed.

92

3.2.6 Strategies for creating charged domain boundaries
The charged walls comprising the quadrant-like structures examined thus far
are typically straddled by uncharged 180° domain walls, resulting in a complex
microstructure. With consideration of the local domain configuration, one can
appreciate that subsequent application of an electric field would generate
complex rearrangement of the domain structure, or perhaps none at all; the
ferroelastic properties of such a dense microstructure could prohibit, or
severely limit the ability to move the boundaries despite applying a relatively
large electric field. Anticipating these affects, is it possible to ferroelastically
switch enough regions within the crystal to the same state such that each
domain is delimited by a singly-forming, charged domain boundary? Moreover,
is such a wall (or domain configuration) more susceptible to an externally
applied electric field?
To test this, a standard quadrant-type structure was stress-induced into the
crystal, following the procedure described previously. Once domain
reconfiguration was observed around the immediate vicinity of the probesample contact area, the probe was effectively dragged across the sample
surface to ferroelastically switch additional regions of the crystal into the same
state. To minimise immediate displacement of the crystal when the probe was
firmly dragged across the surface, the crystal was again embedded in a small
portion of melted wax. The result is presented in Figure 3.18. Here, contact
was initially made with the crystal, after which it was dragged towards the top
left-hand side of the crystal. The result was the formation of two domains,
delineated by a single domain wall with a surface trace along the <110>pc,
indicating the formation of a charged domain boundary. This wall in particular
measured over 800µm in length, vastly exceeding the typical length of native,
charged domain boundaries.
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Figure 3.18 | Injection of long, charged domain boundaries. (a) Transmission
optical micrograph (with crossed polarisers) of a Cu-Cl boracite crystal after
injecting a charged domain boundary into the left-hand side of the crystal. Scalebar
measures approximately 400µm. (b) Close-up of the wall, where the relevant
crystallographic axes and polarisation vectors have been indicated. Here, a
charged insulating domain wall was created. (c) A schematic illustrating the
technique of stress-inducing relatively long, charged domain boundaries. First, the
probe is brought into contact with the sample. Second, once domain reconfiguration
around the immediate vicinity of the probe is observed, it is subsequently dragged
across the sample to ferroelastically switch adjacent regions of the crystal into the
same state (direction indicated by red arrow). Melted wax on the crystal underside
is used to minimise displacement of the crystal during application of stress.
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3.3 Summary
Through the use of multiple scanning probe techniques, I was able to
characterise the local domain configuration of a (100)pc-cut bulk single crystal
of copper-chlorine boracite, an improper ferroelectric-ferroelastic material. The
local ferroelastic distortion of domains was manifest in topography scans,
appearing as distinct, corrugated-like peaks and troughs. Four ferroelastic
domain variants were identified and appear to generate 180° uncharged
domain boundaries and charged 90° head-head or tail-tail walls, in agreement
with the work of Zimmerman et al. [70] and group theoretical analyses [50].
Owning to the ferroelastic nature of these domains, they were observed to
reconfigure when subject to pressure from a macroscopic preparation needle,
specifically creating a quadrant-type pattern of domains around the needlesample contact area. c-AFM revealed that injected domain walls, some with
an apparent surface trace consistent with the formation of charged 90°
boundaries, also exhibit enhanced electrical properties differing from the bulk
material. This is entirely in agreement with the work of McQuaid et al. [24].
Additionally, it was observed that by effectively dragging the preparation
needle across the surface, large portions of crystal could be switched to the
same ferroelastic state, allowing for the creation of very long, rectilinear
charged domain walls on the order of almost a millimetre.
In the next Chapter, I demonstrate electric field-induced motion of these
long, injected charged domain boundaries and subsequently attempt to
characterise the associated dynamics of these walls using optical and
scanning probe microscopy techniques.
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4 Anomalous motion
and dynamics of charged
domain walls in Cu-Cl
boracite
Now that I can inject charged domain boundaries into this system in a
controlled and precise manner, I attempt to characterise the dynamics of these
charged domain walls in response to applied electric fields using optical
microscopy and, on a more local scale, AFM. Charged conducting domain
walls, under applied electric field, are observed to move in a manner consistent
with the growth of ferroelectric domains co-aligned with the field. Remarkably,
however, when charged insulating walls are moved under applied field,
ferroelectric domains anti-aligned with the applied electric field are observed
to grow. This is incredibly surprising given the head-head nature of the
ferroelectric domains across the boundary and suggests that at all applied
fields, the derivative of the positional hysteresis (and, by extension, the
polarisation-field hysteresis) is negative.
For a range of temperatures, domain wall velocities are determined for an
injected charged insulating domain boundary using direct optical observations
and a co-planar electroded geometry. Due to the strength of the electric field
decreasing away from the interelectrode gap, the domain wall is subject to a
varying pressure that causes perceived domain wall bending, amongst some
other unusual effects. Examination of the wall velocity using AFM reveals the
existence of an elastic restoring force, which is observed to pull the wall back
to its equilibrium position.
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4.1 Charged domain wall motion in Cu-Cl
Simultaneously ferroelectric-ferroelastic materials offer a unique opportunity to
directly study domain wall motion. Nowadays, ferroelectric-ferroelastic
boundaries, such as those observed in Cu-Cl boracite, can be analysed using
polarised light microscopy with large spatial and temporal resolution. In the
article by McQuaid et al. [24], they established electric field control of a long,
charged conducting domain wall under a polarised optical microscope using
the same crystals examined in this thesis (Figure 4.1). Due to the in-plane
nature of polarisation for the (100)pc-cut crystals, domain walls are moved
using a co-planar electrode geometry consisting of gold (Au) sputtered bars
approximately 50–100nm thick, with an interelectrode gap approximately
20µm wide. The wall was intermittently characterised using c-AFM and
observed to be of the charged conducting type and, consequently, a 90° tailtail ferroelectric domain boundary (see Chapter 3 for details of domain
characterisation). For the purpose of improving domain wall mobility, the
temperature was carefully increased to one degree below the transition
temperature. Once the crystal reached thermal equilibrium, an electric field of
30kV/cm (and beyond) was applied across the interelectrode gap. The wall
was observed to move in a manner consistent with the growth and contraction
of ferroelectric domains possessing components of polarisation aligned and
anti-aligned with the field, respectively.
I build upon the work of McQuaid et al. [24] by examining not only the motion
of injected charged conducting boundaries, but also the motion of charged
insulating boundaries and, where possible, quantify the associated charged
insulating domain wall dynamics for a range of fields and temperatures.
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Figure 4.1 | Electric field control of injected, conducting domain walls in CuCl boracite. (a)-(d) A sequence of polarised optical microscopy images illustrating
the motion of a 90° tail-tail conducting wall (the line separating the light and dark
regions) in response to an electric field applied via the co-planar electrodes
(represented by the grey rectangular motifs). The scale bar measures 25µm. (e)
Topography of the same regions as measured using AFM. (f)-(g) c-AFM images
acquired before and after the domain wall was moved, illustrating that the
conducting nature of the wall remains stable after field-driven motion. The scalebar
measures 10µm. After [24].

4.1.1 90° tail-tail charged conducting domain wall motion
A charged conducting domain wall was stress-injected into a Cu-Cl boracite
crystal in the manner described in Chapter 3, where its charged state was
confirmed to be conducting via c-AFM. To apply a planar electric field across
the wall, two co-planar Au electrodes, with a thickness of approximately 40nm
each, were carefully sputtered-deposited on to the crystal surface such that
the wall surface trace was located inside the interelectrode gap. The crystal
was placed on a ceramic heating stage and positioned underneath the
microscope (Olympus BX51 Fluorescence Microscope) to allow simultaneous
tracking of the wall via polarised light microscopy. The temperature of the
crystal was raised to 84°C using a Thorlabs TC 200 Temperature Controller
and monitored via a small thermocouple attached to the ceramic heating
element. After a few minutes (to allow for the crystal to reach local thermal
equilibrium), two micromanipulator needles were carefully placed on top of
each Au sputtered electrode, which subsequently sourced a long period,
triangular bias waveform from a Keithley 237 source/measure unit to drive the
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wall. For ease of analysis later, the optical focus was also adjusted such that
the domain wall appeared as a distinct, dark line separating two differently
coloured domains (the colours appearing due to birefringence).
The domain wall position was extracted in the following manner: each frame
comprising the video was extracted and assigned an appropriate time stamp.
Each pixel in a given frame has a unique coordinate, with an associated 𝑧value that essentially describes the colour of the pixel. By virtue of the domain
wall appearing as a distinct black line, a script was created that sought the
coordinates at which the lowest 𝑧-values occur. It was thus hoped that such
coordinate pairs would adequately locate the wall, but it can be readily seen
(Figure 4.2) that debris, dark in colour, is also present on the crystal surface.
Analysing the whole wall was, therefore, difficult as certain pixel rows
possessing debris, which is not anticipated to move during the biasing cycle,
would be mistaken for the domain wall.
Upon application of the triangular voltage waveform, the relative population
of domains located inside the interelectrode gap was observed to change and,
in the case of a charged conducting boundary, the movement was consistent
with the growth of the domain with polarisation (or rather component of
polarisation) co-aligned with the field. The areal population of each domain,
which is also representative of the local change of polarisation through the
entire crystal thickness, was extracted from the optical microscopy data. The
position of the wall as a function of driving bias was used to construct a
positional hysteresis loop. This loop, in turn, was used to create a normalised
polarisation-voltage hysteresis loop, created by my co-worker Charlotte
Cochard and presented in Panel (d) of Figure 4.2. For the positive branch of
the hysteresis loop, polarisation change is measured relative to the initial
domain configuration before the field is applied. For the negative branch, the
polarisation change is measured relative to the domain configuration observed
at the point where the field polarity is reversed.
It is worth remarking that positional hysteresis has been used historically to
track the motion of domain boundaries. One notable example is in the study
by Fousek and Brezina [116]. Here, they examined the movement of single

99

90° head-tail domain boundaries in bulk single crystal BaTiO 3 (subject to an
AC electric field) under an optical microscope.

Figure 4.2 | Motion of conducting domain walls under applied bias. (a)
Experimental setup. (b) c-AFM image of the charged conducting domain wall
captured at -12Vdc applied to the conducting baseplate. (c) False-coloured,
polarised optical microscopy images illustrating the motion of the domain wall when
subject to an electric field sustained by two surface electrodes (represented by the
grey rectangles on either side of each panel). The scale bar measures 20µm. (d)
Plotting the relative areal change in polarisation within the interelectrode gap. (e) A
positional hysteresis loop plotting the relative change in polarisation within the
interelectrode gap. The red arrows indicate the relevant axis for each branch of the
hysteresis loop.
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4.1.2 90° head-head charged insulating domain wall motion
Another wall was stress-injected into another sample of Cu-Cl boracite and
identified as being charged insulating using c-AFM. Adhering to the exact
same procedure as before, a long, triangular bias waveform, sustained again
by two co-planar Au sputtered electrodes, was used to drive the wall, and its
position with respect to the electrodes was tracked using polarised light
microscopy.
Throughout the entire duration of the applied waveform, the wall is displaced
in the same sense as the conducting wall observed previously (as indicated by
the field direction in Figure 4.3). Such wall motion, however, is consistent with
the growth of the domain with polarisation anti-aligned with the field,
emphasising that this wall was previously established as being 90° head-head
charged insulating via c-AFM. The associated positional hysteresis extracted
from the optical data reveals a mirroring through the 𝑦-axis of the loop, i.e., at
all applied fields the gradient is negative. Remarkably, this would imply that
the corresponding polarisation-voltage hysteresis loop also possesses a
negative gradient at all applied biasing fields.
Suspecting that human error was involved (with regards to mislabelling of
the BNC cables supplying the driving bias), the experimental set up was
independently checked by co-workers, and determined to be applying the
correct sense of waveform to the appropriate electrode. Afterwards, the
experiment was repeated, but the same “anomalous” wall displacement was
consistently observed.

4.1.3 Simultaneous motion of both charged wall types
In one instance, where the original aim was to repeat the experiment for a
different

stress-injected, charged insulating domain wall, a domain

configuration consisting of two boundaries, both physically aligned along the
same <110>pc axis and identified as being charged conducting and insulating,
respectively, was created (see Figure 4.4). This presented an opportunity to
verify the apparent anomalous motion of the insulating domain boundaries
observed thus far now that it could be immediately compared with its
conducting counterpart.
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Figure 4.3 | Motion of insulating domain wall under applied bias. (a) c-AFM
image of the charged insulating domain wall captured at -12Vdc applied to the
conducting baseplate. (b) Polarised optical microscopy images illustrating the
motion of the domain wall when subjected to an electric field sustained by two
surface electrodes (represented by the grey rectangles). The scale bar measures
20µm. (c) Plotting the relative areal change in polarisation within the interelectrode
gap. (d) A positional hysteresis loop plotting the relative change in polarisation
within the interelectrode gap. The blue arrows indicate the relevant axis for each
branch of the hysteresis loop.

Large field-of-view optical images suggest that there was no intermediate
coupling between either wall. At each end, however, hundreds of microns
away from the interelectrode gap, each charged boundary appeared to be
connected via 180° (uncharged) domain walls. Upon application of a driving
field, the following was observed: the insulating wall moved in the same
anomalous manner as before; the conducting wall, located underneath the
electrode was also displaced in the same sense, although the maximum
displacement of this wall (for the same bias) was smaller compared to its
insulating counterpart. After repeated biasing, it was observed that the mutual
distance between each wall was decreasing, such that the conducting wall was
eventually coaxed out from underneath the electrode. Eventually, both walls
were confined to within the interelectrode gap, but this resulted in a coalescing
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of the lower half of each wall, resulting in definitive elastic coupling between
the two boundaries via an additional charged conducting domain boundary
(Figure 4.5). Despite the dramatic reconfiguration of domains, the insulating
boundary consistently moved in phase with the conducting boundary under the
same applied triangular waveform.
In the aforementioned study by Fousek and Brezina [116], they captured
positional hysteresis loops mirrored about the 𝑦-axis, strikingly similar to those
presented in this thesis (Figure 4.4). The crucial aspect of this observation,
however, is that the apparent reversal of their hysteresis loops is caused by
inherent polarity reversal across the domain wall such that the relevant
polarisation directions still remain co-aligned with the biasing field, but the
corresponding positional hysteresis, in the absence of this information, would
suggest anomalous behaviour. In the case of Cu-Cl boracite, however,
crossed polarising imaging excludes this switching mechanism, on the basis
that throughout the biasing period the colour of each domain (due to
birefringence) does not change.

Figure 4.4 | Inherent polarity reversal and positional hysteresis. The loop
mirrored through the 𝑦-axis (Displacement, 𝑋), was obtained when the field was
immediately applied. After a few hours, the polarity switched, and “normal”
behaviour of the positional hysteresis loop was recovered. From [116].
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Figure 4.5 | Simultaneous motion of both charged wall types. (a) Optical
micrograph of an entire Cu-Cl boracite crystal. Au-sputtered electrodes marked by
black arrows. Scalebar measures approximately 300µm. (b) – (d) A sequence of
optical micrographs during field-induced motion of charged domain boundaries of
the conducting (left) and insulating (right) type. Continuous field cycling eventually
coaxed the wall on the left out from underneath the left electrode and resulted in
coalescence of the lower half of each charged boundary. (e) Schematic of the
domain configuration within the vicinity of the interelectrode gap, along with spatially
resolved c-AFM current data.
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4.2 Charged insulating domain wall dynamics
The ability to track and, importantly, record domain wall motion also allows one
to characterise the electric field-induced wall dynamics afterwards in more
detail. Although the experiments here allow for reasonable spatial and
temporal resolution (for high fields), they do not necessarily provide a
benchmark from which to assess domain wall velocity-related experiments in
Cu-Cl boracite. This stems primarily from the fact that there is an overall
polydomain configuration within these crystals during any given measurement,
which ultimately affects the dynamics of the wall under investigation. Ideally,
few-domain states, where only one wall exists, should be investigated to
assess wall velocity. Secondly, inhomogeneities of the electric field supplied
by the co-planar stripe electrodes invariably result in a pressure acting on the
wall that varies with spatial position. Many peculiar features are observed
during such measurements, and merit closer inspection. Considering the
ferroelectric-ferroelastic nature of the domain boundaries in Cu-Cl boracite, it
is worthwhile to compare the domain wall dynamics observed here with that
observed in classic improper ferroelectric systems. In this section, I take a
cursory look at some of the wall dynamics exhibited by charged insulating
boundaries when subject to a range of biasing fields and temperatures.

4.2.1 Historical measurements of wall dynamics in boracites
There are few studies detailing domain wall velocities in boracites. In one study
by Pétermann and Schmid [117], they examine the velocity of uncharged, 180°
domain walls in (100)pc-oriented Fe3B7O13I (Fe-I boracite). Wall velocities, 𝑣,
were observed to fit the following exponential function:
𝛿

𝑣 = 𝑣∞ 𝑒 −𝐸 ,

Eq. 4.1

where 𝐸 is the applied electric field and 𝛿 is a fitting parameter. The most
interesting aspect of this study was that under zero external mechanical
constraint, no threshold electric field value was required to initiate domain wall
motion. Additionally, domains were observed to return to their original position
within the crystal by elastic back-switching at zero electric field. With these
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observations in mind, let us take a look at some DC measurements performed
in this thesis on a stress-induced, 90° head-head charged insulating boundary
in Cu-Cl boracite.

4.2.2 Wall velocities under DC bias: individual pixel rows
The positional hysteresis measurements described previously were performed
under a range of slow-varying, triangular voltage waveforms. At the end of
each biasing cycle, the wall was relocated to the same initial position. To do
this, a DC bias was applied across the electrodes. It is during this time frame,
typically only tens of seconds in duration, that the wall position under DC field
was extracted. From before, to improve domain wall mobility, the temperature
remained at 84°C, close to the transition temperature at approximately 91°C.
In Figure 4.6, two polarised optical microscopy images illustrate the motion
of the wall. To extract the position of the wall, a Matlab ® script was created to
analyse every row comprising each video frame. The wall appears as a thick,
black line, allowing for the code to easily detect the wall position. Analysing the
entire wall, however, was difficult as certain portions (or pixel rows) possess
debris that is mistaken for the wall which, as anticipated, does not move during
the biasing cycle (and thus maintains the same pixel coordinates throughout
the video). For these reasons, individual rows were provisionally analysed
where no debris could be mistaken for the wall. In Figure 4.6, a portion of the
wall located directly inside the interelectrode gap is analysed, where the
voltage is assumed to reflect the true bias sourced from the hardware (a
Keithley 237 source/measure unit). The extremities of the wall, on the other
hand, are not necessarily under the influence of such a large field, and hence
there is uncertainty regarding the local electric field profile. For the range of
DC biases applied, the maximum wall displacement recorded was
approximately 60 pixels. The corresponding velocity of the wall, in pixels per
second, can be determined by differentiating the wall displacement with
respect to time, but the wall motion obtained here is significantly discretised
for low voltages due to the resolution of the recording software and the
magnification used during the experiment; a higher magnification optic would
have physically collied with the sample. A cursory look at the position-time
data, however, would suggest that the portion of wall analysed here travels
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with a constant velocity. To add credence to such an assumption, however,
requires that one consult the literature regarding classic velocity-related
measurements in improper ferroelectric systems.

Figure 4.6 | Domain wall position as a function of biasing field. (a)-(b)
Representative polarised optical images of the insulating domain before and during
DC biasing. The scale bar measures 100µm. (c)-(g) Displacement of the wall
section indicated by the dotted grey line in (a)-(b), as a function of time for a variety
of DC biases at a fixed temperature of 84°C.
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4.2.3 Domain wall velocities in improper ferroelectric systems
In the early 1950’s, Mitsui and Furuichi examined ferroelastic wall velocities in
Rochelle salt [118]. Under an applied square-wave bias, they discovered a
variety of features: firstly, a threshold electric field amplitude was required to
initiate domain wall motion, suggesting the presence of a built-in restoring
force acting on the domain boundary. Additionally, within the temperature
range 11 - 22°C, the velocity of the wall, 𝑣, with respect to its initial position
obeyed a linear law of the form:
𝑣 = 𝜇(𝐸 − 𝐸0 ) ,

Eq. 4.2

where 𝜇 is an experimentally determined constant and 𝐸0 is the threshold
electric field value required to initiate domain wall motion.
Domain wall velocities in the improper ferroelectric-ferroelastic gadolinium
molybdate (Gd2(MoO4)3, “GMO”) have also been studied extensively due to
the relative ease at which crystalline plates can be fabricated, which contain
one or just a few domain boundaries. In a study by Flippen [119], the velocity
of a single domain wall under the influence of an externally applied electric
field also exhibited linear behaviour, identical to Eq. 4.2 (see Figure 4.7). The
same effect was observed by Shur [120], at least until the nucleation of new
domains occurred, where it became difficult to monitor the true velocity of the
wall.
Bornarel also discovered a linear mobility law, akin to Eq. 4.2, in KH2PO4
[121] and the organic ferroelectric tanane, C9H18NO. [122]. The prevalence of
such a (linear) mobility law in improper ferroelectrics adds credence to the
possibility of linear wall velocities in the improper ferroelectric-ferroelastic
boracite family.
In Figure 4.8, the position-time data originally presented in Figure 4.6 is
presented again with straight line fits (fixed at the origin) for each position-time
graph. The corresponding residual plots (not shown), calculated by
determining the deviation of the experimental data from the fitted line, would
suggest a bad fit. However, a few key physical features of the domain wall
dynamics have been identified that may account for discrepancy in the residual
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plots. Before these additional features are considered, I attempt to examine
the entire wall motion during field-driven switching.

Figure 4.7 | Domain wall velocities in gadolinium molybdate, an improper
ferroelectric-ferroelastic. (a) Polarised optical image of a single domain wall in a
bulk single crystal of GMO. The white arrow delineates the wall. (b) Corresponding
velocity-field plot revealing the linear behaviour of the wall under an electric field
(triangular data points). From [119].
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Figure 4.8 | Position-time data and lines of best fit. (a) – (b) Optical micrographs
of the domain wall before and during application of a voltage across the co-planar
interelectrode gap. The scalebar measures 100µm (c) – (g) Position-time data for
a single line section of the wall as a function of decreasing DC bias with a line of
best fit. (h) The gradient of each position-time graph generates a constant velocity,
which is plotted as a function of increasing voltage.
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4.2.4 Wall velocities under DC bias: entire wall
To examine the entire wall simultaneously, each video frame was cropped to
eliminate multiple instances of debris on the sample surface that would
otherwise be mistaken for the wall. The result is the polarised optical image
presented in Figure 4.9. The total distance travelled for each pixel comprising
the wall for a range of biasing fields is also presented. Over the course of
approximately 200 frames of footage (that is, the horizontal axis of plots (b) –
(f) in Figure 4.9), the wall is observed to travel a larger distance overall as the
bias is increased. In particular, the portion of wall located inside the
interelectrode gap travels a larger distance compared to those wall portions
located outside the effective electrode gap. This behaviour is anticipated on
the basis that the electric field strength is largest inside the gap, and this effect
has been observed, historically, in GMO [123] as well; particular electrode
geometries were designed such that the planar domain wall was subject to a
highly inhomogeneous electric field, generating distinct bending of the wall.
Regarding Cu-Cl boracite, the wall does not appear to fragment during the
biasing process and exhibits a continuous bend that deviates from the <110>pc
crystallographic axis, at most, by approximately 1 - 2°. By extracting the
appropriate line profiles from the displacement – frame plots, one can track the
approximate shape of the wall as a function of time, as well as the position –
time behaviour of the wall, on a row-by-row basis. The corresponding plots
demonstrate distinct continuous bending of the domain boundary but, on a
row-by-row basis, the wall displacement appears to be linear with time.
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Figure 4.9 | Domain wall bending. (a) Polarised optical image of the charged
insulating domain boundary. The red arrow indicates the direction in which the wall
travels during the DC biasing period. (b) – (f) A sequence of plots that track the
total displacement of each portion of the domain wall for a range of biases. The
largest wall displacements (coloured deep red) correlate with the location of the
interelectrode gap. (g) – (h) Extracting columnar (g) and horizontal (h) line profiles
from panel (f) illustrates the approximate shape of the domain wall as time
progresses. On a row by row basis, the wall is displaced as a linear function of
sequential frames (or time).
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4.2.5 Domain wall expansion, contraction, and ratcheting
In Figure 4.10, three consecutive polarised optical microscopy frames are
presented which illustrate apparent thickening and sudden contraction of the
domain wall (when subject to a fixed DC bias). Extracting a local line profile
across the wall in each frame, distinct contraction of the domain wall width is
observed. The effect was particularly pronounced when the bias was
increased beyond 100Vdc. Consequently, the average position of the domain
wall (for a given row of pixels) was observed to jump a few pixels backwards
(towards the initial wall position at the start of the video recording), resulting in
a discontinuity in the perceived position of the wall as a function of time. This
“ratcheting” behaviour was typically followed by a straightening of the entire
wall and the emission of small, <100>pc-oriented needle-like domains where
the wall width contraction occurs, possibly a visual indication of Barkhausenrelated effects [124].
One crucial aspect of these observations is the perceived straightening of
the wall after each ratcheting event. This appears to serve as a mechanism to
alleviate the domain wall bending (caused by the inhomogeneous electric
field). It is very difficult, however, to explicitly determine the behaviour of the
domain boundary (in response to the applied DC bias) throughout the
thickness of the crystal as one is restricted to one viewing angle only (normal
to the top crystal surface). Nonetheless, one would anticipate that the electric
field applied across the surface electrodes is not only inhomogeneous across
the crystal surface but also through the crystal thickness. Naturally, this would
have implications for the position-time behaviour of those portions of wall
located further from the electrodes, which can be appreciated with
consideration of the schematic presented in Figure 4.11. Variation of the
domain wall velocity throughout the crystal thickness would generate a
perceived thickening of the domain boundary, as observed from an angle
normal to the top crystal surface. This behaviour also has implications for the
position-time data presented Figure 4.8; distinct ratcheting events, which act
to “reset” the domain wall position, could adversely affect lines of best fit and
the extraction of the relevant mobility parameters when using such a law.
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Figure 4.10 | Domain wall ratcheting. (a) – (c) A sequence of polarised optical
images illustrating the perceived thickening of the domain wall, particularly within
the interelectrode gap. (d) Corresponding line profiles demonstrate broadening of
the domain wall followed by an immediate narrowing. (e) Mapping the average
position of the wall as a function of time for a fixed bias. The purple arrow indicates
the point at which the average wall position is immediately displaced backwards. (f)
– (i) A sequence of “difference” images, where subsequent frames are subtracted
from each other to highlight regions of increased mobile activity, reveal the distinct
emission of <100>pc-oriented domain walls immediately before straightening of the
<110>pc-oriented domain wall occurs.
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Figure 4.11 | Perceived wall thickening and ratcheting behaviour. (a) A
sequence of images illustrating a side view of two domains separated by a domain
wall (black line) and its average position (red dot) as perceived by the viewer (the
eye) above the crystal surface. Upon application of a bias (via two co-planar
electrodes on the top crystal surface), the electric field is anticipated to be stronger
within the interelectrode gap and, with regards to the crystal thickness, stronger
near the top surface. The difference in pressure acting on the wall is such that the
wall is possibly inclined until a maximum angle of inclination is achieved, after which
the wall quickly assumes a more preferential inclination angle of zero, i.e., a
ratcheting event has occurred. (b) Plan view of the same event presented in (a)
would have one perceive the wall as becoming thicker. (c) Ratcheting events
subsequently cause distinct jumps in the average wall displacement.
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4.3 Measuring domain wall velocities using AFM
The decision to fix the position-time data (obtained using the optical
microscope) through the origin was encouraged by a later series of
experiments using the AFM system, specifically the MFP-3D Infinity, where the
wall was discovered to move under an applied bias as small as 1V dc at room
temperature. This observation was made possible by mapping the changing
topography associated with the field-driven wall in AFM which, as mentioned
in Chapter 2, is a technique that bypasses the spatial resolution of the optical
microscope. AFM-based wall velocity measurements were never attempted
before as no discernible wall motion was observed under the optical
microscope for such low DC biasing fields (0-10V), even at elevated
temperatures. It was understood later, however, that field-induced wall
displacements do occur, albeit only a few hundred nanometres over a period
of a few minutes. Capturing the same information via optical means would
require disproportionately large video file (tens of gigabytes), whereas more
accurate information, both from a spatial and temporal standpoint, could be
achieved using the AFM instead.
Two interesting observations were made: firstly, there was no noticeable
threshold voltage required to induce domain wall motion and, upon reversal of
the bias polarity, the domain wall immediately reversed its direction; secondly,
once the external bias was switched off, a restoring force was observed to act
on the wall, causing considerable domain back-switching. These results are
presented in Figure 4.12, noting that the wall position was usually tracked by
disabling the slow-scanning probe axis such that the same row of pixels (or
topography line profile) was repeatedly scanned.
It was possible to make wall velocity measurements during a single AFM
topography scan where, over the duration of approximately 4 minutes, the bias
was varied in discrete, manual steps of 1V to create a triangular-like waveform
ranging from -10Vdc to +10Vdc. When the bias polarity was reversed, it became
apparent that the wall overshoots its original, unperturbed position. This
overshoot is evident in the topography map when we compare the position of
the wall at the beginning and the end of the scan. This could be inherently due
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to the elastic restoring force simultaneously acting against the wall motion or,
from a more conservative perspective, due to an inconsistency in the duration
of each applied bias step; larger biases applied for a longer duration would
cause the wall to travel further. Ideally, the effect of this apparent elastic
restoring force will the subject of a future study.
The local wall velocity–bias relation can be approximated as being linear
and is consistent with the wall velocity measurements made previously at
elevated temperatures under the polarising optical microscope.

4.4 Summary
In this chapter, charged domain boundaries, both of the conducting and
insulating type, were subject to an externally applied electrical field using a coplanar electrode geometry. The field-driven motion of charged conducting
walls is consistent with the expansion (contraction) of domains aligned (antialigned) with the external field. However, charged insulating walls, under the
influence of the same sense of field, are displaced in the exact same direction
Such wall motion, however, is consistent with the expansion (contraction) of
domains anti-aligned (aligned) with the field. The corresponding positional
hysteresis measurements in the latter case reveal a distinct mirroring of the
hysteresis loop about the 𝑦-axis, which is indicative of a negative gradient for
the range of applied biasing fields examined here.
The corresponding field-driven dynamics of charged insulating walls is also
examined using optical microscopy and AFM imaging and is observed to be a
linear function of the applied bias. The observation of such a linear relationship
between the wall velocity and the applied bias is consistent with more
conventional improper ferroelectric systems such as GMO. Additional wall
dynamics are observed, including perceived bending of the wall and distinct
“ratcheting” events, which are attributed to the inhomogeneous nature of the
externally applied field.
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Figure 4.12 | Domain wall velocities determined using AFM. (a) Local
topography of the charged insulating boundary (dark vertical line). Scale bar
measures 3µm. (b) The slow-scan axis was disabled, and the wall position was
tracked as a function of bias/time repeatedly across a single scan line. Black arrows
indicates the progression of time. (c) Corresponding topographic derivative
illustrates that by increasing the bias the perceived slope increases, corresponding
to an increase in wall velocity. (d) – (h) A sequence of KPFM images illustrating
back-switching when no bias is applied. The red arrow indicates the wall position,
and its perceived slope is an artifact caused by the finite amount of time required
to scan top to bottom, or vice versa. (i) AFM topography (slow-scan axis disabled)
tracking wall position under the influence of a triangular biasing waveform. (j)
Corresponding wall velocity – bias behaviour extracted from (i).
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5 Measuring Negative
Capacitance in Cu3B7O13Cl
The 𝐏-𝐄 hysteresis associated with the anomalous motion of charged
insulating, 90o head-head domain walls in Cu-Cl boracite indicates that,
throughout the range of applied biasing fields, the gradient of the polarisation
with respect to the field is always negative. This is commensurate with a nontransient negative capacitance that should manifest as directly measurable
functional properties. In this chapter, I demonstrate that such measurements
are possible by mapping the switching currents associated with charged wall
motion. Initial measurements were hindered by relatively low field-driven
domain wall propagation speeds, where the resulting switching currents are
too small to resolve as the rate of change of polarisation is too low. A
considerably larger rate of change in polarisation, produced by a more rapid
relative motion between a static domain wall and mobile electrode, is achieved
using a technique called Charge Gradient Microscopy (CGM).
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5.1 Negative capacitance (NC)
The phenomenon of electrical components seemingly exhibiting “negative”
behaviour in response to an external field has been considered for almost a
century [125]. In electronics, for example, negative resistance [126] is a wellestablished property of some electrical circuits whereby an increase in voltage
across the device terminals results in a decrease in the electric current passing
through it, contrary to the usual, positive 𝑉 = 𝐼𝑅 relationship. Likewise, the
concept of negative capacitance has also been seriously considered, having
originally surfaced in the late 1970s in an article by Landauer. He proposed
that the “S”-shaped 𝐏 versus 𝐄 curve, resulting from the double well energy
landscape of a monodomain ferroelectric, could be exploited in the region
where d𝐏/d𝐄 < 0 to generate negative capacitance (see Figure 5.1), recalling
that capacitance, 𝐶, is proportional to d𝐏/d𝐄. However, this region was
considered to be thermodynamically unstable and inaccessible in real
experiments; polarisation is always observed to reorient with the external field,
towards regions of positive d𝐏/d𝐄 [127, p. 156]. Recent experiments, however,
suggest that locally negative contributions to capacitance are permissible, and
it is here that some of these experiments, and the phenomenon of negative
capacitance in ferroelectrics (hereafter NC), are discussed.

5.1.1 Motivation behind NC research in ferroelectrics
The ability to downscale electrical components such as transistors in
integrated circuits cannot be done so arbitrarily, but rather a minimum voltage
is required to register an order of magnitude difference in current across the
component in question. Generally speaking, it becomes more difficult to
maintain a good signal-to-noise ratio in the current such that electronic circuit
can no longer differentiate between the binary digits “0” and “1”. When
components are downscaled to the nanometre regime, power dissipation and
quantum effects play a more detrimental role. This inability to lower the socalled “sub-threshold swing” of the electrical component is dubbed the
Boltzmann Tyranny [128].
In a paper by Salahuddin and Datta in 2007 [39], they suggest that to
overcome this minimum subthreshold swing, and operate transistors such as
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MOSFETs (FETs) at a lower operating voltage, the insulating, dielectric
component of the FET could be replaced by a ferroelectric. They rationalise
that the overall energy landscape of both the ferroelectric layer and the
additional capacitive component(s) of the FET (Figure 5.1) can force the
ferroelectric into a non-polar (𝑃 = 0) state where d𝐏/d𝐄 is negative. To
appreciate why this can also lower the operating voltage, consider the model
outlined in [129] of a capacitor consisting of two dielectric layers, one
possessing a negative capacitance, 𝐶− , and the other a positive capacitance,
𝐶+ . The external voltage, 𝑉, applied across the entire structure is given by:

𝑉 = 𝑉𝐶+ + 𝑉𝐶− =

𝑄
𝑄
+
,
𝐶+ 𝐶−

Eq. 5.1

where 𝑄 is charge. Expressing 𝑄 in terms of either capacitor (here 𝑄 = 𝐶+ 𝑉𝐶+ ):

𝑉 = 𝑄(

𝐶+ + 𝐶−
);
𝐶+ 𝐶−

𝐶+ + 𝐶−
);
𝑉 = 𝐶+ 𝑉𝐶+ (
𝐶+ 𝐶−

𝑉 = 𝑉𝐶+ ( +

𝐶+
).
𝐶−

Eq. 5.2

Eq. 5.3

Eq. 5.4

Equation 5.4 yields an interesting result, namely if one capacitor comprising
the series exhibits a negative capacitance, then the term

+ 𝐶+ /𝐶− becomes

less than unity, thus acting to amplify the voltage at the dielectric-dielectric
interface, 𝑉𝐶+ . In addition to this, and contrary to the usual expectation, there
is an increase in the global (or macroscopic) capacitance. Such a capacitance
boost is considered a hallmark of the NC effect, and it is this particular trait that
has been sought after by experimentalists. It should be emphasized that, from
a thermodynamic standpoint, the global (or macroscopic) capacitance, 𝐶 =
(𝐶+ + 𝐶− )−1, cannot be negative, otherwise the principle of minimum energy is
violated [129]. There is nothing, however, to prevent individual capacitors
comprising the series from providing a locally negative contribution to 𝐶,
provided of course that 𝐶 remains wholly positive. As it is 𝐶 that is measured
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experimentally, the detection of a global capacitance boost is thus considered
an indirect measurement of the NC effect.

5.1.2 Experimental evidence of the NC effect in ferroelectrics
Indirect evidence of a NC effect emerged in 2011 when Khan et al. [130]
detected a capacitance boost (via high-frequency capacitance-voltage
measurements) in a nanoscale bilayer of ferroelectric Pb(Zr0.2Ti0.8)O3 and
dielectric SrTiO3, observing a consistent capacitance boost (with respect to the
individual layers) for temperatures greater than 200°C. A similar experiment
was conducted by Appleby et al. [131] in 2014, in which thin film barium titanate
(BaTiO3, “BTO”) was replaced as the ferroelectric layer instead. Here, they
reported a similar capacitance boost across a range of biasing frequencies,
attributing the behaviour to a NC effect specifically within the BTO layer.
Crucially, as BTO exhibits ferroelectric properties at room temperature (and
from an environmental standpoint is also lead-free), NC could potentially be
stabilised within a temperature range appropriate for functional nanoelectronic
devices. Tuning of the lattice strain via substrate mismatch was also
considered by Gao et al. [132] for a superlattice heterostructure consisting of
the ferroelectric Ba0.8Sr0.2TiO3 and dielectric lanthanum aluminate (LaAlO3,
“LAO”), illustrating the prevalence of the NC effect across a wide parameter
space.
Towards the end of 2014, Khan et. al. [133] directly measured the NC effect in
a PZT ferroelectric capacitor attached to a resistor in series, manifesting as
polarisation-voltage hysteresis loops with negative gradients in the regions
where polarisation switching occurs. Here, and in [134], it was argued that due
to the different timescales over which polarisation switching and screening
occur, where polarisation switching is the fastest of the two mechanisms, one
can momentarily access a state (<20ns in duration) where, despite an increase
in charge at the electrodes, there is a drop in potential across the ferroelectric
capacitor, i.e., a transient NC effect. It is worth remarking that once
capacitance is integrated with respect to the voltage pulse duration, it becomes
a wholly positive value, where the negative contribution (during switching)
becomes small in comparison [134].
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Figure 5.1 | Energy landscape of a ferroelectric-dielectric bilayer. (a) “S”shaped curve relating 𝐏 to 𝐄 as determined by basic Landau theory. Grey area
denotes prohibited region where d𝐏/d𝐄 < 0. (b) Bilayer energy profile (purple)
created by the individual free energy profiles for the ferroelectric (red) and dielectric
layer (blue). A global free energy minimum coincides with the thermodynamically
unstable region of the ferroelectric, allowing access to the region shaded in grey,
where the local energy curvature, equal to the capacitance, 𝐶, is negative.
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The experiments mentioned thus far rely on a Landau-Ginzburg-Devonshire
(LGD) framework that assumes a ferroelectric monodomain state. Moreover,
and with regards to the physical origin of the NC effect, imperfect screening of
the polarisation in the monodomain ferroelectric is thought to generate a
depolarisation field that supresses 𝑃 to (or close to) zero, i.e., towards a region
of negative energy curvature. There is a strong tendency, however, for real
ferroelectrics to form domains, and thus the LGD framework invoked above is
considered to be an oversimplification [135]. In 2016, Zubko et al. [136]
demonstrated the effect that multidomain ferroelectrics, both in the case of
static and dynamic domain walls, has on the dielectric permittivity (and,
consequently, the capacitance) in superlattice stacks of ferroelectric PbTiO 3
and dielectric SrTiO3. According to their adapted LGD approach, domain wall
motion is found to contribute negatively to the overall dielectric permittivity,
whereby the physical motion of the domain boundaries redistributes stray,
interfacial electric fields, resulting in a negative net contribution to the free
energy.
Direct experimental observation of regions of stabilised negative
capacitance in a ferroelectric-dielectric heterostructure was reported by Yadav
et al. in 2019 [137] using scanning transmission electron microscopy (STEM).
They hypothesised that, due to the multidomain, vortex-like domain structures
that stabilise in PbTiO3 superlattices, the core of each vortex, where
polarisation is supressed, possesses a higher energy density (compared to the
rest of the domain) such that the local free energy curvature is negative.
Another intriguing experiment was considered by Luk’yanchuk et al. [138]
for a nanodot capacitor. Here, it was rationalised that the injection of charge
into a cylindrical, ferroelectric capacitor causes domain switching and
subsequent repositioning of the domain boundary. The crucial aspect of this
movement, however, is that parts of the wall overshoot to meet the capacitor
circumference in a manner consistent with the reduction of its surface energy,
leading to an over-screening effect and, consequently, the emergence of NC.
The studies considered here are primarily concerned with an exploitation of
the local free energy landscape of ferroelectric-dielectric bilayers, or
integration of a series resistance to temporarily delay the onset of
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compensating charges during ferroelectric switching. Recently, however,
Neumayer et al. [139] proposed a different type of mechanism that generates
NC in the ferrielectric material copper indium thiophosphate, CuInP2S6,
whereby intrinsic, albeit transient, anti-alignment of polarisation with external
electric field occurs, i.e., d𝐏/d𝐄 < 0.

Figure 5.2 | Hallmarks of the NC effect. (a) – (c) A sequence of capacitancevoltage plots illustrating the capacitance boost of a ferroelectric-dielectric bilayer
(red) compared to a lone dielectric layer (blue) as a function of increasing
temperature. (d) Field-driven polarisation hysteresis with the addition of a series
resistance to momentarily delay the flow of compensating charges during
ferroelectric switching. (a) – (c) adapted from [130] and (d) adapted from [133].
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Figure 5.3 | Further evidence of the NC effect. (a) – (b) Reciprocal permittivity
plots illustrating the emergence of a negative region as a function of temperature.
(c) Direct observation of vortices in a DE-FE-DE stack (d) – (e) Corresponding line
profiles from (c) through the centre of each vortex reveal local maximum in the free
energy, which correspond to local regions of negative permittivity and, by extension,
a local negative capacitance. (a) – (b) adapted from [136] and (c) – (e) adapted
from [137].
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5.1.3 NC in the context of this thesis
The majority of studies examined here invoke LGD theory to explain the NC
effect. From an experimental standpoint also, small, nanoscale bilayer (or
superlattice) structures are typically fabricated to examine the effect. This is
understandable, considering that the original motivation behind the study of
NC in ferroelectrics stems from their incorporation into thin film or nanoscale,
transistor-based technologies [39].
In this thesis, however, it is the anomalous, field-driven motion of charged
insulating domain boundaries that is commensurate with a non-transient NC
effect; for the range of fields applied, the wall consistently facilitates the growth
of domains anti-aligned with the external electric field. Additionally, the material
examined here is a bulk single crystal. How should we, therefore, rationalise
our experimental results with current theoretical models, which account for
neither an anti-phase mechanism nor a macroscopically-sized single crystal
system? Additionally, one must consider the in-plane polydomain configuration
of Cu-Cl boracite and the complicated interaction between polarisation
(ferroelectric properties) and strain (ferroelastic properties), where the latter
issue in particular has, historically, made treatment of the boracites using LGD
theory troublesome [61].
In an early contribution to the study of NC, Jonscher [140] discusses the
issue of a permittivity (and, by extension, a capacitance) that consists of a
negative real part or, equivalently, polarisation (or charge) in antiphase with
the externally applied driving bias. He remarks that such behaviour is typically
seen in resonant systems (above the resonant frequency), and that it can be
modelled using lumped component representation. Such a representation,
however, entails the use of an inductance, 𝐿, which , in turn, implies the
existence of magnetic storage in the system. The effective capacitance, 𝐶𝑒𝑓𝑓 ,
using lumped components such as a resistor, 𝑅, and 𝐿 can be given as:

𝐶𝑒𝑓𝑓 = −

𝜔2𝐿

,

Eq. 5.5
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noting the negative sign that generates the apparent NC. In other words, if
genuine inductive behaviour were the mechanism governing the NC effect in
Cu-Cl boracite, then one should anticipate a

/𝜔2 dependence of the

perceived capacitance with the biasing frequency. The question is, of course,
how one could possibly measure such an effect?
The NC proposed in Cu-Cl boracite should have directly measurable
functional properties. What, for example, are the switching characteristics of
domains and domain walls that seemingly exhibit antiphase behaviour? In
regular ferroelectric capacitor geometries, domain switching gives rise to a
corresponding switching current. Here, I attempt to directly measure such
switching currents. The experimental setup is different, however, in that the
crystal is polarised entirely within the plane of the crystal. With only a few highquality Cu-Cl boracite crystals at my disposal, polishing the sides of the crystal
for the purposes of a more regular ferroelectric capacitor-type geometry were
ruled out. Instead, an interdigital electrode geometry, the same used to drive
the domain boundaries in Chapter 4, was employed. Such a co-planar
geometry has, historically, been used to successfully characterise the
switching characteristics of small lamella of ferroelectric BaTiO3 [141].

5.2 Measuring NC in Cu-Cl boracite
5.2.1 Field-driven domain wall motion
Consider the switching current, 𝐼, associated with sweeping a ferroelectric
domain boundary, with an out-f-plane polarisation, underneath an electrode (of
area 𝐴) in time 𝑡.

𝐼=

𝑃𝑠 𝐴
,
𝑡

Eq. 5.6

where 𝑃𝑠 𝐴 is the charge. The original 𝑃𝑠 reported by Schmid et al. for Cu-Cl
boracite is ~ .8 𝜇𝐶/𝑐𝑚2 [25] and, to our detriment, entirely in the plane of the
sample, hence the effective 𝑃𝑠 in Eq. 5.6 will be much smaller. To register a
switching current of

𝑝𝐴, for example, over 00 𝜇𝑚2 electroded area (10 x 10

𝜇𝑚 electrode), the wall must sweep tens of microns per second (assuming a
very modest value of 𝑃𝑠 ~ 𝜇𝐶/𝑐𝑚2 ). Is it possible, therefore, to drive a domain
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boundary at such speeds and register a larger switching current? In Chapter
4, wall velocities on the order of a few microns per second (for voltages larger
than 200V) were observed, meaning the experiment is, in principle, feasible.
A cursory experiment was designed (Figure 5.4), which entailed the use of
a small, Focused Ion Beam (FIB)-deposited platinum (Pt) bar (with an area, 𝐴,
of approximately 75µm2) on the top surface of the crystal (and located directly
above the charged insulating domain wall). In order to measure any fieldinduced switching currents through the Pt bar, a stationary conducting AFM
probe was placed firmly on the Pt electrode as the wall was swept underneath
via a voltage sustained across two gold (Au) sputtered, co-planar electrodes
(Figure 5.4).
It was envisioned that high (field-driven) wall velocities could be obtained
using this setup in the AFM system (MFP-3D Infinity), but a few issues arose:
firstly, the original velocity measurements (in Chapter 4) were performed at
elevated temperatures (to improve domain wall mobility), whereas the AFMbased measurements here were limited to room temperature; secondly, the Pt
electrode (and AFM) could be susceptible to floating ground effects caused by
the driving bias sustained by the Au electrodes, hence the Pt bar was
positioned a few hundred microns away from the interelectrode gap to mitigate
such effects. Previous velocity-based measurements revealed, however,
smaller domain wall speeds beyond the interelectrode gap, hence I would have
to contend with considerably slower wall speeds in general.
The experiment was implemented for a modest DC bias of 20V, sourced
from a Keithley 237 source/measure unit, in order to gauge the level of
electrical conduction on the crystal surface, which was monitored using the
scanning probe in c-AFM mode. The surface conduction was observed to be
on the order of picoamps, and the corresponding bias resulted in domain wall
motion of only a few hundred nanometres per minute. This amounts to, in
theory, a maximum switching current considerably less than 1 fA which, in
conjunction with the relatively large surface conduction, would prove extremely
difficult to measure with the experimental set-up used here.
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The fundamental issue compromising such field-driven experiments is that
the rate of polarisation reversal is simply too small to resolve any modest
switching currents through the Pt bar. A much greater rate of change in
polarisation, produced by a much more rapid relative motion between domain
wall and sensing electrode, is therefore required. Interestingly, this is made
possible by physically moving the probe (our electrode) instead of the domain
wall. This has been demonstrated experimentally in ferroelectrics using a
scanning probe technique called Charge Gradient Microscopy (CGM). As
the technique is relatively new, I discuss, in the next section, how this particular
scanning probe mode has been directly used to probe ferroelectric switching
currents, and how it allows us to circumvent the issues associated with fielddriven switching.
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Figure 5.4 | Attempts at directly measuring switching currents associated
with anomalous domain wall motion. (a) Optical micrograph of the top crystal
surface. The gold horizontal bars are the Au co-planar electrodes, in between which
a bias is applied to drive the domain boundary. The position of the dotted box marks
the AFM probe and the position of the small, Pt electrode. The scale bar measures
approximately 250µm. (b) Zoomed-in topography image of the platinum bar. The
perceived topographic trench underneath is the charged insulating domain wall.
The scale bar measures 7.5µm (c) A clearer view of the same region is obtained
by taking the topographic derivative of the image in panel (b). (c) The current
detected in the c-AFM current channel (as a function of time) as the probe is firmly
positioned on top of the Pt electrode and the wall is swept out from underneath.
The wall was determined as having moved out from underneath the electrode near
the 300s mark. (e) Subsequent scans revealed damage to the Pt pad, casting doubt
on the origin of the observed current variation. The grey arrow marks the location
of the domain wall after the experiment.
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5.2.2 Charge Gradient Microscopy (CGM)
Charge Gradient Microscopy (CGM) is a relatively new scanning probe
technique that was first utilised in 2014 by Seungbum Hong et. al. [142].
Hong’s group were originally motivated to use CGM due to the relatively slow
data acquisition speeds of the more established technique of PFM, citing that
very few research groups obtain reliable PFM data at scanning probe speeds
greater than 10Hz (at least over a scanning window of 10µm) [143]. For
context, most scanning probe frequencies used for the AFM/PFM
measurements in this thesis are typically less than 1 Hz and, naturally, time
consuming.
In CGM, a constant loading force is applied to the sample of interest via an
AFM probe (our mobile electrode) in contact mode. Both the sample and probe
are electrically grounded. As the probe is pressed into the sample, it is rastered
across the surface at high speed (103 µm/s), where screening charges are
mechanically scraped away from the local surface. Immediately afterwards,
the underlying polarisation bound charges can be directly probed by passively
measuring any current that flows through the probe. Hong’s group performed
CGM on a commercially available, periodically poled sample of single crystal
lithium niobate (PPLN), wherein the domains are alternatively aligned with
respect to the surface normal, i.e., 180° domain boundaries (see Figure 5.5).
Upon exposure to the bound surface charge, it has been rationalised that
the scanning probe draws the required balancing charge from the ground to
screen the effect. However, when the probe moves across the domain
boundary into the adjacent, oppositely aligned domain, the required balancing
charge in the probe flips and, consequently, there is a flow of current.
Moreover, when the probe traverses the exact same domain boundary, except
now in the opposite scanning direction, the sense of current originally detected
from before flips in sign again. CGM is inherently different from other electricalbased scanning probe techniques, such as PFM and c-AFM, in that it does not
require a lock-in amplifier (unlike in PFM), hence higher scan frequencies are
possible and, also, no external bias is applied while collecting the current,
unlike in c-AFM.
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Some of the key results from the Hong’s experiments are presented in
Figure 5.5. A local 25µm2 surface region of PPLN was examined as a function
of increasing scanning frequency (probe speed). Distinct, regular spikes in
current were observed to spatially correlate with the position of each domain
boundary (as previously determined from PFM measurements). Additionally,
the sense of current detected at each wall in the forward (or trace) scanning
direction was observed to flip in the reverse (retrace) scanning direction. For a
given scan frequency, the current signal at each wall was consistent with time
and, interestingly, was found to be a linear function of increasing scan
frequency. By integrating the current over their extracted line profiles with
respect to time, the group were able to calculate the total charge, 𝑄, collected
by the probe to be

. ± . fC. Crucially, by making appropriate assumptions

about the probe-sample contact area, they could compare this value a
corresponding theoretical value of charge via:
𝑄 = 𝑃𝑠 𝐴 ,

Eq. 5.7

where 𝐴 is the sample-probe contact area and 𝑃𝑠 is the polarisation. The group
calculated a total charge of 50.5 fC - a value consistent with a polarisation
switching mechanism. Such a conceptually simple scanning probe technique
therefore seems to provide an alternative means of directly measuring
switching

currents

in

ferroelectric

materials.

In

addition

to

these

measurements, the charge resulting from the direct piezoelectric effect was
also considered, and determined as being 0.007-0.017 fC under a load of 1.17
µN where, for 𝑧-cut PPLN, the piezoelectric coefficient, 𝑑33 , is roughly 6-16
pC/N [144]. With this information, the group concluded that the overall charge
contribution is dominated by, and consistent with, unscreened displacement
charges.
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Figure 5.5 | Charge Gradient Microscopy (CGM) on PPLN. (a) - (b) Spatiallyresolved CGM current trace and retrace maps demonstrating the current
enhancement localised at each domain boundary (alongside line profiles indicated
by the dotted black line). (c) The maximum difference in current for any given scan
line as a function of scan frequency was observed to follow a linear trend. (d) A
sequence of vertical PFM phase and EFM maps before/after CGM scans, which
appear to be consistent with the removal of surface adsorbates and screening
charges (observe how the inherent electrostatic profile of the underlying domains
can be readily resolved after rastering the probe across the surface with a high
loading force).
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Since this intriguing result, only a few groups have performed CGM. In 2017,
Nasr Esfahani et al. [145] examined CGM currents in PPLN as a function of
increasing temperature (Figure 5.6). Although they found qualitative
agreement with the results of Hong’s group, they infer a spontaneous
polarisation of only 46 µC/cm2, attributing the discrepancy to partial screening
of polarisation charges (via incomplete removal of ambient charges using the
probe). In 2015, however, Tong et al. [146] examined the rate at which
unscreened ferroelectric surfaces were compensated using a combination of
CGM and electrostatic force microscopy (EFM). They discovered that,
depending on the applied pressure from the probe, charge compensation (via
accumulation of ambient charges in the local surroundings) after CGM scans
typically occurred over a period of 6-8 minutes, i.e., a considerably longer time
compared to the rate at which the probe can mechanically remove screening
charges. The aforementioned discrepancy in 𝑃𝑠 , therefore, could be due to
inadequate loading forces or perhaps even the inherent ferroelectric properties
of the sample.
In another study, Tong et al. [147] also carefully FIB-milled a standard
platinum/chromium-coated scanning probe to create a hybrid semiconductormetal probe in order to examine the CGM currents generated by the domains
themselves, which was also observed by Hong’s group. Repeated scanning of
the same region revealed a current landscape dominated by the domains
during the initial 2-3 scans, after which the domain signal diminished and the
domain wall current persisted, adding credence to the idea that ambient
charges on the surface are mechanically scraped away, and the resulting
currents are caused by the aforementioned polarisation switching mechanism.
The mechanism underpinning domain contrast, on the other hand, remains
under debate [148], [149].
To summarise, CGM is a powerful scanning probe technique that can be
readily used to map polarisation switching currents without the necessity of
biasing fields or complicated experimental geometries. In the next section, I
outline the steps taken to realise and optimise CGM for the Cu-Cl boraciterelated switching experiments in this thesis.
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Figure 5.6 | The role of screening charges in CGM contrast. (a) – (d)
Qualitatively similar CGM results on PPLN obtained by Nasr Esfahani et al. (e) –
(g) Spatially resolved CGM maps in the trace direction reveal consistent charge
anomalies at the walls. (h) Corresponding current profile along the black dashed
line in panel (d) illustrate the reversal of the current during the trace and retrace
scans. (i) Observed delta current, ∆𝐼, as a function of increasing probe pressure
revealed a pressure beyond which ∆𝐼 plateaus. (j) EFM phase contrast, ∆𝜑, as a
function of time suggests a gradual accumulation of ambient screening charges. (a)
– (d), (e) – (h), (i) – (j) adapted from [145], [147], and [146], respectively.
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5.2.3 CGM measurements on Cu-Cl boracite
5.2.3.1 Periodically poled lithium niobate (PPLN)
With the intent of implementing CGM in this thesis, a sample of commercially
available PPLN was obtained from Asylum Research and compared to the
results in the literature. Here, the sample was electrically grounded using a
metallic baseplate connected (via a BNC cable) to the digital controller of the
MFP-3D Infinity AFM system. The scanning probe, on the other hand, was
automatically grounded when c-AFM mode was enabled. The same brand of
scanning probe used by Hong et. al. [142] was also used here, in addition to a
conducting, diamond-coated probe with a considerably larger stiffness
coefficient of 80N/m.
The results are presented in Figure 5.7. Firstly, a 90µm2 region was imaged
(using the Rocky Mountain scanning probe) at a frequency of 9.77Hz (or an
approximate probe velocity of 1760µm/s) and subject to an 18V deflection
setpoint (i.e., a maximum loading force). Vertical PFM phase confirms the outof-plane nature of the local polarisation, which alternates in an “up-down-updown” manner. The corresponding CGM current trace and retrace images
reveal two features consistent with the work of Hong et al [142], namely
distinct, alternating positive and negative current spikes (located at adjacent
domain boundary) that reverse their sign in the retrace scan. These features
become obvious when an averaged line profile is extracted from each map and
superimposed on top of each other.
In Figure 5.8, a 66 x 33µm-sized region was also examined and scanned
at a frequency of 7.81Hz (~1030µm/s) using the diamond-coated probe. To
avoid surface milling, the deflection setpoint was reduced to 1-2V. It was also
realised at this point that to improve the signal-to-noise, one should repeatedly
scan the same region and subsequently stack and average the images. Each
scan line (or row) comprising the final image was extracted and averaged to
create a single, representative line profile of CGM current versus position (or
equivalent pixel number). Distinct current spikes are observed again, and
spatially correlate with the location of each domain boundary. To calculate the
average charge per domain wall, and hence a value for 𝑃𝑠 , the absolute value
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of current across every domain wall in the scan window was taken and
integrated with respect to time, where time in this instance is the duration of
one scan line. This is similar to the analysis employed in the supplementary
section of [145]. To examine the charge contribution solely from domain walls,
an appropriate threshold value was calculated to remove the charge
contribution from the domains. In each experiment, the total charge
contribution from domain walls is approximately 2.5 and 10 fC (Rocky
Mountain and diamond probe) respectively, which is an average charge per
wall, 𝑄̅ , of 0.1 and 0.8 fC. Using these values, and assuming the charge
originates from polarisation switching currents, 𝑃𝑠 is determined via:

𝑄̅ = 𝑃𝑠 𝐴 → 𝑃𝑠 =

𝑄̅
𝑄̅
=
,
𝐴
𝜋𝑅 2

Eq. 5.8

where the sample-probe contact area, 𝐴, is assumed to be 𝜋𝑅 2 , where 𝑅 is the
probe radius. According to the specifications for each probe used, 𝑅 is 20 and
100 nm, respectively, for the platinum and diamond probes. Due to the high tip
pressures used in CGM, blunting of the platinum probe in particular is
anticipated and hence the probe radius is likely to increase with repeated CGM
scans. Based on these 𝑄̅ values, 𝑃𝑠 is plotted as a function of increasing 𝑅,
which is presented in Figure 5.8. The plot reveals that the domain wall currents
observed generate a value for 𝑃𝑠 at least one order of magnitude smaller than
that presented in literature [150]. Although this presents a discrepancy
between our values and those reported in [142], [145], it is reassuring to note
that both values here are consistent with each other, that is, if one were to
assume blunting of the platinum probe, which is extremely likely after repeated
scans and large tip pressures. We must also acknowledge that the value of 𝑃𝑠
is unknown for this particular sample of PPLN, which could drastically differ
from the reported value of 80 ± 𝜇𝐶/𝑐𝑚2 . Additionally, we are limited to < 10Hz
scanning probe speeds, unlike in [142] where speeds of almost 80 Hz are
reported using a Cypher AFM system to boost the signal-to-noise ratio and,
consequently, the peak current signal.
Although the detected currents in CGM are relatively small, there is ample
reason to suspect that they arise due to polarisation switching. To appreciate
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this, CGM was performed on a material known to exhibit neither ferroelectric
nor piezoelectric properties.
5.2.3.2 Lanthanum aluminate (LAO)
A shortcoming of the literature is the lack of a control CGM experiment, namely
on a material that is known not to exhibit a spontaneous polarisation or
piezoelectricity. Additionally, topographic crosstalk could become an issue
when switching currents are relatively small. The surface roughness, for
example, in PPLN is typically less than 1nm, unlike the ferroelastic domain
boundaries observed in Cu-Cl boracite, which are tens of nanometres in
height. To test these outstanding issues, CGM was performed on the purely
ferroelastic material lanthanum aluminate (LaAlO3) (LAO), which is not
expected to exhibit any switching current-related anomalies. We note,
parenthetically, that there is tentative evidence suggesting the existence of
Bloch-type behaviour inside the ferroelastic domain boundaries of LAO [151].
The results are presented in Figure 5.9. Distinct topography is observed,
corresponding to the ferroelastic shearing of each domain in this system. The
corrugated features are of similar height compared to those observed in Cu-Cl
boracite, thus presenting an opportunity to test any potential effects of
topography. The CGM current trace and retrace, within the sensitivity of the
operational amplifier comprising the c-AFM module, do not show any distinct
current anomalies associated with neither the domains nor the domain walls.
Immediately afterwards, using the exact same set-up, the lanthanum
aluminate sample was substituted for the PPLN sample from before, and the
signal observed previously was recovered (not shown here), confirming that
the scanning probes used in the experiment were not compromised.
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Figure 5.7 | CGM of PPLN. (a) CGM set-up schematic. Both the probe and bottom
electrode are electrically grounded. The probe is rastered across the surface with
a frequency of ~10Hz. The white arrows denote the local polarisation orientation.
(b) Vertical PFM phase using 1Vac near resonance (> 600 kHz). Scalebar measures
18µm. (c) – (d) CGM current trace and retrace of the same region, where distinct
current signatures are seen to be spatially correlated with the domain boundaries.
(e) Averaged line profiles clearly illustrating the change in sign of current across
each boundary for trace (blue) and retrace (red). (f) The total accumulated charge
for the trace scan, calculated by taking the absolute value of current and integrating
with respect to the time taken to complete one scan line. A threshold value was
determined in order to remove the charge contribution from domains.
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Figure 5.8 | CGM on PPLN using a diamond-coated probe. (a) Stacked and
averaged CGM trace map, revealing the same distinct current signatures at the
domain walls. Scalebar measures 13µm. (b) Averaged CGM current line profile. (c)
Total accumulated charged over a single scan line. (d) Estimation of 𝑃𝑠 based on
the average charge per wall calculated for each type of probe. Assuming that the
platinum-based probe (radius of 20 nm) is more susceptible to blunting (compared
to the diamond-coated probe (100 nm radius)), a similar value for 𝑃𝑠 is generated
in each case.

141

Figure 5.9 | CGM on the ferroelastic material lanthanum aluminate. (a)
Localised topography map of an LaAlO3 crystal as obtained using AFM. Scalebar
measures 10µm. (b) A representative line profile is extracted from (a), revealing
topographic features with variations in height (associated with the ferroelastic
domains) comparable to those observed in Cu-Cl boracite. (c) The corresponding
CGM current trace map for the region in (a). Of the numerous domains present in
the topography, there is no associated current anomaly in the CGM trace. (d)
Corresponding CGM current retrace again reveals neither domain nor domain wall
current contrast.
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5.2.3.3 In-plane polarised (𝒚-cut) lithium niobate
Having performed CGM for an out-of-plane polarised system, the in-plane
samples are now examined. In-plane polarised systems have yet to be
reported in literature, save for some tentative results presented in [152] for
(110)-oriented thin films of multi-domain bismuth ferrite (BiFeO3, “BFO”). To
calibrate the machine for in-plane CGM in this thesis, a 𝑦-cut sample of lithium
niobate (LNO) was obtained. From before, one might anticipate that the
relatively large spontaneous polarisation in this system will have a
correspondingly large CGM signal, although the underlying mechanism
generating current contrast for this particular geometry is not entirely as
intuitive as the out-of-plane geometry.
The in-plane polarised sample of LNO, with a single, charged domain wall
meandering along its entire length, was created by Elisabeth Soergel at the
University of Bonn. Details regarding its creation and characterisation using
PFM and c-AFM can be found in the theses of Michael Campbell [153] and
James McConville [154], respectively. The sample was mounted via silver
conducting adhesive onto a small metal disk and inserted into the AFM
machine (MFP-3D Infinity). Both the disk and scanning probe were electrically
grounded in the same manner as that shown in Panel (a) of Figure 5.7. Prior
to the CGM scans, lateral PFM (performed with 1Vac at >650kHz) revealed an
unambiguous PFM response that demonstrates the head-head nature of this
charged domain boundary (Figure 5.10). Local AFM imaging also reveals
topography that spatially correlates with domains, but the step height
associated with crossing from one domain to the next is smaller compared to
that observed in lanthanum aluminate (LAO). The corresponding CGM trace
and retrace reveal two pronounced features: firstly, it is the domains
themselves that exhibit an enhanced current signal, unlike that observed in the
out-of-plane case; secondly, the sense of current detected is observed to be
negative when the probe approaches the wall, whereas the signal is positive
as the probe moves away from the wall. This holds true in both the trace and
retrace images.
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Figure 5.10 | CGM of 𝒚-cut lithium niobate. (a) – (c) AFM topography, PFM lateral
amplitude, and PFM lateral phase, respectively, for a 180° head-head boundary.
Arrows represent the in-plane direction of polarisation. (d) - (e) CGM current of a
nearby region for both trace and retrace. The blue and red arrows indicate the
scanning probe direction. For the purpose of analysis, small, ‘rectilinear’ portions of
the wall were examined. (f) – (g) Associated CGM current line profiles of the
zoomed-in regions in (d) and (e). The current is observed to be constant across
each domain, save for a flip in current polarity across the domain wall.
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5.2.3.4 Cu-Cl boracite
The CGM currents examined for in-plane LNO exhibit strikingly different
behaviour to its out-of-plane counterpart. In Figure 5.11, the local CGM current
across a charged 90° head-head insulating domain wall in Cu-Cl boracite is
presented. To ground this particular sample, whilst also anticipating the
necessity of more field-driven wall motion experiments, the two Au co-planar
electrodes located on the top surface, which were used previously to perform
the field-driven experiments in experimental Chapter 4, were electrically
grounded instead of the sample underside using two BNC cables connected
to the AFM system controller (MFP-3D Infinity). The scanning probe, on the
other hand, was grounded by default when c-AFM mode was activated. A
cursory look at Figure 5.11 would indicate that the current behaviour is
identical to in-plane LNO. In the CGM current trace and retrace images, the
same type of jump in current at the domain boundary previously observed for
in-plane LNO is also observed here. Qualitatively, however, the signal is
considerably smaller compared to that detected in 𝑦-cut LNO, which is
consistent with the much smaller spontaneous polarisation in boracite. The raw
data possessed a very low signal-to-noise ratio, and hence multiple scans
were captured and stacked to create one averaged, representative CGM
image. Further averaging across each scan line of the composite image was
performed to extract a representative line profile. In the same fashion as
before, the current is negative when the probe approaches the domain wall
and, conversely, the CGM current is positive when the probe moves away from
the wall.
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Figure 5.11 | CGM of a charged insulating domain wall in Cu-Cl boracite. (a)
Experimental set-up used to perform CGM in Cu-Cl boracite. The Au sputterdeposited co-planar electrodes, used previously to perform field-driven domain wall
velocity measurements, were electrically grounded and are represented here by
the yellow horizontal bars on the top crystal surface. The white arrows represent in
the in-plane polarisation. (b) CGM trace (blue arrow) and retrace (red arrow),
illustrating the distinct contrast across domains. The scalebar measures 10µm. (c)
– (d) Corresponding trace and retrace line profiles extracted from the maps in (b).
Note that current is negative on approaching the wall and positive when moving
away from the wall.
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5.2.4 Simulating CGM currents using COMSOL
For out-of-plane polarised samples, the current contrast observed in CGM can
be readily understood using a polarisation switching picture. When polarisation
is confined to within the plane of the crystal, however, the dipoles comprising
a given domain possess no component normal to the surface. How can one,
therefore, be certain that the observed CGM current in the in-plane systems
constitute polarisation switching currents? To address this question, a variety
of simulations were created, which examine the electrostatic environment of a
head-head charged domain boundary and the effect said wall has on the
surrounding electroded geometry. These simulations were created entirely by
my colleague Charlotte Cochard, and are explained in more detail in the
supplementary section of [155].
The model, presented in Figure 5.12, simulates a two-dimensional slab of
ferroelectric lead zirconate titanate (“PZT”) with a dielectric permittivity of
approximately 1700 and a spontaneous polarisation of

0𝜇𝐶/𝑐𝑚2 . The

electrodes, located on each side of the ferroelectric slab, are made of copper.
The normal component of the electrical displacement, 𝐷, across the electrodeferroelectric interface(s) is forced to be continuous on the basis that, in CGM
experiments, the electrodes are grounded and considered to provide a
practically infinite source (or sink) of charges. The ferroelectric slab consists of
a stationary, 180° head-head domain wall that is oriented parallel with the
electrode-ferroelectric interface (Figure 5.12). For every position that the wall
is relocated to (by the user), the associated electrostatics for the entire
geometry are also solved. Each simulation is time-independent (static),
meaning that the current between the electrodes cannot be directly probed.
Instead, it is inferred from the change in voltage across the electrodes for any
given pair of wall positions. No bias is applied across the electrode in these
simulations.
A few scenarios were examined. In the first instance, the ferroelectric was
fully polarised such that, when the corresponding electrostatics were
determined, the potential difference across the electrodes was observed to
match that of the usual monodomain case. In the second instance, when the
wall was positioned in the centre of the ferroelectric, the potential difference
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between the electrodes is calculated to be zero but, importantly, the respective
voltage of each electrode is not zero by virtue of the bound charge present at
each electrode-ferroelectric interface. As the domain wall is not in direct
contact with either electrode, one may therefore ask how each electrode can
“sense” the wall. Consider, however, what happens when the relative
thickness of each domain changes (such that the wall is now repositioned
closer to either of the two electrodes). As the voltage developed across a given
domain varies linearly, like in the monodomain case, repositioning of the wall
(in a manner consistent with a wall moving at constant velocity) causes the
potential difference across the electrodes to also vary linearly. This change in
voltage, crucially, now results in the flow of charge.
The conceptual leap now is to consider what happens if one were to raster
a scanning probe across the same face presented in Figure 5.12. The CGM
current (and its polarity) can be inferred by taking the positional derivative of
the electrostatic potential across each domain. Given the linearity of the
voltage across each domain, the corresponding positional derivative generates
a constant value, save for a difference in sign between each domain, that is
proportional to the current. In other words, a constant current is detected within
each domain, the sign of which flipping as the probes is rastered across the
second domain. The magnitude of the current can be given by:

𝐼=

∆𝑄
∆𝑉
∆𝑉 ∆𝑦
∆𝑉
𝑃𝑠 ∆𝑦
=𝐶
=𝐶
=𝐶
𝑣=𝐶
𝑣 = 𝐶𝑃𝑠 𝑣 , Eq. 5.9
∆𝑡
∆𝑡
∆𝑦 ∆𝑡
∆𝑦
∆𝑦

where 𝐶 is the capacitance, ∆𝑦 is the difference between position 1 and 2 of
the domain wall, and 𝑣 is the wall velocity. The key result here is that the
current signal is linearly related to the velocity, in agreement with our
experimental CGM observations.
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Figure 5.12 | Modelling of in-plane CGM current contrast. (a) COMSOL model
of the local electrostatic potential landscape near a moving 180° head–head
domain wall in PZT. (b) Potential difference between the Cu electrodes varies
linearly as a function of domain wall position; the associated external current is
constant (and sign dependent) for a constant domain wall velocity. (c) The same
relative movement between the electrode and the wall is reproduced in charge
gradient microscopy (CGM) by moving the tip in the opposite sense with respect to
the stationary domain wall. (d) Electrostatic potential (and current) sensed by the
probe when rastered across each domain and the intermediate wall. The current,
which is proportional to the spatial derivative of the potential, is constant and
negative for a reducing probe–wall separation, and positive for a increasing probewall separation. This type of current behaviour is specifically anticipated for a wall
moving at a constant voltage, which is the case for the walls examined in Cu-Cl.
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Experimentally, it was also observed that for both in-plane LNO and Cu-Cl
boracite, several CGM scans (usually 2-3) were required before adequate
current contrast was detected. This observation is consistent with the
mechanical removal of surface adsorbates on the surface (possibly present to
screen the electric dipoles located immediately below the surface), hence
current contrast is unlikely due to the presence of surface adsorbates. One can
also eliminate any serious contribution from the piezoelectric effect simply due
to the observation of current reversal at each domain (when comparing trace
with retrace); piezoelectric currents are independent of scanning direction.
Consider instead the behaviour of the integrated CGM current, i.e. charge, with
respect to the scanning probe frequency (time elapsed per scan line). In
Figure 5.13, total accumulated charge, |𝑄| is plotted as a function of time for
the case of in-plane LNO (the same qualitative behaviour is also observed in
Cu-Cl boracite). It can be appreciated that for each scanning frequency, there
is a fixed amount of total charge available, independent of the probe velocity.
This is a strong indication that the CGM currents constitute switching currents
induced by the relative motion of probe and domain boundary.
Let us now try to understand the implications of the CGM results. In the rest
frame of the electrode(s), we can appreciate that for a notionally “positive”
applied electric field, a 90° head-to-head domain wall in Cu-Cl boracite moves
in a “negative” direction. In the rest frame of the domain wall, however, the
same relative motion is associated with a positive direction of travel for the
scanning probe, i.e., our mobile electrode. The current measured in CGM,
when the probe moves towards the head-to-head wall, is the same sign as that
of the switching current expected at the positive electrode in a conventional
fixed-electrode, field-driven switching experiment. More specifically, this
current is negative when the probe is approaching the wall in both the trace
and retrace scan.
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Figure 5.13 | Calculating charge from CGM current measurements of in-plane
LNO. For a given scanning frequency, the current is integrated with respect to time
to determine the total accumulated charge for a single scan line. The maximum
charge observed is independent of scan speed.

5.3 Quantifying negative capacitance
To determine the current-voltage (𝐼-𝑉) characteristics of the domain wall, the
CGM switching currents, explicitly measured as a function of scanning probe
velocity, can be mapped onto the wall velocity-voltage measurements
calculated previously in Chapter 4. In Figure 5.14, CGM current, defined here
as the difference in current between each domain, is plotted as a function of
scanning probe velocity. A key feature of this plot is that the equivalent wall
velocity, if it were field-driven, is in the opposite direction to that of the scanning
probe velocity by virtue of the anomalous motion of the wall.
The wall velocity as a function of applied voltage was also previously
determined as being linear in Chapter 4 using AFM-based measurements.
The wall velocities there, however, are relatively low, unlike those observed
using higher biasing fields (and elevated temperatures) under the optical
microscope. Regardless, in each scenario, the velocity-voltage behaviour was
determined as being linear. Given the considerable difference in the velocity
regimes examined using CGM and AFM, extrapolation of the velocities (and
associated currents) is required. There is no reason to suspect that the linear
behaviour observed both at room and elevated temperatures would deter from
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said trend for intermediate temperatures, hence under this assumption, Panel
(a) and (b) of Figure 5.14 are combined to create the composite plot in Panel
(c) via:
𝐼𝐶𝐺𝑀 = 𝑚1 𝑣 ;

Eq. 5.10

𝑣 = −𝑚2 𝑉 ;

Eq. 5.11

𝐼𝐶𝐺𝑀 = −𝑚1 𝑚2 𝑉 ,

Eq. 5.12

where 𝑚1 and 𝑚2 are the gradients of each plot, 𝐼𝐶𝐺𝑀 is the current observed
in Panel (a), and 𝑉 is the voltage applied in Panel (b). For each applied field,
the domain wall velocity was found to be constant in time for both local and
macroscopic optical measurements which, in turn, leads to the current-voltage
behaviour presented in Panel (c). The linear behaviour inferred from the
current-velocity/velocity-voltage plots allows one to examine the evolution of
charge, 𝑄, as a function of both time, 𝑡, and voltage, 𝑉, by virtue of the simple
relationship 𝑄 = 𝐼 × 𝑡. From this, one can determine that if different voltages
are applied for the same duration, the resulting charge-voltage relationship can
be extracted, as represented by the black dotted lines in Panel (d). It is linear
in all cases and, crucially, possesses a negative gradient. The corresponding
capacitance, 𝐶 = 𝜕𝑄/𝜕𝑉, is therefore negative at every instance.
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Figure 5.14 | Quantifying negative capacitance in Cu-Cl boracite. (a) CGM
currents explicitly measured as a function of probe velocity. The current is also
expressed as an equivalent domain wall velocity. (b) Field-driven domain wall
velocity measurements as a function of applied bias. The inset illustrates the same
linear behaviour at elevated temperatures and at higher biasing fields. (c) By
combining panels (a) and (b), one can meaningfully map CGM currents to
equivalent switching biases. (d) Charge-voltage information extracted from panel
(c) as a function of time. The black dotted lines illustrate the linear relationship
between charge and voltage for a fixed time. The derivative, 𝜕𝑄/𝜕𝑉, which is
capacitance by definition, is negative.
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5.3.1 Frequency dependence of NC in Cu-Cl boracite
The time-dependence of the charge build-up on the sensing electrodes, due
to the uniform domain wall movement under constant bias, allows one, in turn,
to infer the frequency dependence of the negative capacitance under a
notional applied ac square wave (Figure 5.15). Varying the applied voltage in
discrete steps of decreasing temporal duration should also allow one to create
more complex biasing waveforms, such as the triangular waveforms presented
in Panel (b). Expressing both the absolute value of capacitance and charge
as a function of frequency via a log-log plot, the gradient indicates that the
capacitance is inversely related to frequency, and thus eliminating the
possibility of magnetic storage of energy as proposed by Jonscher [140].

Figure 5.15 | Frequency dependence of negative capacitance. (a) Since the wall
displacement is a linear function in time, the total charged collected at a sensing
electrode can be calculated for different square pulse frequencies and hence
modelled for more complex ac signals (such as the triangular pulse in (b)). (c) The
accumulated charge, and hence negative capacitance, can subsequently be
expressed as a function of ac signal frequency. The gradient in the log-log plot
shows that the magnitude of the negative capacitance is inversely related to
frequency.
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5.4 Possible origins of NC in Cu-Cl boracite
5.4.1 Local electric field reversal at the wall
The observed anomalous motion of charged insulating domain walls in Cu-Cl
boracite could possibly originate from a local reversal of the electric field
within/around the wall. To evaluate this possibility, local Kelvin Probe Force
microscopy (KPFM) was performed, which allows direct measurement of the
surface potential on the nanometre scale. KPFM, a two-pass scanning
technique, works by balancing different levels of surface potential on the
sample with equal tip potential. By reading the DC potential supplied to the tip,
the true surface potential of the sample is inferred. KPFM was performed
around the insulating wall both in the presence and absence of externally
applied lateral fields.
When no lateral DC bias is applied across the interelectrode gap, little
contrast is observed across the charged domain wall. By taking the numerical
derivative d𝑉/d𝑥 of the potential maps, where 𝑥 is the axis across which the
potential is applied, one can qualitatively probe the effective 𝐄-field across the
interelectrode gap. Again, in the instance where no field is applied, minimal
contrast is observed across the insulating wall. While this result does not
completely rule out minor differences of work function/charge states at the
insulating wall, it does suggest that the differences are quite small and close
to the noise floor of the measurement.
The application, however, of a lateral bias of 5V DC across the
interelectrode gap shows distinct contrast in the surface potential map at the
wall (see Figure 5.16). A small fraction of the applied potential drops at the
electrode junctions while the rest of the potential drops linearly across the gap,
with the exception of contrast at the wall. Extracting line profiles of the surface
potential across the interelectrode gap reveals a large jump in the electric field
magnitude at the wall. Crucially, this increase in the magnitude of the electric
field is in the same sense as the applied external lateral field, thereby
demonstrating no local reversal of the electric field at the insulating wall.
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Figure 5.16 | KPFM Probing of Local Electric Fields Associated with
Anomalous Domain Wall Motion. (a) KPFM of an insulating domain wall, when
subject to an applied bias from co-planar electrodes. The field direction is indicated
by the bold red arrow, and polarization is indicated using the black-outlined white
arrows. The apparent inclination of the wall is due to the finite time taken to
complete the scan. The scale bar measures 2.5 µm. (b) Derivative of panel (a) is
an effective map of the local 𝐄-field profile, revealing a dip that correlates spatially
with the domain wall. (c) Representative line profiles are extracted from (a,b) which
clearly show a monotonic decrease in the KPFM potential (moving left to right). (d)
The same wall is now subject to a bias of reverse polarity. (e) The derivate reveals
a similar anomaly that correlates with the position of the wall throughout the scan.
(f) Associated line profiles for (d) and (e) reveal a monotonic increase in the KPFM
potential. The monotonic nature of (c) and (f) precludes the notion of local field
reversal confined at the domain wall.
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5.4.2 Associated thermodynamics of anomalous motion
The following treatment of the associated thermodynamics of anomalous
charged domain wall motion in Cu-Cl boracite was originally considered by
Marty Gregg and Charlotte Cochard.
Is it possible to use a simple Landau-Ginzburg-Devonshire-Levanyuk
framework to describe the expansion of domains anti-aligned with the external
field? Consider a basic free energy of the form:

𝐺 = ∑ 𝑎𝑛 𝜂2𝑛 + ∑ 𝐴𝑚 𝑃2𝑚 + ∑ 𝛼𝑖𝑗 𝜂𝑖 𝑃𝑗 − 𝐄 ⋅ 𝐏 .
𝑛

𝑚

Eq. 5.13

𝑖,𝑗

The first term accounts for expansion of the primary order parameter, 𝜂, the
second term accounts for expansion of polarisation, 𝑃, the third term accounts
for expansion of the coupling between 𝜂 and 𝑃, and the final term accounts for
coupling of the polarisation to external electric field.
Now consider a domain configuration consisting of two oppositely oriented
domains, domain 1 and domain 2, such that their respective free energy
expansions, 𝐺1 and 𝐺2 , can be written as:
𝐺1 = ∑ 𝑎𝑛 𝜂2𝑛 + ∑ 𝐴𝑚 𝑃2𝑚 + ∑ 𝛼𝑖𝑗 𝜂𝑖 𝑃𝑗 − 𝐄 ⋅ 𝐏
𝑛

𝑚

𝐺2 = ∑ 𝑎𝑛 (−𝜂)2𝑛 + ∑ 𝐴𝑚 (−𝑃)2𝑚 + ∑ 𝛼𝑖𝑗 (−𝜂)𝑖 (−𝑃)𝑗 − 𝐄 ⋅ (−𝐏)
𝑛

Eq. 5.14

𝑖,𝑗

𝑚

Eq. 5.15

𝑖,𝑗

The first two terms in Eq. 5.15 are raised to an exponent which is a multiple of
two, hence these terms remains positive. In calculating the difference in free
energy, ∆𝐺 = 𝐺1 − 𝐺2 , between each domain, the first two terms disappear.
The anharmonic term and the expression for the conjugate field remain to give:

∆𝐺 =

∑ 𝛼𝑖𝑗 𝜂𝑖 𝑃𝑗 − 𝐄 ⋅ 𝐏 ,

Eq. 5.16

𝑖,𝑗

for when 𝑖 + 𝑗 is odd. A cursory look at Eq. 5.16 would suggest that if the
coupling term, 𝛼𝑖𝑗 , is negative and large, then it could possibly outweigh the
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contribution of 𝐄 ⋅ 𝐏 to the free energy such that anomalous wall motion is
permissible. However, Eq. 5.16 also remains valid when the +/- signs in Eq.
5.14 and Eq. 5.15 are swapped, implying that anomalous wall motion is to be
expected for both head-head and tail-tail wall types, contrary to the observation
of solely 90° head-head charged insulating anomalous wall motion.
Accounting for the distribution of free carriers, however, could possibly
break the symmetry between head-to-head and tail-to-tail domain walls, where
the associated energy term would be different for positive and negative carriers
(the effect that charge carriers has on the associated Landau description is
considered in [156], for example). It is conceivable that a complete expansion
including both structural and electronic degrees of freedom might be able to
accommodate the observed behaviour, but this would require extensive
phase-field modelling.
In large field-of-view measurements of field-induced, charged insulating
domain wall motion, long-range domain reconfiguration was observed.
Moreover, it was reversible and repeatedly correlated with the direction of the
applied electric field, suggesting a coupling with the local charged domain wall
motion. Such behaviour could constitute an energy offsetting mechanism,
whereby a localised increase in the electrostatic free energy (within the
interelectrode gap) may be offset by energy reductions elsewhere in the
microstructure. However, provisional attempts by external collaborators to
create such a phase field model suggest that it is a non-trivial issue.

5.5 Conclusions
The field-driven behaviour of stress-induced, insulating domain boundaries in
Cu-Cl boracite is commensurate with an intrinsic, steady-state negative
capacitance, which should manifest as measurable functional properties. Initial
attempts to measure the switching current associated with field-driven wall
motion were frustrated by large levels of surface conduction and relatively
small wall velocities (only a few microns per second, amounting to a switching
current < 1fA). To circumvent these issues, a relatively new scanning probe
technique called Charge Gradient Microscopy (CGM) was used to examine
switching currents induced by the relative motion of the probe and the domain
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wall itself. This was achieved by quickly rastering the probe across the static
domain boundary which, with consideration of the change of reference frame,
is equivalent to the field-driven switching currents typically observed in more
conventional ferroelectric switching experiments. CGM allows access to
considerably higher relative probe-wall speeds, on the order of millimetres per
second. Additionally, without the necessity of biasing fields, no field-related
effects can adversely affect the experiment. By adapting our AFM for CGM,
distinct current anomalies were observed across the domain boundaries in
multiple materials, including those observed originally by Hong et al. [142] for
other in-plane systems such as lithium niobate (LNO).
In conjunction with the wall velocity data obtained in Chapter 5, the CGM
was used to create an effective current-voltage plot, revealing negative
switching currents for notionally positive electric fields. Moreover, this
information was subsequently used to determine the behaviour of accumulated
charge as a function of biasing frequency, allowing for the exclusion of
magnetic storage of energy as the mechanism generating the negative
capacitance effect in this system [140]. Kelvin Probe Force Microscopy
measurements also exclude local electrical field reversal at the domain wall
(during motion) as a potential mechanism driving negative capacitance. A
simple Landau potential was also considered that would allow for the
anomalous motion of charged insulating domain boundaries in this system, but
the description is unable to simultaneously account for the conventional motion
of the charged conducting boundaries. While the energetics responsible for
anomalous domain wall motion in the copper-chlorine boracite system are not
yet fully understood, the ability to induce polarisation that is anti-aligned with
the external electric field is an unprecedented observation; the fact that this
generates a measurable negative capacitance contribution to the overall
dielectric response could also be of great interest for future devices, in which
negative capacitance can be exploited.
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6 Conclusions
and further work
The experimental results presented throughout this thesis are now
summarised. Based upon the experience of handling a material such as CuCl boracite, I discuss a variety of future experiments that would help address
the many outstanding issues associated with this intriguing system.
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6.1 Summary and conclusions
In the first experimental chapter, the native ferroelectric-ferroelastic domain
structure in a (100)pc-oriented sample of copper-chlorine boracite was
examined using optical and scanning probe microscopy (SPM) techniques.
Atomic Force Microscopy (AFM) revealed four topographically distinct
ferroelectric-ferroelastic domain variants and, in conjunction with conducting
AFM (c-AFM), boundaries with a surface trace along <110>pc exhibit unique
electrical properties distinct from the bulk; walls are either more conducting or
more insulating than the domains, albeit by a few picoamps (10 -12A). This
measurement supports the original conclusion of domain wall conductivity by
Schmid

and

Pétermann

[25],

who

previously

made

indirect,

bulk

measurements. According to Zimmerman et al. [70], there is a one-to-one
correspondence between the sense of ferroelastic shearing and the orientation
of the inherent polarisation vector, hence the charged nature of <110> pcoriented walls is directly attributed to a discontinuity of the polarisation vector
across the domain boundary, where aggregation of free charge carriers
subsequently occurs. Lateral-mode Piezoresponse Force Microscopy (L-PFM)
was then used to confirm the local, in-plane polarisation configuration but,
contrary to the interpretation of the AFM and c-AFM data (and the one-to-one
correspondence in [70]), the inferred polarisation configuration suggests that
all domain boundaries are charged. However, careful examination of the
topographic derivative (also called the deflection signal) would suggest that
the piezoresponse signal is influenced by topographic cross-talk. Hence, to
extract meaningful piezoresponse maps, a deflection-based signal was
subtracted from the as-obtained PFM signal. Once accounted for, the
piezoresponse maps were observed to be consistent with the AFM and c-AFM
data, from which the following features were established: charged conducting
domain walls are due to 90° tail-tail polarisation, and charged insulating
boundaries are due to 90° head-head polarisation.
Next, it was shown that through the use of site-specific pressure from a
preparation needle or a pair of tweezers, significant reconfiguration of domains
occurs. Specifically, quadrant-like domain patterns emerged in response to the
point pressure source, which could be understood with consideration of the
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four native domain variants observed initially in AFM-based scans.
Subsequent AFM and c-AFM measurements of the local probe-sample contact
area revealed that the surface remains intact after the application of pressure,
and hence plastic deformation is not required to induce domain patterns.
Moreover, charged domain boundaries, spanning hundreds of microns in
length, and extending throughout the entire crystal thickness, are routinely
created using this method. A variety of pressure techniques were also
implemented to alter the population of domains. It was demonstrated, for
example, that by effectively dragging the preparation needle across the sample
surface, large regions could be ferroelastically switched into a monodomain
state. It was also possible to generate very long, rectilinear, charged domain
boundaries uninhibited by other local domain microstructures, allowing for
subsequent study of the motion and dynamics of singular, charged domain
boundaries under the influence of an external electric field.
In the second experimental chapter, the electric field-driven motion of
stress-induced, charged domain boundaries, was examined using crosspolarised optical microscopy. Charged conducting walls were consistently
observed to facilitate the expansion of domains with a polarisation aligned with
the biasing field. Remarkably, however, when the same experiment is
performed for charged insulating boundaries, the wall consistently appears to
facilitate the expansion of domains with polarisation anti-aligned with the field.
The position of each charged wall type was recorded using standard video
recording techniques, from which positional hysteresis loops were extracted.
The motion of charged insulating boundaries is such that there is a mirroring
of the effective hysteresis loop through the 𝑦-axis, implying that the derivative,
which is proportional to capacitance, is negative at all times for the entire range
of biasing fields examined.
The electric field-induced dynamics of a charged insulating domain wall
were also examined. Ferroelastic domain boundaries usually adhere to strict
mechanical compatibility rules [101], but unusual wall dynamics were observed
in this system. In particular, domain wall bending, ratcheting, and perceived
thickening (and sudden contraction) were observed. Some of these features
are largely attributed to the inhomogeneity of the field applied across the
162

interelectrode gap. As a function of electrical bias, the domain wall velocity was
observed to be linear for voltages as large as 300V dc. These velocity
measurements are consistent with the wall velocities observed in other, classic
improper ferroelectric systems such as gadolinium molybdate [120]. A cursory
inspection of the domain wall velocities using more localised AFM revealed the
same linear, electric-field induced wall motion. Interestingly, once the external
biasing field was turned off, back switching of the wall was observed, which is
attributed to the ferroelastic nature of these boundaries. Moreover, despite
such walls being subject to a restoring force, no threshold biasing field was
required to initiate domain wall motion, similar to what was reported for
uncharged 180° walls in iron-iodine (Fe-I) boracite by Pétermann and Schmid
[117].
The field-induced motion of insulating domain boundaries in Cu-Cl boracite
is commensurate with an intrinsic, non-transient negative capacitance, which
should manifest as directly measurable functional properties. In the final
experimental chapter, various attempts are made to measure the switching
currents associated with field-driven wall motion. Initially, experiments were
frustrated by large levels of surface conduction and relatively small wall
velocities (only a few microns per second, amounting to a switching current <
1fA). To circumvent these issues, a relatively new scanning probe technique
called Charge Gradient Microscopy (CGM) was implemented to examine
switching currents induced by the relative motion of the probe, i.e., the
electrode, and the domain wall. This was achieved by quickly rastering the
probe across the stationary domain boundary which, with consideration of the
change of reference frame, is equivalent to the field-driven switching currents
typically observed in more conventional field-driven ferroelectric switching
experiments. CGM gives one access to considerably higher relative probe-wall
speeds, on the order of millimetres per second. Additionally, without the
necessity of biasing fields, no field-related effects can adversely affect the
experiment. By adapting our AFM for CGM, distinct current anomalies were
observed across the domain boundaries in multiple materials, consistent with
those observed originally by Hong et al. [142]. In conjunction with the wall
velocity data obtained in Chapter 4, the CGM data was used to create an
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effective current-voltage (𝐼-𝑉) plot, revealing negative switching currents for
notionally positive electric fields, thus confirming the presence of a negative
capacitance effect. Kelvin Probe Force Microscopy measurements were also
performed, which excluded local electrical field reversal at the domain wall
(during motion) as a potential mechanism driving negative capacitance. A
simple Landau potential was also constructed that would allow for the
anomalous motion of charged insulating domain boundaries in this system, but
the description is unable to simultaneously account for the conventional motion
of the charged conducting boundaries, and hence a more involved approach
is required that can account for the complex interaction between the ferroic
properties of this system.
Large field-of-view imaging during field-driven wall motion reveal that
domain reconfiguration, hundreds of microns away from both the wall and strip
electrodes, occurs throughout the crystal as the insulating boundary moves
anomalously under the external bias. From these observations, it is suggested
that domain reconfiguration elsewhere in the material could accommodate the
local, anomalous charged wall motion, as this system is inherently an improper
ferroelectric, meaning the elastic properties are expected to play a more
dominant role in the thermodynamic description of the material.
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6.2 Further work
The boracites were at the forefront of ferroelectrics research throughout the
1970s and the 1980s [47]. Since then, however, many new profound
techniques have been implemented to characterise ferroelectrics and have
shed new light on functional properties of domains and domain boundaries on
a more local scale [93], [100], [103], [142]. With this in mind, there are a huge
variety of experiments that should be reconsidered with regards to the boracite
family. For example, many of the members are structurally related and
possess the same crystallographic point group at room temperature (𝑚𝑚 ),
hence it would be important to see if significant domain reconfiguration can be
achieved in other boracites via point pressure (as was demonstrated in this
thesis for Cu-Cl boracite). Additional boracite crystals, namely magnesiumchlorine (Mg-Cl) and iron-iodine (Fe-I) boracite were purchased/obtained from
collaborators to actually perform such measurements. These pressure-related
experiments failed, however, due to the presence of pre-existing cracks in the
crystals that prevented proper domain reconfiguration from occurring. In fact,
some crystals exploded when a “reasonable” degree of pressure was applied.
Crystal quality is therefore crucial; the presence of cracks and defects makes
the process of domain reconfiguration via pressure nearly impossible.
Having established reliable, site-specific domain wall injection in Cu-Cl
boracite, a more systematic, quantitative study of the effect of pressure on the
formation of quadrant-type domain patterns is required. It would be interesting
to determine the contribution of certain domain variants in response to the
applied pressure. Additionally, one could optimise the process of injecting
charged domain boundaries if a threshold value of pressure was known. It
would also be beneficial to study the current-voltage (𝐼-𝑉) characteristics of
charged domain boundaries in other members of the boracite family, as it
would allow for one to determine which member exhibits comparatively higher
wall currents which, naturally, has consequences when choosing an
appropriate

member

of

the

boracite

family

for

future

wall-based

nanoelectronics.
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A genuine concern identified in this thesis is the inability to assign local
polarisation orientations using as-obtained PFM that are also consistent with
the local ferroelastic shearing observed in topography and the charged nature
of specific domain boundaries (as observed using c-AFM). Although the PFM
in this thesis was corrected using a topographic derivative-based technique,
there is reason to suspect that the anomalous PFM data is caused by a more
inherent issue, namely the fundamental relationship between applied electric
field (form the probe) and the magnitude and sense of the corresponding
(converse) piezoelectric coefficients of the sample. The issue needs to be
treated on both the experimental and theoretical fronts. It would be worthwhile
to experimentally collect PFM data more thoroughly as a function sampleprobe scanning angle, bias, and biasing frequency to establish, for example,
the behaviour of the associated in-plane lateral phase contrast and amplitude.
To circumvent the issues associated with the anomalous PFM data, one
could infer the local polarisation configuration if one could determine the
charge carrier type for each type of charged domain boundary present in CuCl using Hall effect-based techniques in conjunction with Kelvin Probe Force
Microscopy (KPFM). This, combined with AFM and c-AFM data, would allow
for unequivocal determination of the local polarisation configuration. The Hall
Effect technique has been implemented within our group very successfully to
determine free charge carrier types in the improper ferroelectric family of
manganites, for example [33], [34], so it is entirely possible to conduct similar
experiments in Cu-Cl boracite, considering the relative ease at which charged
domain boundaries can be created in this system.
The most obvious challenge is to realise the measurement of the negative
capacitance on the nanoscale in the boracites. In the thesis by David Edwards
[157] for example, he established nanoscale domain reconfiguration in a bulk,
single crystal of Cu-Cl boracite using a stiff (high-𝑘) scanning probe made
entirely of diamond, hence it is reasonable to suspect that similar domain
reconfiguration can be expected in a small, lamellar slice of the same material.
In Figure 6.1, a lamellar slice of Cu-Cl boracite, extracted from the bulk by coworkers Aaron Naden and Charlotte Cochard, was imaged using PFM in
conjunction with a new AFM heating stage. The phase transition near 90°C
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was confirmed, and peculiar domain structures were observed, demonstrating
the potential to perform more involved experiments concerning the fieldinduced motion of domain walls

in the boracites (including their

characterisation using c-AFM and the Hall Effect). Recently, the group
acquired a high voltage system for administering biasing fields beyond the 10V
threshold imposed by the original electronics comprising the MFP-3D Infinity
AFM system. With this in mind, one is in a position perform local electrical
hysteresis measurements that comfortably exceed the coercive voltage of a
small, lamellar slice of boracite. With the aid of relatively stiff AFM probe, one
could also inject charged insulating domain boundaries and directly examine
the NC effect associated with these walls, in addition to local wall velocities (as
a function of increasing bias) and possibly additional dielectric measurements.
Moreover, with the recent incorporation of a new AFM temperature stage,
these properties could also be examined as a function of increasing
temperature, even beyond the modest transition temperature at ~90°C.
It is expected that the experiments expounded in this thesis provide enough
motivation to tackle the many outstanding issues concerning Cu-Cl boracite,
as it has consistently proven itself to be a very intriguing system and worthy of
further study.
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Figure 6.1 | Domain reconfiguration via pressure in a Cu-Cl boracite lamellae.
(a) Native topography of a bulk, single crystal of Cu-Cl boracite. (b) Zoomed-in
topography map after surface milling via a high-𝑘 diamond scanning probe. (c)
Corresponding lateral PFM phase image reveals distinct ferroelastic needle
domains surrounding the perimeter of the milled region. (d) – (i) Heat cycling of a
Cu-Cl boracite lamellae through TC whilst simultaneously scanning the surface
using AFM allows for direct observation of domain reconfiguration. Scalebar
measures 1µm. (j) – (l) The next step is to realise domain configuration in a lamellae
via pressure from a scanning probe, where it is envisaged that charged domain
boundaries can be routinely injected into the material. (a) – (c) adapted from [157].
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