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Abstract 
 

The potential for active nano-electronic devices based on the creation and 

manipulation of pseudo-2D electrically conducting interfaces, such as domain walls 

and phase boundaries, in an array of material systems is now well established. Whilst 

the existence of conducting interfaces within otherwise insulating mediums is 

surprising, exciting new avenues for fundamental research have developed, focussing 

on harnessing the potential for these conducting channels to be active components 

within nanoscale devices. With the nucleation and repositioning of conducting 

interfaces having been to date, reliant primarily on the use of electric-field poling 

regimes; a series of recent studies utilising mechanical stress as a means of controlling 

nanoscale phase transitions and functionality, offers an alternate approach for direct 

injection and control of conducting interfaces. Moreover, with the advent of scanning 

probe microscopy (SPM), large magnitudes of stress can be applied in a highly 

localised manner via nanoscale probe tips, making this process ideally suited for 

materials possessing confined geometries. This thesis seeks to address the role that 

highly localised stress plays in inducing conducting states on the nanoscale within two 

unique material systems; ferroelectric mixed-phase Bismuth Ferrite, and the metal-

insulator transition oxide, Vanadium Dioxide.  

 In epitaxially strained Bismuth Ferrite with mixed-phase populations, localised 

electric field application highlights a reproducible, non-destructive reorganisation of 

the native mixed-phase state; with the nature of the crystallographic phase transitions 

underpinned by both the polarity and magnitude of the applied field. Subsequent 

conduction measurements reveal the electrically driven T-phase dominant state 

possesses insulating behaviour comparable to the normally insulating native state. 

Contrastingly, for regions surrounding the locally switched state, a significant 

enhancement of the electrical transport properties was observed; with current levels 

within the high pA range. To investigate the impact of highly localised stress 

application as a method of facilitating injection of conductive states in a non-

destructive manner; a probe tip traditionally used in PFM was employed as a 

nanoindentation device, applying uniaxial stress directly to the sample surface. 

Domain mapping following each respective stimuli reveal that R-phase structures 

could be nucleated within the electrically driven T-phase dominant state under local 
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stress application; a response consistent with thermodynamical arguments. Further 

assessment of the electrical transport properties revealed the presence of a localised 

resistive switching effect; with the stress-driven R-phase structures nucleated under 

increasing loading forces displaying significantly enhanced current levels compared 

to the previously non-conductive T-phase dominant state. To evaluate the influence of 

strain on the observed phenomena, a series of TEM studies were undertaken. Detailed 

measurements indicate that the stress-written, conducting phase boundaries possess a 

substantially higher in-plane strain gradient when compared to their native 

counterparts; with such observations pointing to the conductive response to be a strain 

mediated effect.  

 The results obtained were built upon further through incorporation of the 

existing experimental methodologies into a proof-of-concept device geometry. 

Through use of a macroscopic indentation probe, facilitating direct pressure 

application to electrodes on the sample surface; a measurement of the functional 

response was obtained through current-voltage spectroscopy. These studies highlight 

current levels on the order of μA, far in excess of magnitudes previously recorded. 

Through additional application of d.c electric fields to the incorporated bottom 

electrode, an erasing of the detected currents was observed; inducing a large, 

repeatable “on/off” current ratio between the coexisting phase states, consistent with 

the presence of a macroscopic resistive switching response.  

 Finally, nanoscale stress injection of conductive states was investigated in the 

archetypal metal-insulator transition metal, Vanadium Dioxide. Through current-

voltage spectroscopy a robust, reversible metal-insulator transition was observed; with 

a four-order magnitude change in the sample resistance present upon passage through 

the transition temperature. Following local stress application, a significant non-

destructive reduction of the magnitude of the metal-insulator transition temperature 

was observed, attributed to the injection of nanoscale conductive states. Further work, 

engineering greater control over the nature of the metal-insulator transition was 

undertaken through variation of the sample geometry. It is evident that engineering of 

the sample geometry does not result in loss of material functionality; with the metal-

insulator phase transition observed in the form of a thermochromic response, with 

laterally expanding triangular domain growth observed following application of 

increased temperature. This thesis also outlines future experiments which would help 

facilitate a more complete understanding of the work presented thus far.  
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Chapter 1 

 

Introduction  
 

Often overshadowed by their analogous ferroic subgroup, ferromagnets, ferroelectrics 

were seen as little more than a curiosity in the decades following their discovery in the 

early 1920’s [1]. The subsequent discovery of Barium Titanate (BTO), whose simple 

crystal structure and physical properties made it an appealing prospect for potential 

future devices, yielded a significant enhancement of research interest into ferroelectric 

materials. With the discovery of a wide range of similarly structured materials, a host 

of applications have been realised, from sonar to capacitors and ferroelectric random 

access memories (FeRAM) [2]. The discovery of room temperature interfacial 

conductivity in ferroelectric materials [3] has resulted in new avenues opening up for 

fundamental research, with an extensive array of potential device concepts envisaged 

that utilise conducting interfaces as active device elements in their own right. Along 

similar lines, materials that undergo metal-insulator phase transitions [4] lend 

themselves to the vision of nano-circuitry design with confined conductive channels 

arising out of such transitions. In both these material systems, the potential of using 

the conductive "channels" which are not structurally restricted and can be moved 

around by different stimuli has become evident. In this context, the use of nanoscale 

stress as the primary stimulus to create and manipulate the conductive states in mixed-

phase ferroelectrics and materials undergoing metal-insulator phase transitions is the 

key focus of this thesis.  

 Before investigating the role of localised stress on conductivity in these 

materials within subsequent chapters, this chapter provides a wide overview of the 

phenomena of electrical conductivity in ferroelectric domain walls and conducting 

phases in metal-insulator transition oxides. Fundamental aspects of ferroelectricity, 

domains and domain walls, conductivity at domain walls as well as metal-insulator 
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phase transitions are further discussed here. A detailed overview of both the role of 

strain in enhancing the functionality of material systems and domain wall conductivity 

is outlined to facilitate a detailed understanding of the experimental results that follow 

in subsequent chapters. Furthermore, the thermodynamics of phase transitions and 

domain formation are presented to provide a holistic understanding of the wider 

research field. The context of nanoscale stress as a stimulus to induce and control 

conductive states in these functional oxides is laid out briefly and expanded at the 

beginning of each respective results chapters.  
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1.1 Ferroelectricity 
 

Ferroelectrics are materials that exhibit a net dipole moment, or “spontaneous 

polarisation,” in the absence of an electric field due in part to the alignment of 

permanent dipole moments found within the material [5]. What makes ferroelectrics 

unique is that the orientation of this ‘spontaneous polarisation’ may be switched 

through the subjection of the material to an external electric field. Such a unique 

property results in ferroelectrics displaying polarisation hysteresis under electric field 

cycling (P-E hysteresis), which is analogous to magnetic field driven magnetisation 

hysteresis (M-H hysteresis) seen in ferromagnetic materials, of which ferroelectrics 

derive their name.  A typical hysteresis loop is schematically illustrated in Figure 1.1 

from which several important physical parameters may be obtained.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 1.1 | Ferroelectric Hysteresis. Schematic of a ferroelectric hysteresis loop, plotting 

the materials polarisation, P as a function of the applied electric field, E. Key physical 

parameters may be obtained: saturation polarisation PSAT, spontaneous polarisation PS, 

remnant polarisation PR and the coercive field EC. 
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 The ‘saturated polarisation,’ or PSAT is the maximum polarisation that can be 

induced following electric field application. This is located at both the maximum and 

minimum points of the hysteresis loop. By extrapolating PSAT back to the point of zero 

field application, the ‘spontaneous polarisation,’ or PS may be obtained, which is the 

average dipole moment per unit volume. The ‘remnant polarisation,’ PR is the zero-

field net polarisation remnant in the material following the application and removal of 

a saturating field. The ‘coercive field,’ or EC is the field applied to the material that 

yields a net-zero polarisation resulting in a reversal of the polarisation sign. Whilst 

hysteresis is an indicating factor of ferroelectricity, it does not prove unequivocally 

that a material is ferroelectric, since similar features have be measured for partially 

conductive dielectric materials. [6] 

  

 

 

 

 
 

 
 

 
 

 
 

 
  

Figure 1.2 | Crystallographic point group classifications. Schematic of the breakdown 

of the thirty-two crystallographic point group classifications by electrical properties 

alongside their relationships with each other.  
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 To facilitate switchable spontaneous polarisation, the unit cell structure of a 

ferroelectric material must be non-centrosymmetric, whereby one direction within the 

unit cell is representative of the unique polar axis. [5]. There are thirty-two known 

crystallographic point groups, of which ten possess this property and are hence 

classified as ‘ferroelectrics.’ These ten polar point groups are part of a wider family of 

materials classified as ‘pyroelectrics,’ where a surface charge develops within the 

material upon variation in temperature. Moreover, these polar groups belong to the 

‘piezoelectric’ family, where polarisation is a linear response to an applied strain, and 

conversely, strain results from polarisation changes induced by an applied electric 

field. All thirty-two point groups display ‘electrostrictive’ properties, where a strain is 

generated following an applied electric field; one that does not change upon reversal 

of the applied field. Piezoelectric materials, however, have a reversed response 

following reversal of the stimulus. [5] A breakdown of the properties and relationships 

between the thirty-two crystallographic point groups is illustrated in Figure 1.2.  

 

1.2 Phase transitions in ferroelectrics 
 

Structural phase transitions in ferroelectrics are, for the majority of cases governed by 

a change in temperature. Most ferroelectric materials will change from a high 

temperature, high symmetry paraelectric state, to a low temperature, low symmetry 

ferroelectric state upon cooling through a temperature known as the ‘Curie 

temperature’ (TC) [7]. To develop a clear understanding of the thermodynamics behind 

such a transition, it is imperative that the effect that such a transition has on the overall 

free-energy of the system is considered. To do this, one must look towards Landau-

Ginzburg-Devonshire theory [8], [9], which models changes in the free energy, F of the 

system resulting from changes in macroscopic properties. Such changes may be 

expressed in terms of an order parameter Q, which varies between a high-temperature 

value of zero to a low temperature value that is finite. For ferroelectrics, the order 

parameter is the spontaneous polarisation P [10], [11].  

 The key assumption in Landau-Ginzburg-Devonshire theory is that, in the 

proximity of the phase transition, an expression of the free-energy of the system as an 

expansion series for a range of thermodynamic variables, such as temperature T, 

polarisation P and external electric-field E can be obtained. Taking an unstrained, 
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unpolarised crystal to be zero energy in the absence of an electric field, the free-energy 

of the system may be expressed through the following expansion [12]: 

        

 
𝐹(𝑃) =  

1

2
𝛼𝑃2 +

1

4
𝛽𝑃4 +

1

6
𝛾𝑃6 Eq. 1.1 

 

where α, β and γ are all temperature dependent expansion coefficients. Crucially, only 

even power terms are permitted by symmetry given that both polarisation states within 

a ferroelectric unit cell are energetically equivalent i.e. in the event of a reversal of the 

polarisation, the free-energy remains unaffected. The impact of an external electric 

field may be included in the free-energy expansion, where the polarisation-electric 

field coupling can facilitate a decrease in the free-energy when their directions are 

parallel, or an increase in the free-energy when they are anti-parallel. From this, an 

expression for the electric field can be determined.  

 

 𝐹(𝑃, 𝐸)  =  𝐹(𝑃)  −  𝐸. 𝑃 Eq. 1.2 

 

Taking the derivative of the free-energy expression of Eq. 1.2 with respect to P, and 

setting the resultant equal to zero to express the energy minimum. 

 

 𝑑𝐹(𝑃, 𝐸)

𝑑𝑃
=  

𝑑𝐹(𝑃)

𝑑𝑃
− 𝐸 = 0 Eq. 1.3 

 

Taking the derivative of the free energy with respect to the polarisation yields an 

expression for the electric field in term of polarisation, since rearranging of Eq. 1.3 

gives: 

 

 𝑑𝐹(𝑃)

𝑑𝑃
= 𝐸 Eq. 1.4 
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Therefore, by applying this definition to Eq. 1.1 the following expression may be 

obtained: 

 

 𝑑𝐹(𝑃)

𝑑𝑃
=  𝐸(𝑃)  = 𝛼𝑃 + 𝛽𝑃3 + 𝛾𝑃5 Eq. 1.5 

 
By taking a further derivative of Eq. 1.5 with respect to P, and by setting P = 0, an 

expression for the high temperature susceptibility can be obtained: 

 

 
𝜒 =  

𝑑𝑃

𝑑𝐸
 =  

1

𝛼
 Eq. 1.6 

 

Moreover, in Landau-Ginzburg-Devonshire theory it is assumed that around the 

transition temperature (T~T0) 

 

 𝛼 =  𝛼0(𝑇 − 𝑇0) Eq. 1.7 

 

where α varies linearly with temperature. T0 is known as the ‘Curie-Weiss’ 

temperature, which is the temperature at which α changes sign. By inserting this into 

Eq. 1.6, the Curie-Weiss behaviour can be stated as the inverse of the susceptibility. 

 

 1

𝜒
 =  𝛼0(𝑇 − 𝑇0) Eq. 1.8 

 

Therefore, the free-energy description with an external field applied, Eq. 1.2 can now 

be restated using this expression for α: 

 

 
𝐹(𝑃, 𝐸)  =  

1

2
𝛼0(𝑇 − 𝑇0)𝑃

2 + 
1

4
𝛽𝑃4 + 

1

6
𝛾𝑃6 − 𝐸. 𝑃 Eq. 1.9 

 

with the electric field expansion, Eq. 1.5 restated as: 

 

 𝐸 =  𝛼0(𝑇 − 𝑇0)𝑃 + 𝛽𝑃3  + 𝛾𝑃5 Eq. 1.10 
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With the assumption that α0 and γ are positive for all known ferroelectrics [12], the 

behaviour of the free-energy during a phase transition can be influenced strongly by 

the sign of β. This determines whether the polarisation will develop continuously or 

discontinuously through the transition temperature. This is also known as the ‘order’ 

of the transition.  

 

1.2.1 Second-order (continuous) transition 
 

In a second-order transition, a continuous change in the order parameter occurs below 

the transition temperature when β > 0. In this case, the Curie-Weiss temperature may 

be taken to be equivalent to the transition temperature (T0 = Tc). By taking these 

conditions, it is possible to determine the spontaneous polarisation that develops for 

this transition under zero electric field (E=0) when T<Tc. Since its polarisation 

component is not required to describe the transition [13], by setting γ equal to zero and 

taking the two lowest-order terms it is possible to restate Eq. 1.10 in the following 

terms: 

 

 

 𝐸 =  0 =  𝛼0(𝑇 − 𝑇0)𝑃 + 𝛽𝑃3 Eq. 1.11 

 

 

and by rearranging it is possible to determine an expression for the spontaneous 

polarisation,  

 

 

 

𝑃𝑠 = ±√
𝛼0

𝛽
(𝑇𝐶 − 𝑇) Eq. 1.12 

 

 For the high temperature state (T>Tc) the minimum free-energy state 

corresponds to a zero-polarisation which is represented by a single well potential in 

Figure 1.3a. Cooling through the transition temperature, a double well in the free-

energy emerges, indicative of two equal but oppositely orientated polarisation states 

existent within the ferroelectric state [14]. Crucially, no discontinuity in the polarisation 

as the system is cooled through its transition temperature, Tc is observed. Furthermore, 

Eq. 1.8 predicts a diverging of the susceptibility to infinity at the transition 

temperature; however in reality it is experimentally observed that 𝜒 tends to reach a 
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finite maximum value [12]. An example of a ferroelectric system exhibiting a second-

order transition is triglycine sulphate [13].  

 

 

   

  

Figure 1.3 | Second-order (continuous) phase transition. (a) Relationship between the 

free-energy and polarisation upon passage through the Curie temperature (Tc) for a second-

order transition. Note the separation between the energy minima increases as the 

temperature of the system is reduced. (b) The continuous development of the spontaneous 

polarisation (PS) through the transition temperature (top), with the corresponding Curie-

Weiss behaviour (bottom), of the dielectric susceptibility as the system approaches Tc. 

Adapted from [12]. 
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1.2.2 First-order (discontinuous) transition 
 

For a potential well profile to be characteristic of a first-order transition, β < 0 and T0 

< Tc. In contrast to that of a second-order transition, γ must now be included in order 

to fully understand the phenomena. By considering zero-field conditions, the resulting 

solutions for the spontaneous polarisation are expressed as: 

 

 
𝑃𝑠

2 = 
−𝛽 ± √𝛽2 − 4𝛼0𝑐(𝑇 − 𝑇0)

2𝛾
 Eq. 1.13 

 

 For temperatures in excess of the transition temperature (T >> Tc), a single 

minimum point corresponds to a zero polarisation, representative of the paraelectric 

state. As the system is cooled, and the temperature approaches the transition 

temperature (T > Tc), additional metastable minima appear within the potential well. 

When the temperature reaches the transition temperature (T = Tc), the non-zero 

polarisation becomes energetically more favourable and a stabilisation of the 

ferroelectric state occurs.  

 As the system cools below the transition temperature (T < Tc), the non-zero 

minima representative of the ferroelectric state stabilises and accommodates the 

development of a spontaneous polarisation. Until the system is cooled below the Curie-

Weiss temperature, T0, the zero-polarisation minima will remain, allowing 

paraelectricity to become metastable for (T0 < T < Tc). This process is conveyed in 

Figure 1.4a. The subsequent phase transition from the paraelectric to the ferroelectric 

state occurs discontinuously, with a sudden jump to a non-zero polarisation state. This 

is illustrated in Figure 1.4b [15]. Barium Titanate (BaTiO3) is an example of a 

ferroelectric system that displays a first-order transition.  
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Figure 1.4 | First-order (discontinuous) phase transition. Relationship between the free-

energy and polarisation upon passage through the Curie temperature (Tc) for a first-order 

transition (a), with the  discontinuous development of the spontaneous polarisation (Ps) as 

the system is cooled through the transition temperature with the dielectric susceptibility 

behaviour of the system. The solid green line illustrates the behaviour one would expect 

for a real system where a discontinuous transfer between the two profiles can be viewed at 

the transition temperature Tc. Adapted from [12]. 
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1.3 Perovskite crystal structure 
 

To understand beyond a thermodynamical approach how the ferroelectric state 

emerges, it is useful to view how the spontaneous polarisation emerges within a real 

crystal system. To do this one looks to the most common ferroelectric material; the 

perovskite oxide which possesses a simple ABO3 structure. An illustration is provided 

in Figure 1.6.  

 In the high-temperature configuration, the structure consists of the B4+ ion 

located at the centre of an O2- octahedron, surrounded by a cubic arrangement of A 

cations. Note that in the high-temperature configuration the structure is 

centrosymmetric and as such, no net dipole moment can be supported. When cooled 

into the ferroelectric state, a displacement of the lattice dimensions occurs, resulting 

in the B4+ no longer residing at the centre of the O2- octahedron, and a net dipole 

moment existing i.e. a spontaneous polarisation occurring [16]. The possible 

polarisation directions within the crystal are determined by the locations of energy 

minima in the unit cell. Discussed in detail later in this thesis, the subject material is 

Bismuth Ferrite (BiFeO3), a perovskite oxide possessing eight possible polar 

directions.        

  

Figure 1.5 | Structural characteristics of archetypal perovskite ferroelectric system. 

Perovskite crystal structure ABO3 shown for the (a) high-temperature cubic phase and, (b) 

the low-temperature tetragonal ferroelectric phase. Adapted from [17]. 
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1.4 Ferroelectric domains 
 

Up to now, our understanding of ferroelectricity has focussed on an ideal system as 

governed by Landau theory. However, under experimental scrutiny it was found that 

the required field for switching of the ferroelectric polarisation was three-orders of 

magnitude less than that predicted theoretically [18]. The theoretical assumption was 

that switching occurs via simultaneous reorientation of the electrical dipoles in the 

material; when in reality, switching in ferroelectrics arises from domain nucleation and 

growth.  

 Defined as a region in a crystal where dipoles have the same polarisation 

direction, domains nucleate in areas of a ferroelectric where the energy barrier for 

switching is lowered; occurring commonly at defect sites/imperfections in the crystal 

such as electrodes or free edges [18]. To understand why multiple domains exist 

naturally in a real crystal system, consideration of the interaction between the 

polarisation component and surface boundaries is imperative.  

 

 

 

 

 

 

 

 

 

 

Figure 1.6 | Ferroelectric domain structure for an idealised system. (a) Depolarising 

field arising from induced surface charges from a monodomain configuration. (b) Idealised 

stabilisation of monodomain state through charge screening via use of an electrode 

geometry. (c) Minimisation of the depolarising field magnitude through creation of 

alternating 180O domain, with (d) increased density of domain states reducing the field 

strength further. Adapted from [15], [17]. 
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 Whilst for an ideal crystal, the energetically favoured state has all dipoles 

aligned in the same direction; in real crystals the interaction of the polarisation 

component with a surface boundary results in a development of a bound charge. The 

result of this is an electrostatic field which acts to destabilise the polarisation 

component, known as the ‘depolarising field.’ This is illustrated in Figure 1.6a. 

Reducing the separation between the charged-surfaces leads to an increased magnitude 

of the depolarising field, which can result in a destabilisation of the ferroelectric 

properties of the crystal once a critical thickness has been attained. 
 Minimisation of the energetically unfavourable depolarising field, and thus 

preservation of the dipole ordering within the crystal at low thicknesses can be 

achieved in a number of ways. For a ferroelectric crystal integrated into an electrode-

device geometry, as shown in Figure 1.6b, effective screening of the depolarising field 

can be achieved via charge flow at the metallic electrodes. However, internally the 

crystal structure can adapt to the effects of the depolarising field through the creation 

of domain structures, as illustrated in Figure 1.6c. As the crystal is cooled through its 

transition temperature, a series of domains will develop where each domain will 

possess anti-aligned polarisation to its immediate neighbour. This results in the surface 

charge alternating in polarity, yielding an overall reduction in the depolarising field. 

Formation of additional 180O domains will continue to occur, as shown in Figure 1.6d, 

leading to further screening of the surface charge and therefore further minimising the 

magnitude of the depolarising field. 

  The separation between domains of different orientations is a region known as 

a domain wall, which is an energetically costly interface that displays unique 

properties, independent of the surrounding bulk material. Formation of 180O domains, 

and with it further energetically costly domain walls will continue until the cost of 

forming new domain walls is greater than the reduction in the energy associated with 

lowering the magnitude of the depolarising field. Such behaviour was calculated 

initially by Landau [8], before being formalised by Kittel for ferromagnetic domain 

structures in equilibrium [19], [20] and validated further for ferroelectrics [21]. A general 

expression of the free-energy component, dependent on domain wall width can be 

expressed [22]: 

 

 
𝐺 =  𝑈𝑤 +  𝛾

𝑑

𝑈
 Eq. 1.14 
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where F is the free-energy, U is the real energy associated with the charged free 

surface, γ is the domain wall energy density, d is the sample thickness and w is the 

domain wall width.  

 Minimising Eq. 1.13 with respect to the sample thickness allows an expression 

for the optimal domain wall width to be obtained.  

 

 

𝑤𝑚𝑖𝑛 = √
𝛾𝑑

𝑈
 Eq. 1.15 

 

Here, a square root dependence of the domain width on the overall sample thickness 

is conveyed; verified experimentally to nanoscale thicknesses [23]. 

 Ferroelectric domain walls have been demonstrated to be very narrow 

structures, ~1nm in width [24], differing significantly to domain walls found in 

ferromagnetic systems, which can be upwards of hundreds of nanometres in width [25], 

[26]. Such geometric contrast can be understood through careful consideration of 

dipolar changes across the interface between neighbouring domains. In ferromagnetic 

systems, a gradual change of the magnetisation vector across the wall is preferred, due 

in part to immediate anti-aligned spin neighbours being unfavourable; accounting for 

the larger domain wall width. For ferroelectric systems, the opposite case holds true: 

to reduce instability in the system, changes in polarisation direction happen over as 

small a space as possible. As such, a sharp domain wall is favoured as this ensures that 

polarisation reversal occurs over as narrow a region as possible. As a result, whilst 

ferromagnetic domain walls may exhibit a continuous rotation of the magnetisation 

vector, representative of either a Néel (Figure 1.7a) or Bloch wall (Figure 1.7b); 

ferroelectric domain walls are considered to be similar to an Ising wall (Figure 1.7c), 

where the polarisation reduces to zero at the interface, with a negligible rotation of the 

polarisation axis.  

   

 
 

  



Chapter 1: Introduction   

 

16 

 

 

 

 

 

 
 

 
 

 

 
  

Figure 1.6 | Domain wall configurations for multiferroic systems. In this schematic the 

three possible wall configurations are conveyed. Néel (a) and Bloch (b) type domain walls, 

found in ferromagnetic systems display gradual evolution of the magnetisation vector; 

whilst (c) Ising type domain walls, found in ferroelectric systems display a gradual 

reduction of the magnitude of the polarisation. Adapted from [27].  
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1.5 The Role of Strain 
 

The strong electromechanical coupling (coupling between polarisation and strain) in 

ferroelectrics, attributed to their electrostrictive nature accounts for numerous changes 

to their fundamental properties when alterations are made to the structural composition 

of the material [28]. Whilst the ideal properties of any ferroelectric are viewed in the 

context of a single-crystal variant of the material; the growth of high-grade thin films 

on appropriate underlying substrates has demonstrated that such synthesised systems 

can possess properties which are considered superior to those found in their bulk 

equivalent.  

 For thin films, engineering strains of magnitudes in excess of values associated 

with structural failure of their bulk equivalent has been extensively reported. Through 

application of both hydrostatic [29] and biaxial [30] pressure, alterations to the transition 

temperature have been noted for bulk perovskite ferroelectrics. Furthermore, the 

effects of strain arising from lattice mismatch have been considered theoretically [31-

34], with alterations to the transition temperature and polarisation modelled for an array 

of elastic and electrostrictive constants. Such models point to the existence of 

intermediary phase states, existence only in the strained state due to their unstable 

nature in the bulk [34]. These effects have been confirmed experimentally for strain-

engineered thin films; pointing to a strong electro-mechanical coupling of the system 

as a key factor behind the observed alterations to the material properties [35], [36].   

 In particular, studies on Strontium titanate, SrTiO3, which is normally a 

paraelectric material in its bulk form [37] have shown that strained thin films of the 

material demonstrate a stabilisation of the ferroelectric state at this temperature (Figure 

1.6a) [35], [38]. Furthermore, engineering of strained BaTiO3 thin films have 

demonstrated substantial alterations to the observed spontaneous polarisation; with 

stabilisation of the ferroelectric state achieved for temperatures as high as ~540oC 

(Figure 1.6b) [36]. Moreover, strain-engineering has been shown to play a key role in 

controlling both the formation and size of polar structures (Figure 1.6c) [39]; along with 

stabilisation of two different phase structures in BiFeO3 (Figure 1.6d) [40], depending 

on the choice of substrate.   
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1.5.1 Thin Film Epitaxy and Epitaxial strain 
 

The synthesis of single-crystal films onto crystalline substrates is known as ‘epitaxy’ 

or ‘epitaxial growth’; a process by which the choice and quality of the underlying 

substrate can play a significant role in the alteration of many functional properties. 

Growth of a thin film on a substrate made from the same material is known as 

‘homoepitaxy.’ This process is traditionally used to synthesise layered systems of 

different doping levels; a prime example is the growth of a doped silicon film on an 

un-doped silicon substrate, where the processed film is effectively free from defects 

allowing for a differing functionality to the substrate [41]. Contrastingly, the growth of 

Figure 1.6 | Strain influence over functional properties in ferroelectric thin films.   

Evolution of the role strain plays in structural and functional alterations in thin films. 

Ferroelectric transition temperature range as a function of in-plane strain for (a) SrTiO3 and 

(b) BaTiO3 thin films, showing how strain stabilises ferroelectricity at temperatures in 

excess of room-temperature. (c) Ordered array of 109O domains in BiFeO3-DyScO3 and (d) 

stabilised mixed pseudo-tetragonal/ pseudo-rhombohedral phase in strained BiFeO3-

LaAlO3 thin films. Image adapted for (a) from [35], (b) from [36], (c) from [39] and (d) from 

[40]. 
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a thin film on a substrate made from a different material, but of a similar structure is 

known as ‘heteroepitaxy.’ In this process, the difference between the in-plane lattice 

parameters for both the deposited thin film and the crystalline substrate leads to strain 

within the system, which relaxes with increased film thickness [42], [43]. 

 Quantifiably, the strain introduced into the system as a result of epitaxial 

growth may be expressed as: 

 

 𝜀 =
𝑎𝑠 − 𝑎𝑓

𝑎𝑓
 Eq. 1.16 

         

 where as is the in-plane lattice parameter of the substrate, af  is the in-plane 

lattice parameter of the film and ε is the strain. From Eq. 1.14 it is possible to obtain 

two solutions, allowing accurate determination of the nature of the strain imparted on 

the film during epitaxial growth. If ε > 0, the film will experience an in-plane tensile 

strain resulting in a reduction of the c-axis parameter (Figure 1.7a). If ε < 0, the film 

will experience an in-plane compressive strain resulting in an increasing of the c-axis 

parameter (Figure 1.7b)     

  

 

 
 

 
 

 
 

 

Figure 1.7 | Thin film epitaxy and the emergence of strain. Schematic illustration of 

epitaxial film growth; (a) homoepitaxial growth, where the in-plane lattice parameters for 

both the film and substrate are the same and (b) heteroepitaxial growth, where the in-plane 

lattice parameters are different, giving rise to epitaxial strain.  
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1.6 Ferroelectric domain walls 
 

Ferroelectric domain walls, as discussed previously are interfaces separating two 

adjacent domain structures of different polarisation orientation. Predicted 

theoretically, and shown experimentally to possess unique properties independent to 

their bulk counterpart, these interfaces may be classified based on their charged nature. 

This is dependent on whether the interface satisfies the conditions of electrostatic 

compatibility, i.e. whether the normal component of the polarisation is continuous 

across the interface [44]. For interfaces that satisfy these conditions, a zero net bound 

charge exists and are hence defined as ‘neutral domain walls.’ Alternatively, when a 

violation of the conditions occurs, which corresponds to a discontinuity in the 

polarisation, a net bound charge exists and the interface is classified as a ‘charged 

domain wall.’  

 To assess the charged nature of these interfaces, consider a domain wall lying 

at an angle, θ to the polarisation within a uniaxial system. The subsequent alignment 

of domains results in the formation of either a head-to-head (positively charged) or 

tail-to-tail (negatively charged) configuration. This is illustrated in Figure 1.8.   

 

 

 
 

 
 

 
 

 

 

Figure 1.8 | Charged domain wall formation. Schematic of (a) head-to-head, positively 

charged and (b) tail-to-tail, negatively charged domain walls resulting from an inclined 

wall at an angle, θ to the polarisation axis.   
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The violation of the conditions of electrostatic compatibility at charged domain walls 

leads to a bound charge density at the interface equivalent to a non-zero divergence of 

the polarisation, which from a dielectric approximation can be expressed by [45]: 

 

 𝛻. 𝑃 = −𝜌𝑏 Eq. 1.17 

 

where ρb is the bound charge density and ∇. P is the divergence of the component of 

polarisation normal to the domain wall. The existence of a bound charge at charged 

domain walls leads to the formation of a depolarising field, the magnitude of which 

may be determined by considering changes to the electric displacement at the 

boundary, D. To do this, consider the total charge density to be a combination of both 

the free charge density, ρf, and the bound charge density, ρb, expressed by Eq. 1.18;  

 

 𝜌 = 𝜌𝑓 + 𝜌𝑏 Eq. 1.18 

 

Inserting this into Eq. 1.17, the total charge density as a function of the polarisation 

may be written as: 

  

 𝜌 = 𝜌𝑓 − 𝛻. 𝑃 Eq. 1.19 

 

Substituting this expression for the total electric field in the dielectric due to the 

combined charge densities, the following may be obtained: 

 

 
𝛻. 𝐸 =

1

𝜀0
(𝜌𝑓 − 𝛻. 𝑃)  Eq. 1.20 

 

and hence: 

 

  𝜌𝑓 = 𝛻. (𝜀0𝐸 + 𝑃) Eq. 1.21 
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Therefore, considering the electric displacement at the boundary involving only free 

charge to be expressed by: 

 

 𝛻.𝐷 = 𝜌𝑓 Eq. 1.22 

 

it is possible to rewrite Eq. 1.21 as: 

 

 𝛻.𝐷 =  𝛻. (𝜀0𝐸 + 𝑃) Eq. 1.23 

 

and hence, 

 

 𝐷 =  𝜀0𝐸 + 𝑃 Eq. 1.24 

 

By considering the depolarising electric field, E to have a greater magnitude when 

there is zero free charge, i.e. when the interface is unscreened, setting the free charge 

to zero it is possible to rewrite Eq. 1.24 as: 

 

 
𝐸 = −

𝑃

𝜀0
 Eq. 1.25 

 

When considering proper ferroelectric systems; systems where the primary order 

parameter is polarisation, the magnitude of the depolarising field expressed in Eq. 1.25 

can become so large that ferroelectricity may be suppressed due to a drop in the 

structural transition temperature, Tc 
[45]. Furthermore, if the magnitude of the 

depolarisation field was to exceed the coercive limit of the material, destabilisation of 

the ferroelectricity of adjacent domains would occur leading to a complete erasing of 

the charged domain wall.  

 Therefore, attaining a stable charged domain wall requires sufficient screening 

of the bound charge at the domain wall [45-47]. This has been shown for an array of 

techniques, from increasing the bulk carrier density through sufficient doping of the 

material [48], through electron-hole production via photo-excitation in super-band gap 
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illumination [49], to applying strain during thin film growth to stabilise domain walls 

[50].   

   Successful screening and subsequent stabilisation of charged domain walls has 

been considered for a wide range of regimes; with electrons, holes and charge defects 

facilitating bound charge screening at charged domain walls. Given the existence of 

charged domain walls is controlled by the formation energy of the wall, it is possible 

to formulate expressions for the domain wall energy for either linear or non-linear 

screening regimes. Taking a thermodynamical approach by applying Landau theory 

[51], for the non-linear screening regime the charged domain wall energy may be 

expressed as: 

 

 
𝑊𝑛𝑙 = 

2𝑃

𝑞
𝐸𝑔 Eq. 1.26 

 

where, Eg is the bandgap, with a magnitude equivalent to the energy required to 

generate carrier density to successfully screen the domain wall. For the linear 

screening regime, the charged domain wall energy may be expressed as: 

 

 
𝑊𝑙 =

4

3
|𝛼|𝑃2

𝑑

2
 Eq. 1.27 

 

where, α is the Landau coefficient and d is the width of the domain wall [45].  

 Whilst the above expressions hold true for proper ferroelectric systems, this is 

not the case for improper ferroelectrics. Given that polarisation is not the primary order 

parameter in improper ferroelectrics, the energetic cost of forming stable charged 

domain walls is subsidiary. Moreover, spontaneous polarisation values in improper 

ferroelectrics are often lower than those found in proper ferroelectric systems, but 

crucially show larger coercive fields. As such, for improper ferroelectric systems there 

is increased probability that stable charged domain walls will exist due to a reduced 

depolarising field strength. Given such stability, there has been increased attention into 

charged domain walls existing for an array of improper ferroelectric systems [52-56].  
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1.6.1 Conducting domain walls: a review 
 

Whilst initially predicted in 1973 [57], [58], the first direct observation of conduction at 

ferroelectric domain walls in the perovskite oxide, BiFeO3 was a defining moment for 

domain wall research [3]. By mapping current behaviour within the confines of these 

nanoscale interfaces, Seidel et al demonstrated that domain walls across a range of 

ferroelectric systems could be viewed as functional components in their own right; 

displaying properties unique from their bulk surroundings and offering new avenues 

for future nanoscale electronic devices [26].   

 Herein a summary of the progression of conducting domain wall research since 

this pivotal discovery is provided; including an overview of the mechanisms that have 

been put forth to understand the observed phenomenon in both thin films and bulk 

crystals. Whilst both proper and improper ferroelectric systems have been shown to 

display charged domain walls, particular emphasis in this section is placed on the 

extensively researched perovskite oxide family, of which the primary material 

investigated in this thesis, BiFeO3 belongs.    

 Whilst discussed in greater detail in Chapter 3, the multiaxial crystal structure 

of BiFeO3, with polarisation lying along the pseudocubic <111> direction results in 

the formation of domain walls possessing adjacent polarisation vectors meeting at 71o, 

109o and 180o respectively. The discovery of increased conduction within written 

domain walls in thin films of BiFeO3 by Seidel et al, illustrated enhanced conductivity 

for a switching domain state within the 109o and 180o walls, with the 71o walls 

displaying no clear observable current [3]. Piezoresponse force microscopy (PFM) and 

conductive atomic force microscopy (c-AFM) maps of the written region along with 

the corresponding conducting walls are illustrated in Figure 1.9a and Figure 1.9b 

respectively. Through high resolution transmission electron microscopy (HRTEM), a 

localised increase in the normal component of the polarisation at the 109o wall was 

observed, resulting in an increased carrier density; with the discontinuity in the 

polarisation registered at the 109o walls confirmed through density functional theory 

(DFT) [3]. Conclusions as to the origin of the observed domain wall conduction pointed 

to both an increased carrier density to screen the polar discontinuity, and a decreased 

band gap between 0.1 – 0.2eV attributed to structural alterations in the vicinity of the 

domain wall.  
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 Further studies calculated the density of screening charges for each wall 

orientation, noting a higher density of screening charges at the 180o walls and a lower 

density at the 71o walls. [59] Moreover, direct measurement of the band gap narrowing 

was obtained through scanning tunnelling microscopy, which pointed towards an 

electron dominated conductance [60]. Contrastingly, studies by Farokhipoor et al 

illustrated that an adjustment of the growth conditions, and in turn increasing the 

number of oxygen vacancies lead to an enhancement of conduction in the previously 

reported non-conducting 71o walls [61], [62]. Temperature dependent current-voltage 

measurements for a 71o wall are provided in Figure 1.9c, showing a semiconducting 

behaviour existent within the domain wall. Further temperature dependent studies [61-

Figure 1.9 | Conducting domain wall characteristics of BiFeO3 thin films. (a) In-plane 

piezoresponse force microscopy and (b) conducting atomic force microscopy maps of 

written 71o, 109o and 180o domain walls in BiFeO3. Note the enhanced conduction 

corresponding to the 109o and 180o domain walls, with no noticeable conduction in the 71o 

domain walls. Conductive behaviour of charged domain walls in BiFeO3 with (c) 

temperature dependent current-voltage measurements on a 71o domain wall, showing 

enhanced conduction after alteration of the growth parameters, and (d) metallic-like 

behaviour for written head-to-head domain walls. Image reprinted for (a) and (b) from [3], 

(c) from [61] and (d) from [64]  
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63] explored the role of oxygen vacancies with the observed wall responses; where 

measured conduction was shown to be thermally activated with energies equivalent to 

0.2 – 0.7eV, energies consistent with ionisation of oxygen vacancies. 

 Moreover, observation by Stolichnov et al of the temporary retention of trace 

conductivity after the erasing of 109o walls alludes to an aggregation of defects rather 

than native carriers [68]; and with oxygen vacancies acting as electron donors, studies 

point towards n-type conduction at the domain walls, in contrary to the p-type 

conduction predicted by theoretical studies [67]. Accurate determination of the 

conductive nature of each wall orientation has been the subject of extensive studies, 

with substantial domain wall currents in thin films of BiFeO3
 measured using primarily 

a negative tip bias. As such, the conduction mechanisms where identified to be both 

interface based Schottky-emission [3], [63] and Fowler-Nordheim tunnelling [63-66]; with 

naturally occurring 71o and 109o walls displaying semiconducting behaviour (Figure 

1.9d), and artificially produced head-to-head walls showing metallic like conducting 

behaviour [3], [63], [67]. 

 Similar studies have been undertaken on thin films of Lead Zirconate Titanate, 

PbTi1-xZrxO3 demonstrating enhanced conduction within the confines of straight, 

nominally uncharged 180o domain walls, illustrated in Figure 1.10 [69]. Through 

temperature dependent current-voltage measurements, behaviour, semiconducting in 

nature was also observed. Similar to BiFeO3, modulation of the conduction was 

obtained through careful adjustment of the growth conditions via ultra-high vacuum 

annealing and exposure to ambient atmospheres, providing further weight to the role 

oxygen vacancies have in the observed enhanced conduction [70]. Further current-

voltage studies, focusing on temporary head-to-head domain wall formation arising 

from switching of 180o domains demonstrated metallic-like behaviour, contradicting 

the semiconducting behaviour previously reported [71]. 

 Moreover, through careful engineering of strain in the growth process, in-plane 

domain structures along with corresponding head-to-tail domain walls were generated 

in nominally out-of-plane polarised films [72]. By mechanically forming conducting 

domain walls at temperatures of around 4K, Stolichnov et al showed that the bending 

of domain walls towards the substrate, along with localised valance changes confirmed 

the intrinsic conductance observed [72].  
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 Observation of enhanced conduction at domain walls is not restricted to purely 

thin film systems, with numerous studies showing similar responses in bulk crystals 

of both proper and improper ferroelectric systems [73-76].   

 For the uniaxial ferroelectric Lithium Niobate, LiNbO3
 increased conduction 

has been attributed to the accumulation of charges to necessitate screening of the 

depolarising field and effect stabilisation of charged domain walls; which is consistent 

with theoretical models [77]. Further studies have demonstrated how tuning of domain 

wall currents could be obtained through increasing of the domain wall angle; with such 

enhancement of current characteristic of the presence of individual charged sections 

of domain walls [75]. Moreover, differences in the conductive profiles for each type of 

wall orientation was shown to be dependent on the bulk carrier type; LiNbO3 is a wide 

bandgap n-type semiconductor in its bulk state [77]. 

Figure 1.9 | Conducting domain wall characteristics of PbTi1-xZrxO3 thin films. (a) 

Conducting atomic force microscopy and (b) piezoresponse force microscopy maps of 180o 

domain patterns in PbTi1-xZrxO3 thin film. Note the increased conductance of the nominally 

uncharged 180o domain walls, with the registered current observed within the confines of 

the domain wall (c). Low temperature conductance (d) with corresponding current-voltage 

measurements for strain engineering films. Images reprinted for (a)-(c) from [69], (d) and 

(e) from [72]. 



Chapter 1: Introduction   

 

28 

 

 Localised conduction within the room-temperature tetragonal perovskite 

Barium titanate, BaTiO3 was first reported for uncharged 90o head-to-tail domain walls 

following surface charging via scanning electron microscopy (SEM) [78]. To explore 

these observed properties further, by using a novel technique Sluka et al engineered 

an array of alternating 90o head-to-tail domain walls [79]; contacting each wall 

separately with platinum electrodes to facilitate stabilised current-voltage 

measurements in order to map their conductive behaviour [80]. It was found that for 

different wall orientations, there was a substantial difference in the conductive profile; 

with tail-to-tail domain walls displaying conduction comparable to the bulk, whilst 

head-to-head domain walls showed reproducible conduction of the order of 104 - 106 

times higher, shown in Figure 1.10a [80]. Moreover, for an assumed domain wall 

thickness [81], they calculated the intrinsic conductivity of the head-to-head domain 

walls to be 108 – 1010 times higher than that of the surrounding bulk [80]  

 Furthermore, from current-temperature measurements they noted conduction 

through the head-to-head domain walls consistent with a metallic-like behaviour rather 

than a thermally activated semiconducting behaviour, which they linked to the 

formation of a 2D electron gas (Figure 1.10b). Contrastingly, the distinct lack of 

enhanced conduction at the tail-to-tail walls was considered a result of screening 

through oxygen vacancies instead of holes [80].  

  The successful screening of polarisation charge is crucial for both the 

existence and stabilisation of charged domain walls in proper ferroelectrics, in contrast 

to that of improper ferroelectric. Whilst for proper systems, the ferroelectricity can be 

suppressed by the depolarising field that forms through the absence of screening 

charges at the charged domain walls; for improper systems suppression of the 

ferroelectricity is offset due to a reduction in the polarisation. As a result, naturally 

stable charged domain walls exist in improper ferroelectric systems due these 

structural considerations.  

 For the improper ferroelectric Rare-earth Manganites, RMnO3, six 

energetically equivalent domain states converge to form six-fold vertices throughout 

the bulk crystal; yielding a high density of charged, intersecting domain walls [82]. As 

shown in Figure 1.10c and d, piezoresponse force microscopy (PFM) and conducting 

atomic force microscopy maps (c-AFM) reveal an array of domain wall orientations, 

resulting in a variation of conductance for each wall type; with increased conduction 
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attributed to the presence of tail-to-tail domain walls and reduced conduction attributed 

to the presence of head-to-head domain walls [73], [82], [83].  

 

 

 

  

 

  

Figure 1.10 | Conducting domain wall characteristics of single-crystal BaTiO3 and 

RMO3. (a) Current-voltage measurements for head-to-head and tail-to-tail domain walls in 

single-crystal BaTiO3. Note that for tail-to-tail domain walls, the conduction is comparable 

to the bulk, with substantial enhancement at the head-to-head wall configuration. (b) 

Temperature-current relationship for the same BaTiO3 crystal, showing a metallic-like 

conduction behaviour for head-to-head domain walls. (c) Piezoresponse force microscopy 

(PFM) and (d) conducting atomic force microscopy (c-AFM) maps of ErMnO3 single 

crystal, illustrating the possible wall orientations and their respective charged profile; with 

head-to-head domain walls displaying decreased conduction and tail-to-tail domain walls 

displaying increased conduction respectively. Imaged adapted for (a) and (b) from [80] and 

for (c) and (d) from [73]. 



Chapter 1: Introduction   

 

30 

 

 Crucially, the curved nature of the domain walls allow a detailed understanding 

of the effect wall angle has on the resulting conductance; with studies showing 

continuous passage from a head-to-head orientation, through a neutral orientation 

towards a tail-to-tail orientation equating to substantial variation in the observed 

conductance. Moreover, such fluctuations in observed conductance has been 

associated with the localised accumulation of holes due to the system being a p-type 

semiconductor in bulk form [84]. Further reports of control over domain wall 

conductance through selective doping has been shown through increased density of 

bulk p-type carriers [84]. In this study, a greater doping concentration resulted in 

enhanced domain wall conductance through an increased screening charge density. 

Furthermore, studies continuing the work of Meier et al observed increased conduction 

in previously considered insulating head-to-head walls [85], with localised current-

voltage measurements on individual walls confirming the observed behaviour. 

Moreover, a recent study by Campbell et al has shown, via a novel technique [86] that 

conduction registered within tail-to-tail walls is consistent with the presence of p-type 

carriers; with a carrier density and mobility calculated to be ~1x1020cm-3 and 

~50cm2C-1s-1 respectively.  

 Enhanced conductance has further been observed in improper ferroelectric 

copper-chloride boracite; consistent with theoretical predictions made upon 

observation of an increase in the bulk resistivity following poling [87]. Possessing three 

polar axes that originate from the structural shearing of the unit cell upon passage 

through the transition temperature, the recent studies by McQuaid et al exploited this 

property to demonstrate enhanced conduction at charged 90o domain walls in the 

native state; with increased conductance at the tail-to-tail domain walls and reduced 

conductance at the head-to-head domain walls [88]. Piezoresponse force microscopy 

(PFM) and conducting atomic force microscopy (c-AFM) maps of the native 

conducting domain walls are illustrated in Figure 1.11a and Figure 1.11b respectively. 

Crucially, they noted that observed tail-to-tail conducting walls were consistent with 

the established theory where increased domain wall conductance corresponds to walls 

with screening from majority-type carriers [73], [77]. Furthermore, localised formation of 

conducting domain walls, several hundred microns in length were obtained through 

the application of uniaxial mechanical pressure to the crystal surface at temperatures 

close to the transition temperature, Tc (Figure 1.11b).   
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 Increased conduction at native and artificial domain walls for both proper and 

improper ferroelectric systems has been extensively researched for a broad range of 

systems; with a plethora of microscopic origins considered from the screening of 

polarisation discontinuities through mobile charge carriers, to defect aggregation to 

strain induced band gap distortions considered as plausible mechanisms. Whilst the 

existence of charged domain walls, and the discovery of conducting domain walls for 

both proper and improper ferroelectric systems opens up new avenues for further 

experimental research the development of a full and detailed understanding of the 

mechanisms that underpin electrical conductivity within such structures across a wide 

range of material systems is of fundamental importance.  

 
 

 

Figure 1.11 | Conducting domain wall characteristics of single-crystal Cu-Cl 

boracites. (a) Combined piezoresponse force microscopy (PFM) maps, illustrating the 

various domain orientations alongside the subsequent formation of tail-to-tail and head-to-

head domain wall configurations. (b) Corresponding conducting atomic force microscopy 

map (c-AFM) of the same region. Note the increased conductance corresponding to the 

tail-to-tail domain wall orientation, with reduced conductance located for the head-to-head 

domain wall orientation. Image adapted from [88]. 
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1.7 Applications of ferroelectrics and ferroelectric 

domain walls 
 

Most research interest in ferroelectrics; and by extension ferroelectric domain walls 

arises by virtue of the unique properties they possess, and the potential they have for 

use in a range of applications. To fully exploit these properties for practical purposes, 

it is imperative that a ferroelectric material is considered as a wide band gap 

semiconductor, rather than an insulator. This is crucial when investigating systems, 

where free carriers exist, such as that of perovskite oxides [89]. 

 Whilst properties allowed by symmetry considerations, such as pyroelectricity 

and piezoelectricity allow for a range of devices including electromechanical sensors 

and thermistors [89], it is the presence of a spontaneous polarisation that makes 

ferroelectric materials attractive prospects for logic and memory based devices. One 

leading component is that of ferroelectric random access memory (FeRAM), a non-

volatile memory that utilises electric fields to write logic states, boasting reliable 

switching, fast read/write times at a low consumption of power. Whilst FeRAM has 

found use in smart card technology [90], [91], the destructive nature of the read process 

for FeRAM, along with its lower storage density and higher cost of manufacturing puts 

it at a significant disadvantage to more established concepts, such as FLASH memory.  

 Consideration of the influence ferroelectric polarisation has on the potential 

barrier height and width at the electrode interface [92] has led to the development of 

ferroelectric tunnel junctions (FTJ); capacitor style devices comprised of ultrathin 

ferroelectric layers between two metal electrodes [93]. Here, polarisation directions 

equate to high or low resistive states, known as the Tunnel Electroresistive Effect 

(TER) [93]. Similar to a conventional ferroelectric capacitor, the device state, ‘ON’ and 

‘OFF’, can be set through use of a large enough electric field to effect switching of the 

polarisation, leading to significant changes in resistance. This makes these structures 

attractive for memory based devices. In particular, the faster and crucially; non-

destructive read processes [94], [95] overcome the key limitations associated with 

capacitive FeRAM. 
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Figure 1.12 | Application of ferroelectric domains and domain walls for novel device 

concepts. (a) Proof of concept device application demonstrated by Seidel et al, illustrating 

how control over the current can be obtained through the creating and erasing of conducting 

domain walls between the device electrodes. (b) Memristive style device demonstrating 

different junction resistances measured for different applied switching voltages. (c) The 

ferroelectric tunnel junction demonstrated by Garcia et al, with piezoresponse force 

microscopy (PFM) and conducting atomic force microscopy (c-AFM) maps shown for 

ultrathin BaTiO3 films; with a line scan of the resistance illustrating the tunnelling 

electroresistive effect (TER). Image adapted for (a) from [3], for (b) from [96] and for (c) 

from [93]. 
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 Further progression of this research field has resulted in the development of 

memristive style devices. Whilst for simple binary style memory applications there are 

only two resistance states corresponding to two polarisation states; the existence of a 

tunnel electroresistive effect in ferroelectric tunnel junctions allows for mixed 

resistance states between the ‘ON’ and ‘OFF’ states. Such a response can be achieved 

through poling of multiple domain configurations [96], [97]. 

 The discovery of domain wall conductivity [3], as discussed previously, offers 

a new avenue towards ferroelectric applications; with domain walls being considered 

active devices elements in their own right. In particular, the concept that domain walls 

themselves may act as conducting channels within an insulating bulk, contained 

between lateral electrodes has formed the basis of studies into ferroelectric domain 

wall memristors [3],[96]. By controlling the number of domain walls between the 

electrode geometry, a change in the resistance level of the device is expected; with 

higher numbers of domain walls resulting in a reduction of the resistance state and 

vice-versa. Significantly, the level of control over, not only the number but the position 

and motion of these walls is crucial [97- 99]. Realisation of such devices for widespread 

production remains elusive, due in part to the technical difficulties associated with 

implementing the electric field poling regimes required for stable of domain wall 

nucleation and position.   

 

1.8 Metal-Insulator Transition Oxides 
 

Electronic properties, such as electrical conductivity, switching and carrier density 

have a profound impact over the choice of particular functional materials for use in an 

array of device applications; from energy storage to sensory devices that utilise the 

metal-insulator transition [100]. With the advent of new fabrication methods, 

modulation of the width of a materials bandgap is made possible through minor 

alterations of the crystal structure, thus facilitating a reversible transition from the 

metallic to the insulating/semiconducting phase states. Crucially, for electron-electron 

correlated systems; systems that possess incomplete outer electron orbitals and thus a 

narrow bandgap, minor alterations of the crystal lattice, in particular the interatomic 

spacing have been noted to result in substantial changes of their electronic properties 

[101], [102]. 
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 Whilst there exist numerous metal-insulator transition oxides, the archetypal 

system for understanding the impact which structural alterations have on the observed 

electronic properties is Vanadium Dioxide, VO2; which exhibits a well-defined 

reversible metal-insulator transition (MIT) at Tc = 341K (~68oC) [103]. Such a transition 

facilitates a large, temperature induced alteration of the electrical resistivity of up to 

five orders of magnitude [105-112], a change that can best be understood from the 

structural alterations that arise within the material upon passage through the transition 

temperature, where the system changes from an insulating monoclinic phase, VO2 

(M1) to a metallic tetragonal/rutile phase, VO2 (R).  

 In the high temperature state, linear chains of vanadium atoms form along the 

rutile c axis (cR-axis) as shown in Figure 1.13b, with a separation distance between 

each vanadium atom of approximately 0.288nm; a separation that is less that the 

critical interaction distance of 0.294nm. Therefore, the presence of linear chains of 

vanadium atoms with a lower separation distance results in the outer electron orbitals 

being shared between atoms, facilitating the metallic behaviour of the VO2 (R) state 

[113]. As the system is cooled through the transition temperature into the low 

temperature state, the vanadium atoms combine to form a dimer; with the vanadium 

pairs tilting with respect to the cR-axis and forming a series of zig-zag chains that 

possess two different separation distances of 0.262nm and 0.316nm respectively. This 

is illustrated in Figure 1.13a. Given that the separation distance between the vanadium 

atoms of 0.316nm is greater than the critical interaction distance, the outer electron 

orbitals become localised within the dimer and give rise to the insulating behaviour 

associated with the VO2 (M1) state [114]. A graphical representation of the material 

resistivity as a function of increasing temperature is provided in Figure 1.13c, 

illustrating the resistive properties associated with each respective crystal structure.   

 The reversible transition between VO2 (M1) and VO2 (R) has attracted 

significant scientific and technological interest; with an array of smart devices already 

realised such as thermal sensors, alongside “smart windows,” an energy efficient 

concept that exploits the selective infrared optical switching that accompanies the 

metal-insulator transition. Here, the low-temperature insulating VO2 (M1) state allows 

transmission of infrared light; with the high-temperature metallic VO2 (R) state 

negating the transmission of infrared light [114], [116], [117]. Whilst the potential 

applications are numerous, the underlying mechanisms remain disputed; whether the 

existence of electron-correlation effects is strong enough to localise electrons and drive 
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the transition through formation of a Mott insulator, or whether minor structural 

distortions may induce an insulating phase, consistent with a Peierls-type model [118].  

 

 

 

 

 

  

Figure 1.13 | Crystal structure of VO2. (a) The low temperature monoclinic state with 

the zig-zag vanadium atom chains; and (b) the high temperature tetragonal/rutile state with 

the linear vanadium atom chains. (c) Graphical representation of the material resistivity as 

a function of increasing temperature, illustrates the reversible metal-insulator phase 

transition. Image adapted from [115]. 
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1.9 Controlling conductive states in ferroelectrics 

and metal-insulator transition oxides through 

nanoscale stress 
 

Whilst epitaxial strain and macroscopic loading have been utilised extensively to tune 

functional responses of ferroelectric systems; such responses have been further 

influenced on a highly localised scale through direct application of nanoscale stress 

from a nanoindentation device in the form of an Atomic Force Microscope (AFM) 

probe tip. 

 Observations of a mechanically induced polarisation reversal relies primarily 

on a manipulation of the ferroelastic nature of the underlying domain structures within 

the sample that result from coupling between both the polarisation and strain 

components [119]. From a macroscopic perspective, nanoindentation studies on bulk 

single crystal ferroelectric BaTiO3 
[120], [121] noted within the proximity of the 

indentation site, nucleation of a distinct array of 90o domains that form to offset the 

large tensile stresses that emerge from the indentation.  

 For thin film systems, the most simplistic method for applying nanoscale stress 

was achieved by pressing an AFM tip into the surface of the material; with reports of 

stresses close to several GPa facilitating suppression of piezoelectric responses [122] 

and a localised rotation of the polarisation vector [123], [124]. Development of a stable 

switching of the polarisation component under nanoscale stress application was further 

achieved in ultrathin BaTiO3 thin films [125]; where a gradual increasing of the loading 

force under an AFM probe tip enabled 180o switching of the polarisation component 

in a manner analogous to conventional electric field switching, as shown in Figure 

1.14. Furthermore, the effect of mechanical stress on the electrical transport properties 

was highlighted through the production of a mechanically-induced non-volatile TER 

effect; where large strain gradients beneath the tip facilitated stable polarisation 

reversal. Crucially, given the mechanical nature of the TER effect, charge injection 

and surface electrochemical responses could be ruled out as the mechanisms behind 

the resistive switching processes in ferroelectrics [126]. 
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 For metal-insulator transition oxide systems, such as VO2, direct stress 

application has been instrumental in not only stabilising multiple phase structures [127], 

but in effecting alterations to the materials resistance. For example, in thin films of 

VO2, using a three-point bending technique [108], a reduction of the magnitude of the 

film resistance of upwards of 35% was registered for an applied strain of 0.04%, as 

shown in Figure 1.15a. Moreover, further probing of the impact of localised stress 

application on VO2 highlighted a high sensitivity of the phase structures to strain, with 

stabilisation of multiple domain patterns in the proximity of the indented regions, as 

shown in Figure 1.15b, achieved through use of a tungsten indentation probe [105]. 

Crucially, alteration to the magnitude of the materials resistance was observed, 

resulting from the stabilisation of both insulating and conducting states.  

Figure 1.14 | Mechanical switching of polarisation in BaTiO3. Piezoresponse Force 

Microscopy (PFM) (a) phase and (b) amplitude images of an electrically written 180o 

domain pattern. Corresponding PFM (c) phase and (d) amplitude images of the same region 

subjected to increasing loading forces, showing a gradual 180o reversal of the polarisation 

component. Image adapted from [125] 
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 The application of bulk stress to both thin films and single crystal VO2 has been 

instrumental in tailoring functionality for device application [127]. The advent of new 

fabrication techniques has facilitated the need for new approaches for direct stress 

application. By employing a nanoindentation technique to supply nanoscale stress to a 

materials surface, already utilised for ferroelectric systems, it is possible to inject in a 

highly localised manner conducting states into otherwise insulating mediums.  

 The context of nanoscale stress as a stimulus to both induce and control 

conductive states in an array of functional oxides is laid out briefly here and is 

expanded on in detail at the beginning of the respective relevant results chapters in this 

thesis.   

Figure 1.14 | Stress effects on VO2. (a) Temperature-resistance relationship of VO2 thin 

film subjected to a three-point bending technique; with a significant reduction of the 

material resistance under increased loading. (b) Localised bending of VO2 facilitating 

injection and stabilisation of both metallic and insulating phase structures in the proximity 

of indentation. Image adapted for (a) from [108] and (b) from [105]. 
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Chapter 2 
 

Experimental Methods 
 

In this chapter, detailed explanations of the machinery and techniques required for 

obtaining the experimental results in this thesis are provided. Particular emphasis is 

placed on Piezoresponse Force Microscopy and Conducting Atomic Force 

Microscopy, force probe techniques that are core experimental techniques for imaging 

ferroelectric domains and domain walls, along with their associated transport 

properties. For preparation of nanoscale structures, a Focused Ion Beam microscope 

approach is described, along with the required sample preparation methodology. For 

determination of strain and electronic profiles of the nanoscale interfaces, transmission 

electron microscopy and macroscopic current-voltage measurements were employed, 

described herein.  

 

2.1 Atomic Force Microscopy 
 

Atomic Force Microscopy (AFM) is a form of scanning probe microscopy which 

utilises a nanometre scale sharp-tip mounted on a flexible microscale cantilever to 

image sample surfaces. Brought to within several angstroms of the surface, 

topographical maps of the investigated sample are obtained by carefully monitoring 

changes in the deflection of the cantilever that results from interatomic forces as the 

probe tip is rastered across the sample surface. A laser, focused on the back of the 

cantilever is reflected into a quadrant photodiode; with changes in the sample height 

causing real-time deflections of the cantilever position as a result of changes in the 

Van der Waals interaction. This leads to a shift in the laser position, in turn yielding a 

small voltage output that acts to maintain a constant cantilever deflection.  The contact 

force can be obtained by lowering of the probe to a user-defined set-point on the 

photodiode. By rastering the probe tip across the sample surface, a two-dimensional 
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map of the sample can be generated, with topographical details capable of being 

resolved on sub-nanometre scales [1], [2].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

Figure 2.1 | Atomic Force Microscopy. (a) Schematic illustration of an Atomic Force 

Microscope setup. A laser spot is located on the surface of a flexible cantilever which 

rasters across the surface with topographical distortions as the surface is scanned giving 

rise to deflections of the cantilever (ΔZ). Such distortions correspond to deflections in the 

laser position on the quadrant photodiode (ΔD). View of the piezotube, showing how (b) 

the z-control is achieved by biasing the inner and outer cylinder electrodes and (c) the x-y 

movement is controlled by biasing individual quadrants of both the inner and outer cylinder 

electrodes. Image adapted for (a) from [3] and for (b) and (c) from [4].   
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 To quantify the cantilever deflection, the displacement of the laser beam from 

the centre of the photodiode must be considered. By labeling each quadrant in the 

photodiode A to D respectively (Figure 2.1a), and considering the central point of the 

photodiode to be zero voltage, it is possible to obtain expressions for both the vertical 

deflection [5], 

 

 (𝑎 + 𝑏) − (𝑐 + 𝑑)

𝑎𝑏𝑐𝑑
 Eq. 2.1 

 

and lateral deflection,  

 

 (𝑏 + 𝑑) − (𝑎 + 𝑐)

𝑎𝑏𝑐𝑑
 Eq. 2.2 

 

 Essential to the operation of the system is the ability to approach the sample 

surface with careful precision in order to preserve the sharp apex of the tip. This is 

achieved through the systems cylindrical piezo-actuators. Applying a bias to the top 

section of the piezo-tube, between the inner and outer electrodes on the tube results in 

either shortening or lengthening of the tube along the z-axis depending on the polarity 

of the applied voltage (Figure 2.1b).  For lateral movement along either the x- or y-

axis, the bottom section of the tube is split into four quadrants, with a bias applied 

between the inner and outer electrode layer of any quadrant results in a bending of the 

piezo-tube in that direction (Figure 2.1c) [6]. 

 A number of imaging modes exist for atomic force microscopy, which are 

dependent entirely on the force interactions on the tip-surface separation, as shown in 

Figure 2.2 [7]. Each operational regime, whether it is contact, non-contact or 

intermittent-contact possesses its own distinct advantages and disadvantages; with 

each operation preferred for characterisation of particular material properties.  
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 For contact mode, upon approaching the sample surface the tip will experience 

a strong repulsive force, on the order of ~10-7 N, resulting in a deflection of the 

cantilever [8]. As the tip is rastered across the sample surface, the feedback electronics 

will adjust the probe height in order to maintain a constant force, and to that effect a 

Figure 2.2 | Force distance curves associated with each Atomic Force Microscopy 

variant. Schematic illustration of the typical form a force distance curve takes (a), 

illustrating the different force regimes which influence the different modes of atomic force 

microscopy (AFM); with repulsive forces influencing (b) contact mode AFM, attractive 

forces influencing (c) non-contact AFM and a combination of both force regimes 

influencing intermittent contact AFM (d). Image adapted for (a) from [7]. 
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constant cantilever deflection. A measure of the lateral forces experienced by the tip 

through torsional bending of the cantilever may also be obtained in this mode [9]. 

Whilst contact mode has the advantage of being simple to implement experimentally, 

the tip-surface contact can result in significant wear of the tip resulting in an overall 

degrading of the scan resolution.  

 For non-contact mode, the tip is positioned above the sample surface within 

the attractive force regime. When scanning across the surface, a frequency is applied 

to the cantilever close to its resonant frequency. Topographical variation causes 

alterations to both the resonant frequency and oscillation amplitude of the cantilever; 

this in turn provides the feedback signal which adjusts the piezo-tube, facilitating a 2d 

map of the surface topography. Due to the low magnitude of the tip-surface forces, on 

the order of ~10-12 N, there is both minimal wear of the probe tip and sample, making 

non-contact mode ideal for softer samples [10].  

 For intermittent-contact mode, or ‘tapping mode’ the principle operation is 

similar to that of non-contact mode; the tip is positioned above the sample surface and 

made to oscillate. However, for intermittent-contact mode the tip is positioned closer 

to the sample surface placing it within both the attractive and repulsive force regime, 

allowing the tip to come in and out of contact with the sample surface. As a result, 

intermittent-contact mode combines the positives of both contact and non-contact 

mode; allowing precise imaging without compromising tip quality [11].  

 For the nanoscale mechanical writing of conducting states, presented in later 

chapters of this thesis, an AFM probe tip was employed as a nanoindentation device. 

By increasing the deflection set-point, which is the cantilever deflection voltage 

maintained by the AFM feedback loop proportional to the applied force or stress, 

nanoscale stress can be applied directly to the material surface. Through a combination 

of force-distance measurements, the spring constant for the Pt coated Si tip was found 

to be 2.8 Nm-1. Each 1V change in the deflection set-point was subsequently found to 

correspond to a loading force of around 150 nN.   

 In this thesis, the primary mode of atomic for microscopy used for imaging was 

contact mode; allowing both piezoresponse force microscopy (PFM) and conductive 

atomic force microscopy (c-AFM) measurements to be obtained.  
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2.2 Piezoresponse Force Microscopy 
 

Piezoresponse Force Microscopy (PFM) is a contact variant of atomic force 

microscopy, which directly images ferroelectric domain patterns through use of a 

conductive probe tip, by detecting local deformations of the sample induced by an 

external electric field. This is obtained by means of the converse piezoelectric effect 

[12]. The nature of such deformations, whether they are an elongation, contraction or 

shear depends on the relative orientations of both the applied electric fields and the 

local polarisation component [13].   

 Described as the linear relationship between an applied electric field and the 

induced strain, the converse piezoelectric effect may be described by Voigt notation 

as [13], [14]: 

 

 𝑆𝑗 = 𝑑𝑖𝑗𝐸𝑖 , Eq. 2.3 

 

where dij are components of the piezoelectric tensor, Ei is the vector for the applied 

electric field and Sj is a second rank tensor, representative of the strain response in the 

material.  Crucially, it can be shown that the piezoelectric and ferroelectric parameters 

couple linearly as expressed by [13]:  

 

 𝑑𝑖𝑗 = 𝜀𝑖𝑚𝑄𝑗𝑚𝑘𝑃𝑠𝑘 , Eq. 2.4 

 

εim is the dielectric constant and Qjmk is the electrostriction constant.  

 The coupling of the ferroelectric and piezoelectric components in Eq. 2.4 is 

key to imaging ferroelectric domains; with the polarity of the domain states determined 

from the direction of the field-induced strain [13]. Subsequent electromechanical 

surface distortions, which give rise to deflections of the cantilever may be measured 

in a similar fashion to conventional atomic force microscopy through use of a split 

photodiode, as illustrated in Figure 2.3.    
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 An appreciation of the relationship between the polarisation orientation of a 

material and the mechanical deformation which arises when an electric field is applied 

is crucial for understanding fully how ferroelectric domains are imaged through PFM. 

Figure 2.3 | Piezoresponse Force Microscopy. Schematic illustration showing the 

mechanisms behind both vertical and lateral piezoresponse force microscopy. For vertical 

piezoresponse microscopy (VPFM), where the polarisation orientation is parallel to the 

applied electric field, a vertical expansion (a) and contraction (b) of the piezoelectric 

material occurs, leading to a vertical displacement of the laser spot on the quadrant 

photodiode. For lateral piezoresponse microscopy (LPFM), where the polarisation 

orientation is perpendicular to the applied electric field results in a lateral shearing (c) and 

(d) of the piezoelectric material, leading to a lateral displacement of the laser spot on the 

quadrant photodiode. Image adapted from [15]. 

 



Chapter 2: Experimental Methods   

 

58 

 

Taking the converse piezoelectric effect as expressed in Eq. 2.3. Here the index, i 

denotes the field components in the Cartesian reference frame, where 1, 2 and 3 

correspond to the x, y and z directions. Similarly, the index j ranges from 1 to 6 for the 

mechanical strain; where j indices 1, 2 and 3 relate to stresses in the x, y and z 

directions respectively and j indices 4, 5 and 6 describe the mechanical shearing effects 

which arise from the 3rd rank tensor nature of the convers piezoelectric effect [13], [16]. 

 Within the piezoelectric tensor the number of non-zero elements is dependent 

on the crystal symmetry; where materials possessing higher crystallographic symmetry 

have fewer non-zero coefficients. For simplicity, taking Barium titanate (BaTiO3), 

which has a crystal symmetry of 4mm, the piezoelectric tensor can be expressed as: 

 

 

[
0 0 0
0 0 0

𝑑31 𝑑31 𝑑33

    
0 𝑑15 0

𝑑15 0 0
0 0 0

] Eq. 2.5 

 

 

By transposing Eq. 2.5, and substituting into Eq. 2.3, an expression for the strain tensor 

can be given as: 

 

 

[
 
 
 
 
 
𝑆1

𝑆2

𝑆3

𝑆4

𝑆5

𝑆6]
 
 
 
 
 

 =  

[
 
 
 
 
 

0
0
0
0

𝑑15

0

0
0
0

𝑑15

0
0

𝑑31

𝑑31

𝑑33

0
0
0 ]

 
 
 
 
 

[
𝐸1

𝐸2

𝐸3

] Eq. 2.6 

 

 

 Solutions for Eq. 2.6 yield expressions for the strains generated following 

application of an electric field. Crucially, this expansion highlights that the direction 

of the electric field with respect to the polarisation orientation plays an important role 

in the mechanical distortions that arise; where fields perpendicular to the polarisation 

orientation result in mechanical shearing and fields parallel to the polarisation 

orientation result in vertical expansion and contraction strains [13]. The mechanical 

distortions which arise for each field direction with respect to polarisation orientation 

for the purpose of PFM imaging are illustrated in Figure 2.3. 

 In PFM, sample imaging is obtained through monitoring the electromechanical 

distortions which occur beneath the probe tip. Figures 2.3a and 2.3b demonstrate how 
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as out-of-plane polarised domain structure causes vertical deflections of the cantilever 

with a corresponding vertical displacement of the laser spot on the quadrant 

photodiode. This is the basis of vertical piezoresponse force microscopy (VPFM). 

Figures 2.3c and 2.3d demonstrate how an in-plane polarised domain structure will 

shear under the applied field, causing a torsional rotation of the cantilever with a lateral 

displacement on the quadrant photodiode. This is the basis of lateral piezoresponse 

force microscopy (LPFM). Not considered in Figure 2.3, is the scenario where the 

polarisation orientation is parallel to the cantilever axis. Here, the induced 

piezoelectric shearing results in a flexural deflection of the cantilever which results in 

a vertical displacement of the laser spot on the quadrant photodiode. Such deflections 

are indistinguishable from true vertical deflection arising from out-of-plane polarised 

domain structures, which complicates interpretation of VPFM information when the 

polarisation orientation of the sample is unknown.  

 Typically for piezoresponse force microscopy, application of a uniform 

electric field along the polarisation direction leads to an elongation or contraction of 

the domain state. The subsequent field-induced strain arising may also be expressed 

in terms of the sample deformation, ΔZ: 

 

 
𝑆 =

∆𝑍

𝑍
= ±𝑑33𝑉 Eq. 2.5 

 

and subsequently rewritten as,  

 

 ∆𝑍 =  ±𝑑33𝑉 Eq. 2.6 

 

where d33 is the piezoelectric tensor coefficient and V is the applied voltage.  

 For the majority of cases, the piezoelectric constant is of a very low magnitude; 

leading to small deformations of both the sample and the cantilever position when the 

probe tip is rastered across the surface [13]. Given the small values associated with the 

piezoelectric tensor coefficient, d33, one would conclude that from Eq. 2.6 by simply 

increasing the imaging voltage an increased sample distortion would occur. However, 

performing imaging of a non-destructive nature requires the applied voltage to be kept 

below the coercive field for the sample to avoid switching of domain states [13].  
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 Moreover, on a practical level isolating deflections associated with domain 

orientation from those associated with topographical distortions remains challenging 

when using a uniform electric field. To circumvent such issues, an a.c. lock-in 

technique is employed, through which a low magnitude a.c voltage is applied from the 

conductive tip to the surface of the sample: 

 

 𝑉(𝜔)  =  𝑉0𝑐𝑜𝑠(𝜔𝑡) Eq. 2.7 

     

where V0 is the oscillation amplitude and ω is the angular frequency. This results in an 

oscillatory deformation (ΔZ) of the surface at the same frequency: 

 

 ∆𝑍 =  ∆𝑍0𝑐𝑜𝑠(𝜔𝑡 + 𝜑) Eq. 2.8 

 

and, 

 

 
∆𝑍0  =  𝑑𝑣𝑉0 Eq. 2.9 

 

where ΔZ0 is the distortion amplitude; dv is an effective piezoelectric constant and φ is 

the phase difference between the a.c. voltage and the piezoresponse, which provides 

information on the polarisation direction in each domain [13] as illustrated in Figure 

2.4. 

  Therefore any oscillation will result in a deflection of the cantilever, leading to 

a deflection of the laser position on the photodiode. Through use of a lock-in amplifier, 

the amplitude and phase of the induced piezoresponse can be obtained from the voltage 

readout on the photodiode.   
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2.2.1 Lock-in Amplifier (LiA) 

 

A lock-in amplifier (LiA) facilitates extraction of minute signals from otherwise noisy 

backgrounds by taking the input signal and multiplying it with a reference signal, 

before applying an adjustable low-pass filter to the subsequent result [17]. This process 

is known as ‘demodulation.’ In the context of piezoresponse force microscopy, the 

lock-in amplifier requires an input signal from the photodiode, of amplitude A [17]: 

 

Figure 2.4 | Piezoresponse dependency on polarisation orientation. Schematic showing 

in-phase (a) and (b), and out of phase (c) and (d) piezoresponse as a function of the driving 

voltage. Alignment of the polarisation orientation with the electric field, shown in (a) 

results in a domain expansion with a corresponding positive deflection on the quadrant 

photodiode and an in-phase piezoresponse (b). Anti-alignment of the polarisation 

orientation with respect to the applied electric field, shown in (c) results in a domain 

contraction, giving a negative deflection on the quadrant photodiode and an out-of-phase 

piezoresponse (d). Image adapted from [5]. 
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 𝑉𝑖𝑛 =  𝐴𝑐𝑜𝑠(𝜔𝑡) Eq. 2.10 

 

with a reference frequency, of amplitude B applied to the tip expressed as: 

 

 𝑉𝑟𝑒𝑓 = 𝐵𝑐𝑜𝑠(𝜔𝑡 + 𝜑) Eq. 2.11 

  

where φ is the phase offset between the input and reference signals. By taking the 

product of both expressions, an amplification of the overall signal occurs allowing a 

demodulator output voltage to be obtained [17]: 

 

 
𝑉𝑜𝑢𝑡  =  

1

2
𝐴𝐵𝑐𝑜𝑠(𝜑) +

1

2
𝐴𝐵𝑐𝑜𝑠(2𝜔𝑡 + 𝜑) Eq. 2.12 

 

The obtained expression for the demodulator output voltage contains two a.c signals; 

one which contains the differences in the frequencies and one which contains the sum 

of the frequencies. If the frequency of the input and reference signals are matched, one 

can consider the first term in the expression to be a purely d.c component; since for a 

0o phase difference, cosine (φ) = 1. By using a low-pass filter, the frequency doubled 

second term can be subsequently removed, leaving only the d.c component. This signal 

is now integrated over a set period of time, defined by the time constant for the lock-

in amplifier. From this, two outputs are obtained from the lock-in amplifier [17]: 

 

 
𝑋 = 

1

2
𝐴𝐵𝑐𝑜𝑠(𝜑) Eq. 2.13 

    

 

 
𝑌 =

1

2
𝐴𝐵𝑐𝑜𝑠(𝜑 + 90𝑜) =

1

2
𝐴𝐵𝑠𝑖𝑛(𝜑) Eq. 2.14 

 

The ‘X’ output is the in-phase component, whilst ‘Y’ is the quadrature component 

which is shifted 90o in reference to the initial output [17]. Furthermore, the phase (φ) 

and magnitude (R) of the input signal may also be calculated and extracted from the 

lock-in amplifier via the following expressions: 
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 𝑅 = √𝑋2 + 𝑌2 Eq. 2.15 

 

 
𝜑 =  𝑡𝑎𝑛−1

𝑌

𝑋
 Eq. 2.16 

 

How the listed expressions and their associated terms relate in a physical sense for 

piezoresponse force microscopy measurements is outlined in the next section.  

 

 

2.2.2 PFM imaging of domains 
 

For imaging domain structures in practice, a probe tip is brought in contact with a 

grounded sample surface and is simultaneously rastered across whilst an a.c. bias is 

applied. Within Figure 2.5, domain states in bulk potassium titanyl phosphate (KTP) 

are probed from which three images are outputted; the surface topography, amplitude 

and phase. Through careful analysis, key information about the nature of the domains 

and domain walls may be extracted.  

 Line profiles across the amplitude output (Figure 2.5a) demonstrate the 

presence of domain walls in the sample, with the amplitude approximately identical 

on either side. Due to the non-piezoelectric nature, a zero piezoresponse is produced, 

illustrated by the sudden drops within the line profile. Corresponding line profiles 

across the phase output (Figure 2.5b) demonstrate a phase inversion as tip passes over 

the domain wall. The reduction of the piezoresponse amplitude to a minimum confirms 

the Ising-type behaviour considered indicative of a ferroelectric domain wall [18].  
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Figure 2.5 | Imaging ferroelectric domain structures using piezoresponse force 

microscopy. Vertical piezoresponse force microscopy (VPFM) images of amplitude (a) 

and phase (b) output for potassium titanyl phosphate (KTP) single crystal displaying 180o 

domain states. For (a) the amplitude signal (top), the line profile (bottom) demonstrates the 

presence of domain walls within the system which corresponds to sharp drops in the 

amplitude signal compared to the identical amplitude signals on either side. The phase 

signal (b) illustrates the out-of-plane nature of the domain states, with a similar line profile 

(bottom) demonstrating a sharp 180o switch of the phase across the domain wall. Image 

reprinted from [5].  
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2.3 Conductive Atomic Force Microscopy 
 

Conductive Atomic Force Microscopy (c-AFM) is a contact variant of atomic force 

microscopy which facilitates measurement of local transport properties within a 

sample by combining a conductive probe with a current amplifier. For typical c-AFM 

experiments, the conductive probe tip is grounded and a d.c bias is applied to a bottom 

electrode. This establishes a potential difference and facilitates a current flow through 

the sample. As the probe tip rasters across the sample surface, the current is measured 

at regular intervals, allowing a complete map of the current to be obtained. A typical 

experimental setup is provided in Figure 2.6.  

 

 

 

 Combining the ability to resolve topographical details to within sub-nanometre 

scales with current amplifiers possessing measuring sensitivities within the femtoamp 

range makes c-AFM the ideal tool for studies into conducting domain walls; indeed 

the seminal work by Seidel et al utilised this technique to obtain the first direct 

observation of domain wall conduction within written walls in BiFeO3 
[19], [20]. Since 

this discovery, c-AFM has become the principle tool for studies into domain wall 

Figure 2.6 | Conductive Atomic Force Microscopy. Schematic illustration of a typical 

experimental setup for conductive atomic force microscopy. The sample under 

investigation is attached to a metallic base electrode using a conductive adhesive; typically 

silver paste. An earthed AFM tip is place on the surface of the sample and a d.c bias is 

applied to the sample through the base electrode. As the probe tip rasters across the sample, 

the current at the tip is sampled and passed through a signal amplifier.   
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conduction [21], [22], offering both the ability to image domain wall conduction along 

with basic current-voltage measurements through incremental variations of the applied 

d.c bias allowing electrical characteristics of the wall to be determined.     

 The cantilever tips used in c-AFM studies possess a basic structure comprised 

of an insulating material covered in a conductive coating. As with traditional atomic 

force microscopy, repeated scanning of the sample surface leads to a gradual degrading 

of the tip quality; with variations in the contact resistance occurring during c-AFM 

scans as a result of the reduction of the quality of the conductive coating. Furthermore, 

a reduction of the scan resolution also occurs [23-25]. Attempts to address such problems 

has seen the development of new variations of both cantilever tips and machine setups 

in order to facilitate preservation of the tip quality over longer scans. 

 Whilst the direct observation of conduction is the main advantage of c-AFM, 

there remain limiting factors behind obtaining precision measurement due to the 

presence of Schottky-like barriers that arise from contact between the metallic tip and 

the surface of a ferroelectric material; which should be taken into consideration when 

analysing conduction behaviour. An overview of electrical contacts is provided later 

in this chapter, highlighting the impact of Schottky barriers on conduction behaviour. 

Whilst there are limiting factors, c-AFM remains a powerful tool for mapping the 

unique properties of ferroelectric domain walls [26-29], due to the ability to 

simultaneously map current and topography; whilst mapping piezoresponse force 

microscopy is achieved by merely changing from an applied d.c to an applied a.c bias. 
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2.4 Focused Ion Beam (FIB) Microscope  
 

The Focused Ion Beam (FIB) microscope combines both the ability to image a sample 

with the machining of intricate nanoscale sized structures to a high degree of accuracy 

by means of an energetic beam of Gallium ions (Ga+) rastered across the sample 

surface. Sample imaging is obtained through secondary electrons produced by ion 

irradiation [30]. 

 Extracted from a liquid metal source by a high-field emission [31], Ga+ ions 

enter the ion column, where they are accelerated and focused through a series of 

apertures and electrostatic lenses before arriving at the target site, possessing a 

diameter within the range of a few nanometres to a few micrometres [30]. Further 

alterations can be made to produce different beam-current strengths required for 

different processes; with low-currents required for imaging and high-currents required 

for material removal. The removal of sample material, known as ‘milling’ is achieved 

by a controlled rastering of the ion beam across the sample surface within a confined 

region of interest. A fundamentally destructive process that utilises atomic collisions 

between target atoms and incident ions; the interaction between the Ga+ ions and the 

sample surface follows a cascade collision model [30], [31]. If they possess enough 

translational energy to effect a displacement of a nearby atom from its original site, 

further atoms will be displaced leading to the sputtering of atoms near the surface and 

an emission of electrons [32]. During this interaction, secondary electrons are produced 

from the free charges on the surface which facilitate imaging of the sample.  

 Whilst fabrication of intricate structures can be achieved to a high degree of 

accuracy through FIB techniques, there exist several key drawbacks attributed to the 

destructive nature of the process; namely the implantation of gallium into the sample 

resulting in the formation of a damaged amorphous layer. To counter this issue, lower 

accelerating voltages may be used. However, lower accelerating voltages there is a 

lower sputtering yield and therefore longer milling times. Moreover, simple imaging 

of structures using the FIB is impractical due to the highly destructive nature of the 

ion beam. Attempts to address this issue has seen the development of new machine 

setups, combining the non-destructive imaging capabilities of scanning electron 

microscopy (SEM) with the functionality of the focused ion beam microscope (FIB). 
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2.4.1 Dual-beam (SEM-FIB) Microscope 
 

As stated previously, the interaction between Gallium ions (Ga+) and the sample 

surface during the FIB process is a destructive one. Whilst such an interaction is key 

for milling nanostructures, it is impractical for surface imaging. To overcome this 

issue, an instrument combining the non-destructive imaging properties of scanning 

electron microscopy (SEM) with the functionality of the focused ion beam (FIB) has 

been developed; aptly named the ‘dual-beam’. 

 In SEM, images are obtained through a focused beam of electrons rastered 

across the sample surface; where intensities of different signals produced by the 

interaction between the beam and the sample surface are measured [33]. Primarily, it is 

the detection of secondary emitted electrons that escape from the surface which 

facilitates sample imaging. Such interactions are non-destructive due to the reduced 

weight and size of the electrons compared to the gallium ions used in the FIB process. 

Crucially, the diameter of the electron beam can be focused to below ten nanometres; 

affording much greater image resolution [30].  

  A dual-beam FIB microscope, as illustrated in Figure 2.7 combines the 

columns required for both an SEM and FIB into a single instrument, with each column 

separated by an angle of 52o. The primary advantage of the dual-beam system over its 

single-beam counterpart is that high-resolution images of the surface of the sample can 

be obtained in a non-destructive manner through SEM, with FIB milling undertaken 

immediately after. This leads to a significant reduction in the amount of images 

obtained via use of the ion beam, thereby reducing the overall amount of Ga+ 

contamination. Moreover, the dual-beam may be used to locally deposit protective and 

conductive layers through chemical vapour deposition (CVD) by using the secondary 

electrons created from the charged beam to react with a precursor [30].  
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Figure 2.7 | Dual-beam focused ion beam. Schematic illustration of a dual-beam FIB 

instrument. Note the 52o angle between the column positions with the central column 

comprised of the electron beam of the SEM, and the angled column comprised of the ion 

beam of the FIB. The inset highlights how both beams may be focused on the surface of 

the sample despite the angular separation, allowing for quick interchanges between non-

destructive SEM imaging and FIB milling procedures. Imaged reprinted from [30]. 
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2.4.2 Lamella preparation and Liftout 
 

The fabrication of thin slices from a single-crystal material, or ‘lamella’ forms the 

basis of some experimental results presented in both Chapter 4 and Chapter 6 of this 

thesis. The lateral dimensions of each lamella was ~17μm x 4μm, with a thickness of 

~400nm. 

  To create lamella structures from bulk single-crystal, the area chosen to cut the 

lamella from is locally covered in ~150nm of platinum; this acts as a protective barrier 

from damage and implantation by the Ga+ ions (Figure 2.8a). Next, deep trenches are 

milled on either side of the sputtered platinum using a large beam current to create the 

initial thick lamella slice (Figure 2.8b and 2.8d). Adjustment of the beam current to a 

lower magnitude leads to an increased milling accuracy, which enables a gradual 

decrease of the thickness of the slice through careful milling of either side of the 

lamella until the desired thickness has been obtained (Figure 2.8c). A final polishing 

of the sample is undertaken for lower beam currents to remove damaged layers that 

arise from the initial milling of the tranches. The final process before cutting slice free 

is to remove the Pt layer by carefully milling along the top of the lamella (Figure 2.8f). 

To cut the lamella free, the sample is tilted to 45o and an undercut or ‘U-cut’ is made 

to cut the lamella free (Figure 2.8e). The sample is then returned to 0o, and the 

remaining material is milled away until the lamella is free from the bulk surroundings.  

 After a lamella has been cut free from the surrounding bulk, it must be 

transferred onto an electrode geometry. In order to remove the lamella from the bulk 

crystal, a micromanipulator controlled glass needle must be used; one which has been 

made into a fine point by a heating element. Due to the size of the lamella, an optical 

microscope must be used so that the glass needle may be carefully guided over the 

lamella site and the structure is delicately removed. The final step involves delicately 

placing the lamella carefully across the interelectrode gap, before returning it to the 

FIB to be secured with Pt pads. 
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2.5 Current-Voltage Spectroscopy 
 

To develop a detailed understanding of the transport behaviour within crystalline 

materials, a measurement of the electrical resistance via current-voltage (I-V) 

spectroscopy. Whilst there exist numerous methods of obtaining this information; 

experimental results conveyed later in this thesis were obtained through macroscopic 

and microscopic two-probe measurements. 

 Two-probe I-V measurements are the simplest means of obtaining a value for 

a samples resistivity; where an applied voltage between two electrode terminals 

facilitates a measureable current flow that provides a quantity for the electrical 

Figure 2.8 | Methodology of lamella fabrication using focused ion beam milling. 

Schematic illustration of a cross-sectional view of the lamella manufacturing process via 

FIB milling. (a) A Pt layer is deposited on the surface of the crystal to protect the lamella 

from the FIB milling. (b) Deep trenches are then milled on either side of the Pt layer using 

a high beam current to create the initial lamella structure. With the lamella structure 

defined, a thinning process follows, with lower beam currents used to carefully mill the 

lamella sidewalls as shown in (c). FIB images obtained, displaying a (d) top-down view 

displaying the trenches cut either side of the deposited Pt forming the lamella at the desired 

thickness, (e) an angled view of the lamella which has been undercut and broken free from 

the bulk crystal and (f) a top-down view of the lamella after the Pt layer has been carefully 

cut way.    

 



Chapter 2: Experimental Methods   

 

72 

 

resistance by means of Ohm’s Law. By further considering the sample geometry, a 

value for the electrical resistivity (ρ) may then be obtained as expressed by:  

 

 
𝜌 =  

𝑅𝐴

𝐿
 Eq. 2.17 

 

where R is the resistance, A is the cross-sectional area and L is the sample length. 

Ideally used for samples possessing large resistance values, two-probe measurements 

are limited by the existence of contact resistances between the electrodes and the 

sample surface, coupled with the presence of Schottky-like barriers which form as a 

result of metal-semiconductor interface. Therefore, to obtain an accurate 

understanding of a materials transport properties, such phenomena should be taken 

into consideration when analysing conduction behaviour.  

 An overview of the electrode geometries required for macroscopic and 

microscopic two-probe I-V measurements on both thin films and lamella is provided 

in the next section.   

 

 

2.5.1 Electrode patterning   
 

To facilitate the macroscopic current-voltage measurements undertaken on the lamella 

structures, fabrication of an array of electrode geometries is required. For the electrode 

geometry required to suspend the lamella, a thin conducting layer of platinum is 

deposited on to polished single-crystal MgO via magnetron sputtering.  

 The electrode geometries required for suspending the lamella structures consist 

of ~100nm Pt deposited onto ~1cm2 single-crystal MgO. Prior to deposition, two thin 

strips of adhesive tape were secured to the surface of the substrates, on opposing sides. 

After deposition, the tape is carefully removed to reveal two large, un-platinised 

regions. The Pt-MgO is then returned to the dual-beam FIB, where a connecting trench, 

~15μm wide between the un-platinised sections is cut to produce two independent, 

macroscopic electrodes. The lamella is then suspended across this interelectrode gap; 

secured to the electrode geometry with deposited Pt pads, as demonstrated in Figure 

2.9.  
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 For studies into the effects of applied stress on the metal-insulator transition in 

Vanadium Dioxide (VO2), provided in Chapter 6 of this thesis; an extended electrode 

geometry was required to facilitate simultaneous current-voltage measurements under 

applied stress. This geometry consists of two extended 80nm thick gold electrodes, 

sputtered onto a glass slide. Attached by means of a conductive adhesive to one end of 

both sputtered electrodes, are two copper stacks, separated by a gap of ~0.5mm. Across 

this rough interelectrode gap, the sample is securely suspended using liquid metal 

contacts as demonstrated in Figure 2.10.  

 

 

 

 

Figure 2.9 | Platinum electrode geometry designed for function testing of lamella 

structures.  (a) Schematic of the electrode geometry required for functional testing of 

lamella structures, consisting of a ~1cm2 MgO single crystal coated in ~100nm of Pt. Two 

macroscopic electrodes were formed through combination of adhesive tape (black line) and 

a 15μm trench (yellow line) cut using the FIB, across which the lamella is suspended. (b) 

Close up SEM scan of a 17μm x 4μm x 400nm lamella suspended across the interelectrode 

gap.  
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2.5.2 Metal-semiconductor contacts 
 

The interface which forms between a metallic and semiconducting material when 

brought into close proximity to each other; such as the case when a conductive tip 

comes into contact with the surface of a ferroelectric, may be classified as either a 

rectifying or a non-rectifying junction [34], [35]. Such a classification is instrumental in 

influencing the ease of which electrical charge can be conducted between the active 

device and the connecting circuitry. This is achieved through the formation of either 

an ohmic contact (rectifying) or a Schottky barrier (non-rectifying). 

 For non-rectifying junctions, such as Schottky barriers, if the work function of 

the semiconductor is greater than that of the metal, thermally active electrons in the 

semiconductor can transfer across the barrier to the metal and reduce their overall 

energy. This continues until the Fermi levels (Ef) of both the semiconductor and the 

metal match, whereby additional transfer of electrons across the barrier will reduce 

due to a build-up of electrons in the metal; with a corresponding number of positive 

Figure 2.10 | Novel electrode geometry for dual stress and electrical measurements.  

(a) Schematic of the electrode geometry required for simultaneous stress and current-

voltage measurements; with two copper stacks attached to macroscopic gold electrodes by 

means of a conductive adhesive. Inset (b) is a single-crystal nanobeam secured across the 

interelectrode gap with liquid-metal electrode contacts.    
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charges remaining in the semiconductor and a depletion region forming close to the 

interface. Crucially, additional charges can be introduced to the system at the surface 

of the material which can substantially alter the conductive nature across the junction. 

This is especially prevalent in the semiconductor industry, where growth of crystals in 

non-ideal conditions can result in oxide layers forming on the crystal surface [36]. 

Considering the electrode geometries discussed previously, such additional layers 

could significantly influence the flow of electrons and must be accounted for when 

analysing the conductive nature of ferroelectric interfaces.  

 To overcome such issues, ohmic contacts were formed using a liquid metal 

eutectic alloy, In:Ga:Sn which is comprised of Gallium (Ga), Indium (In) and Tin (Sn). 

Liquid at room temperature, In:Ga:Sn has been reported to possess an electrical 

conductivity of 3.46x106 S/m (at 20oC), making it an ideal electrical contact. This is 

illustrated in Figure 2.11.       

 

 

 

  

 

Figure 2.11 | Creating Ohmic contacts using liquid metal eutectic. Schematic of the 

electrode geometry with a suspended crystalline material across the interelectrode gap. 

Covering each end of the material is the liquid metal eutectic alloy, In:Ga:Sn which creates 

an ohmic contact between the crystal and the electrodes.  
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2.6 Transmission Electron Microscopy (TEM) 
 

First demonstrated in 1931 [37], transmission electron microscopy (TEM) is a technique 

which employs the passage of a beam of electrons through an ultrathin sample to form 

an image; preparation of these ultrathin samples is done via focused ion beam (FIB) 

milling as discussed previously. The formation of images results from the interaction 

of electrons with the sample, with the image then magnified and focused onto an 

appropriate imaging device. Attributed to the smaller de Broglie wavelength that 

electrons possess, images produced through TEM provide greater resolution than those 

obtained via conventional optical light microscopy; with various high resolution 

modes of TEM facilitating observation of crystal orientation and electronic structure 

on the atomic scale. 

 For conventional optical microscopy, the maximum resolution for any image 

is limited by the wavelength of the incoming photons required to investigate the 

sample, as expressed as: 

 

 
𝑑 =  

𝜆

2𝑛𝑠𝑖𝑛(𝛼)
  Eq. 1.10 

 

where, d is the maximum resolution, λ is the photon wavelength, with the numerical 

aperture of the system based on the half-angle of the cone of light which enters the 

optical lens, α. The realisation that electrons possess properties of both waves and 

particles allowed a beam electrons to be considered to behave as a beam of 

electromagnetic radiation; forming the basis to electron microscopy. For transmission 

electron microscopy (TEM), electrons are generated through either thermionic 

emission or field electron emission; the emitted electrons are accelerated via an applied 

potential and focused via both electrostatic and electromagnetic lenses onto a sample 

to form an image [37].  

 In Figure 2.12, the optical column for a typical transmission electron 

microscope is provided, which illustrates the various internal lenses and apertures 

required for successful focusing of the electron beam required for imaging of a sample. 

Located at the top of the column is an electron emission source, which under a 

sufficient current will facilitate the emission of electrons towards the electromagnetic 

lenses under vacuum. Prior to interaction with the sample surface, the electron beam 
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will pass through two condenser lenses, whose adjustment facilitates illumination of 

the sample. The passage of the electron beam through the first condenser lens produces 

a magnified image of the first point of convergence of the electron beam, known as 

the ‘gun crossover.’ This controls the ‘spot size,’ which is the minimum beam size at 

the sample, with further passage of the beam through the second condenser lens 

facilitating adjustment of the beam brightness. 

  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 2.12 | Transmission Electron Microscopy. Schematic illustration of the optical 

system required for sample imaging found in a typical transmission electron microscope 

(TEM); condenser lenses are used to control sample illumination, with a condenser aperture 

maintaining the electron beams spatial coherence. Additional lenses facilitate further 

sample illumination, with diffraction and magnification capabilities. Image adapted from 

[38].  
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 A condenser aperture beneath the second condenser lens acts to prevent stray, 

high angle electrons from contributing to the beam thus maintaining spatial coherence 

and high-quality image resolution. Further lenses either side of the sample (upper and 

lower objective lens) contribute to the formation of diffraction pattern images; with 

additional intermediate and projector lenses allowing the magnification and projection 

of the images on the final image plane.   

 Further extensions to the operation of a transmission electron microscope 

(TEM) can be achieved through the addition of extra stages and detectors. For 

example, in scanning transmission electron microscopy (STEM), an additional system 

which facilitates the rastering of the electron beam across the sample surface allows 

the production of an image by measuring the electrostatic shift of the electron beam. 

For results presented in Chapter 4, measurement of an enhancement of strain across 

structural interfaces was obtained through nano-beam electron diffraction (NBED) 

transmission electron microscopy.  

 

2.6.1 Nano-Beam Electron Diffraction (NBED) 
 

The technique of nano-beam electron diffraction (NBED) employs the rastering of a 

parallel beam probe across the surface of the sample to collect diffraction patterns [39]. 

Registering a shift of the diffraction spots within the diffraction patterns enables a 

measurements of the evolution of lattice parameters in the sample, and a subsequent 

quantification of the strain.  

 The primary advantage of NBED is that accurate measurements of lattice 

parameter changes may be obtained over a larger spatial area; compared to similar 

variants of TEM which measure lattice spacing over a localised area within the sample. 

Such measurements require higher resolution images and are prone to more 

inaccuracies resultant from sample thickness or the presence of defects [39].      
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2.7 Machinery Specifications 
 

In this section, details of the specifications for each piece of experimental machinery 

used to obtain results presented in this thesis are outlined.  

 All PFM measurements presented in this thesis were obtained within Queen’s 

University Belfast (QUB). Images were captured on a Veeco Dimension 3100 AFM 

system, with a Nanoscope IIIa controller. Two separate LiA systems were used for 

PFM images presented within later chapters: an EG&G 7265 and a Stanford 

Instruments SR844 RF. For images captured using the EG&G 7265 system, a sensing 

a.c. voltage of 2V at 20 kHz was typically applied to the tip. For images captured using 

the Stanford Instruments SR844 RF, the same sensing a.c. voltage was used, but at 

frequencies closer to resonance (~380–390 kHz for Vertical PFM mode and ~760-770 

kHz for Lateral PFM mode for BiFeO3).  

 All c-AFM measurements were obtained through use of a Bruker Tunnelling 

AFM (TUNA) current amplifier with a functional noise floor of 200fA. All PFM and 

c-AFM measurements were obtained using Nanosensors PPP-EFM cantilever probe 

tips, which are silicon based with a platinum/iridium coating (Pt/Ir5) and a force 

constant of ~3Nm-1.  

 Current-voltage measurements were obtained through use of an incorporated 

optical microscope probe station under ambient conditions. Contact of electrodes was 

facilitated through use of micromanipulator probes, model 7B-100, with electrical 

characterisation obtained via a Keithley-237 source-measure unit.  

 Preparation of lamella slices and local platinum deposition was carried out in 

Queen’s University Belfast (QUB), using a FEI Nova 600 dual beam FIB. For 

measurement of the enhanced strain across the structural boundaries, a FEI Titan 80-

300 STEM was used, facilitating sub-ångström resolution images.  
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Chapter 3 
 

Enhanced interfacial conductivity in 

mixed-phase BiFeO3 thin films 
 

This chapter addresses how an applied uniform electric field can induce 

crystallographic phase transitions and engineer an enhancement of the electrical 

transport properties in mixed-phase BiFeO3. For this work, thin films of BiFeO3 were 

epitaxially grown on single-crystal LaAlO3 substrates, resulting in coexisting 

rhombohedral-like (R) and tetragonal-like (T) monoclinic phase structures in its native 

state. Consistent with literature and confirmed via PFM, the application of a uniform 

electric field effects a reproducible structural transformation from a native mixed R-T 

phase state to a T-phase dominant state; with an increased density of R-phase existent 

around the written region. Through the use of c-AFM, an enhancement of the electrical 

transport properties surrounding the written region was revealed, consistent with the 

existence of a high density of R-T interfaces; with the T-phase dominant state 

reflecting a highly insulating state. This chapter features work obtained in 

collaboration with S. M. Neumayer and B. J. Rodriguez at the University College 

Dublin, and has resulted in the following manuscript submitted for publication: 

 

“Electromechanical-mnemonic effects in BiFeO3 for electric field history dependent 

crystallographic phase patterning”  

S. M. Neumayer, N. Browne, A. B. Naden, D. Edwards, D. Mazumdar, N. Bassiri-

Gharb, A. Kumar and B. J. Rodriguez 

Journal of Materials Science 53, 10231 (2018) 
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3.1 Bismuth Ferrite (BiFeO3) 
 

Bismuth Ferrite, BiFeO3 in its parent state possesses a rhombohedrally distorted 

crystal structure (point group R3c), with a unit cell lattice parameter of 3.965Å [1]. A 

unique multiferroic, BiFeO3 possesses antiferromagnetic (TN ~ 375oC), ferroelastic 

and ferroelectric (Tc ~ 825oC) properties at room temperature. With a large 

spontaneous polarisation of ~90µC cm-2 orientated along the [111] pseudocubic 

directions which is consistent with values obtained for both thin films and bulk 

ceramics [2], [3], BiFeO3 has been the focal point for a number of significant discoveries; 

from bias induced metal-insulator switching [4], [5] and domain wall conductivity [6], to 

studies revealing photoelectric [7], [8] and above bandgap photovoltaic properties [9]. As 

such, these discoveries have made BiFeO3 the archetype lead free choice for future 

device applications.  

 Whilst possessing comparable ferroelectric properties, thin films of BiFeO3 

often maintain different crystallographic structures to their bulk counterpart. For 

example, thin films of BiFeO3 grown on (001)-orientated SrTiO3 substrates have been 

shown to exhibit a monoclinic-like morphology; where the lattice mismatch between 

the film and substrate leads to a structural distortion [10]. Whilst further studies have 

suggested the existence of a tetragonal morphology in BiFeO3 below a critical 

thickness [10], [11]; piezoresponse force microscopy (PFM) measurements on ultrathin 

films have illustrated the existence of eight polarisation variants that are consistent 

with the [111] orientated polarisation one would expect within monoclinic structures 

[12]. Given such variation in crystallographic structure following epitaxial growth, a 

consideration of the role that strain has on the observed enhanced functionalities is 

imperative.  

 As discussed previously in Chapter 1, strain has been shown to play a 

fundamental role in enhancing the functionality of an array of bulk ferroelectrics; in 

particular it has facilitated the stabilisation of ferroelectric properties in SrTiO3 
[13] and 

BaTiO3 
[14] at room temperature. For BiFeO3, epitaxial growth of thin films on (001)-

orientated LaAlO3 has been shown to produce an in-plane compressive misfit strain of 

around -4.4%; this results in the transformation of the BiFeO3 thin film into a highly 

strained tetragonal-like monoclinic phase (T-phase), possessing a P4mm symmetry 

and an enhanced c/a axis ratio of ~1.2. With increased film thickness, a partial strain 

relaxation occurs resulting in a dislocation-free nanoscale mixture of the T-phase with 
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an additional, distorted rhombohedral-like monoclinic phase (R-phase) that possesses 

an R3c symmetry and a c/a ratio of ~1.08 [15]. Details of the structural composition of 

BiFeO3 - LaAlO3 thin films obtained through atomic force microscopy (AFM) and 

high-resolution transmission electron microscopy (HRTEM) are provided in Figure 

3.1.  

 

 

 

 

 

  

 

Figure 3.1 | Structural properties of mixed-phase BiFeO3. (a) High-resolution 

topographical map of a strained BiFeO3 thin film obtained via atomic force microscopy 

(AFM) demonstrating the coexistence of two differing structural polar variants. The dark 

coloured, needle like structures represent the rhombohedral-like monoclinic phase (R-

phase) which is embedded within the light coloured tetragonal-like monoclinic phase 

matrix (T-phase). (b) Line-trace (white dashed line) illustrates a ~2nm height difference 

transitioning from the T-phase to the R-phase. High resolution transmission electron 

microscopy (HRTEM) image (c) illustrates a seamless, dislocation-free transition between 

each phase structure across the interfaces (the thin dashed lines). Image adapted for (c) 

from [15].   
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 The development of a stabilised mixed-phase crystallographic structure 

through epitaxial strain has been shown to significantly enhance the pre-existing 

functional properties found in BiFeO3. Studies have revealed the existence of an 

enhanced spontaneous magnetisation within the R-phase [16], a large piezoelectric 

response at the R- and T-phase boundaries due to the significant differences in the c-

axis parameters [17 - 19], and a crystal structure consistent with that of a shape memory 

oxide [20]. Furthermore, the mixed-phase structure displays a high susceptibility to 

external variables [21], with tuning of the relative proportions of R- and T-phase 

structures possible through applied stimuli. This reveals a highly desirable level of 

control over the density of phase structures and their corresponding boundaries that 

makes them ideal for smart systems; with local transformations from R- to T-phase 

obtained through an applied electric field. Such a transition has been shown to be 

reversible via the application of fields that oppose the out-of-plane component of the 

film [22]. Additional studies have shown successful localised transformation through 

applied heat; with increased temperatures displaying a reduction in the density of R-

phase and resulting in a T-phase dominant state [23].  

 Further investigations have revealed enhanced electrical transport properties 

within the boundaries between the R- and T-phase structures in strained BiFeO3 

through the addition of dopants during the growth process [24-27]. For Ca-doped BiFeO3 

films (~2% doping), high resolution atomic force microscopy (AFM) and conductive 

atomic force microscopy (c-AFM) measurements, shown in Figure 3.2a, reveal an 

enhanced conductive behaviour within the boundaries between the coexisting phase 

structures. By isolating the topographical signal from the current signal obtained 

through c-AFM, the line trace, shown in Figure 3.2b, the position of the charged profile 

in relation to the surface structures may be obtained; revealing the observed conduction 

to be confined to the boundaries, with a greater conductive magnitude noted for one 

side of the existing R-phase structures. Further investigations, looking at the role that 

boundary motion has on the corresponding conductive properties were undertaken 

through simultaneous strain and current-voltage measurements. A correlation between 

the phase transition and the local electronic conductivity was attributed to the coupling 

between the local strain environment and the field induced phase transitions. Crucially, 

it was demonstrated that the electrical transport properties would be erased through the 

application of an opposing polarity electric field.  
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Figure 3.2 | Electrical transport properties in mixed-phase BiFeO3. (a) High resolution 

atomic force microscopy (AFM) and conductive atomic force microscopy (c-AFM) maps 

of a native region in a strained, Ca-doped BiFeO3 thin film. Note the presence of an 

enhanced charged nature around the R-phase structures. (b) Graphical representation of the 

isolated topographical and current signals for a line trace across the phase boundaries in 

the native state.  Note that the conductive nature is confined within the boundaries between 

the R- and T-phase structures. Image adapted for (a) and (b) from [25].  
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3.2 Observing field-induced crystallographic 

transitions in mixed-phase BiFeO3 
 

The spontaneous, switchable polar component that ferroelectrics possess makes them 

attractive materials from a practical perspective; with mediation of the switching 

process achieved primarily through the variation of domain size. Traditional switching 

is viewed through a three-stage process, as illustrated in Figure 3.3. Firstly, a series of 

reverse polarised nuclei are formed, typically along electrode boundaries or free-

edges; secondly, a forward growth of the reverse polarised nuclei into large needle-

like domains occurs; and thirdly, a sideways expansion of the domains occurs resulting 

in a final, completed switching process.      

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

  

 

Figure 3.3 | Domain switching in ferroelectric systems. Schematic illustration of the 

traditional three stage switching process for ferroelectric materials; showing the nucleation 

of reverse polarised domain states (Step I), forward growth of the domains (Step II) and 

sideways domain growth (Step III) resulting in a complete reversal of the domain 

orientation.  
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 For mixed-phase BiFeO3, the conventional switching process outlined above 

becomes more complex due to the existence of two structurally different polar 

components; with numerous studies demonstrating how the application of external 

electric fields repeatedly effect a structural transition from a mixed R- and T-phase 

state to a T-phase dominant state [15 - 19], [22], [25], [29]. In addition, several scenarios have 

been put forward to describe both the structural transitions and the associated 

ferroelectric switching which arise under applied fields.  

 For example; studies into purely T-phase BiFeO3 thin films (~20nm in 

thickness) report three possible transition pathways [22]. Through an extensive 

combination of thermodynamical modelling, spectroscopic data and tip-bias 

experimentation via piezoresponse force microscopy (PFM), it was shown that a 

structural phase transition from T- to R-phase occurs at lower electric field 

magnitudes, followed by ferroelectric switching (T-phase to –T-phase) under a larger 

electric field magnitude. Such a scenario suggests that a structural transition from T- 

to R-phase may take place in the absence of any 180o switching.   

 Similar studies, but for thin films (~120-150nm in thickness) displaying a 

mixture of both R- and T-phase in the native state demonstrate a reversible structural 

transition that they show to be dependent on the polarity of the applied fields, alongside 

the magnitude of the applied field [18]. Here, by applying a positive d.c bias a structural 

transition from the mixed R- and T-phase to a pure T-phase state occurs, with a 

significant surface displacement. By applying a d.c bias of opposite polarity, a 

recovery of the mixed-phase structure was observed.  

 Whilst each study suggests minor differences in the transitional pathways, in 

each case a large, reversible field induced strain was noted; with strain values 

associated with the local surface displacements. For example, the initial study by 

Zeches et al reported surface displacements of ~1-2nm that they equated to effective 

strains of between 1.2 to 2.4% [15]; with later studies reporting surface displacements 

of ~5-6nm, equating to strains of close to 5% [18]. Such large, non-destructive 

alterations to the surface morphology make this system attractive for use as a substitute 

for lead based materials.  
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3.2.1 Controlling phase population through 

uniform electric field switching 
 

To address the role of electric field switching on the enhancement of electrical 

transport properties in mixed-phase BiFeO3, a thin film, 50nm in thickness grown on 

a (001)-orientated substrate of LaAlO3, with an integrated 5nm thick (La,Sr)CoO3 

bottom electrode was used. Preliminary piezoresponse force microscopy (PFM) 

measurements on the native mixed-phase state are presented in Figure 3.4.   

 

 

  

Figure 3.4 | Preliminary characterisation of mixed-phase BiFeO3 using piezoresponse 

force microscopy.  Preliminary scans of a 5µm region of the native mixed-phase state in 

BiFeO3, showing (a) the surface topography of the sample. Note the presence of the 

coexisting phase structures; with the needle-like R-phase surrounded by the smoother T-

phase. Corresponding piezoresponse force microscopy (PFM) measurements, 

demonstrating the vertical-PFM amplitude (b) and phase (d) alongside the lateral-PFM 

amplitude (c) and phase (e).     
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 The typical morphology of the as-grown mixed-phase BiFeO3; demonstrating 

the characteristic needle-like R-phase structures embedded within the smooth T-phase 

matrix is shown in the topography image provided in Figure 3.4a. Under an applied 

a.c bias, amplitude and phase images were obtained for both vertical- and lateral-PFM; 

shown in Figures 3.4b, 3.4c, 3.4d and 3.4e respectively. The observed contrast in 

amplitude between the native mixed-phase structures present in the vertical-PFM 

amplitude has been attributed to the greater intrinsic piezoelectric coefficient (d33) of 

the rhombohedral phase compared to its tetragonal counterpart [30]. Furthermore, for 

the lateral-PFM amplitude provided in Figure 3.4c, the existence of additional in-plane 

domain structures within the T-phase; whose presence is consistent with similar 

studies on mixed-phase BiFeO3 films [22], [31], [32] is attributed to small monoclinic 

distortions within the T-phase matrix. Crucially such structural distortions are minor; 

playing no significant role in the structural phase transitions reported in this thesis and 

in similar studies [22]. Contrast present in both the vertical- and lateral-PFM phase 

images (Figure 3.4d and 3.4e) is indicative of the existence of both in-plane and out-

of-plane polarisation components within the system. The film used primarily for this 

work is of uniform negative polarisation, thus requiring a negative bias applied through 

the tip to facilitate ferroelectric switching.     

 For initial investigations of the field-induced phase transitions which arise in 

mixed-phase BiFeO3, a simple experimental geometry was employed. For this, the 

sample is attached and grounded to a prefabricated bottom electrode through the use 

of a conductive adhesive; with an AFM probe tip brought into contact with the sample 

surface to act as a floating top electrode. A uniform, -4V d.c electric field was then 

applied through the tip to facilitate a local non-destructive phase transition within the 

sample through writing of a controlled, 1µm x 1µm sized domain state; as shown in 

Figure 3.5. 

 Topography scans, before and after electric field application are presented in 

Figure 3.5a and 3.5b respectively. Here, clear evidence of a field induced phase 

transition is presented; with a reordering of the ferroelectric domain structure in the 

sample occurring through a conversion of the mixed R- and T-phase state into a locally 

T-phase dominant state. Crucially, this localised transition coincides with minor 

nucleation of additional R-phase structures around the written region; a process 

consistent with observations found in similar studies [18], [22], [23], [29]. Vertical-PFM 

amplitude and phase presented in Figure 3.5c and 3.5d respectively confirm the 
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existence of 180o ferroelectric switching. By taking a simple line trace across the 

boundary of the written region, a reduction in the amplitude of the polar component 

(Figure 3.5e) at the point of phase inversion (Figure 3.5f) was observed, confirming 

the presence of ferroelectric switching alongside the crystallographic transition. 

  

Figure 3.5 | Nucleating controlled large-scale domain structures in mixed-phase 

BiFeO3. Formation of a controlled, 1µm domain structure following application of a 

uniform electric field. Topographical images, pre (a) and post (b) field application highlight 

the structural transition from the mixed R- and T-phase to a T-phase dominant state; with 

corresponding vertical-PFM amplitude (c) and phase (d) confirming the existence of 180o
 

ferroelectric switching. Simple line-traces (e), (f) across the boundary of the written region 

highlights the reduction of the polar component at the point of phase inversion, confirming 

the presence of ferroelectric switching alongside the crystallographic transition.  
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3.2.2 Observing enhancement of electrical 

transport properties through c-AFM 
 

To assess the electrical transport properties that exist within mixed-phase BiFeO3, 

conductive atomic force microscopy (c-AFM) measurements across both the native 

structures and across a locally switched region was performed. For measuring the 

observed charged nature, a uniform d.c bias was applied through the bottom electrode; 

with the probe tip rastering across the sample to measure the current flow through the 

sample at regular intervals. Crucially, the magnitude of the applied field was kept 

below the coercive threashold for the sample; this ensures that no additional 

ferroelectric switching occurs and that the detected currents correspond to enhanced 

electrical transport properties and not conventional switching currents.  

 Contrary to studies which have observed enhanced electrical transport 

properties at the structural boundaries between the R- and T-phase in the native state 

[25], [26], attributed to the presence of dopants introduced during the growth process; for 

similar investigations current levels in the native state on the sub-femtoamp (fA) level 

have been noted. Such current magnitudes are attributed to the presence of low levels 

of leakage current rather than a local enhancement of the electrical transport properties. 

Crucially, the mixed-phase BiFeO3 films under investigation in this study were not 

preferentially doped during the growth process; therefore the existence of enhanced 

current levels is not attributed to the presence of dopants within the system. 

 The relative ease through which crystallographic transitions can be induced in 

mixed-phase BiFeO3
 under an applied electric field is well documented. To investigate 

whether such field-driven structural alterations leads to an enhancement of the local 

electrical transport properties, a controlled 1µm domain structure was written by 

appling -4V d.c bias through an AFM probe tip. Surface topography both before and 

after field application are provided in Figure 3.6a and 3.6b respectively, illustrating 

clear strutural alterations to the sample. Corresponding imaging of the controlled 

domain structure was undertaken through PFM under an applied a.c bias; with the 

vertical-PFM amplitude illustrated in Figure 3.6c. Measurement of the enhanced 

current through application of a uniform d.c bias through the bottom electrode was 

obtained via c-AFM; illustrated in Figure 3.6e. A graphical representation of both the 

vertical-PFM amplitude and the c-AFM profile is provided in Figure 3.6d and 3.6f 

respectively. 
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Figure 3.6 | Enhanced electrical transport characteristics following electric field 

switching. Conductive atomic force microscopy (c-AFM) measurements carried out across 

a controlled, 1µm domain structure.  Topography of the native mixed-phase state (a) and 

post field application (b) demonstrates clearly field induced phase transition; with 

corresponding vertical-PFM amplitude (c) confirming the existence of conventional 

ferroelectric switching. Conductive map of the written region (e) illustrates a heightened 

charged profile within the R-phase dominated regions, with negligible current registered in 

the switched, T-phase dominant state. Simple line trace across the full domain width for 

both the vertical-PFM amplitude (d) and c-AFM (f) maps highlights an increased, diffuse 

charged profile within the nominally insulated region surrounding the written domain state.       
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 Careful analysis of the conductive response in mixed-phase BiFeO3 resultant 

from field induced phase transitions reveals several important characteristics. From 

the line trace presented in Figure 3.6d, current levels within the electrically driven T-

phase dominant state are comparable with levels found within the insulating native 

state; with detected currents of magnitude within the sub-femtoamp (fA) range. 

Crucially, an enhanced level of current on the order of 100pA, permeating in a diffuse 

pattern beyond the confines of the boundary of the written state was observed; with 

the boundary represented by the reduction of the polar component illustrated 

graphically in Figure 3.6d. Moreover, the observed increased current levels were 

located within a region possessing an increased density of R-phase structures; with 

such structural reorganisation around written regions consistent with studies on similar 

films [22].   

 Proper deconvolution of signals obtained from c-AFM measurements across 

written regions is important for accurately determining the spatial positioning of the 

observed enhanced current; which in the context of mixed-phase BiFeO3 enables us to 

pinpoint precisely whether the observed phenomena is existent within a phase structure 

or within a phase boundary. Attempts to address this issue were undertaken via both 

PFM and c-AFM measurements on a domain state nucleated through a single localised 

-7V pulse, presented in Figure 3.7. The diffuse nature of the charged response is again 

presented in Figure 3.7b, with current detected upwards of 500nm from the position of 

the written region. However, observed levels of current within the T-phase were found 

to be inconsistent with previous measurements; observations that are attributed to 

limitations in the c-AFM technique. Such limitations reflect constraints on spatial 

resolution of measurements which are associated with the radius of the conductive 

AFM probe tip. Regardless, the results from the graphical comparison of the c-AFM 

and PFM measurements presented in Figure 3.7c are promising; with clear evidence 

of a significant enhancement of current detected upwards of 500nm beyond the 

constraints of the written boundary, within a high density R-phase region. 

  Resolving, accurately the position of the observed enhanced current with 

respect to the sample morphology remains key towards developing a mechanistic 

understanding of its origin. To enable a greater scan resolution, a reduction of the size 

of the written region was employed by applying a local pulsed field at a fixed tip 

position.   
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3.2.3 Enhanced conduction at nanodot domains 

formed through local electric field switching 
 

Conductive atomic force microscopy (c-AFM) measurements presented thus far have 

focused principally on large-scale written regions nucleated through application of an 

electric field to an AFM probe tip as it is rastered across the surface of the material. 

As discussed previously, accurate determination of the precise location of the 

measured current within mixed-phase BiFeO3 is limited due the resolution limits 

imposed by the tip radius. To address these complications, a point-by-point switching 

technique to reduce the size of the written states was employed. Here, the conductive 

AFM probe tip is brought into contact with the surface and maintained in a fixed 

position. A bias is then applied to the sample through the tip, facilitating a highly 

localised structural transition coupled with traditional ferroelectric switching; with the 

size and shape of the written state reflective of the radial distribution and strength of 

Figure 3.7 | Enhanced electrical transport characteristics following fixed position 

electric field switching. (a) Vertical-PFM amplitude for a controlled domain state 

nucleated by means of a single localised 7V pulse, with corresponding conductive atomic 

force microscopy (c-AFM) measurements (b). Note the diffuse nature of the charged 

response; with current imaged over 500nm from the written boundary into the surrounding 

bulk insulating region. Simple line-trace (c) across the full domain width illustrating the 

charge profile relative to the domain position; with the enhanced current extending beyond 

the confines of the nucleated boundary.  
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the applied field beneath the tip. Similar switching experiments have been reported 

elsewhere, illustrating a highly localised switching of the T-phase with a 

corresponding nucleation of new R-phase structures around the written region [22].  

   

 

 

 

  

Figure 3.8 | Enhanced electrical transport characteristics for an array of nanodot 

domains. Pre (a) and (b) post topography images for a 4x4 array of point switched domain 

states, with vertical-PFM phase (c) showing characteristic ferroelectric switching. Current 

map following c-AFM (d) across written regions showing enhanced levels of conduction 

within the surrounding bulk insulating regions; which graphically (e) points to the switched 

T-phase being insulating, with the enhanced current levels existing within the surrounding 

high density R-phase region.  
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 To facilitate nucleation of individual point switched states within a 4x4 array, 

the AFM probe tip was brought into contact with the sample surface at a pre-

determined location and a bias applied. The tip is then repositioned in a new location, 

and the process is repeated for different applied bias magnitudes. For results presented 

in Figure 3.8, electric fields of 4.5V, 5V, 5.5V and 6V were used.  

  Topography scans, pre and post field application are presented in Figure 3.8a 

and 3.8b respectively. Consistent with previous switching experiments, there is clear 

evidence of structural reorganisation of the surface morphology at each locally 

switched region. However, in contrast to results presented for large-scale written 

states, the structural reorganisation is significantly more dramatic for single-point 

switching; with additional R-phase nucleating in a circulatory pattern around the 

switched state, consistent with the ‘Rosette Pattern’ experiments presented by 

Vasudevan et al [22]. Further discussion on this unique structure and the role it plays 

on the observed phenomena is discussed in more detail in Chapter 4.  

 Measurements using c-AFM, shown in Figure 3.8d highlight the characteristic 

diffuse enhanced current, of approximately 25pA in magnitude. Such observations are 

consistent with results shown previously for large domain configurations. By 

comparing the spatial position of the observed enhanced current with respect to the 

vertical-PFM phase shown in Figure 3.8c; through a simple line trace across the written 

states the position of the observed enhanced current levels was noted to be within the 

high density R-phase regions of the surrounding bulk material. Crucially, our results 

do not point to the electrically written boundaries being devoid of any electrical 

transport characteristics; in fact, one would still expect such boundaries to be 

conductive in some form. However, significant levels of current within surrounding, 

nominally insulating regions of our sample were observed that possess a high density 

of R-phase that nucleates in response to local switching fields. With our results 

pointing towards the T-phase being insulating, it is therefore possible to consider the 

structural boundaries between the R- and T-phase to be a likely candidate for the 

observed enhanced conduction. To understand the role of such boundaries on the 

enhanced electrical transport nature, understanding the impact that field history has on 

their origin is important. Crucially, this allows a significant amount of control to be 

exercised over the precision patterning of R- and T-phase structures, their size and 

orientation and thus, control over their functionality.  
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3.3 Considering the impact of field history on 

tailoring structural functionality 
 

The envisioned practical applications of ferroelectric materials are formulated around 

tailoring local functionalities; which for mixed-phase BiFeO3 requires the engineering 

of new R- and T-phase structures, and to that end nucleation of new structural 

interfaces. For progress to be made towards realisation of such practical applications, 

techniques which facilitate control over both the position and size of the 

microstructures are required.  

 To address this, first-order reversal curve (FORC) spectroscopy was 

undertaken over native and electrically written regions; where the magnitude and 

polarity of the applied waveform was seen to effect significant control over both the 

size and the density of the mixed R- and T-phase structures and further facilitate 

tracking of the hysteretic evolution of the piezoresponse in the material. Crucially, 

separate electrically written regions were obtained by applying electric fields of 

different polarity above the coercive threshold. With the investigated sample 

possessing a uniform downward polarisation, choice of field polarity significantly 

influences the possible transition pathways as shown in previous studies [22], [29]. 

Taking a 6μm x 6μm region, a subdivision of the investigated area into three columns 

of different polar orientation is obtained through application of a uniform d.c electric 

field of opposing polarity to distinct regions; where a uniform negative d.c electric 

field effects a structural transition from a mixed R- and T-phase state to a T-phase 

dominant state, alongside traditional ferroelectric switching. This region has been 

labelled Tup. In contrast, the application of a uniform positive d.c electric field 

facilitates structural transitions to the T-phase dominant state, but crucially does not 

facilitate a reversal of the polar component. This region, has been labelled Tdown. An 

additional region acting as a control is labelled RTdown, which corresponds to the native 

state which has not been subjected to any external electric field application. Surface 

topography of the native, unbiased state is presented in Figure 3.9a, with vertical-PFM 

amplitude and phase provided in Figure 3.9b and 3.9c respectively, highlighting both 

the unique microstructure of mixed-phase BiFeO3 alongside the uniform downward 

polarisation orientation of its native state. An additional topographical map, 

illustrating each respective region is presented in Figure 3.9d, with vertical-PFM 

amplitude and phase images provided in Figures 3.9e and 3.9f respectively; confirming 
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the existence of both structural transitions and ferroelectric switching that is attributed 

to electric field application.   

  

 

  

Figure 3.9 | Piezoresponse force microscopy for an array of locally switching domain 

structures. (a) Topography, (b) vertical-PFM amplitude and (c) vertical-PFM phase of a 

6μm x 6μm region the native state in mixed-phase BiFeO3. Topography (d) after pre-poling 

of sub-regions by applying +9V (left side) and -9V (right side). Corresponding vertical-

PFM amplitude (e) and phase (f) highlighting both the existence of structural transitions 

and ferroelectric switching. (g) Surface topography after FORC spectroscopy, with 

corresponding vertical-PFM amplitude (h) and phase (i).  
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 To evaluate the impact that pre-poling selected regions has on the evolution of 

electromechanical behaviour, FORC spectroscopy was undertaken across an array of 

positions within both the native and poled regions to induce mixed R- and T-phase 

patterns. The impact which pre-poling has on the structural transitions is considerable, 

with narrow R-phase structures, of ~150-200nm in width located within the Tdown 

region at the proximity of the position of each array point. Comparatively, R-phase 

structures nucleated within the Tup region are noticeably larger, with widths of ~300-

400nm. Crucially, the nucleation of these structures extends beyond the locality of the 

probe position, which can be attributed to the formation of circular domain walls that 

form following reversal of the final polarisation component. This is further discussed 

in Chapter 4. These observations are consistent with results presented previously; with 

such domain walls enhancing formation of additional R-phase structures within the T-

phase matrix at the interface between the RTdown and Tup regions. Moreover, the RTdown 

region has been shown to possess more T-phase after bias application compared with 

its native state. Topographical images, alongside vertical-PFM amplitude and phase 

for the switched array are presented in Figure 3.9g, 3.9h and 3.9i respectively.   

 Further insight into the impact which pre-poling has on the electromechanical 

behaviour was gained through extraction and averaging of piezoresponse loops for 

each respective region by applying both a positive and negative FORC waveform. For 

a positive waveform, substantial loop opening was observed from the fifth cycle 

(Figure 3.10a) between +7V and - 4.33V, which  is indicative of the onset of switching; 

with the loops for both Tup and Tdown displaying similar shape and size, and the loop 

for RTdown initially much smaller. Further cycles (Figure 3.10b and 3.10c), applying a 

larger voltage range illustrate increased height of the piezoresponse loops; with lower 

coercive voltages attributed to the Tdown region and higher values exhibited in the Tup 

region. Therefore, despite multiple switching cycles it is evident that pre-poling of 

selected regions influences the ferroelectric response to the applied FORC waveform. 

Moreover, obtaining confined mixed R- and T-phase structures requires the magnitude 

of the applied d.c pulse to be below the voltage required for pre-poling.  
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Figure 3.10 | Field history in mixed-phase BiFeO3 illustrated through first-order 

reversal curve spectroscopy.  FORC piezoresponse loops of the fifth, sixth and seventh 

cycles averaged over pre-poled and native regions in mixed-phase BiFeO3; obtained 

through application of positive (a-c) and negative (d-f) waveforms.   
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 By switching the polarity and applying a negative FORC waveform an 

increased density of mixed R- and T-phase was registered for all three regions, with 

the Tup region displaying better confinement of the nucleated patterns within the 

proximity of the probe tip. Loops obtained through application of negative waveform 

highlight a greater piezoresponse for the Tup (Figure 3.10d); with similarities between 

the loops observed for further cycles (Figure 3.10e and 3.10f). Crucially, it is evident 

that whilst the initial structural phase governs the ferroelectric switching when a 

positive waveform is applied; for a negative waveform, ferroelectric switching is 

dependent on the initial polar orientation. Therefore, one can conclude that the 

structural phase transitions which appear to be similar within both the Tdown and RTdown 

regions differ significantly from those that exist in the Tup, demonstrating that the 

initial polar state has an influential role behind the obtained mixed R- and T-phase 

patterns; with such differences also observed within the FORC piezoresponse 

hysteresis loops. 

 

3.4 Conclusions 
 

Within this chapter a detailed study of the influence applied uniform d.c electric fields 

have over crystallographic phase transitions and local enhancement of electrical 

transport properties within mixed-phase BiFeO3 thin films has been presented.  

 Observed through PFM, a reproducible reorganisation of the native as-grown 

mixed R-T phase state into a T-phase dominant state, alongside traditional ferroelectric 

switching was facilitated through local application of a d.c electric field above the 

coercive threshold; with corresponding nucleation of R-phase structures noted within 

regions surrounding the switched state. Similar switching experiments for fixed tip 

positions were further undertaken to address the influence that electric field history 

has over the size and density of the mixed R-T phase state; with the polarity and 

magnitude of the applied electric field seen to significantly influence the nature of the 

crystallographic phase transitions and ferroelectric switching as confirmed by the 

FORC spectroscopy measurements.  

 In each case, an assessment of the electrical transport properties was 

undertaken by subjecting each locally switched region to additional d.c electric fields 

of a magnitude below the coercive threshold via c-AFM. For the T-phase dominant 

state, it was observed to possess current levels comparable to those found in the 



Chapter 3: Enhanced interfacial conductivity in mixed-phase BiFeO3 thin films   

 

105 

 

insulating native state. Crucially, for the regions surrounding the locally switched state 

that possess a high density of R-phase structures which nucleate as a response to 

electric field application, a substantial enhancement of the electrical transport 

properties was observed; with current magnitudes within the high-pA range. With 

results alluding to the T-phase being insulating, the interface between the R- and T-

phase structures was considered a plausible candidate for the observed enhanced 

current.  

 This chapter presents a local enhancement of the electrical transport properties 

following electric field application, as evidenced by experimental observation; and 

whilst the nature of the applied electric field significantly influences the 

crystallographic phase transitions it is important to consider alternative factors, notably 

the influence of strain on both the native crystal structure of the material and the 

observed enhancement of the electrical transport properties within the investigated 

material. 
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Chapter 4 
 

Stress driven conducting interfaces in 

mixed-phase BiFeO3 thin films 
 

In this chapter, a reversible tuning of the functional properties in mixed-phase BiFeO3 

was observed under dual application of both uniform electric and uniaxial stress fields. 

Consistent with previous results, crystallographic transitions from the native mixed R-

T phase state to a T-phase dominant state were demonstrated under an applied electric 

field; with the application of uniaxial stress facilitating re-nucleation of R-phase 

structures within the T-phase matrix. Subsequent c-AFM measurements reveal a 

significant enhancement of the electrical transport properties within the stress-driven 

regions. Through nanobeam electron diffraction techniques, a substantial enhancement 

of the strain across the structural boundaries for stress driven regions was noted, 

consistent with theoretical considerations; which is proposed as a likely factor behind 

the observed electrical transport properties. This chapter features work obtained in 

collaboration with D. Edwards and K. Holsgrove at Queen’s University Belfast, and 

has resulted in the following manuscript currently under preparation:  

 

“Giant Resistive Switching in Mixed Phase BiFeO3 via phase population control” 

 

D. Edwards*, N. Browne*, K. Holsgrove, A. B. Naden, S. O. Sayedaghaee, B. Xu, S. 

Prosandeev, D. Wang, D. Mazumdar, M. Duchamp, A. Gupta, S. V. Kalinin, M. A. 

Arredondo, R. G. P. McQuaid, L. Bellaiche, J. M. Gregg, A. Kumar.   

* denotes joint first authorship 

 

(Manuscript submitted to Nanoscale)  
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4.1 Mechanical control over functional properties of 

ferroelectrics 
 

The ability to control a materials functional properties remains crucial towards 

realising their potential for use in future nanoscale electronic devices. To date, the 

majority of studies have focused on the application of uniform electric fields to effect 

control over such unique material properties; and whilst the high measure of control 

over such properties is well understood, there remain associated limitations with 

electric field application such as charge injection and dielectric leakage [1]. As such, 

these limitations have proven problematic when implementing from a practical 

perspective.  

 Recent observations of a mechanically induced polarisation reversal within 

ferroelectric thin films [2] demonstrates a novel alternative to the traditional field 

switching approach shown in previous studies, by relying on a manipulation of the 

ferroelastic nature of the underlying domain structures within the sample that arises 

from the coupling between their polarisation and strain components [3]. Such a 

relationship has been shown to significantly influence crystal symmetry and functional 

properties [4]; with further control over both the magnitude and orientation of the polar 

component demonstrated [2]. Furthermore, direct stress application has been shown to 

effect control over the conductive properties within an array of ferroelectric systems; 

from ultra-thin films [5], to bulk single-crystals [6-8].  For bulk single-crystals, a local 

reorganisation of domain structures has been achieved through use of point 

macroscopic sources; which in the case of the improper ferroelectric system, the Cu-

Cl boracites has been shown to facilitate reproducible mechanical writing of domain 

structures separated by charged, conducting domain walls [6].  

 For thin films, the simplest method for direct application of nanoscale stress 

has been realised through use of an AFM tip as a nanoscale indentation probe [9]; where 

a local concentration of stress within the tip-surface contact region may be obtained 

by pressing the AFM tip into the surface of the material. In such cases, stress fields of 

a magnitude close to several GPa have been shown to suppress piezoelectric responses 

[10] and facilitate a localised rotation of the polarisation vector [11], [12]. However, upon 

removal of the applied stress a recovery of both the piezoelectric response and native 

polarisation configuration was observed and thus, no permanent writing was achieved.  



Chapter 4: Stress driven conducting interfaces in mixed-phase BiFeO3 thin films 

 

111 

 

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 The development of a stable switching of the polarisation component through 

direct stress application on the nanoscale was first reported by Lu et al [2]; overcoming 

some of the previously reported experimental limitations. Using an ultra-thin BaTiO3 

film grown on a (001)-orientated SrTiO3 substrate, they demonstrated through a 

gradual increasing of the loading force beneath the AFM tip an inversion of the 

polarisation component analogous to a polarisation reversal obtained through 

conventional electric field switching. Crucially, they noted that polarisation reversal 

Figure 4.1 | Mechanical control over functional properties in ferroelectric systems.  

Mechanically-induced polarisation reversal within ultra-thin films of BaTiO3 of 

approximately 5nm obtained via direct stress application through an AFM probe tip; note 

that only 180o inversion of the polarisation is permitted due to compressive stress exerted 

on the film from the underlying substrate. Piezoresponse force microscopy (PFM) phase of 

an electrically written bipolar domain pattern both before (a) and after (b) local stress 

application. For mechanical switching, an increasing loading force was applied across a 

region, 1µm x 1µm in size. Similar studies, investigating the role that mechanical switching 

plays on the electrical transport properties are presented; with (c) PFM phase and (d) 

conductive atomic force microscopy (c-AFM) measurements across both an electrically 

and mechanically switched region. Image adapted for (a) and (b) from [2] and for (c) and 

(d) from [5].    
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was obtained in a non-destructive manner; with the magnitude of the applied stress 

below the threshold associated with irreversible structural damage [13]. PFM studies, 

both before and after local stress application are provided in Figure 4.1a and 4.1b 

respectively, illustrating the clear inversion of the polarisation under local stress 

application.  

 Further studies by Lu et al [5], on similar films highlighted the influence that an 

applied mechanical stress can exert over a materials electrical transport properties; in 

particular the phenomena of the tunnelling electroresistance (TER) effect. Whilst 

traditionally an electrically controlled process; a mechanically-induced non-volatile 

TER effect was reported, as shown in Figure 4.1c and 4.1d. For both studies, it was 

found that such responses were associated with the formation of local strain gradients 

within the film beneath the tip, consistent with the formation of a flexoelectric field of 

magnitude large enough to induce polarisation switching analogous to conventional 

electric-field switching. Crucially, they concluded that the existence of a mechanically 

induced TER effect could rule out both charge injection and surface electrochemical 

responses as the primary mechanisms for resistive switching in ferroelectrics [2], [5], [14]. 

Such conclusions are promising, opening up new avenues towards controlling 

functionality in ferroelectrics beyond traditional approaches.  

 In the context of mixed-phase BiFeO3, mechanically-induced structural phase 

transitions have been reported [15], [17]; with rhombohedral-like (R-phase) distortions 

nucleated within tetragonal-like (T-phase) regions following direct stress application 

through an AFM probe tip. Furthermore, they report a mechanical switching of the 

polarisation component alongside the structural phase transition; with the size and 

density of the nucleated R-phase correlated to the magnitude of the applied stress. 

Crucially, upon relaxation of the applied stress a retention of the phase transition was 

observed consistent with a shape memory response [16]; with the written region erased 

under increased heat [16], [18]. 

 The robust, non-destructive process of controlling phase structures by means 

of applied mechanical stress offers new avenues for ferroelectric memory writing and 

nano-circuitry; with highly localised control over phase switching and position in the 

absence of applied electric fields overcoming key limitations such as charge injection 

and dielectric breakdown. To this end, one looks to mechanical stress as the principle 

means of exerting control over the functional properties towards realising potential 

nanoscale electronic devices.  
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4.2 Stress mediated conduction in mixed-phase 

BiFeO3 
 

For accurate exploitation of the functional properties existent within mixed-phase 

BiFeO3, obtaining precise control over both the population and the local distribution 

of the unique R- and T-phase structures, alongside their corresponding boundaries is 

crucial; with injection and erasing of structural boundaries obtained through 

application of electric and stress fields in a complimentary manner. To investigate the 

influence that both, applied electric and stress fields possess over the electrical 

transport properties within mixed-phase BiFeO3, a thin film, 50nm in thickness grown 

on a (001)-orientated substrate of LaAlO3, with an integrated 5nm thick (La,Sr)CoO3 

bottom electrode was used. Identical to that used for results presented previously in 

Chapter 3, the investigated film possesses a uniform negative polarisation, thus the 

application of a negative bias through the AFM probe tip is required to facilitate 

ferroelectric switching.   

 

4.2.1 Dual control over phase population on the 

nanoscale through applied external stimuli 
 

To obtain a clear understanding of the influence that external stimuli, notably electric 

fields and applied mechanical stress have on the electrical transport properties in 

mixed-phase BiFeO3, it is imperative to address the impact that their complimentary 

application has on the materials structural composition. For initial investigations, a 

simple experimental geometry comprised of the investigated sample attached and 

grounded to a prefabricated bottom electrode through use of a conductive adhesive 

was employed. An AFM probe tip, acting as both a floating top electrode and a 

nanoscale indentation probe is brought into contact with the sample surface; where 

control over microstructure alongside recording of functional properties can be 

obtained with ease.  

 To facilitate reversible, non-destructive phase transitions both a uniform -4V 

d.c electric field, and a mechanical stress of magnitude ~1.8GPa were applied in a 

complimentary manner across a 1µm x 1µm region. Illustrations of the alterations to 

the phase structure are presented in Figure 4.2; with topographical scans of the native 
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state prior to applied stimuli (Figure 4.2a), following electric field application (Figure 

4.2b) and after mechanical stress (Figure 4.2c) are shown respectively.  

  

 

 

  

Figure 4.2 | Phase population control through dual stimuli application. Formation of a 

1µm switched region under dual application of both uniform d.c electric fields and 

mechanical stress. Topographical image of the native state (a) demonstrates the coexistence 

of both R- and T-phase structures. Post electric field application topography (b) reveals a 

localised structural transition from a mixed R- and T-phase state to a T-phase dominant 

state; with topography scans following mechanical stress application (c) illustrating re-

nucleation of R-phase within the previous T-phase dominant state. The reversible nature of 

these structural transitions is highlighted, through repeated cycling between electric field 

and mechanical stress. Vertical-PFM response following both electric field switching (e) 

and application of mechanical stress (f) confirms the existence and retention of 180o 

ferroelectric switching alongside the structural transitions.      
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 The typical morphology associated with the native state in mixed-phase 

BiFeO3, with an approximately equal ratio of the characteristic needle-like R-phase 

structures embedded within the smooth T-phase matrix is presented in Figure 4.2a. 

Consistent with previous results, upon application of a uniform -4V d.c electric field a 

reorganisation of the ferroelectric domain structure from a mixed R- and T-phase state 

to a T-phase dominant state occurs, as shown in Figure 4.2b; with vertical-PFM 

response presented in Figure 4.2d confirming the existence of 180o ferroelectric 

switching following electric field application. Subsequent application of mechanical 

stress was obtained through direct indentation of the sample surface through use of an 

AFM probe tip. Here, a force of ~150nN (equal to 1.8GPa) was applied to the sample 

surface facilitating injection of new R-phase structures within the electrically switched 

T-phase dominant region, as illustrated in Figure 4.2c and consistent with previous 

studies [15], [17]. Crucially, no reversal of the ferroelectric switching upon application of 

mechanical stress occurs; with the magnitude of the applied force below the threshold 

associated with switching of polar orientation. This is confirmed by the vertical-PFM 

response provided in Figure 4.2e.      

 Crucially, as illustrated in Figure 4.2 a high degree of control over the mixed-

phase microstructures is demonstrated, with repeated cycling of the applied stimuli 

facilitating reversible transitions from the electrically driven T-phase dominate state 

to a mechanically-induced mixed R- and T-phase state; written states that remain stable 

for several days. The relative ease through which structural transitions may be effected 

within mixed-phase BiFeO3 through the application of external stimuli makes it an 

attractive system from a practical perspective, especially when considering the 

influence that such transitions have on the enhancement of local functionality; in 

particular an enhancement of electrical transport properties. 

 

4.2.2 Enhanced interfacial conduction following 

applied mechanical stress 
 

To examine the impact a locally applied mechanical stress has, not only on the 

structural composition of mixed-phase BiFeO3 but on the electrical transport 

properties of the system, a dual application of uniform d.c electric fields and uniaxial 

stress was employed; with a measurement of the local conductive profile taken after 

application of each respective stimuli.  
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 Taking a 3µm x 3µm region of the native mixed-phase state and subjecting a 

1µm x 1µm sub-region within to a uniform -4V d.c bias, a structural transition from a 

mixed R- and T-phase state to a T-phase dominant state, consistent with previous 

Figure 4.3 | Enhancing electrical transport properties through nanoscale stress 

application. Injection of conductive boundaries within mixed-phase BiFeO3 obtained 

through a dual application of electric field and mechanical stress. AFM topography images 

obtained from a single region show (a) the native mixed-phase microstructure, the 

electrically-written T-phase dominant region (b) and the stress-written mixed R- and T-

phase region (c) respectively. Corresponding c-AFM measurements across the native (d), 

electrically-written (e) and stress-written (f) states respectively illustrate how the native 

and electrically-written T-phase dominant states are non-conducting; with a significant 

increase in current registered within the R-phase dominant stress-written regions with a 

magnitude on the order of 10’s of pAs. Graphical comparison (g) of the conductive profiles 

between the electrical- and stress-written regions highlights the enhancement of current 

within the stress-written region, in contrast to the electrically-written region. 
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studies [19-22] was demonstrated. Surface topography images, both before and after 

electric field application are presented in Figure 4.3a and 4.3b respectively. Applying 

a localised mechanical stress, ~1.8GPa in magnitude within the confines of the 

electrically written region through indentation of the sample surface via an AFM probe 

tip; nucleation of new R-phase microstructures was facilitated as shown in the 

topography image presented in Figure 4.3c. Such structural transitions under applied 

mechanical stress are consistent with results presented previously [15], [17].  

 Conductive atomic force microscopy (c-AFM) measurements performed 

across the native state, and following each respective stimuli were obtained by 

applying a uniform d.c electric field to the bottom electrode; with the probe tip 

measuring current flow at regular intervals as it is rastered across the surface of the 

sample. For such measurements, the magnitude of the applied field was kept below the 

ferroelectric coercive threshold to ensure no additional ferroelectric switching occurs, 

with the measured currents attributed to enhanced electrical transport properties. 

Moreover, exceeding the coercive threshold for the sample would further erase the 

mechanically driven R-phase structures, which are the regions of interest in this study.   

 Through comparison of the conductive responses following each respective 

applied stimuli, evidence of negligible current registered within both the native and 

the electrically driven states was noted; with detected currents of magnitude within the 

sub-femtoamp (fA) range. Such responses, presented in Figure 4.3d and 4.3e 

respectively are consistent with previous results, further confirming that the 

electrically driven T-phase dominant state possesses a conductive profile analogous 

with the highly insulating native state. Whilst negligible levels of current have been 

observed within both the native and electrically switched regions, intriguingly, a 

substantial enhancement of the current levels within the region subjected to local 

mechanical stress at the site of newly nucleated R-phase structures was observed, as 

shown in Figure 4.3f. A graphical comparison of the conductive profile for both the 

electrically switched and mechanically written region is provided in Figure 4.3g, 

offering further confirmation of the enhanced conductive response following local 

mechanical stress application; with the stress-written regions possessing current of 

magnitude of three orders of magnitude greater than both the native and electrically-

written states. Crucially, the magnitude of the detected current within the stress written 

region extends beyond conventional values that would be traditionally associated with 

the accumulation of leakage current. Such an observation is an important step, as the 
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observed current levels extend well beyond values associated with simple tuning of 

existing leakage currents and instead point towards a structural modification of the 

electrical transport properties; a modification that may be exploited for futures 

nanoscale devices.  

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Whilst direct observation of enhanced electrical transport properties following 

local mechanical stress application presents an promising alternate route towards 

controlling nanoscale functionalities, thus far, the magnitude of the applied mechanical 

Figure 4.4 | Microscopic resistive switching effect in BiFeO3. Conductive profile as a 

function of increased loading force in mixed-phase BiFeO3; with three local sub-regions 

subjected to increased magnitudes of loading forces within an electrically-written T-phase 

dominant state. (a) AFM topography of the stress written region, with corresponding c-

AFM measurements (b) showing enhanced levels of current. Simple line traces across the 

R-phase structures formed through loading forces of (i) 150nN, (ii) 300nN and (iii) 450nN 

showing an increased conductive response with increased loading force.  
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stress to the surface of our sample has been confined to ~150nN, corresponding to 

~1.8GPa. Such electromechanical responses are found to be consistent with the 

presence of a local resistive states; where alterations to the electrical resistivity is 

induced through application of mechanical stresses. Whilst exploitation of such an 

effect on a macroscopic scale forms the basis for results presented in Chapter 5 of this 

thesis; different magnitudes of current existent within the sample as a function of 

increased loading forces applied microscopically to the sample surface by means of an 

AFM probe tip.   

 To assess the presence of a localised resistive switching effect within our 

sample, a 5µm x 5µm region of the native mixed-phase state was switched to a T-

phase dominant state through application of a uniform -4V d.c electric field. By 

applying separate loading forces of increased magnitude within the switched region, 

nucleation of three distinct regions of R-phase was noted, as shown in Figure 4.4a. 

Taking c-AFM measurements after each respective stimuli, as illustrated in Figure 

4.4b, electrical transport responses were found to be consistent with previous results; 

with the electrically switched T-phase dominant state registering negligible current 

and increased levels detected within regions populated by stress-driven R-phase 

structures. For simple line-traces across the charged regions, presented in Figure 4.4(i) 

– 4.4(iii), an enhancement of local electrical transport properties under increasing 

loading forces was registered. Whilst the magnitudes of the observed current do not 

extend far beyond those presented previously, the results are nonetheless promising. 

Measurements obtained via c-AFM, though limited by the spatial resolution imposed 

by the probe tip radius indicate the observed current to be positioned at the site of the 

structural boundaries between the R- and T-phase, consistent with reports on similar 

systems [15], [17]. Crucially, the repeated systematic injection of multiple conductive 

regions within an electrically-driven insulated regions through application of a range 

of loading forces illustrates the reliability of this approach for writing conductive 

patterns into this material system.     
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4.3 Considering the role of strain on enhancement 

of functional properties 
 

As discussed previously in Chapter 1, the strong coupling between polarisation and 

strain within ferroelectric systems has been shown to account for both alterations and 

enhancement of the fundamental properties that they possess; with multiple studies 

demonstrating strain-induced alterations to the transitional temperature of bulk single-

crystals through applied mechanical pressure [23], [24], and stabilisation of room-

temperature ferroelectricity within paraelectric systems [25]. Crucially, the structure of 

the system under investigation is fundamentally a by-product of strain; with the 

coexistence and density of R- and T-phase structures resultant from the relaxation of 

epitaxial strain which is considered to arise during the growth process through an 

increased thin film thickness [19-22]. Therefore, it is imperative to consider the role 

which strain has on the enhancement of functional properties within mixed-phase 

BiFeO3 thin films. 

 The relative ease through which the microstructure of mixed-phase BiFeO3 

may be controlled through external stimuli, alongside the systematic tuning of its 

functional properties makes it an attractive system. However, in order to realise the 

full potential that such a system possesses, from a practical perspective, obtaining 

precise control over the relative density of phase structures, and with it their associated 

functional properties remains of fundamental importance. To that end, developing a 

theoretical framework of the structural alterations under each applied external stimuli 

is required; a framework that is verifiable experimentally.   

 

4.3.1 Theoretical prediction of phase competition 

through effective Hamiltonian simulations 
 

Previous studies, utilising both density functional theory and phase field simulations 

have suggested that a critical misfit strain separates the R- and T-phases within 

epitaxially strained BiFeO3 thin films [26-28]; with these simulations being further used 

to evaluate the dependence of heterophase polydomains on misfit strain [29], and to 

detail the competition between phases with increased magnitude of misfit strain [30]. 

Crucially, whilst such simulations may predict the equilibrium mixed-phase states that 

develop with misfit strain, to date the extent to which independent or combined 
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external stimuli may alter the phase distribution has yet to be analysed, with accurate 

predictions yet to be realised.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

  

Figure 4.5 | Theoretical modelling of phase competition under different applied 

stimuli. Effective Hamiltonian simulations evaluating the competition between phases 

within BiFeO3 grown on LaAlO3 under different applied stimuli at a fixed misfit strain 

magnitude (a) Energy curves simulated for a range of applied stimuli, at a constant misfit 

strain of -4.4%, associated with the chosen system. The blue and red dots equate to the 

energy of the R- and T-phases respectively. Illustrations of the phase transformations from 

(b) T- to R-phase under applied stress and (c) R- to T-phase under applied electric fields. 

(d) Schematic of the common tangent method, used to determine when it is energetically 

favourable for both phase structures to coexist. Image courtesy of D. Edwards; adapted and 

reprinted with permission. 
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 To address this, a first-principles-based-effective Hamiltonian technique used 

by Prosandeev et al [31] was applied, by considering the energy of individual cells of 

both the R- and T-phase under different applied variables. The initial simulations 

calculate the energy of each phase as a function of misfit strain, illustrating the 

competition between the two coexisting phase structures in BiFO3 under external 

stimuli, as presented in Figure 4.5a. For the highest magnitudes of misfit strain, the 

simulations confirm that the highly-strained T-phase possesses a lower energy and is 

therefore stabilised; whilst for intermediate strains, the energy of both the R- and T-

phase becomes more comparable, facilitating a coexistence of the two phase structures. 

Further simulations were undertaken for a range of applied stress and applied electric 

field combinations, facilitating estimations of the phase competition under different 

external stimuli. For simulations obtained on our investigated film, which was grown 

on a (001)-orientated LaAlO3 substrate, the energy of both the R- and T-phase are 

similar, with the R-phase possessing slightly lower energy under no external field 

application. Under application of external stimuli, the simulations indicate that the T-

phase becomes stabilised under an applied electric field; with applied mechanical 

stress stabilising the R-phase. Such predictions are consistent with experimental 

observations presented in Figure 4.2 and 4.3 respectively.      

 To obtain a quantitative appreciation of this behaviour, it is important to 

consider the terms that are used in the formation of the Hamiltonian. With application 

of an electric field E, a reduction of the total energy (Etot) occurs in the form of the 

term P.E, where P equates to the polarisation. Since the T-phase possesses a higher 

spontaneous polarisation, the increase in polarisation from the R-phase to the T-phase 

yields a net reduction in the total energy and effects a stabilisation of the T-phase under 

an applied electric field, as shown in Figure 4.5b. Similarly, upon application of 

uniaxial stress (σ3) along the [001] pseudocubic direction of the film, an increase in the 

total energy occurs in the form of the term |σ3S3|, where S3 equates to the strain 

component along the [001] direction of the simulated cell. Here, the R-phase becomes 

the more energetically favourable state due to possessing a smaller axial ratio 

compared to the T-phase and is stabilised, as shown in Figure 4.5c. 

 Accurately predicting the relative population of mixed-phase structures within 

the sample is obtained through employment of the common tangent method; an 

attractive concept regularly employed when analysing mixed-phase regions within 

traditional phase diagrams [30]. Here, an estimate for the relative proportion of R- and 
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T-phase at a fixed value of misfit strain is obtained by drawing a common tangent for 

each pair of energy curves and then applying the “lever rule,” which takes the form: 

 

 𝑆𝑖 = 𝑥𝑇𝑆𝑇 + 𝑥𝑅𝑆𝑅 Eq. 4.1 

 

where Si denotes a strain value chosen between the limits of the intersection of the 

tangent with the energy curves, ST and SR. This is represented in Figure 4.5d. By taking 

an expansion of the simulation for a range of applied stress, electric field and misfit 

strains, a set of energy curves may be obtained, which predict the mixed-phase 

population for a chosen set of variables; with external stress and electric fields freely 

manipulated, and misfit strain dictated by the choice of underlying substrate. Such 

predictions are attractive from an experimental perspective when the magnitude of 

misfit strain in the system is known. In the context of our studied system, a 50nm thick 

BiFeO3 film grown on LaAlO3, it is expected from the simulation that a microstructure 

of 52% R-phase and 48% T-phase will exist in the absence of any external fields. 

Crucially, the relative proportion of each phase structure can be altered; with a 

reduction of the R-phase to a predicted 33% composition under application of an 

electric field of magnitude of 4x108 Vm-1, or an increase to a predicted 70% 

composition under application of 4GPa of mechanical stress. Given that control over 

the relative population of each phase structure for a fixed misfit strain is linked to 

application of external fields, it is possible to conclude that any enhancement of local 

functionality associated with the mixed-phase microstructure may therefore be 

controlled through external field application.  

 To test the validity of the theoretical predictions, a large region of the native 

mixed-phase BiFeO3 thin film of ~18µm x 18µm in size, sub-divided into a grid of 

3µm x 3µm was subjected to range of external electric and stress fields, increased by 

discrete steps from one sub-division to the next; with the resultant topography of each 

region recorded and analysed to estimate the R-phase content. A subsequent three-

dimensional plot of these results, with a variation of the applied stress between 0 and 

3.6GPa, and electric field varied between 0 and 2x108 Vm-1. Comparing the results 

with the theoretical estimations obtained for similar variables; initially it is noted that 

for higher applied stress values with lower electric field magnitudes, nucleation of 

additional R-phase structures occurs alongside an enlargement of existing structures. 
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When intermediate values of stress and electric fields are applied, it is observed that a 

competition between the coexisting R- and T-phase exists, consistent with the 

theoretical predictions; whilst under increased electric field magnitudes, the effect of 

the stress fields diminishes as the resultant topography trends towards a T-phase 

dominant state.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6 | Correlating experimental observations with theoretical predictions.  

Comparison of experimental results and theoretical predictions, with topography maps of 

a 50nm thick BiFeO3 thin film grown on LaAlO3 (a) before and (b) after dual stimuli 

application. Highlighted panels are presented in (c) and (d) respectively. Numerical 

estimation of the relative population or R- and T-phase under each applied field yield the 

experimental map presented in (e), allowing comparison with the theoretical prediction 

presented in (f). Note for intermediate stress and electric field values a competition between 

phase structures is observed experimentally, consistent with theoretical predictions. Image 

courtesy of D. Edwards; adapted and reprinted with permission.  
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 Overall, a good match exists between the theoretical and experimental 

observations; indicating that the theoretical simulations provide an effective evaluation 

of the phase competition under different applied stimuli. However, there do exist some 

minor discrepancies between the experimental results and theoretical predictions; 

resultant from a possible underestimation of the magnitude of the applied stress fields. 

Crucially, the theoretical calculations consider the relative proportion of R- and T-

phase when both the electric field and mechanical stress are being applied, whilst the 

experimental measurements consider only the resultant microstructures that exist after 

the respective fields have been removed. Despite this, however, the close correlation 

between the theoretical and experimental results suggests that retention of the resultant 

microstructure in a stable state can be sustained upon removal of the applied fields; a 

result which is promising when viewed in the context of practical applications.                    

 

4.3.2 Strain mediated structural reconfigurations: 

the Rosette Pattern 
 

As discussed previously, and consistent with results presented both within this thesis 

and in similar studies, the direct application of external stimuli has been observed to 

facilitate both traditional ferroelectric switching along with structural reorganisation 

of ferroelectric domain structures within mixed-phase BiFeO3. Whilst structural 

transitions have been directly observed within regions beneath the AFM probe tip; 

further nucleation of additional R-phase structures has been observed within the bulk 

material surrounding locally switched regions. Whilst such structural reconfigurations 

would normally be considered a minor by-product of traditional switching processes; 

when viewed in the context of the observed enhancement of the electrical transport 

properties as presented in Chapter 3 of this thesis, it is clear that obtaining an 

understanding of the underlying cause of their origin is an important step towards 

obtaining a full mechanistic understanding of the origin of the observed phenomena.  

 Attempts to address this problem by Vasudevan et al focused primarily on 

utilising the structural pathways of the bias-induced transitions within mixed-phase 

BiFeO3 through direct application of local electric fields under a fixed tip position [21]. 

Here, they noted a circular topographical pattern following single-point switching as 

presented in Figure 4.7a, and confirmed experimentally in house in Figure 4.7b. Such 

results are consistent with the formation of all four possible variants of R-phase in a 
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circulatory pattern around the electrically switched region. To assess the formation of 

this rosette-like pattern they employed phase-field simulations, as presented in Figure 

4.7c; concluding that the formation of R-phase structures around an electrically 

switched region was driven by the electric field adjacent to the probe tip; with the 

existence of both in-plane and out-of-plane components of the electric field favouring 

the formation of R-phase structures. Additionally, the electric field located directly 

beneath the probe tip, they noted to possess only an out-of-plane component that 

favoured the formation of T-phase. Crucially, the formation of a distinct “rosette-like” 

pattern, rather than a single continuous ring of R-phase they attributed elastic 

interaction that arose due to the presence of large compressive strains imparted on the 

R-phase by the surrounding T-phase matrix. Such observations, when applied to 

previous experimental results presented in Chapter 3 provide greater weight to the 

view that the existence of enhanced electrical transport properties following 

application of external stimuli is a strain mediated response. As such, further probing 

of local strain enhancements at the interfaces between the coexisting R- and T-phase 

is a logical progression.     

 

  

Figure 4.7 | Structural reconfigurations and formation of Rosette Pattern under 

applied stimuli. (a) Surface topography of a 5x5 array of rosette patterns formed under 

pulsed electric field application. (b) Vertical-PFM amplitude for a single pulsed domain 

formed under application of a uniform 5V d.c electric field. Note the formation of R-phase 

in a distinct rosette-like pattern around the switched region. (c) Phase field simulations 

reveal four variants of the R-phase exist around the switched T-phase, consistent with the 

presence of in-plane components of the electric field beneath the probe tip. Image reprinted 

for (a) and (c) from [21].  
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4.4 High resolution TEM of the mixed-phase state 

under applied external stimuli 
 

Results presented thus far in this thesis point towards a local enhancement of electrical 

transport properties mediated by the interfaces between the R- and T-phase structures 

within our sample; interfaces that form under different applied stimuli. However, there 

remain unanswered experimental questions. What influence, if any, does strain have 

over the both crystal structure of the sample and the observed electrical response when 

comparing native and stress-written R-phase structures? With the limitations of the c-

AFM technique restricting our ability to accurately resolve the position of the observed 

enhanced current levels, investigating the local strain enhancements using detailed 

transmission electron microscopy techniques was employed. 

 

 

Figure 4.8 | Transmission Electron Microscopy imaging of the mixed-phase state 

under external stimuli application. Topography maps of the native state (a), following 

application of a -5V d.c electric field across an 8μm regions and (c) after application of a 

force of ~600nN through the AFM probe tip across a 6μm sub-region. HRTEM image of a 

cross-sectional lamella in both the native (d) and stress written (e) states. The white dashed 

box denotes the region investigated for local enhancement of strain. Images (d) and (e) 

courtesy of K. Holsgrove; adapted and reprinted with permission.  



Chapter 4: Stress driven conducting interfaces in mixed-phase BiFeO3 thin films 

 

128 

 

 For such investigations, cross-sectional lamellae were fabricated from pre-

prepared electrically switched and stress-written regions within a mixed-phase BiFeO3 

sample. By applying a uniform -5V d.c electric field to a 6µm x 6µm region, a 

controlled T-phase dominant state was written into our sample. By further subjecting 

a 3µm x 3µm sub-region to a tip-induced force of ~600nN via an AFM tip, nucleation 

of stress-driven R-phase structures was observed. Surface topographical maps 

obtained before and after each respective stimuli are presented in Figure 4.8a, 4.8b and 

4.8c respectively. Fabrication of the lamellae structures was undertaken through 

careful deposition of a protective Pt layer across the region of interest before being cut 

using a FIB, the technique of which is outlined in Chapter 2. 

   The map of the typical morphology found in the native mixed-phase state, 

obtained through high-resolution TEM is presented in Figure 4.8d; where the T-phase 

and R-phase are denoted by the bright and dark contrasts respectively. When compared 

to a similar image, but of a stress written region as presented in Figure 4.8e, there exist 

several significant differences; notably the mixed-orientation of the R-phase nucleated 

through applied stress compared to the native state, which possesses a uniform 

structural alignment of the R-phase.  

 

4.4.1 Measuring local strain enhancement across 

stress-written boundaries through NBED  
 

For a detailed analysis of whether a local enhancement of the strain across the 

structural boundaries exists within our sample, accurately determining both the in-

plane and out-of-plane lattice parameters of the unit cell is imperative. To do this, a 

nanobeam electron diffraction (NBED) method was employed; which as outlined in 

Chapter 2, is a diffraction based measurement technique that enables an accurate map 

of the evolution of lattice spacing to be determined over a large area. Using the 

underlying LaAlO3 substrate as a reference point, the in-plane and out-of-plane lattice 

spacing’s were obtained in the form of c/a ratios for both the native and stress-written 

regions. By comparing the c/a ratios for the native, electrically written and the stress-

written states, it was noted that structures nucleated under different applied stimuli 

possess significantly different lattice parameters to their native counterparts. 

Therefore, to assess the influence that differences in lattice parameters has on not only 

the interfacial strain between the R- and T-phase, but on the presence of enhanced 
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electrical transport properties observed previously, a series of strain maps were 

generated for both native and stress written regions. High resolution TEM images of 

both a native lamella and a stress-written lamella are presented in Figure 4.9a and 4.9b 

respectively; with the sub-regions of interest denoted by the white dashed boxes.  

 

 

  

  

  

 Maps of the in-plane strain (εxx) for these regions for both the native and stress-

written states are presented in Figure 4.9c and 4.9d. A simple line trace across the 

region of interest, is presented in Figure 4.9e and 4.9f, facilitating an understanding of 

the evolution of the strain across the structural phase boundaries found in both the 

Figure 4.9 | Evaluating strain enhancement across conducting boundaries through 

nanobeam electron diffraction. HRTEM images of the mixed-phase BiFeO3 for the 

native (a) and stress-written (b) states. Corresponding NBED maps of the in-plane strain 

(εxx) for the native (c) and stress-written (d) states, within the sub-region denoted by the 

white dashed box. Subsequent line-trace across the structural boundaries (e) and (f) indicate 

an enhancement of the in-plane strain for the stress-written region compared to the native 

state. Image courtesy of K. Holsgrove; adapted and reprinted with permission.  
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native and stress-written state. By analysing the strain evolution across the structural 

boundaries, it was noted that a maximum strain was present at the boundaries between 

the R- and T-phase structures in both regions. Crucially, when comparing the line-

traces presented for both regions in Figure 4.9e and 4.9f, the in-plane strain measured 

across the stress-written boundaries was found to be approximately 40% greater than 

the strain measured across the boundaries present in the native state. Therefore, it is 

clear that R-phase structures nucleated under a locally applied stress are structurally 

different to those found in the native state; possessing an in-plane strain almost double 

in magnitude. With our results pointing to an enhancement of local electrical transport 

properties at the site of stress-written R-phase structures; the presence an enhanced 

magnitude of strain at the stress-written boundaries points towards the observed 

phenomena being a strain-mediated effect.  

 Furthermore, it is possible that a local enhancement of the strain across the 

structural boundaries could yield a local reduction in the bandgap through changes to 

the Fe-O-Fe bond angle caused by rapid alterations of the unit cell dimensions, a 

concept which has been previously considered for BiFeO3 
[32]. Moreover, possible 

migration of oxygen vacancies to the newly strained interfaces, a common theory 

proposed to explain enhanced electrical transport properties in ferroelectric domain 

walls could be considered a plausible origin of the observed enhanced current levels; 

with behaviour consistent with that of a Schottky-like response.   
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4.5 Current-voltage characteristics in mixed-phase 

BiFeO3 
 

To obtain a quantitative appreciation of the enhanced electrical transport properties 

within mixed-phase BiFeO3 following external stimuli application, a series of current-

voltage measurements were performed through conductive atomic force microscopy 

(c-AFM) across a locally switched region.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Figure 5.2 | Quantifying electrical transport characteristics in mixed-phase BiFeO3. 

Sample preparation prior to current-voltage measurements; with (a) topography, (b) 

vertical-PFM amplitude and (c) phase of a 200nm wide domain formed through application 

of a single fixed pulse of -4V through an AFM probe tip. Corresponding conductive map 

(d) obtained through c-AFM demonstrating the existence of enhance current levels outside 

of the written region within a high density R-phase region.  
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 For such measurements, a simple experimental methodology, identical to that 

used previously was employed, to facilitate nucleation of a locally switched region. 

Here, a uniform -4V d.c electric field was applied through an AFM probe tip to 

facilitate formation of a controlled, 200nm sized domain state. Presented in Figure 5.2 

are piezoresponse force microscopy (PFM) and conductive atomic force microscopy 

(c-AFM) measurements that confirm the existence of a non-destructive phase 

transition, traditional ferroelectric switching and local enhancement of electrical 

transport properties for the written state.  

 To measure the electrical transport characteristics across both the written 

region and the bulk surrounding material, a series of individual current-voltage 

measurements were obtained by applying a voltage sweep from 0 – 2.4V through the 

(La, Sr)CoO3 bottom electrode (which is similar to applying a negative voltage through 

the AFM probe tip); with the probe tip acting as a floating top electrode, and measuring 

current flow as a function of the applied voltage at each fixed position. Crucially, to 

avoid additional ferroelectric switching the polarity and magnitude of voltage sweep 

were carefully chosen; with the magnitude maintained below the coercive threshold of 

the sample, which is crucial considering that traditional ferroelectric switching effects 

coincide with switching currents that can distort the current-voltage characteristics of 

the material. Therefore, maintaining the correct polarity and magnitude below the 

coercive threshold of the material is crucial for obtaining more accurate current-

voltage behaviour.  

 Current-voltage measurements shown in Figure 5.3b and 5.3c illustrate the 

electrical transport behaviour for both the insulating T-phase dominant state and the 

conductive high density R-phase state respectively. For the T-phase dominant state, 

the electrical transport characteristics are consistent with those of the native state, with 

current levels maintained within the sub-picoamp range. Contrastingly, for regions of 

high R-phase density, which display a significant enhancement of current, the current-

voltage measurements illustrate clear semiconducting behaviour. Such behaviour is 

consistent with studies undertaken on similar films and, with the presence of a metallic 

probe tip in contact with a semiconducting material points to conduction mechanisms 

that would be consistent with the presence of interface-based Schottky-emission [33], 

[34].     
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Figure 5.3 | Evaluating electrical transport characteristics through local current-

voltage measurements. (a) Conductive atomic force microscopy (c-AFM) map of a 

200nm sized, electrically written domain state. A series of current-voltage measurements 

were obtained across the full width of the illustrated region in order to ascertain the 

electrical transport behaviour of the material. The areas labelled (i) and (ii) show the 

regions of interest, with corresponding current-voltage measurements provided in (b) and 

(c) respectively. The current-voltage measurements provided in (b), which correspond to 

the region labelled (i) illustrate a highly insulating T-phase dominant state, with charge 

characteristics similar to the native state. Contrastingly, the current-voltage measurements 

provided in (c), which correspond to the region labelled (ii) indicate the high density R-

phase regions of increased conductivity possess electrical transport behaviour consistent 

with that of a semiconductor.  
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4.5.1 Current-voltage behaviour: considering the 

influence of Schottky barriers 
 

Current-voltage measurements presented thus far have indicated the electrical 

transport behaviour of our mixed-phase BiFeO3 sample to be semiconducting in 

nature; such behaviour pointing towards intriguing underlying mechanisms based on 

the metal-semiconductor interface that forms from contact between the AFM probe tip 

and the sample surface.  

 The extent by which local current-voltage measurements may provide 

information about the electrical transport properties in mixed-phase BiFeO3 was 

therefore further investigated through application of an established model for the 

metal-ferroelectric interface used in previous studies [24], [25]; the Schottky-Richardson 

model, which may be expressed as:  

 

 

 

𝐽 = 𝐴∗𝑇2 𝑒𝑥𝑝

(

  
 

((−𝑞𝜑𝐵) − (√
𝑞𝑉

4𝜋𝜀𝑟𝜀0𝑑
))

𝑘𝑇

)

  
 

 Eq. 5.1 

 

 

where A* is the Richardson constant, T is the temperature, q is the electron charge, k 

is the Boltzmann constant, εr and ε0 are the material and vacuum permittivity 

respectively, d is the sample thickness, V is the applied voltage and J is the current 

density. By fitting this model across the full range of current-voltage measurements, it 

is possible to obtain a quantitative evaluation of the bandgap (φB) reduction and the 

relative position of the reductions. As shown in Figure 5.4, by applying the model to 

our obtained current-voltage spectra, a reduction of the bandgap width of ~1.6eV 

occurred corresponding to regions that displayed a significant increase in registered 

current relative to the surrounding bulk material. Furthermore, from this model a 

reduction of the bandgap width corresponding to regions of higher R-phase density 

was noted; with the T-phase dominant region located within the electrically written 

domain state displaying a bandgap width comparable to the bulk native state.  
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 Whilst the outcome from our theoretical model offers weight to our assumption 

that the observed enhanced current levels may be attributed to a strain mediated 

reduction of the bandgap width, with behaviour consistent with a Schottky-like 

response; it is not possible to conclusively rule out the existence of minor switching 

currents facilitating distortion of the measured current-voltage spectra. Therefore, it is 

not possible to draw a complete conclusion as the origin of the observed behaviour 

from this individual model alone.  

Figure 5.4 | Modelling electronic behaviour by considering the presence of Schottky-

barriers. Theoretical model of the bandgap (φB) reduction in mixed-phase BiFeO3 for a 

range of current-voltage measurements. Note the significant reduction of the bandgap 

width for regions displaying significantly enhanced current levels; with the bandgap width 

within electrically switching, insulating regions consistent with values associated with the 

native state.   
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4.6 Conclusions 
 

Within this chapter, detailed experimental studies into the influence strain plays in the 

observed enhanced conductive properties observed within thin films of mixed-phase 

BiFeO3 have been presented.  

 Confirmed through PFM measurements, a high degree of control over the 

phase population was obtained through dual application of both uniform electric fields 

and uniaxial stress on the nanoscale. Consistent with results presented previously, the 

application of external d.c electric fields was seen to facilitate a structural transition 

from the native mixed-phase state to a T-phase dominant state. Crucially, the direct 

application of uniaxial stress by means of surface indentation via an AFM probe tip 

was seen to effect a reversal back to the mixed-phase state, with nucleation of R-phase 

structures within the T-phase dominant state. Such experimental observations were 

consistent with energy-based effective Hamiltonian simulations; with the relative 

phase composition of the system calculated under applied electric and stress fields.  

 Furthermore, a detailed assessment of the electrical transport properties under 

each respective applied stimuli was undertaken via subjection of each region to 

additional d.c electric fields below the coercive threshold of the material via c-AFM. 

For the electrically-driven, T-phase dominant state it was observed to possess 

negligible current levels consistent with results presented previously. Crucially, for the 

stress-driven region a significant enhancement of the electrical transport properties 

was observed, positioned at R-phase structures formed following stress application. 

Additional investigations, employing a series of increased loading forces beneath the 

AFM probe tip revealed a localised resistive switching effect within the system; with 

higher levels of current detected for larger applied stress fields.  

 For a complete investigative understanding of the observed phenomena, a 

series of high-resolution TEM studies were undertaken on cross-sectional lamellae of 

native, electrically-written and stress-written regions; measuring changes to the in-

plane strain gradients for each respective region. Such changes are attributed to 

alterations to the R- and T-phase unit cells. It was noted that the stress-written R-T 

boundaries possessed a higher in-plane strain gradient than their native counterparts, 

such observations enabling a rationalisation of the observed conduction to be a strain-

mediated response. Localised current-voltage measurements across electrically 

switched regions allude to the existence of Schottky-barriers, and a reduction of the 
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materials bandgap; with regions of high R-T interface density possessing a lower 

bandgap width compared to regions of pure T-phase.  

 This chapter illustrates a high degree of control over both the phase population 

and functionality of mixed-phase BiFeO3 achieved under the dual application of 

electric fields and uniaxial stress; which from a practical perspective opens new 

channels towards realising a wide range of technological applications. Indeed, the 

process through which reversible control of the conductive properties in mixed-phase 

BiFeO3 under different applied stimuli was achieved could be further exploited for 

other ferroelectric systems, offering promising avenues towards realising novel device 

applications.    
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Chapter 5 
 

Resistive switching characteristics 
of mixed-phase BiFeO3 
 

In this chapter, the potential which conducting interfaces between the R- and T-phase 

in mixed-phase BiFeO3 may have for future device applications was explored. By 

depositing top electrodes on the surface of our sample, which possesses an integrated 

(La,Sr)CoO3 bottom electrode, a capacitor-like geometry was created; through which 

a macroscopic evaluation of the resistive switching response existent within mixed-

phase BiFeO3 was obtained. By exploiting the structural changes that arise from the 

dual application of uniform electric and uniaxial stress fields, which correspond to a 

significant enhancement of the local electrical transport properties; a pressure-write, 

voltage-read resistive device based on the manipulation of the conducting-interface 

density with a 106 on/off current ratio was further demonstrated. Combined with local 

current-voltage measurements, results indicate the observed conduction and large 

conductive response within mixed- phase BiFeO3 to be linked to a strain-induced band-

gap alteration. This chapter features work obtained in collaboration with R. G. P. 

McQuaid, and has resulted in the following manuscript currently under preparation: 

 

“Giant Resistive Switching in Mixed Phase BiFeO3 via phase population control” 

 

D. Edwards*, N. Browne*, K. Holsgrove, A. B. Naden, S. O. Sayedaghaee, B. Xu, S. 

Prosandeev, D. Wang, D. Mazumdar, M. Duchamp, A. Gupta, S. V. Kalinin, M. A. 

Arredondo, R. G. P. McQuaid, L. Bellaiche, J. M. Gregg, A. Kumar.   

* denotes joint first authorship 

(Manuscript submitted to Nanoscale) 
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5.1 Piezoresistivity  
 

First discovered in 1856 [1]; piezoresistivity, or the piezoresistive effect is the alteration 

of the electrical resistivity in a metallic or semiconducting material upon direct 

application of mechanical strain. Such a response is intriguing, providing a simple 

transduction mechanism through a modulation of the materials bandgap; a process that 

dictates the relative ease or difficulty through which electrons are raised into the 

conduction band. From a practical perspective, the piezoresistive effect has been 

exploited for a wide range of device applications in the field of micro-electro-

mechanical systems (MEMS); from pressure sensors [2] and accelerometers, to flow 

sensors and the monitoring of the structural integrity of mechanical elements [3].   

 Changes to a samples resistance is traditionally associated with changes in its 

geometry that arise from the application of mechanical stress. To determine the sample 

resistance, the following expression may be used: 

 

 
𝑅 =  𝜌

𝑙

𝐴
 Eq. 5.1 

 

where, l is the length, A is the cross-sectional area and ρ is the bulk resistivity. Here, 

the magnitude of the resistance value shows a dependency on both the bulk resistivity 

of the sample and its geometric dimensions. Such a dependency is more traditionally 

associated with metallic samples, where the strain in the system is associated with 

dimensional changes rather than from external application [1]. In contrast, the strain 

dependence of resistivity associated with semiconducting materials; such as 

semiconductor silicon [4], [5] may be expressed as the following: 

 

 𝜕𝜌

𝜌
 =  𝜌𝜎𝜀 Eq. 5.2 

  

where, ∂ρ is the change in resistivity, ρ is the bulk resistivity, ε is the strain and ρσ is 

the piezoresistive coefficient. Here, application of an increased strain magnitude 

facilitates a greater change in the samples resistivity; a relationship that is considered 

linear within a select range of strain and ρσ remains a constant.   
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 Exploited extensively for the purpose of mechanical and strain sensors, the 

piezoresistive effect has been observed across a vast array of material systems; from 

semiconducting silicon [4–9], to atomically thin layers of molybdenum disulphide 

(MoS2) 
[10], [11]

 and single layers of graphene [12-15]. For studies looking at atomically 

thin layers of MoS2, a system which possesses mechanical and electronic properties 

comparable with semiconducting silicon; Manzeli et al investigated the impact of 

mechanical strain on the electrical conductivity of the material as it was suspended 

across contact electrodes. Through use of an atomic force microscope (AFM) probe 

tip, simultaneous measurement of the changes to the electrical conductivity under 

gradual increasing of the loading force beneath the tip was undertaken; noting the 

existence of a piezoresistance effect they viewed to be consistent with a strain–induced 

bandgap reduction reported previously for similar materials [16-18]. By considering the 

subthreshold regime at room temperature, they noted that thermally activated transport 

was the dominant process, where the electric current is carried by electrons that have 

been thermally excited from the valance band into the conduction band. Moreover, by 

assuming a symmetrical reduction of the bandgap under strain [19-22], they noted for 

small magnitudes of strain a linear relationship between the bandgap alteration and 

applied strain. Crucially, they noted the experimental process to be repeatable; with 

the electrical and mechanical response reproduced over an array of AFM scans, 

highlighting that the deformation of the membrane occurs within the elastic regime 

and was therefore non-destructive.   

 Further studies by Tsai et al [11] investigated the electromechanical properties 

of a field-effect transistor (FET) structure comprised of trilayer MoS2 grown on a SiO2-

Si wafer. The performance of the device was evaluated, with evidence suggesting 

sound mechanical stability and reproducibility of electronic measurements over 180 

bending cycles across several days. Through reflection spectroscopy, they confirmed 

the existence of a large piezoresistive effect consistent with a strain-induced bandgap 

reduction previously reported for monolayer and bilayer MoS2; but yet to be realised 

in trilayer systems.   

 In the context of mixed-phase BiFeO3, the existence of enhanced electrical 

transport properties following application of uniaxial pressure, as discussed previously 

points towards the presence of a resistive switching effect, an analogous but not 

identical process to the piezoresistive effect, which may be exploited for practical 

purposes, and forms the basis of results presented in this chapter.  



Chapter 5: Resistive switching characteristics of mixed-phase BiFeO3  

 

144 

 

5.1.1 Piezoresistive Devices 
 

From a practical perspective, the piezoresistive effect has been exploited extensively; 

indeed numerous sensory based devices have been realised through incorporation of 

piezoresistive materials into an array of device geometries, ranging from piezoresistive 

accelerometers, to flow and pressure sensors [1]. For the majority of devices, doped 

silicon has been the material of choice due to its reliable response to external strain 

application.  

 

 

 

 

 

 

Figure 5.1 | Piezoresistive device applications. (a) Piezoelectronic Transduction device 

concept, consisting of a piezoresistive element (PR) situated on top of a piezoelectric stack 

(PE). The ratio of the cross-sectional area PE/PR is ~25:1, which facilitates a substantial 

amplification of the stress applied to the PR element for small magnitudes of applied 

voltage to PE. Surrounding the stack is an element that possesses a high Young Modulus 

value; with the metal contacts labelled, gate, common and sense. (b) The experimental 

principle: application of a voltage to the gate contact facilitates a response within the PE 

element, which in turn facilitates a response in the PR element. The insulator-metal 

transition that occurs within the PR element is illustrated in the log-linear plot of the 

resistivity as a function of stress. Crucially, upon complete phase transition a saturation of 

the response occurs. Image adapted from [23]. 
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 Whilst the reliability of doped silicon makes it attractive for use in 

piezoresistive devices, the emergence of materials which possess comparable 

properties offers greater potential for alternate device applications. For example, 

Solomon et al illustrated the viability of incorporating a piezoresistive element within 

a piezoelectronic transduction device for use in a future logic based device [23]. Here, 

by exploiting the use of mechanical stress to induce an insulator-metal transition within 

the piezoresistive element, a voltage output was generated of magnitude comparable 

with that required for digital logic. Crucially, the induced mechanical stress was 

achieved without direct external application, but instead facilitated through a 

multilayer system comprised of a piezoresistive element secured to a piezoelectric 

component. By applying a small input voltage, an expansion of the piezoelectric 

component occurs, resulting in a mechanical stress being imposed on the piezoresistive 

element and facilitating an insulator-metal transition, and inducing a voltage output. A 

schematic of the device geometry is provided in Figure 5.1.  

 Such results presented are promising, highlighting a reversible, non-destructive 

insulator-metal transition within the piezoresistive element of the device geometry; 

and whilst widespread implementation of such structures for practical purposes 

remains elusive, the significant on/off current ratio makes this an attractive proof-of-

concept piezoelectronic transduction device. 
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5.2 Resistive switching in mixed-phase BiFeO3  
 

Results presented in Chapter 4 of this thesis illustrate an enhancement of the electrical 

transport properties in mixed-phase BiFeO3 under application of uniaxial stress; with 

a conductive profile measured as a function of increased loading forces beneath the 

AFM tip conveying the presence of a local resistive response within the material. 

Whilst the repeated, stable injection of conductive regions into electrically-driven 

insulated regions through the application of a range of loading forces overcomes many 

limitations associated with traditional electrical switching processes; exploitation of 

the resistive switching effect within mixed-phase BiFeO3 for practical purposes 

remains problematic due to the requirement of an AFM tip to act as both a nano-

indentation probe to inject the charged boundaries, and as a sensor in c-AFM mode to 

measure the electrical transport response.  

 To overcome the practical limitations, and in turn facilitate development of a 

proof-of-concept device which exploits the resistive response within the material, a 

macroscopic approach was proposed. Here, stress was applied to the sample on a large 

scale, with subsequent sensing of the charge response undertaken independent to the 

indentation process. As such, the observed resistive response is considered to be an 

accumulation of a substantial number of charged boundaries, rather than a single 

isolated boundary. Therefore, a specific electrode geometry and experimental 

procedure was required to facilitate this; details of which are outlined in the following 

sections.  

 

5.2.1 Parallel Electrode Geometry 
 

To facilitate an evaluation of the current-voltage behaviour in mixed-phase BiFeO3 on 

a macroscopic level, a conventional two-probe electrode geometry was established by 

depositing Pt electrodes onto the surface of the sample to act as a fixed top electrode; 

with the integrated 8nm (La,Sr)CoO3 layer acting as a fixed bottom electrode, enabling 

measurements to be obtained through the full depth of the material.  

 The deposited Pt top electrodes are 200nm thick with a width of 25µm, a width 

that is similar to the diameter of the tungsten probes employed to act as both a 

microindenter and current sensor respectively. Furthermore, the geometric size of the 

deposited Pt top electrodes ensures that the direct pressure application required to 
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inject charged boundaries into the system does not facilitate irreversible damage to the 

sample surface during the experimental process.  

 Whilst the deposited Pt electrodes are of good quality, a significant 

deterioration of selected electrodes was observed when subjected to repeated voltage 

sweeps. Such deterioration is attributed to both the presence of leakage channels 

beneath the electrodes within the thin film. Such channels create a direct connection 

between the Pt top electrode and the (La,Sr)CoO3 bottom electrode; resulting in 

currents levels exceeding magnitudes that the Pt top electrodes can safely 

accommodate. A schematic of the experimental electrode geometry is provided in 

Figure 5.5.  

 

  

 

 

 

 

  

Figure 5.2 | Sample device geometry. Schematic illustration of the experimental geometry 

employed for macroscopic measurements of the current-voltage behaviour required for 

evaluation of the resistive switching effect in mixed-phase BiFeO3. Pt, 200nm thick and 

25µm wide is deposited onto the sample surface to act as a fixed top electrode; with the 

integrated 8nm (La,Sr)CoO3 layer acting as a fixed bottom electrode. Sandwiched between 

is our 50nm thin film of BiFeO3.   
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5.2.2 Macroscopic current-voltage measurements 
 

As discussed previously in Chapter 4, the dual application of external electric and 

stress fields to our mixed-phase BiFeO3 sample has been shown to facilitate injection 

and removal of conductive interfaces through manipulation of the materials associated 

microstructure. Such control over the functional properties of the material was 

achieved through use of an AFM probe tip, with current levels on the order of several 

pAs.   

 The theoretical framework for our proof-of-concept resistive switching device 

is based on the assumption that a large sized indenter probe can facilitate an increased 

density of conductive interfaces and hence, a large current magnitude. Crucially, 

erasing of the conductive interfaces, and therefore a removal of the large detected 

currents can be achieved through direct application of an electric field above the 

coercive threshold of the material, thereby facilitating a large “on-off” ratio between 

the two states. Therefore, by employing the device geometry outline in Figure 5.5, 

current-voltage characteristics were measured after application of each respective 

stimuli between the electrodes by employing a two-probe set up as illustrated by the 

schematic in Figure 5.6a.  

 The deposition of top and bottom electrodes, as discussed in the previous 

section provides an out-of-plane geometry which is analogous to the in-plane 

geometries that have been used to investigate domain wall memristive devices [24] and 

ferroelectric tunnel junctions [25]. In each study, the resistive state of the device is 

defined by the number of conductive channels that connect the two electrodes. Initial 

current-voltage measurements of the native state of our mixed-phase BiFeO3 film were 

obtained through use of the c-AFM setup by applying a 0 – 0.8V sweep as the AFM 

probe tip is maintained in direct contact with the Pt top electrode. The magnitude of 

the applied sweep was kept below the coercive threshold of the sample so as to avoid 

direct ferroelectric switching beneath the electrode. As shown in Figure 5.6b, current 

levels in the native state of approximately 18pA were noted; a magnitude attributed to 

the accumulation of low leakage currents beneath the large Pt electrode, consistent 

with the presence of a high density of native phase boundaries. Prior to direct stress 

application, the material was driven into an insulating T-phase dominant state by 

applying an electric field through the AFM tip. 
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 Upon application of uniaxial stress via the microindenter probe, a substantial 

increase in the detected current up to several µA in magnitude was observed, as shown 

in Figure 5.6c. Such levels are consistent with a six-order magnitude increase in the 

current following stress application compared to the electrically driven T-phase. 

Crucially, this constitutes a huge resistive switching effect within the sample, with 

application of a large enough switching voltage driving the film into an insulating T-

phase and switching the current off. Repeated current-voltage measurements on the 

electrically driven T-phase confirms that no observable current exists in this state. 

Figure 5.3 | Proof-of-concept piezoresistive device in mixed-phase BiFeO3. 

Demonstration of a proof of concept resistive switching device which exploits the revisable 

control over the R-T phase boundaries in mixed-phase BiFeO3. (a) Schematic of the Pt-

BiFeO3-(La,Sr)CoO3-LaAlO3 multi-layer device setup used to measure the current-voltage 

characteristics between the top (Pt) and bottom ((La,Sr)CoO3) electrodes. (b) Current-

voltage spectra of the native state, displaying low pA levels of current consistent with the 

accumulation of leakage current between the electrodes. (c) A full range of current-voltage 

spectra, measured following the systematic application of electric fields and uniaxial 

pressure; with a clear increase of current by six-orders of magnitude after direct stress 

application, which may be reset following application of a sufficient electric field.      
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5.2.3 Retention and cyclability of resistance states 

during macroscopic switching 
 

The existence of such a large, reversible resistive switching effect under dual 

application of stress and electric fields is intriguing, offering new avenues for potential 

resistive switching devices that harness control over the samples microstructure. From 

a practical perspective, it is crucial that such key functional responses are by nature, 

non-volatile and stable over a large time scale.  

 To demonstrate the stability of such a response, cyclability measurements 

between the stress-induced conducting state and the bias-induced resistive state in 

mixed-phase BiFeO3, as shown in Figure 5.7a an additional ten cycles were carried 

out macroscopically. For each cycle, the maximum current output following direct 

stress application was noted as being several µA in magnitude; with the current levels 

following bias application in the sub-pA range, consistent with the results presented 

previously. The results presented in Figure 5.7a illustrate good repeatable switching of 

the conductive state in the sample, indicating no restriction from a material perspective 

to the repeatability of the switching process, with the clear six-order magnitude in 

resistance change present at each cycle, as shown in Figure 5.7b.  

 In attempting further mapping, upwards of twenty cycles it was found that the 

lifetime of the deposited electrodes, although of sound quality, was limited. In addition 

to concerns around the presence of leakage channels beneath the electrodes, surface 

scratching and delamination was observed following repeated stress application, 

highlighting the limitations of the current experimental setup. For future studies, a 

combination of better electrode quality in conjunction with an automated stress 

application system would enable precise graduated control of applied stress on a 

macroscopic scale. Moreover, this would enable accurate determination of the precise 

magnitude of stress applied to the sample surface; allowing observation of different 

resistance states under a range of applied stress magnitudes.       
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Figure 5.4 | Room temperature cyclability measurements. Endurance of both the 

conducting and resistive states over ten consecutive cycles of macroscopic resistive 

switching measurements. (a) Current-voltage behaviour observed in the stress-induced 

conducting and bias-induced resistive states for each cycle; with (b) the same 

measurements shown using a logarithmic scale, revealing a repeated six-order magnitude 

change in current. 
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 Results presented previously in this thesis from a nanoscale perspective 

indicate that the stress-induced R-T interfaces are relatively stable over a long period 

of time, with the conductive regions confirmed to be still conducting over several 

weeks, as measured through conductive-AFM. Whilst a classical retention test of 

probing the conducting state at periodic intervals was not undertaken on the 

macroscopic microprobe measurements, due in part to the methodological limitations 

of our experimental apparatus; a simple retention test was undertaken on two separate 

capacitor-like structures driven into the conductive (via macroscopic stress) and 

resistive state (via electric field) over a period of eleven days. Measuring the current 

output at selected intervals, the results suggest a robust lifetime for each respective 

state, as highlighted in Figure 5.8, with no obvious alteration to the conductance of 

each state. In essence, the binary nature of the “ON” and “OFF” states in the sample 

remains stable over a significant period of time.  

 

    

        

Figure 5.5 | Retention measurements on stress and bias induced resistance states. 

Retention measurements, at room temperature of macroscopic conductive (red) and 

resistive (blue) states in mixed-phase BiFeO3, obtained over a several days. Measurements 

on the stress-induced conducting state beneath a capacitor were obtained at t = 0, 24, 48 

and 260 hours. Measurements on the bias-induced resistive state beneath a separate 

capacitor were obtained at t = 0 and 260 hours.    
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5.3 Conclusions 
 

Within this chapter, detailed experimental studies demonstrate a proof-of-concept 

device that utilises the experimental methodology presented in previous chapters for 

controlling the electrical transport properties in mixed-phase BiFeO3 through dual 

application of electric fields and uniaxial stress are presented. 

 Furthermore, a proof-of-concept resistive switching device, analogous to a 

conventional piezoresistive device, based on a parallel plate geometry was 

demonstrated through exploitation of the functional response within the material under 

each applied stimuli; with macroscopic pressure applied via a large indenter probe to 

a top Pt electrode to generate a high density of conducting interfaces, with current 

magnitudes on the order of 106A. By applying a uniform d.c electric field to the bottom 

(La,Sr)CoO3 electrode, the large detected currents were removed facilitating large, 

repeatable “on/off” current ratio between the two states. Retention and cyclability 

measurements suggest a robust and stable current response following each respective 

stimuli.  

 This chapter illustrates how the functional response to applied stimuli within 

mixed-phase BiFeO3 may be exploited for practical purposes. The presence of a large, 

non-volatile and reversible resistive switching effect within the material is a promising 

avenue towards exploiting precise control over both the microstructure and resistive 

state of the system. 

  



Chapter 5: Resistive switching characteristics of mixed-phase BiFeO3  

 

154 

 

5.4 References 

[1] Chang, L. Foundations in MEMS 2nd Edition. (Prentice Hall, 2012). 

[2] Sugiyama, S, Takigawa. M, and Igarashi, I. Integrated piezoresistive pressure 

sensor with both voltage and frequency output. Sensors and Actuators A 4, 113–120 

(1983). 

[3] Hautamaki, C., Zurn, S., Mantell, S.C. & Polla, D.L. Experimental evaluation of 

MEMS strain sensors embedded in composites. Journal of Microelectromechanical 

Systems 8, 272–279 (1999). 

[4] Smith, C. S, Piezoresistance effect in germanium and silicon. Physics Review 94, 

42–49 (1954).  

[5] Kanda, Y. Piezoresistance effect of silicon. Sensors and Actuators A Physical 28, 

83–91 (1991). 

[6] Tufte, O. N., Chapman, P. W. & Long, D. Silicon diffused-element piezoresistive 

diaphragms. Journal Applied Physics 33, 3322–3327 (1962) 

[7] Tortonese, M., Barrett, R. C. & Quate, C. F. Atomic resolution with an atomic force 

microscope using piezoresistive detection. Applied Physics Letters. 62, 834–836 

(1992) 

[8] Wee, K. W. et al. Novel electrical detection of label-free disease marker proteins 

using piezoresistive self-sensing micro-cantilevers. Biosensing Bioelectronic 20, 

1932–1938 (2005) 

[9] He, R. & Yang, P. Giant piezoresistance effect in silicon nanowires. Nature 

Nanotechnology 1, 42-46 (2006). 

[10] Manzeli, S. et al. Piezoresistivity and Strain –Induced Band Gap Tuning in 

Atomically Thin MoS2. Nano Letters 15, 5330-5335 (2015). 

[11] Meng-Yen, T. et al. Flexible Field-Effect Transistors for Gate-Tunable 

Piezoresistive Strain Sensors. ACS Applied Materials Interfaces 7, 12850-12855 

(2015). 



Chapter 5: Resistive switching characteristics of mixed-phase BiFeO3  

 

155 

 

[12] Park, J. Y. et al. Electrical Transport and Mechanical Properties of Alkylsilane 

Self-Assembled Monolayers on Silicon Surfaces Probed by Atomic Force 

Microscopy. Journal Chemical Physics 130, 114705 (2009). 

[13] Kim, K. et al. Large-Scale Pattern Growth of Graphene Films for Stretchable 

Transparent Electrodes. Nature 457, 706–710 (2009). 

[14] Kwon, S. et al. Probing Nanoscale Conductance of Monolayer Graphene under 

Pressure. Applied Physics Letters 99, 013110 (2011). 

[15] Park, J. Y. & Qi, Y. Probing Nanotribological and Electrical Properties of Organic 

Molecular Films with Atomic Force Microscopy. Scanning 32, 257–264 (2010). 

[16] He, K. et al. Experimental Demonstration of Continuous Electronic Structure 

Tuning via Strain in Atomically Thin MoS2. Nano Letters 13, 2931-2936 (2013).  

[17] Johari, P. & Shenoy, V.B. Tuning the Electronic Properties of Semiconducting 

Transition Metal Diachalcogenides by Applying Mechanical Strains. Nano Letters 6, 

5449-5456 (2012). 

[18] Castellanos-Gomez, A. et al. Local Strain Engineering in Atomically Thin MoS2. 

Nano Letters 13, 5361-5366 (2013). 

[19] Lu, P. et al. Strain-dependent electronic and magnetic properties of MoS2 

monolayer, bilayer, nanoribbons and nanotubes. Physical Chemistry Chemical Physics 

14, 13035-13040 (2014). 

[20] Hui, Y. et al. Exceptional Tunability of Band Energy in a Compressively Strained 

Trilayer MoS2 Sheet. ACS Nano 7, 7126-7131 (2013).  

[21] Bhattacharyya, S., Pandey, T. & Singh, A.K. Effect of strain on electronic and 

thermoelectric properties of few layers to bulk MoS2. Nanotechnology 25, 465701 

(2014). 

[22] Yue, Q. et al. Mechanical and electronic properties of monolayer MoS2 under 

elastic strain. Physics Letters A 376, 1166-1170 (2012).  



Chapter 5: Resistive switching characteristics of mixed-phase BiFeO3  

 

156 

 

[23] Solomon, P. M. et al. Pathway to the Piezoelectronic Transduction Logic Device. 

Nano Letters 15, 2391-2395 (2015). 

[24] Chanthbouala, A. et al. A ferroelectric memristor, Nature Materials, 8, 229, 

(2009). 

[25] Garcia, V. et al. Giant tunnel electroresistance for non-destructive readout of 

ferroelectric states, Nature 460, 81 (2009) 



Chapter 6: Stress mediated control of phase transitions in VO2 nanobeams  

 

157 

 

 

 

Chapter 6 
 

Stress mediated control of phase 

transitions in VO2 nanobeams 
 

This chapter addresses how uniaxial stress can effect control over the metal-insulator 

phase transitions and enhance the electrical transport properties in single-crystal VO2 

nanobeams. For this work, high quality single-crystal nanobeams of Al-doped VO2 

were used, synthesised through a thermal vapour deposition technique. Consistent with 

previous studies, upon passage through 68oC a transition from the insulating 

monoclinic (M) phase to a metallic rutile (R) phase, with a corresponding change in 

the resistivity of over four orders of magnitude was observed. Through direct 

application of macroscopic uniaxial stress by means of a tungsten probe, a significant 

reduction of the metal-insulator transition temperature from 68oC to ~40oC was 

demonstrated. The impact of a reduced sample geometry on this unique response was 

further investigated through fabrication of high quality lamella structures from the VO2 

nanobeams. With a retention of the metal-insulator transition observed following 

focused ion beam milling, further work is required to exercise a higher degree of 

control over the functional properties within VO2 under direct application of 

mechanical stress.  

 This chapter features work obtained in collaboration E. Strelcov from the 

Nanoscale Imaging and Spectroscopy Group (NISC), who provided the Al-doped VO2 

samples; and with A. B. Naden in Queen’s University Belfast, who assisted with the 

development of the methodology required for the precise fabrication of the lamella 

structures.   
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6.1 Vanadium Dioxide (VO2) 
 

Outlined previously in Chapter 1 of this thesis, Vanadium Dioxide (VO2) has been the 

foundation for an array of studies focusing on the fundamental nature of the metal-

insulator transition [1-19]. Whilst extensively researched, recent demonstrations of 

metal-insulator transitions within VO2 in the absence of any noticeable structural 

transformation, obtained through selective doping of the material [20–22], or induced 

through a Joule heating process [23] complicates the understanding of the transition 

when one considers the formation of the bandgap in VO2; a process that would require 

changes to the lattice structure of the monoclinic (M1) phase. To address this problem 

additional studies, focusing on the other known monoclinic (M2) structure offers an 

alternative avenue to understanding the transition from VO2 (M1) to VO2 (R) 

traditionally observed under increased temperature [24], [25]. Whilst the M1 phase 

possesses a structure consisting of zig-zag chains of dimerised vanadium atom pairs 

along the cR-axis; the M2 phase possesses only half of the vanadium atoms paired in a 

similar structural arrangement similar to that found in the M1 phase. The remainder of 

the vanadium atom pairs form long linear chains along the cR-axis, a structure 

traditionally associated with the high-temperature VO2 (R) phase [26].  

 The role of strain, and its influence on the phase transitions in VO2 has formed 

the basis for a range of studies since the first demonstration that a stabilisation of the 

monoclinic (M2) phase in pure VO2 could be obtained following direct application of 

a uniaxial stress to the sample surface [27]. Further studies, exploiting this phenomena 

have looked beyond the mere stabilisation of multiple phase structures, instead probing 

the influence that direct strain application has over the unique functional properties of 

VO2. For example, it was noted that in thin films of VO2, upon cooling through the 

transition temperature, a non-permanent reduction of the magnitude of the film 

resistance was obtained following direct application of strain [28]; with a 35% reduction 

of the resistance corresponding to an applied strain of 0.04%, as shown in Figure 6.2a.       

 Moreover, the recent advent of new methodologies for synthesising high-

quality single-crystal nanobeams of VO2, as shown in Figure 6.2b, has increased the 

potential for fundamental research into the effects of strain on the metal-insulator 

transition, by allowing direct observation of the influence of strain not only on the 

phase transition, but on the materials functionality as well [29]. Crucially, the variation 

of growth parameters has been shown to significantly influence the strength of the 
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coupling between the VO2 nanobeams and the underlying substrate; an effect which 

influences both the crystal structure and functional properties of the system [7]. For 

example, nanobeams which are weakly coupled display a single-domain structure and 

a sharp drop in resistance upon passage through the transition temperature; such 

behaviour consistent with a first-order phase transition. In contrast, strongly coupled 

nanobeams which display a multi-domain structure, demonstrate a gradual reduction 

of the resistance across a wider transition temperature range; a response consistent 

with a second order phase transition. In each case, alterations to the optical properties 

of the structures occur with an abrupt alteration of the optical contrast noted for the 

weakly coupled single-domain structures; whilst the strongly coupled multi-domain 

structures display a gradual alteration of the optical contrast across the transition 

temperature range, with the emergence of alternating metallic and insulating phases in 

a periodic pattern before a gradual merging into a single metallic domain state [6], [7], 

[10]. As a result, it is possible to obtain a correlation between the electronic and optical 

properties of VO2, thus enabling clearer analysis of the evolution of the metal-insulator 

transition; with the low temperature insulating state represented by the bright optical 

contrast, and the high temperature metallic state represented by the darker optical 

contrast as presented in Figure 6.2c.  

 Further probing of the impact of direct stress application over the metal-

insulator transition in VO2 by Cao et al revealed a high sensitivity of the phase 

structures to localised strain [6]; with stabilisation of multiple domain patterns obtained 

through bending of selected regions of a chosen beam, as shown in Figure 6.2d. Using 

an unstrained beam, which is confined to a purely insulating state at room temperature 

and a purely metallic state for temperatures above 341K; through localised bending of 

the beam at a temperature above 341K, a distinctive array of triangular shaped 

insulating domains were formed within the high temperature metallic state. Such 

domain formation they attributed to the presence of a local tensile strain, with 

alteration to the highly mobile domain patterns possible through modification of the 

bending geometry and thus, a tuning of the local tensile strain.  
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Figure 6.2 | Functional properties of VO2. (a) Temperature-resistance relationship for 

VO2 thin films subjected to direct stress application to the sample surface; with a drop of 

approximately 35% in the sample resistance for an applied strain of 0.04%. (b) Scanning 

electron microscopy (SEM) image of high-quality single crystal nanobeams synthesised 

through thermal vapour deposition; a growth process that has allowed new avenues towards 

fundamental research into the metal-insulator transition in VO2 to be explored. (c) Optical 

microscopy image displaying the evolution of the metal-insulator transition across a range 

of applied temperatures. At low temperatures a single insulating domain state exists, with 

periodically distributed metallic domains nucleating with increasing temperature. At higher 

temperatures, the metallic domains expand laterally, gradually merging into a single 

metallic domain state. (d) Optical microscopy image of an unclamped VO2 nanobeam 

subjected to a tensile strain induced via localised bending, facilitating injection of an array 

of triangular insulating domains into the metallic state. Schematic of a gas sensing device 

(e), showing tuning of the threshold transition voltage (f) under increased gas pressure. 

Image adapted for (a) from [9], for (b) from [7], for (c) from [10], for (d) from [6] and for (e) 

and (f) from [30].      
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 Additional studies by Strelcov et al on similar single-crystal nanobeams 

highlighted the potential of the tuneable metal-insulator phase transition for use in a 

novel gas sensing device [30]. By suspending the chosen nanobeam across gold 

electrodes four different at ambient Ar gas pressures, they induced the metal-insulator 

transition through Joule heating via application of a 0 – 10V voltage sweep, with the 

transition from the insulating to metallic state occurring at precise voltage thresholds 

corresponding to each gas pressure. A schematic of the device geometry, along with a 

graphical representation of the variation of threshold voltage for each gas pressure is 

presented in Figure 6.2e and 6.2f respectively. Moreover, upon exposure to the Ar gas 

the threshold voltage was noted to increase with increased gas pressure. Such 

alterations to the threshold voltage were seen to compensate for the thermal losses 

from the heated nanobeam into the surrounding ambient gas. Furthermore, they noted 

that alterations to the sample structure, whether through selective doping or a reduction 

in the material geometry was seen to enhance the overall performance of the sensor.  

 The robust, reversible process through which VO2 transitions from an 

insulating to a metallic state offers exciting new pathways towards realising functional 

nanoscale devices; with precise control over the phase switching and conductive 

properties obtained in the absence of applied electric fields. As we look towards 

overcoming traditional limitations associated with electric field application, the role of 

mechanical stress as a means of controlling material functionality forms the basis of 

results presented in this chapter..        

 

6.2 Controlling the Metal-Insulator Transition in 

VO2 
 

To obtain precision control over the metal-insulator transition within single-crystal 

nanobeams of VO2 through the simultaneous application of temperature and pressure, 

a simple experimental electrode geometry to facilitate current-voltage measurements 

on a macroscopic scale was employed. As detailed in Chapter 2, a single VO2 

nanobeam was securely suspended between two copper stacks attached by means of a 

conductive adhesive to two sputtered 80nm thick, 5cm long gold electrodes; a 

geometry that is crucial for facilitating the application of uniaxial pressure directly to 

the nanobeam, whilst measuring alterations to the resistive state of the material.    
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6.2.1 Preliminary current-voltage measurements 
 

Preliminary measurements of the electrical transport characteristics within single-

crystal VO2 nanobeams, obtained via conventional two-probe current-voltage 

spectroscopy are presented in Figure 6.3. Measurements were undertaken across a 

range of applied temperatures through direct application of a voltage sweep from 0 – 

1V to the sputtered gold electrodes.   

 

 

 

Figure 6.3 | Resolving electrical contact issues. Initial current-voltage measurement for 

an unstrained VO2 nanobeam, obtained at different applied temperatures; (a) 30oC, (b) 

68oC, (c) 80oC and (d) 105oC. Note that the electrical transport behaviour is consistent with 

that of a semiconductor, displaying a gradual increasing of current at higher temperatures. 

Crucially, despite passage through the transition temperature (~ 68oC) no drastic alteration 

to the observed current levels is observed consistent with a transition from the insulating 

phase to the metallic phase.   
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 Current-voltage measurements presented in Figure 6.3 illustrate electrical 

transport behaviour for a single VO2 nanobeam under a range of applied temperatures. 

For lower temperatures, as presented in Figure 6.3a current levels were noted to be 

within the picoamp range, with an increase of the current observed by an order of 

magnitude into the nanoamp range across a range of applied temperatures, as presented 

in Figures 6.3b, 6.3c and 6.3d respectively. Whilst the increased current levels allude 

to a structural phase transition from the low-temperature insulating state to the high-

temperature metallic state, the low overall magnitude and the lack of four-order 

resistance change upon passage through the metal-insulator transition temperature are 

inconsistent with results presented for previous studies [6–10]. Such inconsistencies 

point to potential contact issues between the VO2 nanobeam and the electrode 

geometry; with the semiconducting behaviour displayed in the current-voltage 

measurements as presented in Figure 6.3 alluding to the presence of interface based 

Schottky barriers.  

 To circumvent these problems, direct application of a liquid metal eutectic 

alloy, In:Ga:Sn comprised of Gallium (Ga), Indium (In) and Tin (Sn) was utilised to 

facilitate formation of an ohmic contact; a process discussed previously in Chapter 2 

of this thesis. By applying a single drop of In:Ga:Sn to each end of the suspended VO2 

nanobeam, a good electrical contact was obtained between the sample and the 

macroscopic gold electrodes; thus enabling further investigations into the nature of the 

metal-insulator transition under different applied stimuli to be undertaken. 

 

6.2.2 Temperature mediated macroscopic current-

voltage characteristics in VO2 
 

Taking advantage of the newly formed ohmic contacts between our sample and the 

sputtered gold electrodes, an evaluation of the current-voltage behaviour within single-

crystal nanobeams of VO2 across a range of applied temperatures was obtained. 

Maintaining a fixed applied voltage of 1V and sweeping the temperature beneath the 

sample from 20oC – 100oC in increments of 10oC; taking note of the magnitude of the 

current at each temperature increment, a profile of the samples resistance as a function 

of the applied temperature was obtained. This is presented in Figure 6.4b. Moreover, 

optical microscopy images, presented in Figure 6.4a were captured for the (i) low-

temperature, (ii) transition temperature and (iii) high temperature states, facilitating a 
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correlation between the electronic and optical properties of the VO2 nanobeam to be 

obtained.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4 | Temperature dependent metal-insulator transition in VO2. (a) Optical 

microscopy images of an individual, unstrained VO2 nanobeam under increased applied 

temperatures. At 40oC (i) the nanobeam displays the light optical contrast associated with 

the low temperature insulating state. Upon passage through the transition temperature of 

68oC (ii), darker optical contrast emerges, indicating the presence of metallic domain 

structures within the previous insulating state. With a further increasing of the temperature 

to 90oC (iii), the nanobeam enters a fully metallic state with the dark optical contrast 

observed along the full length of the nanobeam. (b) Temperature dependence relationship 

of the nanobeam resistance across the reversible phase transition. Note the presence of a 

four-order change in the magnitude of the measured resistance upon passage through the 

metal-insulator transition temperature. 
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  Optical microscopy images presented in Figure 6.4a for the (i) low 

temperature state, (ii) at the metal-insulator transition temperature and (iii) for the high 

temperature state; in combination with the temperature dependent resistance 

relationship presented in Figure 6.4b offers strong evidence of the first order phase 

transition existent within our sample traditionally associated with an unstrained, single 

domain nanobeam [6]. In the low-temperature state, the sample possesses a light optical 

contrast, with a resistance magnitude on the order of 106 Ω. Under increased 

temperature, a sharp reduction of the samples resistance occurs, with a four order 

magnitude change observed at 68oC consistent with results presented for similar 

studies [6-10]. In the high temperature state, a single metallic domain state was observed, 

of darker optical contrast emerging; attributed to both the structural alteration of the 

sample alongside the thermochromic properties that it possesses. Moreover, the 

magnitude of the samples resistance was observed to be on the order of 102 Ω. 

Crucially, the presence of a single metallic domain state, rather than a series of 

alternating metallic and insulating domains in a periodic pattern which gradually 

merge under increasing applied temperatures offers further weight to our view that the 

observed reduction of the sample resistance is the product of a first order phase 

transition.  

 Further characterisation of the electrical transport behaviour for a single VO2 

nanobeam is presented in Figure 6.5; with a series of current-voltage measurements 

undertaken through application of a voltage sweep from -1V to 1V across a range of 

fixed applied temperatures. For both low- and high-temperature measurements, 

presented in Figure 6.5a and 6.5b respectively clear ohmic behaviour was observed; 

with alteration to the magnitude of the current from a low microamp range to a high 

milliamp range upon passage through the transition temperature. The four-order 

magnitude change, a key characteristic of VO2 is clearly illustrated through the 

logarithmic plot of the absolute current in Figure 6.5c; with the low- and high-

temperature states possessing current magnitudes of approximately 10-6A and 10-2A 

respectively.   
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Figure 6.5 | Electrical-transport measurements in single-crystal VO2 nanobeams.   

Current-voltage measurements on a single VO2 nanobeam across a range of applied 

temperatures in the (a) low- and (b) high temperature regime. In each instance, an ohmic 

response was observed, with the magnitude of the current for the low temperature regime 

on the order of microamps; with the current magnitude in the high temperature regime on 

the order of milliamps. (c) Logarithmic plot of the magnitude of the absolute current as a 

function of the applied voltage across the full temperature range, illustrating the four-order 

magnitude change in the current upon passage through the metal-insulator transition 

temperature.         
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6.2.3 Controlling the metal-insulator transition 

through direct stress injection 
  

Evidence of the first order metal-insulator phase transition in VO2, obtained via both 

current-voltage measurements and optical microscopy images presented previously is 

an important factor. The sharp reduction of the sample resistance, coupled with 

alteration of the optical contrast upon passage through the transition temperature 

alludes to the presence of a single domain structure reported previously [6]; a structure 

existent only within unclamped, free-standing nanobeams. Moreover, the 

instantaneous changes to both the resistive properties and optical contrast upon 

passage through the transition temperature highlights an absence of periodic metallic 

and insulating domain formation; structures that exist as a result of external strain 

acting on the system. Therefore, due to both the nature of the alterations to the sample 

functionality, coupled with the absence of such structures one can assume that, whilst 

attached securely to the electrode geometry, the nanobeam does not experience 

additional tensile strain that may alter both crystal structure and the nature of the phase 

transition. Crucially, it is possible to consider direct application of stress to the sample 

surface, and the subsequent functional response to be the result of an isolated stress 

injection rather than a combination of external and pre-existing strain effects. Such a 

consideration is important when outlining the influence external strain has over the 

metal-insulator transition in VO2.  

 To understand the influence that simultaneous temperature and stress 

application has over the electrical transport properties in a single VO2 nanobeam, a 

series of current-voltage measurements were undertaken through use of an extended 

electrode geometry previously discussed in Chapter 2 of this thesis. Initial 

measurements, obtained via the application of a fixed voltage of 1V under a range of 

applied temperatures are presented in Figure 6.6a, displaying the first-order transition 

characteristics of the suspended nanobeam; with the repeated measurements 

highlighting the robust, reversible nature of the metal-insulator transition; with a 

schematic of the electrode geometry setup provided in Figure 6.6b. In particular, as 

shown in Figure 6.6b, direct stress application was achieved by means of a tungsten 

probe brought into contact normal to the sample surface. 
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Figure 6.6 | Stress-induced control over the metal-insulator transition in single-crystal 

VO2 nanobeams. (a) Preliminary current-voltage measurements, showing the 

characteristic resistance-temperature relationship associated with a single domain VO2 

nanobeam upon passage through the metal-insulator transition temperature; with a 

schematic of the experimental electrode geometry (b) required for assessing the influence 

of direct stress application to the sample surface. (c) Resistance-temperature relationship 

for a VO2 nanobeam prior to, and following direct stress application. Note that following 

stress application, a reduction in the magnitude of the metal-insulator transition occurs from 

68oC to ~40oC.   
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 To assess the influence which direct stress application possesses over the 

functional properties of our suspended VO2 nanobeam, it is crucial that a comparison 

between the stressed and unstressed state is made. For this, an initial measurement of 

the sample resistance in the absence of any direct stress injection was obtained through 

subjection of the sample to a fixed voltage of 1V across a range of applied 

temperatures; taking note of the outputted current magnitude at each temperature 

interval. Consistent with previous results both within this chapter, and presented 

extensively in literature [6 - 10], a sharp reduction of the sample resistance at the metal-

insulator transition temperature, 68oC was observed.  

 For measurement of the resistance-temperature relationship of the nanobeam 

under direct stress application, a similar set of experimental parameters were 

employed; though crucially, both the voltage and temperature sweeps were applied 

after the tungsten probe was brought into contact with the sample surface. 

Measurement of the current magnitude at each temperature interval revealed a 

substantial reduction in the sample resistance, as shown in Figure 6.6c at 

approximately 40oC; a significant reduction of the native metal-insulator transition 

temperature. Upon removal of the external stress, it was noted that the nanobeam 

returned to its native state; with the metal-insulator transition reverting back to 68oC. 

 Previous studies, investigating the nature of the metal-insulator transition 

within VO2 under various strain conditions allows consideration of a number of 

potential pathways to facilitate understanding the reduction of the metal-insulator 

transition temperature demonstrated in Figure 6.6c. For example, in thin films of VO2 

grown on different substrates [31], [32], it was noted that a modification of the metal-

insulator transition could be facilitated by controlling the stress along the c-axis 

through lattice mismatch. Moreover, the impact of an applied range of compressive 

strains on a single VO2 nanobeam, as shown by Cao et al highlighted the presence of 

fully metallic state in the absence of any applied temperature [6]; with such alterations 

to the metal-insulator transition temperature considered a result from modifications to 

the thermodynamic stability of the system, giving rise to spontaneous domain 

formation. Therefore, with direct uniaxial stress application to the sample surface 

facilitating a reduction of the metal-insulator transition temperature, and as such, a 

reduction of the sample resistance within the lower temperature range, it is plausible 

that a similar theoretical framework could be applied to understand the underlying 

mechanisms that underpin the observed phenomena.         
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6.3 Controlling the metal-insulator transition in 

VO2 through sample geometry variation 
 

To date, engineering of sample geometries, either through increased thin film 

thicknesses or via the synthesising of lamella structures has been seen as an effective 

process for achieving precision control over the functionality of a range of material 

systems on the nanoscale; a key requirement for realising the plethora of potential 

device concepts. The robust, reversible metal-insulator phase transition within VO2 

has further made it an attractive choice for numerous sensory based devices; and with 

the realisation that applied strain imparted on the system can induce a reduction of the 

magnitude of the transition temperature, probing the influence of an altered geometry 

over the functional properties is seen as the next logical avenue to pursue.   

 To investigate the influence that sample geometry variation has over the metal-

insulator transition in single-crystal VO2 nanobeams, multiple lamella structures were 

synthesised through use of focused ion beam techniques discussed in Chapter 2 of this 

thesis. For evaluation of the metal-insulator phase transition, conventional optical 

microscopy measurements were undertaken; with electrical characterisation 

measurements obtained by suspending the lamella structure across Pt electrodes.  

 

6.3.1 Lamella preparation 
 

The methodology required for fabrication of lamella structures from bulk single-

crystal VO2 nanobeams follows a procedure similar to that discussed in Chapter 2; a 

selected region of interest was initially subjected to a local deposition of platinum, 

~200nm in thickness to form a protective layer on the sample surface to prevent 

excessive structural damage and Ga+ ion implantation. Trenches milled either side of 

the deposited platinum enables an initial thick lamella structure to be fabricated; with 

subsequent adjustments to both the beam current strength and angle facilitating precise 

milling of the lamella structure to the desired thickness; as shown in Figure 6.7a.  

 However, in contrast to lamella structures fabricated for nanobeam electron 

diffraction (NBED) measurements presented in Chapter 4, it is crucial that the top 

platinum layer is fully removed before the lamella structure has been removed and 

securely suspended across the required electrode geometry. This ensures that the only 

connection between the platinum electrodes is the VO2 lamella, and not an electrical 
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connection facilitated by the pre-deposited protective platinum layer. To secure the 

lamella to the electrode geometry, four individual platinum pads were deposited on 

each corner of the lamella through electron beam lithography.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

  

Figure 6.7 | Engineering reduced sample geometry through focused ion beam (FIB) 

milling.  (a) Scanning electron microscopy (SEM) image of a fabricated lamella structure 

within a single-crystal VO2 nanobeam. Note the existence of three distinct layers within 

the lamella; a 200nm thick VO2 nanobeam, the underlying SiO2 substrate and an 

intermediate oxide layer that formed during the growth process and clamps the nanobeam 

securely to the substrate. (b) SEM image of the VO2 lamella structure suspended securely 

across two sputtered platinum electrodes to facilitate functional measurements of the 

electrical transport characteristics under applied stimuli.  
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In order to facilitate a good ohmic contact between the lamella structure and the 

electrode geometry, circumventing the Schottky barrier issues outlined previously and 

thus enabling accurate measurements of alterations to the functional properties under 

different applied stimuli; single droplets of the liquid metal eutectic alloy, In:Ga:Sn 

were applied to both ends of the lamella, thus completing the sample preparation 

methodology.   

 

6.3.2 Metal-insulator phase transition retention 

within VO2 lamella 
 

Whilst the methodology required for fabrication of lamella structures from bulk single-

crystals is by nature a destructive process; for ferroelectric systems, a retention of the 

unique properties that they possess, in particular their switching characteristics under 

applied electric fields have been demonstrated extensively via careful piezoresponse 

force microscopy measurements. Whilst retention of functional properties is 

promising, it has yet to be realised whether the destructive milling process required to 

fabricate nanoscale geometries in VO2 could alter the nature of the metal-insulator 

transition.  

 To address this, a series of optical microscopy images presented in Figure 6.8, 

for a range of temperatures applied to an individual lamella structure suspended 

securely across two isolated platinum electrodes were obtained; with particular focus 

given to the nature of the phase transition across a narrow temperature range in the 

vicinity of the metal-insulator transition temperature. For temperatures well below the 

transition temperature, as shown in Figure 6.8a and 6.8b, note the presence of a single 

insulating domain existent within the lamella, confirmed by the light optical contrast. 

With increased temperature, as presented in Figure 6.8c and 6.8d respectively the 

emergence of triangular metallic domain structures was observed consistent with 

results present in previous studies [6], [7]; with a lateral expansion into a single metallic 

domain for temperatures beyond the metal-insulator transition as presented in Figure 

6.8e.  
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Figure 6.8 | Optical characterisation of the retention of the metal-insulator transition 

following geometry engineering. Lamella structure, cut from a single-crystal VO2 

nanobeam suspended securely across the interelectrode gap between two sputtered Pt 

electrodes. Optical images demonstrating retention of the metal-insulator phase transition 

across a narrow range of applied temperatures; (a) 55oC, (b) 60oC, (c) 65oC, (d) 68oC and 

(e) 70oC. Note that the transition from the low-temperature, insulating state to the high-

temperature metallic state is not an instantaneous process, but instead results from the 

emergence of distinct triangular metallic domains which expand latterly with increased 

temperature, before merging fully into a single metallic domain.   
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 Whilst the presence of a metal-insulator transition within lamella of VO2 

fabricated through focused ion beam milling is consistent with results obtained for 

bulk single-crystal nanobeams, from a methodological perspective, these results are 

promising. Firstly, the optical microscopy images presented in Figure 6.8 demonstrate 

that, whilst the milling process is indeed a destructive process from a structural 

perspective; the clear retention of the metal-insulator transition illustrates clearly that 

material functionality is not suppressed during the fabrication process. Moreover, the 

presence of triangular metallic domain structures that gradually merge into a single 

metallic domain state, rather than an instantaneous structural transition when the 

system is subjected to a range of applied temperatures alludes to the metal-insulator 

transition being a second-order phase transition. Such observations are consistent with 

previous studies [6-10], and point to the presence of large tensile strains within the 

system considered to be the product of stress placed on the sample by the platinum 

pads used to secure the lamella to the electrode geometry.  

 The retention of the metal-insulator transition within lamella of VO2 following 

the milling process, coupled with the presence of strain-driven triangular metallic 

domains in the absence of direct stress application is promising; opening up new 

avenues towards obtaining active control over the phase transitions within VO2 and 

probing the electronic properties of the sub-domain structures through direct stress 

application on the nanoscale. Whilst in theory, changes to the optical contrast under a 

range of applied temperatures should be sufficient for demonstrating the presence of 

the metal-insulator transition within our lamella; investigations undertaken on bulk 

samples have routinely drawn a correlation between the optical and electronic 

properties of the transition [6-10].  

 For a complete investigation into the retention of the metal-insulator transition 

within lamella of VO2, a series of current-voltage measurements, presented in Figure 

6.9 where obtained by applying a voltage sweep from -1V to 1V for a wide range of 

applied temperatures, taking note of the current magnitude at each temperature 

interval. For both the low- and high-temperature measurements, shown in Figure 6.9a 

and 6.9b respectively, there exists obvious ohmic behaviour demonstrated by the linear 

increase in current under the applied voltage sweep. Upon passage through the 

transition temperature, a four-order magnitude change in the current levels was noted; 

with the low- and high-temperature states possessing current magnitudes of 

approximately 10-11A and 10-7A respectively. 
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 Whilst the presence of a four-order magnitude change in the current with 

increased temperature is consistent with previous studies; note that the magnitude of 

the current in the high-temperature state is five-orders of magnitude lower than that 

presented previously for measurements on bulk single-crystal nanobeams. Such a 

substantial difference in current magnitude could be attributed to several factors, with 

alterations to a samples geometry known to influence the resistive nature of the 

material; with a reduction of the geometry facilitating an increased resistance. 

Figure 6.9 | Electrical-transport measurements in VO2 lamella. Current-voltage 

measurements on a VO2 lamella for a range of applied temperatures in the (a) low- and (b) 

high-temperature regime. In each instance, an ohmic response was observed, with the 

current magnitude for the low-temperature regime on the order of nanoamps; and the 

current magnitude in the high temperature regime on the order of microamps.  
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Moreover, a by-product of the fabrication of lamella through selective milling is the 

implantation of Ga+ ions into the sample. Therefore it is plausible that the introduction 

of additional dopants could alter the electronic properties of the system. Regardless, it 

is clear that, whilst the fabrication process of a lamella is indeed a destructive process; 

a retention of the metal-insulator transition is observed within VO2, offering new 

avenues towards further probing of the nature of both the phase transition and the 

electronic properties that they possess.  

 

6.4 Conclusions 
 

Within this chapter, detailed experimental studies highlight the influence that external 

strain possesses over the metal-insulator transition in single-crystal VO2 nanobeams 

through direct stress application to the sample surface.  

 Through a combination of both macroscopic current-voltage spectroscopy and 

conventional optical microscopy, a thermochromic response within VO2 was 

demonstrated; with a clear correlation between the optical and electronic properties of 

the system under a range of applied temperatures. Upon passage through the metal-

insulator transition temperature (68oC), a sharp reduction of the sample resistance 

occurs, four orders in magnitude attributed to the existence of a first-order phase 

transition. Such results are consistent with studies presented previously. Upon direct 

application of uniaxial stress to the sample surface through use of a tungsten probe, a 

non-destructive reduction of the magnitude of the metal-insulator transition was noted; 

with the sharp drop in sample resistance occurring at ~40oC. Similar studies, have 

pointed to modifications to the thermodynamic stability through spontaneous domain 

formation as a plausible mechanism for the observed response.  

     Further attempts to engineer precision control over the nature of the metal-

insulator transition within VO2 were undertaken through variation of the sample 

geometry; with fabrication of high quality lamella structures facilitated through FIB 

milling techniques. Confirmation of a retention of the metal-insulator transition within 

the lamella structures was noted through optical microscopy under a range of applied 

temperatures, with the spontaneous emergence of triangular domain structures that 

undergo lateral growth with increased temperature. Such observations allude to a high 

level of strain within the system, most likely attributed to the methodology required 

for securing the lamella to an electrode geometry for functional testing. Moreover, the 
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gradual transition from the insulating to the metallic state under applied temperature 

is indicative of a second-order phase transition.  

 Whilst observation of a retention of the metal-insulator transition through 

optical microscopy is indeed promising, corresponding macroscopic current-voltage 

measurements highlight current levels five-orders of magnitude lower than expected. 

Such discrepancies have been attributed to several possible factors, such as an 

increased sample resistance upon reduced sample geometry, or the presence of Ga+ 

within the system following the FIB milling process.  

 This chapter demonstrates the transferrable nature of the stress injection 

methodology presented in previous chapters of this thesis to different material systems 

as a means of controlling sample functionality. Through direct application of 

macroscopic stress to the sample surface, a high degree of control has been achieved 

over the metal-insulator transition within VO2. Moreover, the demonstration of a 

retention of the metal-insulator transition following FIB milling opens up new 

potential avenues towards realising novel piezoresistive sensory based devices.  
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Chapter 7 
 

Conclusions and Future Work 
 

Within this chapter, the experimental investigations are summarised and further 

suggestions are made for potential future studies based on the foundations laid out in 

the work presented in this thesis.  

 

7.1 Summary and conclusions 
 

The initial work presented in this thesis sought to highlight the influence applied 

uniform d.c electric fields have over both the crystallographic phase transitions and 

the local electrical transport properties within mixed-phase BiFeO3 thin films. Through 

a localised application of a d.c electric field above the coercive threshold of the sample, 

and imaged through PFM a reproducible reorganisation of the native as-grown mixed 

R-T phase state into a T-phase dominant state was observed; alongside traditional 

ferroelectric switching. Similar switching experiments at fixed tip locations were also 

undertaken, with an assessment of the electrical transport properties obtained through 

subjection of the switched regions to additional d.c electric fields of a magnitude below 

the coercive threshold through c-AFM.  

 The first significant observation was that the switched, T-phase dominant state 

was observed to possess current levels of magnitude comparable to those found within 

the normally insulating native state. Contrastingly, for the regions surrounding the 

locally switched state that possess a higher density of R-phase structures which 

nucleate in response to the electric field application, a significant enhancement of the 

electrical transport properties was observed; with current magnitudes within the high-

pA range permeating diffusely into regions previously considered highly insulating. 

 With preliminary results alluding to the T-phase being insulating in nature, the 

interface between the R- and T-phase structures within the sample was considered a 
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plausible candidate for the observed enhanced electrical transport properties. 

Furthermore, consideration of the impact that field polarity and magnitude has over 

the nature of the crystallographic phase transitions, and therefore the presence of 

enhanced electrical transport properties was investigated through FORC spectroscopy 

measurements. By pre-poling select regions within the sample, it was found that both 

the initial polar orientation and polarity of the applied FORC waveform significantly 

influenced the size and distribution of the mixed R-T phase patterns; with a positive 

waveform facilitating crystallographic phase transitions prior to ferroelectric 

switching, and a negative waveform highlighting a dependency of switching on the 

initial polar orientation.  

 Seeking to overcome some of the traditional limitations associated with electric 

field application, the next element of this thesis focused on the use of uniaxial stress 

to induced crystallographic phase transitions and systematically inject conductive 

states into the sample in a non-destructive manner. By employing an AFM probe tip 

as a nanoindentation device, facilitating direct application of stress to the sample 

surface and incorporating this technique into the existing methodology, it was noted 

that R-phase structures could be nucleated within the electrically driven T-phase 

dominant state. Such experimental observations were further consistent with energy-

based effective Hamiltonian simulations; with the phase composition of the system 

calculated under an array of different applied electric and stress field magnitudes.  

 Furthermore, a detailed assessment of the electrical transport properties under 

each respective applied stimuli was undertaken through c-AFM. Consistent with 

observations in the initial work presented in this thesis, the T-phase dominant state was 

found to possess negligible current levels. Crucially, for the regions subjected to 

uniaxial stress, a significant enhancement of the electrical transport properties was 

observed, localised to re-nucleated R-phase structures. In addition, a localised 

piezoresistive response was observed within the system following application of 

increasing loading forces beneath the AFM probe tip. 

 For a complete understanding of the observed phenomena, a series of high-

resolution TEM studies were undertaken on cross-sectional lamellae of native, 

electrically-written and stress-written regions; with measurement of the changes to the 

in-plane strain gradients undertaken for each respective region. Such changes were 

attributed to alterations to the R- and T-phase unit cells. It was noted that the stress-

written R-T boundaries possessed a higher in-plane strain gradient than their native 
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counterparts, with such observations enabling a rationalisation that the observed 

conduction response is a strain-mediated response.    

 The third component of work presented in this thesis sought to incorporate the 

existing experimental methodologies outlined within the initial stages into a proof-of-

concept device. Here, effective control over the electrical transport properties in 

mixed-phase BiFeO3 was achieved through dual application of electric fields and 

uniaxial stress. Taking a parallel plate geometry, fabricated with sputtered Pt top 

surface electrodes and the incorporated (La, Sr)CoO3 bottom electrode; exploitation of 

the functional response within the material under each applied stimuli was obtained 

through direct application of macroscopic pressure to the surface of the Pt electrode 

through use of a large indenter probe. The principle observation from this investigation 

was the presence, and retention of current magnitudes on the order of 106 A. Through 

application of a uniform d.c electric field direct to the bottom (La, Sr)CoO3 electrode, 

it was noted that the large detected currents could be erased, facilitating a large, 

repeatable “on/off” current ratio between the respective phase states, stable over 

multiple cycles; in effect, generating a proof-of-concept resistive switching device.  

 In order to achieve a broader development for practical purposes, and to 

demonstrate the transferable nature of stress injection of conductive states to further 

material systems; the final component of work presented within this thesis sought to 

build on the existing studies by applying the experimental methodology to the 

archetypal metal-insulator transition metal, VO2. Through a combination of current-

voltage spectroscopy and conventional optical microscopy techniques, a clear 

correlation between the optical and electronic properties of the system under a range 

of applied temperatures was observed through the presence of a distinct 

thermochromic response. Crucially, consistent with results presented in similar 

studies, a sharp reduction of the sample resistance, four orders of magnitude was noted 

upon passage through the metal-insulator transition temperature; such a response 

indicative of the presence of a first-order phase transition. Furthermore, through direct 

application of uniaxial stress to the sample surface, a non-destructive reduction of the 

magnitude of the metal-insulator transition was observed; with a sharp drop in the 

sample resistance occurring at ~40oC.  

 Furthermore, attempts to engineer precision control over the nature of the 

metal-insulator transition within VO2 were undertaken through variation of the sample 

geometry; with fabrication of high quality lamella structures via FIB milling. Whilst 



Chapter 7: Conclusions and Future Work 

 

184 

 

traditionally a destructive fabrication process, a retention of the metal-insulator 

transition was noted through the presence of a thermochromic response obtained 

through optical microscopy. In this regard, the spontaneous emergence of triangular 

domain structures, undergoing lateral growth with increased temperature alludes to the 

existence of high levels of strain within the system, and could be indicative of a 

second-order phase transition. Further current-voltage spectroscopy measurements 

highlight current levels significantly lower in magnitude than expected; discrepancies 

that are attributed to either an increased sample resistance due to a reduced sample 

geometry, or the existence of Ga+ ion implantation following the FIB milling process.  

 

7.2 Future Work 
 

Finally, additional experiments and considerations of future work are presented that 

offer a more complete understanding of the themes addressed within this thesis.  

 The initial body of work outlined in this thesis focused on nanoscale stress 

injection of conductive states within a thin film of mixed-phase BiFeO3; applied 

through direct contact of an AFM probe tip to the sample surface. Whilst the resolution 

of captured c-AFM images are limited by the tip-surface contact, it would be 

instructive to determine the precise nature of the electrical transport behaviour of stress 

written regions by overcoming the Schottky-like barriers present within current-

voltage spectroscopy measurements presented. To do this, a four-probe electrode 

geometry could be employed, which would eliminate contact resistance issues and 

provide a true reflection of the electrical transport properties of the material.  

 Moreover, whilst the proof-of-concept resistive switching device offers an 

exciting avenue for future applications, there exist minor flaws in the experimental 

methodology; namely that application of both electric fields and stress fields was 

obtained through a complimentary use of an AFM and macroscopic indenter probes. 

Ideally, one would envisage an experimental setup that utilises a single method of 

stimuli application. Moreover, determination of the relative stability of the written 

conductive states through classical retention testing is crucial for realisation of any 

future device. These concerns could form the basis of future work with mixed-phase 

BiFeO3.  

 The final section of work outlined in this thesis focused on the transferable 

nature of the methodology to an additional material system, VO2. Whilst the results 
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presented for stress mediated control of the metal-insulator transition in single-crystal 

nanobeams is indeed promising; the attempts to engineer more precise control of the 

material functionality through sample geometry alterations requires further work.  

 The destructive fabrication process associated with focussed ion beam (FIB) 

milling requires extensive post-milling sample preparation to expel Ga+ ion 

contaminants. Here, the lamellae should be annealed to draw the Ga+ ions from the 

sample, before subjecting the structure to a process of acid etching to remove the 

contaminants from the surface. Furthermore, the ultimate goal of this section of work 

was to effect precise nanoscale stress injection of conducting states within a lamella 

structure of VO2 and effecting control over the metal-insulator transition. Therefore, 

the use of an elongated electrode geometry, as outlined in Chapter 2 of this thesis 

would enable in-situ current-voltage measurements to be obtained whilst uniaxial 

stress is applied to the sample surface through use of an AFM probe tip as a nano-

indenter.   

 

 

 

 

 

 

 

 


