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1. Introduction

Nanometer-scale electronic transport in engineered interfaces in ferroelectrics,

such as domains and topological defects, has emerged as a topic of broad
interest due to potential applications in information storage, sensors and photo-
voltaic devices. Scanning probe microscopy (SPM) methods led to rapid growth
in the field by enabling correlation of the unique functional properties with
microstructural features in the aforementioned highly localized phenomena. In
addition to conduction localized at interfaces, polarization-mediated control of
conduction through domains in nanoscale ferroelectrics suggests significant
potential for use in memristor technologies. In parallel with experiment, theory
based on thermodynamic Landau-Ginzburg-Devonshire (LGD) framework has
seen rapid development, both rationalizing the observations, and hinting at
possibilities for local, deterministic control of order parameters. These theories
can successfully account for static interface conductivity at charged, nominally
uncharged and topologically protected domain walls. Here, recent experimental
and theoretical progress in SPM-motivated studies on domain wall conduc-
tion in both standard and improper ferroelectrics are reviewed. SPM studies

on transport through ferroelectrics reveal that both domains and topological
defects in oxides can be exploited as individual elements for use in functional
nanoscale devices. Future prospects of the field are discussed.
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Topological defects are one of the tra-
ditional objects of study and fascina-
tion in physics in areas as dissimilar as
cosmology, !l soft matter,” and ferroic
systems.3* Examples include domain
walls in ferroics, vortices in superconduc-
tors,Pl defects in topological insulators,®!
ordered point defect structures,”®! liquid
crystalline matter,®’) and many others. In
many cases, the functionality of macro-
scopic materials are determined by the
properties of topological defects, e.g.,
magnetization or polarization dynamics
in ferroics and transport in supercon-
ductors. Furthermore, observations and
studies of topological defects provide fun-
damental insight into the physical proper-
ties of the system, including the nature of
order parameter and associated free ener-
gies. In recent years, topological defects
were recoghized as a powerful paradigm
for nanoscale device engineering due to
the combination of unique physical prop-
erties and capability for manipulation by external magnetic,
electric, or strain fields without the disruption of the host lat-
tice.!% This has led to conceptualization of a broad spectrum
of reconfigurable magnetoelectric, optoelectonic, and strain-
coupled memory and logic devices simply through the creation
and manipulation of topological defects.[1-16]

In ferroics, materials properties and functionality are often
defined by collective symmetry breaking distortions giving rise
to order parameter fields. The regions with dissimilar order
parameters orientations are necessarily separated by topological
defects, resulting in domain structures and domain walls. The-
oretical predictions and experimental discoveries of novel func-
tionalities emerging at domain walls in ferroelectrics and fer-
roelastic materials as well as the emergence of scanning probe
microscopy methods has led to the recent spate of investiga-
tions of topological defects in these systems. These are associ-
ated with either intrinsic symmetry-related effects on electronic
and phonon structure, or interactions between ferroic system
and other materials functionalities, including coupling to other
order parameters, semiconducting and electrochemical prop-
erties. The initial work by Lajzerowicz and Niez'"! is founda-
tional in this regard, for they showed the possibility of domain
walls undergoing phase transitions while the domains them-
selves did not. The original theoretical studies of ferroelectric
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domain walls by Guro et al.l'8 explored the effects of the polari-

zation charge on the local carrier distributions, i.e., coupling
between ferroelectricity and semiconducting properties of
material manifesting at the domain walls. One of the predic-
tions of the work by Guro et al. was the metallic conductivity at
ferroelectric domain walls, which took almost 40 years to dem-
onstrate experimentally.l'®2% Recently, semiconducting phe-
nomena at uniaxial domain walls was explored in more detail
by Tagantsevi?!"?2l and Morozovska.[?3-%]

Many ferroelectric materials are also ferroelastic, implying
complex interplay between polarization and strain effects. Simi-
larly, in materials with several competing order parameters
multiple new functionalities can emerge at domain walls.'ll A
significant body of work explored the structure of ferroelectric
domain walls in presence of such coupling, predicting unusual
polarization rotations at the domains walls. Strain coupling
can significantly affect semiconducting behavior at domain
walls.?l Conversely, in ferroelastic materials coupling between
two order parameters can give rise to domain wall ferroelec-
tricity.26-28 In systems with magnetic and ferroelectric orders,
magnetoelectric coupling,?’! and magnetic phase transitions!*”!
were predicted. Finally, strong strain dependence of electro-
chemical phenomena allowed a set of predictions on ionic phe-
nomena at domain walls.[3132

A novel set of mechanisms emerge at the atomistic level.
As explored by Gemming et al.,?3 local increase of symmetry
at the domain wall can stabilize a high-temperature phase.
For those materials that possess a ferroic phase transition
associated with a metal-insulator transition, this can give rise
to changes in local conductivity.’ Finally, it is important to
note that formation of domain structures in ferroelastics can
also give rise to mesoscopic strains and mesoscopic regions of
metallic regions following the morphology of the domain walls,
as observed in VO,.34

2. Enabling Instrumentation

While the role of topological defects in functionality of fer-
roics and the emergence of novel phenomena at the defects
has been recognized for over half a century,'¥ experimental
studies have been limited. Indeed, macroscopic samples typi-
cally contain multiple topological and other defects, precluding
unambiguous determination of properties of each. The pro-
gress was achieved due to the synergy of progress in materials
synthesis, enabling samples with (relatively) low defect densi-
ties,’% and development of local techniques based on scanning
probe microscopy*¢=3% (SPM) that enabled domain structures
to be visualized, and the properties of the individual topolog-
ical?*4041 or structural*>* defect to be explored.

The approach is illustrated in Figure 1. Here, the SPM
probe plays the role of a mobile electrode that (sequentially)
establishes local electric contact to selected regions of mate-
rials surface, including the vicinity of the wall.l**] In parallel,
electromechanical response measured at high frequency offers
the insight into local polarization. Combination of this conduc-
tive AFM (cAFM)(*8] and piezoresponse force microscopy
(PFM)-58] data allows the spatially-resolved picture of domain
structure and local conductance to be determined.[%20:5960]
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Figure 1. Schematic of conducting-AFM and PFM. a) Typically the sample is biased with the
tip held at ground, and the current through the tip is read out after amplification by a cur-
rent amplifier. The topography is measured by a laser/photodiode setup. Standard piezore-
sponse force microscopy relies on applying voltage Vjc to the tip and measuring b) vertical and
c) lateral deflections of the cantilever, arising from piezoelectric coupling with the sample

surface.

The measurements as a function of slowly-changing dc bias or
time (time and voltage spectroscopies)®! then provide insight
into the bias-dependent conductance (I-V curve) and polariza-
tion dynamics (reversible and irreversible wall motion, domain
nucleation and growth).[-%0 Note that while PFM detection is
local, cAFM probes conductive path from tip-surface junction
to the bottom current collecting electrode. The observed con-
ductance in this case is determined by a resistance network that
involves top, bulk and bottom interface regions of the thin film.
In principle, either one of these regions can be dominant, even
providing “sub-surface” contrast.

The key requirement of these measurements is establishing
a high-quality electric contact between the tip and the surface.
Beyond being a well-recognized problem for large band-gap
semiconductors even on macroscopic scales, on the nanoscale
this process is further affected by surface contamination and

Laser

Figure 2. The NanoTransport system at Oak Ridge National Laboratory’s Center for Nano-
phase Materials Sciences. The system was designed to combine growth with in situ electron
spectroscopies and scanning probe microscopies. The Omicron VT-SPM has been modified
to permit simultaneous PFM and c-AFM mapping and spectroscopies in a ultrahigh vacuum

environment.
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reactivity of oxide surfaces. These are well
recognized even for the static oxide surfaces,
and become particularly significant under
the conditions of the high voltage stress and
current flows. Notably, in many cases the
field required to switch polarization in ferro-
electric thin films and heterostructures(®”68]
are close to that realized in electroresistive
materials and devices.®7U Given the close
similarity in defect chemistry between these
materials classes, electrochemical reactivity
can no longer be neglected.">74 In early
stages, tip-induced electrochemical pro-
cesses are virtually indistinguishable from
polarization dynamics and exhibit presence
of remanent polarization states, and hyster-
esis loops.l’3757¢] At later stages, irreversible
deformation of surfaces and dielectric break-
down are observed,””78 providing experi-
mental observables for the onset of electro-
chemical reactions.

Many of these stray electrochemical pro-
cesses are strongly affected by surface water
layer and contamination that acts as an effec-
tive catalyst for oxygen reduction/evolution
reactions.”>#1 Recent studies demonstrates
that imaging in the controlled glove box atmosphere or ide-
ally in the ultrahigh vacuum (UHV) environment can greatly
reduce this problem. An example of this approach is the
NanoTransport system, shown in Figure 2. Such infrastructure,
originally developed at ORNL and presently employed in several
centers worldwide, is a prime example of how these advances
in SPM instrumentation are critical in order to enable the pre-
cise study of such nanoscale phenomena. The NanoTransport
system consists of four UHV chambers, connected by a central
chamber for sample transfer under vacuum. This combination
provides the ability to characterize in situ grown materials in a
carefully controlled environment without exposure to air. The
first chamber combines pulsed laser deposition (PLD) with dif-
ferentially pumped reflection high-energy electron diffraction
(RHEED), for highly controlled, layer-by-layer growth of oxide
films at elevated temperatures in an oxygen atmosphere. The
second chamber houses equipment for sur-
face analysis at temperatures from 20-1800 K,
including low energy electron diffraction,
X-ray, and ultraviolet photoemission electron
spectroscopies, employing SPECS GmBH
sources and Phoibos 150 hemispherical ana-
lyzer with two-dimensional and spin detec-
tors. The third chamber in the NanoTrans-
port system adds an Omicron variable tem-
perature (20-900 K) scanning tunneling/
atomic force microscope (STM/AFM) for
atomically resolved images of surfaces.
The STM is capable of both atomic resolu-
tion imaging and tunneling spectroscopy of
conducting and semiconducting oxides. An
optical beam deflection detection AFM offers
sensitivity for low forces in contact mode

Adv. Funct. Mater. 2013, 23, 2592-2616
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Figure 3. Static wall conduction observations. a) In-plane PFM image and b) c-AFM image showing conduction in 109° and 180° domain walls in a
BiFeOsthin film. Reproduced with permission.'l Copyright 2009, Macmillan Publishers Ltd. c) Arrhenius plot of 71° domain walls. Reproduced with
permission.*l Copyright 2011, American Physical Society. d) Measurements of wall conduction as a function of cooling oxygen pressure. Reproduced

with permission.®® Copyright 2010, American Physical Society.

imaging and enables a wide array of force based measurements
of local conductivity, potentials, or doping. The microscope has
been modified at ORNL to a unique implementation of imaging
techniques including piezoresponse force microscopy (PFM),
electrochemical strain microscopy (ESM), and band excitation
studies of energy dissipation.

The studies in this system have allowed to show that dif-
ferences in ferroelectric and conduction values obtained in
vacuum and ambient conditions arise primarily due to the ever-
present water at the tip-surface interface in air. Water directly
modifies material properties, through chemistry (or electro-
chemistry) and screening, a key factor for thin film ferroelec-
trics where surface water absorption has been shown to reverse
polarization.®?] Furthermore, water at the tip-surface junction
can modify the experimental technique, by changing the con-
tact area and consequently effective electric field, leading to
differences in observed imprint and hysteresis symmetry.l®?!
Finally, UHV systems allow measurements in the broad tem-
perature range to liquid nitrogen or helium temperatures (as
compared to =—30 °C for Peltier stages in modern ambient
systems), significantly increasing the range of physical phe-
nomena amenable to experimental exploration.

3. Direct Mapping of Wall Conductance

3.1. Static Observations

Though c-AFM was used to study domain wall conductance as
early as 2003, Seidel et al.l') were the first to observe that
nominally uncharged 180° and 109° domain walls in BiFeO;

Adv. Funct. Mater. 2013, 23, 2592-2616
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thin films were conductive at room temperature. This signifi-
cant observation is one of the main drivers behind the interest
in the novel electrical phenomena at domain walls (particularly
as topological defects). At the same time, the authors found that
the 71° domain walls were not conducting in their samples, as
shown in Figure 3(a,b). Density functional theory (DFT) calcu-
lations suggested that the reason for the enhanced conductivity
at the 180° and 109° domain wall could be due to several pos-
sible effects, including electrostatic potential step at the domain
wall due to the (in-plane) polarization discontinuity, as well as
a lowering of the band-gap due to the structural changes across
the domain wall. Notably, the 71° wall showed the lowest poten-
tial step (since such a wall has no in-plane polarization disconti-
nuity), and the smallest change in band gap, in agreement with
the experimental observations.

This initial report stimulated the development of
theory, 2328 as well as much follow-on experimental
workl2041:86-89] to decipher the origins of the conductivity. It was
soon found that domain walls and topological defects in a host
of other ferroelectric materials, ranging from thin film PZT*!
to single crystal LiNDO5®% to hexagonal manganites®°! exhib-
ited enhanced electrical conduction. Together, the preponder-
ance of these studies suggests that domain wall conduction is a
much more universal phenomenon than was initially believed.

In an important study, Farokhipoor et al.*! reported studies
on thin films of BiFeO; with mosaic domain structures, and
found that both the 71° domain walls and the 109° walls were
conducting. Crucially, temperature dependent studies (see
Figure 3c) revealed that the type of conduction was qualitatively
the same for both the domains and the domain walls, being
governed by thermal activation of electrons from trap states at
low voltages, and Schottky emission at higher voltages. It was
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also argued that the strain-gradient associated with the 71° and
109° ferroelastic domain wall may encourage a strain-driven
segregation of oxygen vacancies at the wall, thereby lowering
the Schottky barrier for surface defect states, and leading to
enhanced conductivity.*?

The role of oxygen vacancies in conduction has been further
explored experimentally. In studies of La-doped BiFeO; films
annealed and cooled under different oxygen pressures (thereby,
resulting in varying oxygen vacancy concentrations), Seidel
et al.B¥ found that the conductivity at the domain wall could be
modulated by over an order of magnitude, as plotted in Figure 3d.
It was found that the current increased dramatically for the
samples that were cooled in low oxygen partial pressures. Fur-
thermore, temperature dependent studies by both groups have
shown transport is thermally activated, with activation energies
ranging from 0.24-0.5 eV to0 0.7 eV,* consistent with ioniza-
tion of oxygen vacancy (defect) states.

The importance of vacancies in facilitating the conduction,
then points to the reason for the widespread observation of con-
duction at several domain wall types in wide band-gap semicon-
ductors: any charge which develops at the domain wall should
induce accumulation or depletion/inversion of charge carriers
locally. If such an accumulation or inversion is large enough,
it can lead to an observable increase of static conductivity.
Such theories directly posit the relationship between the mag-
nitude of the charge at the interface, and the level of conduc-
tion, assuming the defects can migrate to neutralize the charge.
Though charged walls are generally unfavorable in as-grown
ferroelectrics, in hexagonal manganites, such as HoMnO;/*’
and ErMnO; Y the domain walls are topologically protected,
and can become highly charged depending on the specific wall
orientation. Conduction-AFM studies on these improper fer-
roelectrics have revealed that the conduction is indeed directly
correlated with the degree of charge at the domain wall. Recent
work by Eng et al.®% has further showed that the conduction at
the charged walls in single crystal LiNbO; can also be modu-
lated by excitation of carriers by light source. These studies con-
firm existing theories pertaining to static domain wall conduc-
tivity at charged interfaces, and furthermore show the potential
for modulation of current in the spatial dimension.

Given the large reach of the interfacial conduction phenom-
enon, future avenues in this area include investigation of more
complex interfaces (such as the phase boundaries in mixed-
phase BiFe03),%3] or of completely different materials, such as
core-shell perovskite structures (e.g., BiFeO;-CoFe,0,), where a
recent study has revealed enhanced conductivity.[®%

3.2. Wall Geometry Control

The observations of the static wall conductance offers a nat-
ural question on whether it can be deterministically controlled
and modulated, a key step if domain walls are to be used as
functional elements,**%! e.g., in nanoelectronics.l' Long pre-
dicted relationship between wall charge and conductancel'®21:23]
suggests that tuning of the conduction is possible through
modulation of the charge at the interface. One approach to
modulate the charge profile along an individual domain walls
is to write (by a biased SPM tip) a domain with predefined

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Distance from Wall

0
Angle

Figure 4. Conduction controlled by wall geometry. a) Vertical PFM Ampli-
tude (phase inset) of domain structure. b) c-AFM in UHYV, with Vi, poie =
+2 V. The conduction around the left part of the wall was recalculated as a
function of angle and distance from the wall, and is plotted in (c). Repro-
duced with permission.’®l Copyright 2012, American Chemical Society.

orientation, thus controlling the polarization discontinuity. The
domain walls can develop anisotropic spatial charge even if
the written walls are initially uncharged, either due to polari-
zation dynamics at the domain wall (that vary due to inhomo-
geneous strain fields around the ring-type structure),®® or due
to intrinsic effects such as angle-dependent electrostriction
and flexoelectric coupling mechanisms.>! In either case, the
requirement for geometrical tunability is for a polarization dis-
continuity to vary as a function of wall angle.

Naturally, the question remains as to whether such changes
produce measurable alterations in conductivity that can be
observed experimentally. It was reported® that these effects
could indeed produce measurable changes in observable con-
ductance. In Figure 4a,b, a PFM image and c-AFM image taken
in UHV of a written circular domain structure is shown. The
conduction data, plotted as a function of angle and distance
from the domain wall, is shown in Figure 4c. Clearly, there
exists significant variation in the current along the domain
wall, due to wall geometry and associated charge distributions.
These results indicate that spatial modulation of conduction in
these thin films, through controlled writing of curved domain
walls, is possible.

3.3. Hysteresis at Walls

The detailed studies of the domain wall conduction in the
UHV environment additionally illustrate several remarkable
aspects of this behavior.?% Shown in Figure 5a is the piezore-
sponse image of the BiFeO; surface, demonstrating irregular
domain walls. In comparison, shown are several conductive
AFM images of the same region acquired sequentially in
Figure 5b—d. While the general ferroelectric domain structure

Adv. Funct. Mater. 2013, 23, 25922616
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Figure 5. Dynamic conductivity of domain wall. a) Vertical PFM Amplitude image of 109° domain walls. b—d) A sequence of three current images of
the domain walls obtained: b) before voltage stressing, c) after acquiring a series of I-V curves at location (1), and (C) after acquiring a similar series
of I-V curves at the location marked in (2). The white dashed lines mark the region of the left domain wall the conduction of which was activated as
a result of voltage stressing. €) I-V curves taken at four locations on the 109° domain walls and two on the domain surface. The red arrows indicate
where the slope abruptly changes. f) I-V curves and concurrently obtained. g) Piezoresponse spectroscopy showing that the hysteresis in the I-V is
accompanied with hysteresis in the piezoresponse, suggesting that polarization dynamics are the cause of the observed changes. Panels (a—e) are

adapted with permission.?% Copyright 2011, American Chemical Society.

remains the same, the conduction images show gradual
increase of conduction along the wall. The wall is “activated”
from the non-conductive to conductive state. Detailed exami-
nation of these images illustrates that conduction is uniform
along the wall, but a number of “hot spots” can be observed.
These regions of increased localized conduction can appear
and disappear during the measurements, the behavior that can
potentially be attributed to the interaction between the domain
wall and extended defects in the film (e.g., compare with the
electroresistive behavior of dislocations as observed by Szot
et al.)l?7%l

Adv. Funct. Mater. 2013, 23, 2592-2616
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This behavior is further illustrated in Figure 5e. Here, shown
is the series of the [~V curves at dissimilar locations on the
surface and in the vicinity of the wall. On the free surface, the
curve is not hysteretic, suggesting the absence of slow polariza-
tion or ionic dynamics. At the same time, in the vicinity of the
domain walls the curve exhibits the voltage activated increase
in conductance. Note the relatively low conductance on the
forward branch of the -V curve, upturn to higher conduct-
ance level (marked by arrows). On reverse branch, the conduc-
tivity invariably stays at a higher level. Finally, the relationship
between conductance and polarization behavior is illustrated in
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idealized macroscopic system.[106:107]
Mlustrated in Figure 6 a is the piezore-
sponse across a domain wall in LNO, after
Switching-Spectroscopy PFM  experiment
was carried out to gather the local switching
properties. Hysteresis loops from selected
areas in Figure 6a are shown in Figure 6b—e.
The (off-field) hysteresis loops are open only

at the domain wall and are closed away from

it, indicative of local pinning dynamics.
Remarkably, the wall positions changes only
insignificantly during multiple switching
cycles, suggesting the local stabilization by

elastic forces from the unbiased wall seg-
ments or defect pinning. This behavior is
highly bias dependent and the full diagram

> L J
2 0l 120 of wall behavior is illustrated in Figure 6f.
) . This graphic highlights the critical role of
o r No switching -
€ 16L 16 the domain wall in the switching process,
= I | with the domain wall acting as a nucleation
s 12k l 1> site at close distances, but also exerting influ-
[a) t = | ence up to =um rages. In the vicinity of the
sl g i 1s domain wall, the voltage required to induce
i — | polarization switching reduces by an order
al 14 of magnitude, while the imprint is minimal
Negative domain T and the loops are largely symmetric. As the
ol ) i . 0 distance from the wall increases, imprint
4000 -2000 4000 becomes more pronounced, and there is dra-

matic increase in the nucleation bias. The

long-range influence of the domain wall on
local switching is thought to be from local
bending or bowing of the domain wall under
applied field. A similar observation was
reported in PZT thin films where the pres-

Figure 6. Influence of the domain wall on nucleation and switching. a) Piezoresponse after
SS-PFM across a 180° domain wall in LINbO3. The bias-dependent piezoresponse loops for
areas marked 1-4 are shown in (b-e).The loops away from the wall show no opening, while
those in the vicinity of the wall show clear hysteresis. f) Dependence of loop shape on posi-
tion from the domain wall and bias window. Reproduced with permission.l'%! Copyright 2010,

American Physical Society.

Figure 5f,g, showing the [-V curves acquired concurrently with
the piezoresponse force spectroscopy. Note that hysteresis in
the [-V behavior opens together with hysteresis in PFM signal,
suggesting that the observed behavior is related with minute
changes in polarization distributions (and wall geometry).

This behavior suggests that the domain wall can be displaced
from its original position by the electric field of the tip, but the
process is either reversible (i.e., wall relaxes to original loca-
tion in the bias -off state) or the change is limited to a small
location. While no specific studies of this behavior have been
reported for BFO, this behavior agrees with existing models!*’!
and experimental studies®+190101 of gingle domain wall
dynamics'9219 in disordered media with quenched defects
producing a randomly varying local potential.'%¥ In this con-
text the wall can either move reversibly, implying oscillation
within a single potential well, or irreversibly from overcoming
the local potential barrier.'%l Locally, this behavior has been
explored for domain walls in LiNDO; (LNO), providing the
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ence of a ferroelastic domain wall critically
reduced the nucleation bias.!'8]

This universality of domain wall dynamics,
close link to the conductance, and capability
to tune it locally suggests that the walls can
be considered as a dynamic tunable con-
ductor. Shown in Figure 7a is a periodic array
of ferroelectric 109° domain walls in a BiFeOs film, which are
conducting. The local I-V curves along the wall exhibit signifi-
cant hysteresis, with current in the forward direction of the
voltage sweep always lower than in the reverse direction. This
behavior is more evident at the larger bias windows. Though
the I-V curves are similar in the forward direction, they are
pinched off at the maximum bias of the voltage cycle, yielding
a unique reverse [-V curve each time. This behavior is remi-
niscent of memristive systems,['% and in our case imply that
the domain wall supports a quasi-continuous progression of
distinct conducting states induced by electric field.

In order to decouple the change in conductance of the wall
from the field-dependence of the conductivity, a special bias
waveform consisting of ‘read’ and ‘write’ steps was employed,
shown in Figure 7c, Cycling the waveform between 0 and -3.2 V
tip bias revealed a hysteresis of conductance at —2.2 V, shown in
Figure 7d with constantlow and high conductance states and quasi-
continuous transitions in between. Notably, the conductance

Adv. Funct. Mater. 2013, 23, 25922616
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result of this experiment is shown in (d) for both read and write states, and clearly indicates a memristive-type behavior of the domain walls. Adapted

with permission.?%l Copyright 2011, American Chemical Society.

state created at —3.2 V was stable down to —1.7 V, and began to
gradually relax between —1.7 V and 0 V. This can be seen clearly
in the off-field hysteresis loop, plotted in red in Figure 7d.
These studies suggest that conductance behavior in ferro-
electric domain walls is significantly more complex the simple
static (constant resistance) conductor model considered previ-
ously. In particular, the walls exhibit many aspects of mem-
ristive systems as controlled by local polarization dynamics,
including (1) electric-field induced topological distortion of the
domain wall; (2) the dependence of conductivity on the degree
of distortion; (3) weak-pinning of the distorted wall, mani-
fested as the stability of the distorted configuration in a broad
voltage-window. Hence, the domain wall offers a quasi-contin-
uous spectrum of voltage-tunable electronic states, which is
distinct from ferroelectric domains, where switching may give
rise to discrete, and often only two conductance levels.'1% In
total, the results suggest the slow kinetic processes of polari-
zation dynamics or vacancy redistribution at the domain wall
can significantly impact the measured conductivity, allow the
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possibility of tunable conductance, and further suggest that
such conductivity could be ubiquitous in ferroics. However,
domain walls which are strongly pinned (such as 90° fer-
roelastic domain walls in Pb(Zr,Ti)O;, which are significantly
clamped in thin films)"" would not be expected to show con-
ductivity arising from these mechanisms. Additionally, the
possibility of sudden increases in the current (Barkhausen
jumps),[!2 associated with small but sudden displacements of
the domain wall, would likely make the process unsuitable for
device applications due to unpredictability.

4. Interface Modulated Conductance

4.1. Ferroelectric Tunneling

Whilst electron tunneling has been known since the initial
development of quantum mechanics, material synthesis issues
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meant the idea of using a thin ferroelectric layer as the insu-
lating barrier arose only relatively recently. The proposal for fer-
roelectric tunneling was originally based on the notion of the
electronically insulating property of the ferroelectrics. Although
this is generally true, common ferroelectrics such as titanates
and bismuth ferrite are not very good band insulators with a gap
of only 2.5-3.5 eV.['!3114 For SbSI, the band-gap is even smaller
at =1.8eV.'" Therefore, an alternative approach to polarization-
controlled electron transport, not limited to ultrathin tunneling
barriers, is to consider the coupling between semiconducting
properties of bulk insulators and the topology of the order
parameter either at the interface, or in the bulk volume. The
former case is the ferroelectric Schottky diode that was demon-
strated by Blom et al as early as in 1994. There, a 200 nm film
of PbTiO3 was sandwiched in a capacitor geometry between
Au (top) and LajsSrysCoO; (bottom) electrodes, and the net
“leakage” response of the capacitor was found to have transi-
tions between different transport mechanisms associated with
ferroelectric switching. The effect was interpreted in terms of
the response of the space-charge distribution within the ferro-
electric volume to the depolarizing field. The ferroelectric diode
effect would correspond to the transition between the regimes
of strong accumulation at the interface (a narrow Schottky bar-
rier) and strong depletion (a wide barrier), yielding a large hys-
teresis in conductance. The concept of ferroelectric tunneling
in oxides was introduced by Rodriguez-Contreras et al.,['' who
found that the resistance across a fabricated metal/PZT/metal
junction could be switched between high and low states, and
attributed the two resistance states to the two possible orien-
tations of polarization in the ferroelectric film. The theoretical
framework for this discovery of giant electroresistance was then
developed by Tsymbal et al.,''% who argued that the cause for
the two states was the change in potential profile seen by the
tunneling electrons, modulated by the dielectric polarization.
Since then, many ferroelectric tunnel junctions have been
experimentally realized,!''”~12% and the concept has extended
to use of multiferroic barriers (such as BiFeOs), which allows
an extra spin degree of freedom.['21122 Further, recent work by
Jiang et al.'23 has shown that resistance states can be reliable
over several months, and with large on/off ratios, suggesting
viability for commercial application.

Yet, earlier theoretical proposals have also hypothesized that
inclined ferroelectric domain walls can themselves become con-
ducting channels through the bulk volume of the material.[®l
Though conceptually similar to the Schottky diode effect, the
unscreened polarization charge, the respective depolarizing
field and the ensuing localized volume of compensating car-
riers in this case exist within the bulk of the material, rather
than its interfaces, potentially making the whole film con-
ducting. This effect is the archetypal ferroelectric field effect
acting at a homointerface, that, in our knowledge, predates the
ideas of field effects at heterointerfaces (for example to control
the T, of the superconducting transition).[124

Exploration of polarization-dependent electronic transport
necessitates simultaneous measurements of both ferroelectric
and conduction phenomena, similar to studies of domain walls
in section 3. An example of polarization-controlled transport
in the thick ferroelectric film is illustrated in Figure 8a, illus-
trating the current voltage curve and simultaneously acquired
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strain curve on a 30-nm-thick lead zirconate-titanate (PZT)
film.[1?%] Note that the polarization switching event clearly iden-
tifiable by the jump in strain curve is simultaneous with the
resistive switching event, suggesting the intricate link between
the two. This behavior is further illustrated in Figure 8b, where
switching proceeds through two steps both in -V and piezore-
sponse data, and is confirmed over a large number of repeat
experiments, as shown in Figure 8c. Finally, Figure 8d illus-
trates that in the absence of switching the -V curve is smooth
and no resistive switching is observed, thus unambiguously
establishing the relationship between the two.

4.2. Memristive Behavior at the Nanodomains

Conducting domain walls offer an intriguing alternative to
ferroelectric tunneling in thin films, because the net conduct-
ance only weakly depends on the film thickness (or not at all)
allowing much thicker ferroelectric films to be used for resistive
switching and other conductance-related phenomena, and pro-
viding potentially much larger current densities. Furthermore,
the sign and density of the compensating carriers will depend
on the sign and density of the bound polarization charge, respec-
tively, and the domain wall can therefore potentially be used to
completely control bipolar transport through the same region of
the material (provided enough compensating carriers exist).

We have recently explored the basic principles of this type
of conduction phenomenon to modulate the conduction in fer-
roelectric nanodomains in a 50 nm PZT film.¥”! The current
enhancement is very pronounced in the data in Figure 9a,
where a region with negative resistance immediately after
switching event is seen. Comparison of this data with the data
on domain wall conductance leads to an assumption that it is
the ferroelectric nanodomain formed during switching event
that acts as a conductive channel, rather than modification of
Schottky barrier directly below the tip.

Such an interpretation is supported by Figure 9b, exploring
the conductance behavior in a series of first-order reversal
curves. Note the evolution of conductivity with the bias history,
indicative of the expansion and contraction of nanodomain
below the probe. This memristive-type behavior allows the
opportunity to tune the conductance of nanodomain by altering
its size, and is illustrated in Figure 9¢,d.

4.3. Metallic Conductivity

The temperature-dependent conduction properties of written
nanodomains has been explored, with results shown in
Figure 10. Interestingly, whilst the domain walls and the mac-
rodomain are governed by thermally-activated conduction with
an activation energy of 200-250 meV, the conductivity of the
written nanodomains show almost no temperature depend-
ence, across voltage ranges up to 9 V. Such behavior rules out
hopping conduction mechanism, which has been observed
for PZT* and suggests a fundamentally different transport
regime in the nanodomains.

There are two possible mechanisms for negligibly temper-
ature-dependent conduction: electron tunneling and metallic

Adv. Funct. Mater. 2013, 23, 25922616
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Figure 8. Simultaneous measurements of local piezoresponse and conductance on the surface of a 30 nm PZT film. a,b) I-V curves and strain curves
for voltage range —5 to 5 V. c) Correlation between current and strain curves based on 126 measurements acquired on a 6400 nm? grid with a lateral
resolution of 20 nm. Each horizontal line in the images corresponds to one forward I-V (left) and its matching strain (right) curve. Both |-V and
strain curves in the data set were sorted according to the negative tip bias at current discontinuity. The discontinuities lie along the boundary of the
blue and yellow regions. The boundaries are identical in the current and strain measurements, revealing the perfect correlation between the respective
discontinuities. Streaks in the images correspond to the I-V/strain curves with double jumps as in (b). (d) I-V curves for 0 to —5 V were also captured,
illustrating smooth monotonic behavior in the absence of polarization switching. Reproduced with permission.[25] Coypright 2009, AAAS.

conductivity. Though the -V curves for the nanodomains
show an exponential shape, as in Figure 9a, suggestive of
Fowler-Nordheim tunneling, 1% the studied film is much too
thick for tunneling across the whole film. Therefore the bulk
of the film in the nanodomain must be conducting to a much
greater extent than the macrodomain, and further the conduc-
tion mechanism must be very weakly (or not at all) temperature
dependent.

Overall, this data establishes a conclusive connection
between polarization hysteresis and resistive switching in mod-
erately thick films of PZT and BFO (in the range of 5-100 nm).
Notably, Kohlstedt et al.l'¥lemphasized that only when fer-
roelectric switching is synchronized in voltage with resistive
switching, the two values can be deemed connected. We have
extended this criterion by demonstrating also that when no
ferroelectric hysteresis was observed in a considerably large
range of applied tip voltage (from =5 V to + 1 V), no resistive
switching occurs, and the transition between net non-hysteretic
and net hysteretic electron transport was triggered by the min-
imum voltage required to reverse spontaneous polarization.
Local microscopy techniques can therefore efficiently probe

Adv. Funct. Mater. 2013, 23,2592-2616
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both net transport through the film, which can be considered
a rigid dielectric in a special case (or mixed electron-ionic con-
ductor in a more general case), and transport events caused by
the changes in polarization topology. This last regime is typi-
cally concealed in macroscopic capacitor measurements by the
large peak of the displacement current.

The actual manifestation of the ferroelectric switching in the
thick PZT film was a dramatic increase of local conductance
when the polarization of the monodomain downward-polarized
film is locally switched to the upward polarization, as shown
in the data and schematics in Figure 10b. The -V curves of
the conducting upward polarized domains were highly recti-
fying, and were interpreted in terms of the Fowler-Nordheim
tunneling mechanism. Its polarization dependence would be
largely consistent with the ideas of the ferroelectric Schottky
diode, and, in fact, Schottky emission could also be potentially
the transport mechanism provided the limiting interfacial bar-
rier would be small enough. A number of puzzling details
could not, however, be explained within the canonical picture of
bistable conductance and interfacial tunneling mechanisms: (1)
why are the I-V curves so highly rectifying, with no measurable
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Figure 9. Conductivity of ferroelectric nanodomains. a) Simultaneous I~V and piezoresponse (strain) curves. b) -V curves (only positive voltages
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cycles by writing pulses of different voltages, as shown in (d). Adapted with permission.®”) Copyright 2012, American Chemical Society.

current at positive tip bias (in the probed range); (2) why is the
absolute current relatively large, in the 10-100 nA range; (3)
what is the origin of mild secondary hysteresis around the polar-
ization events. The answers to some of these questions were
found by a detailed comparison of the local conductance of dif-
ferent ferroelectric topologies created by the AFM tip, shown in
Figure 10c. Specifically, we compared: (1) -V curves obtained
on the surface of a upward-polarized nanoscale domain created
right under the tip at the instance of polarization switching; (2)
I-V curves on the surface of the upward-polarized macroscopic
domain with the linear dimension exceeding 100 nm, that was
created by poling the surface with an appropriately biased tip
and (3) finite conductivity of ferroelectric domain walls deco-
rating macroscopic domains, that turned out to be also con-
ducting in direct analogy to conductive domain walls in multi-
ferroic BiFeO5!!%l and consistent with the measurements on the
PZT film of similar composition.[*1]

Of the three conductors, the nanodomain was special because
it was not only the most conducting entity on the PZT surface
(by orders of magnitude), but also because the nanodomain
conductance was negligibly temperature-dependent between
100 and 300 K, irrespectively of the probing bias (at least up
to 9 V), forward or reverse branch or even the measurement
protocol used to acquire the -V curve. At the same time, both
the conductance of macroscopic domain walls and the surfaces
of macroscopic domains were governed by thermally-activated

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

conduction. In light of this evidence, the nanodomains were
surmised to be net metallic conductors, in contrast to the
net insulating property of the other two entities. More gener-
ally, this observation makes the interpretation of both electron
transport mechanism and its polarization dependence a com-
plicated and strongly coupled problem, because both interface
and bulk regions now have to be considered. Yet, surprisingly,
metallic domain walls can account for the above observations,
if only qualitatively at first. Indeed, the activation of a conduc-
tion channel through the bulk of the material can explain the
large currents observed in relatively thick 30-100 nm films.
A secondary hysteresis of the [-V curves after polarization
switching is directly related to the size of the nanodomains,
and most likely to the tilt of the domain walls. Additionally the
secondary hysteresis confirms the theoretical prediction of the
tunable degree of conductance of the domain wall. As to the
strongly rectifying character of the I-V curves, there are two
possible explanations: (1) carrier compensation of the domain
wall occurs by carriers of only one sign (in our case electrons);
(2) the domain nucleation/growth mechanisms are not sym-
metric in bias. The second scenario occurs in PZT, wherein
the upward polarization domain collapses when subjected to
positive tip bias, as opposed to its annihilation with a newly-
nucleated downward-polarized domain. In this case, there exist
no domain walls after polarization reversal to the downward-
polarized state and film remains a net insulator.

Adv. Funct. Mater. 2013, 23, 2592-2616
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Figure 10. Temperature dependence of conduction. a) Temperature-dependence of local current obtained from averages of =100 hysteretic -V curves
on nanodomains (blue, measured at 4.5 V), = 50 resistive curves on nanodomains (red, measured at 3.5 V), = 100 non-hysteretic I-V curves on mac-
rodomains (green, measured at 7 V) and one c-AFM image from the domain walls (measured at 2.6 V) at each temperature. Error bars are standard
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Finally, tunable conduction of the domain walls allows one
to make a transition from a binary memory-like functionality
of polarization-controlled transport in ferroelectrics to a more
general case of memristive behavior. A simple demonstration
that there exists almost a continuum of resistive states tun-
able by voltage is shown in Figure 9d. Here, the appropriate
nanodomain is created at cycle 0, and its size is subsequently
manipulated by the negative voltage of varying magnitude, but
without erasing it. Tunable conductance states can therefore be
achieved by the size-control of the nanodomain, which requires
significantly smaller operating voltages and voltage thresholds
than polarization reversal, and could potentially be less prone to
fatigue. The resistance variation can be well over two-orders of
magnitude, and it can have both positive and negative voltage
slope. Recently, a complementary way to achieve memristance
in a ferroelectric tunnel junction was reported, where the area
of appropriately oriented domains, rather than the size of a
single domain (or the tilt of its wall) was the physical state vari-
able.’! Potentially, the two approaches can be joined to create a
very flexible architecture for memristive effects.

Adv. Funct. Mater. 2013, 23, 2592-2616
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Overall, the control of transport in thick ferroelectric films
is a direction that complements tunnel junctions. These devel-
oping areas highlight the richness of polarization-coupled
transport phenomena even in conventional ferroelectric mate-
rials. We anticipate that their extension onto thin films and
atomically-precise oxide superlattices of multiferroics, mixed-
phase and anti-ferroelectrics will reveal a whole family of
previously unknown electronic properties of these materials,
paving way to new fundamental and applied prospects of oxide
nanoelectronics.

5. Conduction of Domains and Charged Domain
Walls in Hexagonal Manganites

Charged ferroelectric domain walls, which may host novel
conduction properties, are rarely observed in conventional fer-
roelectrics due to unfavorable energetics. Recently, it has been
revealed that numerous charged domain walls are presented
in hexagonal manganites due to formation of 6-state vortex
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network, and they do possess different conduction proper-
ties besides the Schottky-like conduction. Herein, we review
the observation of polarization-modulated rectification along
the ferroelectric polarization direction and the discovery of
nanoscale conduction of the fascinating charged domain walls
perpendicular to the ferroelectric polarization direction using
in situ scanning probe microscopy in the Center for Nanoscale
Materials at Argonne National Laboratory.

5.1. Introduction and Motivation

The coupled order parameters in multiferroics—where mag-
netism and ferroelectricity coexist!?®12°Lprovide an interesting
playground for topological defects, which are pervasive in com-
plex systems such as superfluids, liquid crystals, and the early
universe.[3%131 Recently a new kind of topological defect with
six interlocked structural antiphase and ferroelectric domain
walls merging into a vortex core was discovered in hexagonal
(h-) manganite YMnO3.11321331 h.RE MnO; (RE = Sc, Y, Ho, ...
Lu) are multiferroics with coexistence of ferroelectricity (T¢ =
1200-1500 K) and antiferromagnetism (Ty = 70-120 K).[13413%]
The ferroelectricity in h-RE MnOj; is a by-product of primary
structural instability called trimerization.'3¢137] Therefore,
h-RE MnO; are improper ferroelectrics where polarization
plays no role in the formation of the vortex-antivortex network
near T x. In other words, the formation of topological vortex-
antivortex pairs and highly-curved vortex cores is thermody-
namically favorable because of the entropic contribution to the
free energy.'3% Note that earlier imaging studies of ferroelec-
tric domain structure by Safrankova et al’3#¥l could not identify
the topological vortex domain structure because of poor spatial
resolution, though their observation of irregular domain struc-
ture is consistent with recent studies. Here we use “topological
vortex” to emphasize the topological nature of the defect lines
in h-RE MnOs, which are a discrete version of vortices in super-
fluids and superconductors.

The band gap of h-RE MnO; is relatively small (=1.7 eV),[13%
so the charge transport properties of ferroelectric domains and
topological vortices may show interesting emergent behavior.
Indeed, the ferroelectric polarization in h-REMnOj; does influ-
ence the Schottky-like barriers (and therefore, the conduction)
of domains on the polar (001) surface of h-REMnO; as dis-
cussed below.[132140] Schottky injection has been considered as
a source of electric leakage which is detrimental to ferroelectric
applications.l'*!] The polarization modulated Schottky-like con-
duction observed in h-REMnO; opens new possibilities of high
resolution imaging of ferroelectric domainl®l states and non-
destructive readout method for ferroelectric memory devices.

In addition to the interesting conduction modulation
on polar surface, numerous “charged ferroelectric domain
walls”"—where opposite polarizations are facing to each
other[133142143]__arise naturally from the topology of vortex-
antivortex network in a 3D crystal. Previous studies in con-
ventional ferroelectrics have focused on neutral domain walls;
charged domain walls, which are rarely observed due to unfa-
vorable electrostatic and/or strain energy cost, are often associ-
ated with defects or needle-shape domains during polarization
reversal.21231#4-1%] In contrast, the charged domain walls in
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multiferroic h-RE MnOj are intrinsic to the topology because of
the presence of highly curved topological vortex cores.[133:142.143]
Therefore, the family of h-RE MnOj; provides a unique model
system to study conduction properties of charged domain walls
that are rarely observed in conventional ferroelectrics.?®9l

5.2. Experimental Methods

In this section, we focus on single crystals of h-HoMnO; were
grown by using the floating zone method. The (001) surface
was prepared by mechanical polishing and annealing to 875 K
to reduce polishing strain (roughness =~ 3 nm), while the atomi-
cally flat (110) surface was obtained by mechanically cleaving in
ambient conditions. The c-axis orientation was determined by
Laué X-ray backscattering. In either orientation, the sample was
glued to a sapphire substrate with a Ag epoxy, which also served
as the back electrode. Scanning probe measurements were per-
formed with a commercial ultrahigh vacuum (UHV) variable
temperature (VT) atomic force microscope (AFM) (Omicron).
cAFM and PFM were performed in contact mode with the con-
ductive AFM tip (either Au or Pt/Ir coated cantilevers) as the top
electrode. Kelvin-probe force microscopy (KPFM) was performed
in tapping mode with the bias modulated at 20-100 kHz. Elec-
trostatic force microscopy (EFM) was performed in noncontact
mode with cantilever operating at its resonant frequency.

5.3. Polarization-Modulated Rectification of Ferroelectric
Domains on Polar Surface

Schottky barriers form at the interface between a metal and a
semiconductor due to the mismatch of work functions between
them. The resulting charge redistribution across the interface
leads to asymmetric charge transport through the interface
and rectification in the -V curves. Since ferroelectrics are also
semiconductors, Schottky-like conduction is often observed.
In contrast to non-polar semiconductors, the polar surface of
ferroelectric (due to termination of polarization) influences the
charge redistribution and the barrier height and, therefore, the
rectification. Such effect has been widely observed in microm-
eter-sized ferroelectric devices.

Using a combination of SPM techniques, the polarization-
modulated rectification on the (001) manganite surface can
be explored directly by correlating local IV properties with the
ferroelectric domains. The domains can be imaged directly by
mapping the local electrostatic interaction (superposed on the
attractive van der Waals interaction) between the sample and the
tip with EFM. Figure 11a shows an EFM image at a temperature
(141 K) where the charges are frozen out and the polarization
can be seen. With negative tip bias (-3 V), bright (dark) contrast
in the EFM images indicates stronger (weaker) attractive inter-
actions due to positive (negative) surface charges, indicating
domains with polarization pointing up (down). Figure 11b
shows the cAFM map of the same region of the HoMnO; (001)
surface at room temperature. Comparing this conduction map
(Viip = =6 V) to the EFM map, clear correlations are observed:
the up domains identified by EFM show a larger conduction
than the down domains.

Adv. Funct. Mater. 2013, 23, 25922616
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Figure 11. Conduction of polar (001) surface in HoMnOs. a) EFM (141 K) and b) cAFM
(300 K) map of the same region of the HoMnO5(001) surface. c) Linear and d) semilog plots
of spatially averaged I-V curves from up (blue) and down (green) domains as indicated on the
cAFM image in the inset (Vyi, =—6 V). Interfacial schematic band diagrams between cAFM tip
and FE domains for (e) V;,> 0 (reverse bias) and (f) Vy,< 0 (forward bias). Reproduced with
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described by Child's law as seen by the I o< V2
fit in the figure.*1]

5.4. Conduction of Charged Domain Walls
on Non-Polar Surface

For the non-polar (110) surface of h-REMnOj3,
in-plane PFM at room temperature can iden-
tify vortices along the c- axis!**?143 as shown
in Figure 12(b). The cantilever was parallel to
the c-axis, therefore, the PFM signal (vertical
deflection) originates from the buckling of
the cantilever.'¥>11 The dark and bright con-
trasts represent in-plane up and down ferro-
electric domains, which were determined by
the phase of the PFM signal and confirmed

permission.*% Copyright 2010, American Physical Society.

This spatial contrast arises due to differences in the -V char-
acteristics of the domains; Figure 11c,d show [-V curves aver-
aged over up (blue) and down (green) domains (as indicated
in the inset). At low bias (|Vy,| < 3 V), the -V curves in both
domains are dominated by the Schottky barrier at the metal-
semiconductor interface. The forward bias direction corre-
sponds to Vi, < 0 as expected for p-type HoMnO;*13 as indi-
cated in the interfacial band diagrams shown in Figure 1lef,
the Schottky barrier increases with larger reverse bias
(Vip > 0) and decreases with larger forward bias (Vy, < 0),
leading to rectification. However, this rectification is modi-
fied by the local polarization of the ferroelectric domain. The
band-bending associated with the work function mismatch
between the metal tip and the p-type HoMnOs is expected to be
enhanced (suppressed) by the surface charge on the up (down)
domains, leading to a larger (smaller) Schottky-like barrier.
The lower barrier in the down domains leads to a larger cur-
rent in the V| < 3 V regime, as observed in Figure 11b. The
exponential nature of the Schottky-like transport can be seen
in the exponential fits in Figure 11d. At higher forward and
reverse bias (|Vyp| > 5 V), the charge transport appears to be in
the space-charge limited conduction (SCLC) regime and can be

by KPFM measurements at 65 K.[%!
As discussed above, c-AFM studies on the
(001) surface of h-HoMnOs; reveal non-linear
[-V characteristics due to a Schottky-like barrier between the
tip (a metal) and crystal (a p-type semiconductor).'>? On the
(110) surface of HoMnOs, the ferroelectric polarization is par-
allel to the surface and no difference in conduction is expected
between opposite domains. This is confirmed experimentally
through the lack of current contrast between opposite polariza-
tion domains in the c:AFM images in Figure 12a,c. These two
c-AFM images show that the tail-to-tail domain walls are more
conductive at both forward and reverse biases, while head-to-
head domain walls are less conductive at reverse bias. This
observation is consistent with recent theories that charged 180°
domain walls in ferroelectric semiconductors attract (repel)
mobile charge carriers with the opposite (same) sign.['>31>4 For
h-HoMnOs;, the conduction of tail-to-tail domain walls (which
attract holes) is enhanced, while that of head-to-head domain
walls (which repel holes) is reduced. This scenario, shown sche-
matically in the band diagrams in Figure 12d, is qualitatively
consistent with our observation. These intriguing conduction
properties of 180° charged domain walls has been confirmed in
multiple locations of our single crystal h-HoMnOj; using various
AFM cantilevers with different conductive coating materials,”
as well as in h-ErMnO; by Meier et al.,P!l suggesting that they
are intrinsic properties of h- REMnOs;.
The widths of head-to-head domain walls

Figure 12. c-AFM of domain walls on non-polar (110) surface in HoMnOs. a) c-AFM with
forward bias (-10 V), b) PFM (V,, = 22V, f= 21 kHz) and c) cAFM with reverse bias (+10 V)
images taken at 300 K. The PFM image is overlaid by a cartoon sketch of ferroelectric domain
walls. Red, blue, and grey lines represent head-to-head, tail-to-tail and neutral domain walls,
respectively. The arrows indicate in-plane polarization orientation determined from the phase
of PFM signal. d) Schematic diagrams of band bending near charged domain walls. Upper
panel: head-to-head domain walls, lower panel: tail-to-tail domain walls. Reproduced with per-
mission.l®” Copyright 2012, American Physical Society.
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(d) —~—E. (=120-250 nm) are larger than that of tail-to-
— =4+ — - tail domain walls (=<80-100 nm), suggesting

Y BV larger screening length at positively charged
—— domain walls. This is because head-to-head
—MN— . domain walls repel holes and generate a
N E. space charge region which increases the
_:_ Ey  domain wall width.[?3l Note that the observed

width of tail-to-tail domain walls may be
limited by the cAFM tip radius (<50 nm).
The intrinsic conducting domain wall width
could be much smaller than 10 nm.1*]
Transport of charge carriers confined at
interfaces or surfaces is an intriguing area
in condensed matter physics to search for
emergent phenomena, examples of which
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include the quantum hall effect at GaAs/AlGaAs with mod-
ulation doping,™ tunable superconductivity at LaAlOj/
SrTiO; with charge catastrophel™® and multiferroic tun-
neling junction at the BaTiO;/Fe interface.'>”) However,
many of these interfaces and surfaces are limited by defects
due to intrinsic imperfection in the fabrication process which
can lead to detrimental scattering of charge carriers. In mul-
tiferroic h-RE MnOs, charged ferroelectric domain walls are
protected by the presence of topological defects in the form
of vortices, which opens up opportunities for a new kind of
nanoscale conduction channel in multifunctional devices.
Charged ferroelectric domain walls may provide a platform
for correlated 2-dimensional electron gas without utilizing
chemical doping.

6. LGD Theory of Domain Wall Conduction

In this section, we discuss recent theoretical advances in the
field. Landau-Ginzburg-Devonshire (LGD) formalism is intro-
duced to explain the conductivity in uniaxial and multiaxial
ferroelectrics at charged domain walls. The theory is then
extended to explain the origins of conductivity in nominally
uncharged domain walls, which is shown to arise from changes
in the band structure across the domain wall in agreement with
first-principles theory.l'*® The origins of anisotropic conduction
in both charged and uncharged systems is explored, and finally
the theory of conduction in hexagonal manganites, which
have recently been the focus of experimental studies,**! is
discussed.

Domain walls conductivity in ferroelectrics-semiconductors
stem from the screening of depolarization field by free car-
riers."®15 LGD theory has proven to be a powerful tool for
modeling domain walls’ polar structure and electronic proper-
ties in uniaxial,?'?3l multiaxial ferroelectrics,!?+2>8%160-163] and
incipient ferroelectrics—ferroelastics.®’!

Most of the reported works do not consider the impact of
the flexoelectric coupling on domain wall structure, energy
and electronic properties. The flexoelectric effect describes
the coupling of polarization with strain gradient and polariza-
tion gradient with the strain.1%41] Studies of flexoelectricity-
related strong electromechanical coupling at the nanoscale in
conventional'”-172 and incipient!!’? ferroelectrics, have been
performed with the LGD approach and confirmed by experi-
mental trends.74#17] Yudin et al.'’%l showed that the flexoelec-
tric coupling induces a Bloch-type polarization component with
a structure qualitatively different from the classical Bloch-wall
structure in tetragonal BaTiOs. As such, the flexoelectric effect
is thus important to include in LGD studies.

6.1. LGD Theory Formalism

Let us consider 180° domain wall in the bulk of ferroelectric.
Within LGD theory, equations of state for polarization compo-
nents and elastic stresses can be derived from the minimiza-
tion of the Gibbs potential, which density for the m3m parent
(paraelectric) symmetry has the form:[2+25:163]

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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G= Gpolur + Ggmd + Gitriction + Gelastic + Gflexoelectric + Gdep
1)

Here, Gpoar =a; P +a;; P% P +ay; P?; P* P2 is the Landau

term, G gmd = g_’zL"l gi’» ‘;Pk is gradlent or Glnsburg term, Ggriction
= —Qju 0; PP is electrostnctlon term, Gelmw = ——Jz—o Oy

is elastic contnbutlon G flexacteatric = 2+ (07, 52 - B pr ) is ﬂexo-
electric contribution, and Ga, =— P E{/2 is the contribution of
depolarization field.

Here after a;, a;; and a;;, are LGD-expansion coefficients of
the 2nd, 4th, and 6th order dielectric stiffness tensors corre-
spondingly, gradient coefficients are gy, Qj are 4-th second
rank electrostriction tensors coefficients, and zs; are elastic
compliances included in the different terms in equation (1).
E;, = —0¢/dx; are the components of depolarization electric
field, ¢ is the electric field potential. Electrostatic potential ¢
should be determined from the Poisson equation,

3¢ P
»_oh 2
S0 = ox P (2)

where g, is background permittivity'’”! and g, = 8.85 x 10712
F/m is the dielectric constant of vacuum. The space charge den-
sity in equation (2) is p=¢ (N * 4 — N, ~ +p — n), where ¢ =
1.6 X 107 C is the electron charge, n is the electron density
in the conduction band; p is hole density in the valence band;
N* ;and N~ , are the concentrations of ionized shallow donors
and acceptors correspondingly. The charges are in the units of
electron charge e = 1.6 x 107 C, g = 8.85 x 107!2 F/m is the
universal dielectric constant, &; is dielectric permittivity in the
direction normal to the polar axis, €33 is the background. Ion-
ized deep acceptors with field-independent concentration N ~,
play the role of a background charge. If the donor level can be
regarded infinitely thin with activation energy E;, the concen-
tration of ionized donors is determined by a Fermi-Dirac dis-
tribution function N *; (¢) =Nyo(1 —f (E; —Er —€ ¢)), where N 4
is the concentration of donors. The concentration of free elec-
trons and holes included in the space charge density p in equa-
tion (2) in the continuous levels approximation/?* are:

=/de-gp(a)f
0

=/d8~gn(s)f(
0

where f (x) = (1 + exp (x/ksT))™" is the Fermi-Dirac distribu-
tion function, kg = 1.3807 x 10723 J/K, T is the absolute tem-
perature. Ef is the Fermi energy level, Eq4 is the donor level, E¢
is the bottom of conductive band, Ey is the top of the valence
band. In the effective mass approximation densities of states
are g (¢) ~ *{3;:‘735 and gy le) ~ XL 2";1;‘9.

Donor (or acceptors) impact to the charge density can be
neglected, since ion mobility (if any) is much smaller than
the electron one. Hence, the relative charge density (related to
local conductivity, and hence cAFM contrast) can be estimated
as:

(e — Ev+ Er +e9) 3)

e+ Ec — Er — e9) (4)
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Since usually m,, < <m, (and therefore the mobility 1, > >n,)
the most pronounced is the static electronic conductivity.

Electrons and holes densities in Equation (5) are given by
Equations (3, 4) possibly including the coupling between the
inhomogeneous strain and band structure due to the deforma-
tion potential.l'”® The strain-induced conduction and valence
band edge shift caused by the domain wall is linearly propor-
tional to the strain variation §u;:[2>#]

Ec = Eco+ 8jduj.  Ev= Evo+ 8w (6)

where Z¢V;; is a tensor deformation potential of electrons in the
conduction (C) or valence (V) bands. Values Eqy and Ey; already
includes the spontaneous strain usij = Q}-jklPSk P, S existing far
from the domain wall. Allowing for the possible strain-depend-
ence of the Fermi level,”9 “effective” deformation potentials
are used in Equation (6). It is worth to underline that a con-
tinuous band structure can be absent across the domain wall
of thickness r, = 1 nm, since quantization should exist in the
direction transverse to the wall plane. However the potential
barrier or well calculated within continuum LGD theory can be
included into the quantum-mechanical treatment.

Regarding that all physical quantities can depend only on the
distance % from the domain wall plane % = 0, it makes sense
to define them in the coordinate frame {X%, y, 2z} rotated with
respect to the pseudo-cubic crystallographic axes {x;, x5, x3} in
appropriate way.[23-2>160.161]

Euler-Lagrange equations!'® for polarization components
were derived from the minimization of the Gibbs potential as
9G/8P, —a(3G/d (8P /9x)) /% =0. Equations of state for
elastic stresses are 3G /96;; = —1i;j, where fi;; are elastic strains.
They were solved along with mechanical equilibrium conditions
361, /9% = 0, compatibility relations and boundary condition of
the stress vanishing far from the wall, &;;(¥ — do00) = 0. After
the substitution of the elastic stresses in the Euler-Lagrange
equations they become coupled and with the 1D-Poisson
equation ¢, (029 /9%*) = d P, /0% — ep. The boundary con-
ditions to the Poisson and Euler-Lagrange and equations are
p(Ex—> +00) > 0, P;(x=0)=0, P;(%¥ > +00) =+Ps and
Py, (% — 2o00) — 0.

6.2. Charged Domain Walls in Uniaxial Ferroelectrics

Charged head-to-head or tail-to-tail domain walls, depending on
the bound charge discontinuity at the wall, + 2 Pg sin 6, unam-
biguously determined by the incline angle 6 between the wall
plane and polarization vector of the uniaxial ferroelectric (see
Figure 13a,b), create strong electric fields, which in turn cause
free charge accumulation across the wall and sharply increase
the domain wall conductivity. Wall tilt effect on the charge accu-
mulation dominates for charged walls in comparison with the
flexoelectric coupling.

The electric field and potential created by the wall bound
charges £ 2 Pg sin 6 and screening electrons (proper car-
riers) are the highest for the perpendicular wall (incline angle

Adv. Funct. Mater. 2013, 23, 2592-2616
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0 = 7 /2) with maximum bound charge 2 Pg; it decreases with
decreasing 6 and bound charge and vanishes at 6 = 0. As a
result of electron accumulation, the static conductivity dramati-
cally increases at the wall: up 3 orders of magnitude for perpen-
dicular domain wall at # = /2 to 1 order for weakly charged
wall at 0 = /40 [see Figure 13(c)]. Due to the low mobility of
holes, the conductivity across the tail-to-tail wall is at least an
order of magnitude smaller than the one of the head-to-head
wall.l23]

There are space charge regions around the charged domain
walls, but the quantitative characteristics of the regions can
be very different for the tail-to-tail and head-to-head walls. In
particular, for the donor doped ferroelectric semiconductor
LiNbO;:MgO the head-to-head wall is surrounded by the thick
space charge layer with accumulated electrons and depleted
donors of the thickness about 100 r., where r. is the temper-
ature-dependent correlation lengths, as shown in Figure 13d.
The tail-to-tail wall is surrounded by the thin space charge
layer with accumulated holes of thickness about 10 r. and
thick layer with accumulated donors of thickness about 100 r,
as well as the layer depleted by electrons of thickness about
100 r..[23]

6.3. Nominally Uncharged Domain Walls in Multiaxial
Ferroelectrics

The influence of the flexoelectric effect and electrostriction
coupling on the nominally uncharged 180° domain wall
static conductivity in tetragonal ferroelectric-semiconductor
Pb(Z1,Ti)O31?*) and rhombohedral BiFeO;?’! and BaTiO;!3
was analyzed within LGD theory. It has been shown that
flexoelectric coupling induces a Neel component of polari-
zation, P, that is perpendicular to the wall plane, and thus
creates depolarization field that in turn leads to free car-
riers accumulation by the wall increasing its static conduc-
tivity. Polarization component parallel to the wall plane, Pq1,
is rather weakly affected by the presence of the flexoelectric
coupling. Without flexoelectric coupling only electrostriction
couples polarization and elastic strains. Flexoelectric cou-
pling impact is essential at small tilt angles corresponding to
the weakly charged and nominally uncharged domain wall.
Wall tilt effect on the charge accumulation dominates for
charged walls.

In tetragonal ferroelectric phase the flexoelectric coupling,
via the “flexoelectric” field Fy,0 (6, + 63)/0%, leads to the
appearance of polarization component perpendicular to the
wall plane, P, and its strong gradient across the “nominally
uncharged” and weakly charged domain walls. The strength of
carrier accumulation/depletion at the wall plane is determined
by the behaviour of electric potential. Dependences of the elec-
tric potential ¢ in a cylindrical domain in a tetragonal PbTiyg
Z13,05 and relative electron density on the domain radius R,
drawn in Figure 14a, are shown in Figure 14b,c for positive,
zero and negative flexoelectric coupling coefficient Fy,. The
flexoelectric coupling determines the type of accumulated car-
riers and the degree of accumulation. At Fj, = 0 accumula-
tion is absent. It is seen from the figure that cylindrical nan-
odomains can be conductive across the entire cross-section.
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Figure 13. Sketch of the charged walls in the uniaxial ferroelectrics-semiconductors of n-type: a) tilted head-to-head and b) inclined tail-to-tail. The tilt
angle of the domain wall is 6. c) Dependence of the relative static conductivity (c-AFM contrast) at the domain wall plane x = 0 calculated for tilted
head-to-head (solid curve) and “tail-to-tail” (dashed curve) domain wall. d) C-AFM contrast, calculated for tilted head-to-head (solid curve) and “tail-
to-tail” (dashed curve) domain wall with tilt angles 6 = /2, bulk (dotted line). Material parameters correspond to LiNbO; with donor concentration
10 m~. Flexoelectric coupling is neglected. Adapted with permission.[*]
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Figure 14. Impact of flexoelectric coupling on conductivity of nominally uncharged domain wall. a) Sketch of cylindrical domain. Dependence of the
b) potential and c) relative electron density on the radius R of the cylindrical domain calculated for flexoelectric coupling coefficients Fj, = =1 x
107°m3/C, 0 and +1 x 107°m3/C (numbers “~1”, “+1” and “0” near the curves). Potential b) was calculated at the cylindrical domain wall (¢(R), solid
curves) and in the middle of the domain (¢(0), dotted curves). Electron density was averaged across the domain wall thickness. Material parameters

correspond to PbZry,TiygO3. Adapted with permission.[?4l
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Figure 15. Anisotropic carrier accumulation at curved domain walls. a) Nominally uncharged 180° domain wall scheme in a rhombohedral ferroelectric.
Wall rotation angle is c. b)Anisotropic angular dependence of carrier density at the domain wall in BiFeO5 at 200 K; n—electrons, p-holes, a—wall rotation
angle. c—f) Contour map in coordinates temperature - wall rotation angle of c) maximal Neel component of polarization, d) relative electron density,
e) hole density and f) potential barrier/well at the nominally uncharged 180° domain walls in multiferroic. BiFeO; parameters are listed elsewhere.*’]

Implications of such conductive channels may be promising
for nanoelectronics.®’!

The anisotropic nature of the carrier accumulation by
nominally uncharged 180° domain walls in rhombohedral
3m-ferroelectrics such as BiFeO; and BaTiO; follows from
the strong dependence of the flexoelectric and electrostric-
tion coefficients on the wall rotation angle o (see Figure 15a
and refs.[?>1%3]) For 3m symmetry the holes density is min-
imal at the angles o« = 37/6,77/6,117 /6 and maximal at the
angles o = 7/6,57/6,97/6, as plotted in Figure 15b-e. Bulk
level corresponds to the angles a = 0,7/3,27/3 (at F; = 0)
and weakly shifts with F; increase. The situation for elec-
trons is visa-versa. Modulation depth of the carriers accumu-
lation/depletion is about 1-3 orders of magnitude in multi-
ferroic BiFeO5.[?°) Potential barrier variation =50-100 mV at
the wall, shown in Figure 15f, are in good agreement with
the first-principles studies in BiFeO; (%8 which showed that
band gap narrows on the value 50 meV at uncharged 180°
domain walls. To summarize LGD calculations are in quali-
tative agreement with experimental resultsl!#0:4186:87.96] nd
provide a counterpart that is consistent with recent first prin-
ciples calculations.

6.4. Landau Description of the Order Parameters in Hexagonal
Manganites

Seminal theoretical work by Janovec and Privratska, showed
the possibility of net magnetization occurring at domain

Adv. Funct. Mater. 2013, 23, 2592-2616
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walls in antiferromagnetic materials.’81-18] More recently,
Landau theory of the structural, polar and magnetic ordering
in hexagonal manganites was evolved by Mostovoy et al.l'8 In
particular in hexagonal manganites YMnOs and ErMnOs ferro-
electric polarization and magnetization are coupled to the struc-
tural order parameter. Possibly the coupling leads to the flip of
the polarization at the twin domains, as well as to the clamping
between ferroelectric and antiferromagnetic domain walls.
Extracting Landau expansion parameters from the first-prin-
ciples calculations Mostovoy et al.l'®! showed that ferroelectric
polarization occurs from a non-linear coupling to the trimerisa-
tion mode. In the trimerised state of YMnO; (and by continu-
ation ErMnOj3) three neighbouring MnOs bipyramids tilt with
respect to their common equatorial oxygen atom. As a conse-
quence of the hexagonal structure of Mn-O layers, there are
six distinct trimerised states, corresponding to six degenerate
minima of the lattice energy. The trimerisation, that is in fact a
periodic lattice modulation in a layered system, was described
in continuous approach using the amplitude Q and phase @.
The phase @ is the angle describing the in-plane displacements
of apical oxygens. The spontaneous electric polarization was
regarded proportional to the amplitude of the zone-centre mode
P. The free-energy expansion in powers of Q, P, @ and their
gradients, was obtained by conventional way, using the trans-
formation properties of the trimerisation phase and the parent
high-temperature space group for polarization. To describe the
coupling between the ferromagnetic, structural (Q, @) and fer-
roelectric (P) order parameters at the domain walls, the sym-
metry of the magnetic order parameter should be established.
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Figure 16. Formation of topological defects. a) Schematic display of radially symmetric electric field around a biased SPM tip. This symmetry can
be broken by motion of the tip, or by existing domain walls. b) A star domain pattern formed by deterministic ferroelastic switching by selective tip
motion. The application of a bias pulse through the tip can also lead to topological defects such as the center-type domains shown in the c) topography,
d) vertical PFM, and e) lateral PFM images. b) Reproduced with permission.['*”] Copyright 2009, from Macmillan Publishers Ltd. c-e) Reproduced with

permission.['%®l Copyright 2011, American Chemical Society.

Mostovoy et al.'® showed that the structure of magnetization

across the domain walls can be described by two angles y; and
y,, corresponding to the spins rotation around the c axis in the
even and odd layers of YMnOj; respectively.

7. Conductance of 1D Topological Defects

Most studies to date have explored the properties of 2D topolog-
ical defects such as ferroic domain walls. At the same time, imple-
mentation in electronic devices requires the capability to create
and modify 1D conductive objects, effectively creating “wiring” in
functional devices. The existence of 1D topological defects, namely
vortices, have been reported in ferroelectric systems and has led
to a number of experimental’® 3] and theoretical efforts!8>-1%
aimed at visualization of these defects and probing their proper-
ties. Most recent studies confirm the existence of vortices or flux-
closure domains in ferroelectrics through direct imaging using
transmission electron microscopy.'831941% In all these reports,
the vortices have been observed in ferroelectric nanostructures,
in as-grown thin films or single crystals. However, it is of great
interest to make vortices systematically, and furthermore to char-
acterize the properties of such topological defects.

7.1. Domain Manipulation: Forming Vortices and Defects

The electric field around a biased SPM tip is highly non-
uniform and consists of out-of-plane (OP) and in-plane (IP)

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

field components relative to the sample surface (Figure 16a),
thus affecting both in-plane and out of plane components of
polarization. In this regard, it is interesting to analyze feasi-
bility for in-plane polarization control. From the theoretical
viewpoint, polarization switching in rhombohedral materials
is a problem of selection between thermodynamically equiva-
lent pathways, with switching proceeding via either 180°, 109°
or 71° rotation of the polarization vector. The field created by
the tip has in-plane components that are radially symmetric,
so polarization switching induced by a biased, stationary tip
(in the absence of defects) does not allow for deterministic
selection of the in-plane polarization direction. Moving the
tip whilst applying a bias, however, can break this symmetry
and lead to control of in-plane (IP) switching, as demonstrated
by Balke et al.”! Depending on the direction of tip motion
during biasing, exotic domain patterns, such as the ‘star’ pat-
tern shown in Figure 16b, can be formed. Topological defects
can also be formed by exploiting the symmetry-breaking
ability of existing domain walls in the material.'% In some
cases, simply applying a large bias to the tip can be enough
to induce formation of topological defects, such as the center-
type domain pattern seen in Figure 16c—e,!'**l where the polari-
zation components couple with the in-plane directions of the
applied field.'1 Regardless of how they are formed, however,
the crucial aspect of the topological defect is the unique proper-
ties arising at such sites.

Here, we explore the unique electric conduction found in
ferroelectric vortices and antivortices, formed by the biased tip
motion along specific directions as described above.®® Note
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Figure 17. Conduction at vortex core. a) I-V curves collected on as-grown
71° domain walls and at the vortex core. b) In-plane PFM image showing
a ferroelectric vortex overlaid with a conductive AFM image showing
enhanced conductivity at the vortex core. Polarization directions are
marked with arrows. Reproduced with permission.l Copyright 2011,
Macmillan Publishers Ltd.

that the ‘vortex’ in this context denotes the center of a clo-
sure domain formed by the in-plane polarization components
of four ferroelectric domains which are aligned head-to-tail,
and can formally be described by a planar spin configuration
with a winding number of +1.3] The anti-vortex is defined as
a domain arrangement where the in-plane polarization com-
ponents point towards and away from each other forming a
nominally charged point at the four-domain junction (winding
number -1).0!

We would like to point out that the classification of some of
the exotic domain patterns and topological defects in this field
is variable. Some groups/?® exclusively use the term vortex for
those patterns that exhibit nonzero curl; in this sense a closure
domain pattern with winding number +1 is not strictly a vortex,
although other groups!*>2%! (including the authors)®*1/ have
used this terminology. The reason is to emphasize the topolog-
ical nature of these defects. On the other hand, others!'®188 yge
the term ‘vertex’ to describe these domain junctions. Regard-
less, experimentally these are very difficult to distinguish
(with SPM techniques), and the term vortex is used widely to
describe domain patterns with winding number +1 irrespective
of curl.[202-204)

Adv. Funct. Mater. 2013, 23, 2592-2616
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7.2. Transport Through a Ferroelectric Vortex

To characterize the local electronic properties of the ferroelectric
vortex, we employed conductive AFM imaging and single-point
I-V measurements. Figure 17a shows the I-V curves collected
at the as-grown 71° domain wall and at the vortex core. The
four domain junction exhibits a higher conductivity, with sig-
nificant conduction observed above =1 V biases as compared
to >3 V at the as-grown domain wall. The shown [-V curve is
reproducible if the voltages are kept low (<2 V) and has been
measured at several vortex and anti-vortex cores. There does not
seem to be a different conduction behavior for vortex or anti-
vortex domain configurations. Figure 17b displays the conduc-
tive AFM image recorded at 2 Vj. bias overlaid on the IP-PFM
image. Here, it can be clearly seen that the area around the
vortex core shows enhanced conductivity, thus demonstrating
the potential to use ferroelectric vortices as 1D conduction
channels. The IP PFM image after the current measurements
confirms that the domain pattern was not irreversibly changed
during bias application. However, the application of voltages
> 2 V often leads to the irreversible reconstruction of domain
structure and therefore the topological defects.

7.3. Theory of Vortex Conduction

The localized conductivity at the vortex and anti-vortex cores
can arise from multiple factors, including static changes of
electronic structure due to higher symmetry at topological
defects, static effects related to charge and strain at the vortex
core, and dynamics effects related to field-dynamics of the
vortex. Effective Hamiltonian Monte Carlo simulationsi?®! of
vortex in BFO nanodots predict that the magnitude of electric
dipoles and oxygen octahedral tiltings becomes smaller by 7%
and 2% respectively, compared to the bulk. Using these struc-
tural changes as an input for density functional theory (DFT),
the vortex is predicted to have downward shift of the conduc-
tion band edge by around 0.173 eV (in comparison to the zero
band gap for metallic phase).?*" This indicates that purely elec-
tronic effects are insufficient to account for observed conduct-
ance enhancement.

The static and dynamic structure of the topological defects
was further explored by phase field modeling. The static
domain structure and associated electric field, potential, and
strain are shown in Figure 18. Note that the vortex core is asso-
ciated with significant tensile strain, as expected for a disclina-
tion center, and has high electrostatic potential. Note that strain
values can also be approximated assuming zero polarization
at the vortex core, w;j (r) ~ Qju (P (r) P (r) — P P®), where
U, = Q)5 P2 =—0.016 and Q;; =0.032 m*/C%,Q,, = —0.016
m*/C? is electrostriction tensor, Py, (r) is polarization vector, PS,
=1 C/m? is spontaneous polarization far from the BFO wall.
These values allow to estimate electron/hole and vacancy segre-
gation at the vortex core, as analyzed in depth in Ref.[86] Spe-
cifically, for vortex excess free energy for vacancy segregation
is 160 mV, as compared to 40 mV for domain wall, and excess
potential is 360 mV vs 170 mV for the wall. Vortex core (on
average) shows strong propensity to vacancy segregation driven
by elastic fields. At the same time, antivortices are prone to the
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for vortex-antivortex lattice. Typical domain configuration for tip-induced switching at the e) vortex, f) antivortex, g) domain wall, and h) domain for
a bias of —6.0 V (top view). Evolution of electroelastic fields at the defects as a function of tip potential for (i) average polarization, (j) strain, and
(k) potential. Note that tip potential in simulations is negative, corresponding to positive biases applied experimentally to bottom electrodes. Repro-

duced with permission.®¥ Copyright 2011, Macmillan Publishers Ltd.

hole segregation. However, the absolute signs of the effects are
countervailing.

Finally, phase field allows for dynamic effect to be explored.
For vortex and wall the dominant mode of evolution is the twist
of the in-plane polarization component, in agreement with pre-
vious studies.['08187.197.207] The dynamics can be parameterized
by voltage dependence of average (through thickness) polariza-
tion and average potential. The low potentials at the vortex and
antivortex cores are the result of effective screening by polariza-
tion redistribution and formation of the charged domains walls.
These charged walls span the thickness of the sample and pro-
vide the conduction channelsi?¥l and are relatively insensitive to
the details of carrier segregation mechanism. The vortex core
is therefore a dynamic conductor and it raises a possibility of
a 1D conduction channel through the whole thickness of the
BiFeO; film.

8. Summary

Structure, properties, and dynamics of topological defects in
order parameter fields offer a fascinating window in the physics
of condensed matter systems, with examples ranging from
liquid crystals to superconductors to surface and bulk phases
to ferroics. In many cases, it is the defects that define macro-
scopic functionality either through macroscopically averaged
responses over multiple non-interacting defects, or emergent

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

phenomena due to defect-defect interactions. However, while
observations of domain structures and hence topological
defects were feasible for multiple decades,'%'%! its internal
structure and local properties has long remained elusive.

Recent advances in high-resolution electron microscopy
have allowed visualizing the internal structure of topological
defects in ferroelectric and ferroelastic materials.[148:195.208.209]
At the same time, emergence of scanning probe microscopy
techniques with multiple modalities of local detection has
opened the pathway for systematic study and in many cases
controlled design and creation of topological defects. The con-
ductive domain walls and vortex cores in ferroelectric materials
offer a beautiful example of the systems in which ferroelectric
and transport properties can be explored in real space locally,
and further correlated with structural studies. The future will
undoubtedly see the combined in situ studies of domain wall
structure and functionality enabled by rapidly emergent com-
bined SPM-STEM methods.[210-213]
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