
P
R
O
G
R
E
S
S

R
E
P
O
R
T

www.advmat.de

314
Defect-Mediated Polarization Switching in
Ferroelectrics and Related Materials: From Mesoscopic
Mechanisms to Atomistic Control
By Sergei V. Kalinin,* Brian J. Rodriguez,* Albina Y. Borisevich,*

Arthur P. Baddorf, Nina Balke, Hye Jung Chang, Long-Qing Chen,

Samrat Choudhury, Stephen Jesse, Peter Maksymovych, Maxim P. Nikiforov,

and Stephen J. Pennycook
The plethora of lattice and electronic behaviors in ferroelectric and multi-

ferroic materials and heterostructures opens vistas into novel physical

phenomena including magnetoelectric coupling and ferroelectric tunneling.

The development of new classes of electronic, energy-storage, and infor-

mation-technology devices depends critically on understanding and con-

trolling field-induced polarization switching. Polarization reversal is controlled

by defects that determine activation energy, critical switching bias, and the

selection between thermodynamically equivalent polarization states in mul-

tiaxial ferroelectrics. Understanding and controlling defect functionality in

ferroelectric materials is as critical to the future of oxide electronics and

solid-state electrochemistry as defects in semiconductors are for semicon-

ductor electronics. Here, recent advances in understanding the defect-

mediated switching mechanisms, enabled by recent advances in electron and

scanning probe microscopy, are discussed. The synergy between local probes

and structural methods offers a pathway to decipher deterministic polariz-

ation switching mechanisms on the level of a single atomically defined defect.
1. Introduction

The evolution of information and electronic materials technolo-
gies, including shrinking device size, increasing operation speed,
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and the introduction of novel information
storage and computational mechanisms,
necessitates the development of a new
generation of devices utilizing lattice, spin,
and orbital degrees of freedom.[1] Transition
metal oxides have long been viewed as
uniquely suited for this purpose, giving rise
to the concept of oxide electronics. Among
functional oxides, ferroelectric and antiferro-
electric materials have emerged as primary
functional building blocks due to the ability
of these materials to undergo fast reversible
bias-induced phase transitions and, thus, to
effectively store information (ferroelectrics)
or energy (antiferroelectrics). In addition,
strong coupling between polarization, strain,
and electronic properties at surfaces and inter-
faces enables a broad spectrum of magne-
toelectronic and strain-coupled devices.

1.1. What Makes a Ferroelectric Material?
The crystallographic structure of a prototypical ferroelectric
perovskite, BaTiO3 (BTO), is illustrated in Figure 1a. The Ba and
O atoms form a rigid framework, with Ti cations residing in
octahedral sites. At high temperatures, each Ti atom is at the
center of an oxygen octahedron, and the structure of the material
is cubic. Below the Curie temperature (e.g., 400K for BTO), the
central cation (Ti) shifts along one of six (100) directions,
resulting in a dipole and an associated cubic-to-tetragonal phase
transition, and accompanying lattice deformation. The orienta-
tion of the dipole can be manipulated by an external electric field
(polarization switching (Fig. 1b)), which gives rise to the many
applications based on ferroelectric materials.[2]

Critical for understanding ferroelectrics is the fact that dipoles
in adjacent cells are strongly coupled, giving rise to an order
parameter field describing collective atomic displacements.[3]

Many phenomena in ferroelectrics can be described on the
mesoscopic scale as the evolution of the order parameter field
described by the Ginzburg–Landau–Devonshire theory.[2] The
role of atomistic effects at surfaces, interfaces, and defects is
introduced through appropriate boundary conditions and built-in
Adv. Mater. 2010, 22, 314–322
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effective fields, while the role of the underpinning lattice is
approximated by the periodic Peierls potential.[4]

Crucial for device applications of ferroelectric materials is the
polarization behavior at surfaces and interfaces (broken sym-
metry). A polarization discontinuity results in a charge density,
associated with high electrostatic depolarization energy that
suppresses the stability of the ferroelectric phase for small sizes.
The depolarization energy is minimized through screening
processes that include the formation of antiparallel domain
structures, adsorption of charged species on the surfaces, or
Adv. Mater. 2010, 22, 314–322 � 2010 WILEY-VCH Verlag Gm
surface chemical reactions. At the same time, polarization-
induced changes in the electronic structure provide a degree of
freedom in device design.

Note that the physics of the screening phenomena represents the
most drastic difference between ferroelectric and ferromagnetic
materials. The smaller width of the domain wall in ferroelectrics
(1–2nm, as compared with 10–100nm in ferromagnets) enables
higher storage densities but at the same time results in much
higher wall and depolarization energies. Due to the lack of
elementary magnetic charges, long-range magnetic force interac-
tions are less sensitive to the structure and surface states of the
material. At the same time, ferroelectric devices based on the
ferroelectric field effect are strongly dependent on surface and
interface properties, where the presence of free charge (atmosphere
for data storage, mobile ions, oxygen vacancies, and interface states
for heterostructures) will effectively screen ferroelectric polariza-
tion. This necessitates much more stringent requirements for
materials and device fabrication and opens pathways for interface-
controlled devices. This situation is conceptually similar to
ferromagnetic tunneling devices and spintronic devices, the
properties of which are also controlled by interfaces.

1.2. Ferroelectrics in Information Technologies

Polarization switching in ferroelectric materials has been
proposed as a functional basis for non-volatile memory devices
and information technology since the 1950s. The simplicity of the
concept – using an electric field to manipulate the ferroelectric
polarization with an appropriate readout for data recovery – has
long been belied by the difficulty of experimental implementa-
tion, primarily due to roadblocks in materials synthesis and
device integration.

Initial progress in the field was achieved in the mid-1990s,
when the development of film-growth technologies and the
refinement of sol–gel synthesis allowed mass production of
polycrystalline ferroelectric films and their integration with noble
and base metal electrodes.[5] This opened a pathway for the mass
production of ferroelectric dynamic random access memory
(DRAM)-type devices, in which the oxide in the capacitor is
substituted by a ferroelectric material, providing the advantage of
non-volatility (e.g., Fig. 1c). This, in turn, allows for reduced
power consumption, stability with respect to power loss, and
radiation hardening. Note that in modern semiconductor
technologies, the preference for dual- and quadruple-core
processors over increased computational power of a single
processor is a direct consequence of limits in power manage-
ment. Currently, commercial ferroelectric RAM (FeRAM) devices
are available from Fujitsu, Toshiba, and Ramtron, and are broadly
used in cell phones, smart cards, automotive applications, and
some video-game consoles (e.g., Sony PlayStation 2).

In the late 1990s, the concept of ferroelectric-based data storage
emerged (Fig. 1d).[6] Ferroelectric bits are written on a continuous
or nanopatterned substrate, similar to magnetic bits in conven-
tional hard drives. The significant advantages of ferroelectric data
storage are a) the extremely thin (1–2 unit cells) domain walls,
potentially allowing molecular-scale (100–1000 TBit in�2) storage
density, and b) the simplicity of the electric writing process. As a
harbinger of future developments,�8-nm bit size, corresponding
to �10 TByte in�2 storage density, has been demonstrated
bH & Co. KGaA, Weinheim 315
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Figure 1. a) The crystal structure of cubic barium titanate and the tetragonal distortion of
the unit cell for ‘‘up’’ and ‘‘down’’ polarization states. b) Ferroelectric hysteresis loop demon-
strates the switchable polarization between the ‘‘up’’ and ‘‘down’’ polarization states in (a).
c) Schematic image of a non-volatile ferroelectric random access memory device. d) Depiction
of ferroelectric data storage. e) Schematic image of a ferroelectric tunneling barrier.
Panels (a) and (e) reprinted with permission from [46] and [47]. Copyright 2004 and 2006,
respectively, American Association for the Advancement of Science. Panel (c) reproduced
with permission from [48]. Copyright 2001, American Institute of Physics. Panel (d) reproduced
from [49].
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experimentally and the recent demonstration of �2-nm isolated
domains (�160 TByte in�2) suggests that this is not the limit.[7]

Finally, the recent discovery of polarization-dependent resistivity
in perovskite tunneling barriers (Fig. 1e),[8] following earlier work
in ferroelectric polymers,[9] suggests enormous potential in
information technology, including resistive memory architec-
tures and direct electroresistive recording.[10]

The examples above illustrate the role ferroelectrics play in
information technology, ranging from well-established and
commercialized fields to emerging applications. The coupling
between ferroelectric, ferroelastic, and ferromagnetic order
parameters in multiaxial and improper ferroelectrics and multi-
ferroics opens additional pathways for electronic applications, for
example, magnetic-field sensors and readout heads. Further
scaling of FeRAMs to the nanoscale, as well as novel storage and
tunneling applications, require understanding of the structural
mechanisms of polarization switching, as well as the role of
defects and interfaces on this process.
1.3. Defects in Ferroelectric Materials

The often governing role of defects on materials functionality is
one of the underpinnings of materials science and condensed-
� 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinh
matter physics, with multiple examples from
the field of structural materials, semiconduc-
tors, and superconductors. The rapid progress
in semiconductor technology has been enabled
by advances in materials fabrication as well as
progress in understanding the atomic and
electronic structure of defects. In comparison,
the role of defects in ferroelectrics is sig-
nificantly more complicated. The typical
perovskite lattice allows for a broad range of
point (particularly oxygen vacancies) and
extended defects that affect polarization stabi-
lity and also create space charge and strain
fields in the material. Unlike electrostatic
interactions in semiconductors that are typi-
cally screened on the scale of the correspond-
ing Debye length (�10–100 nm), the screening
lengths in ferroelectrics are generally much
larger. In many cases, the electrostatic and
particularly the elastic fields in the material
will be non-local and determined by the
boundary conditions, precluding simple
descriptions of device functionality.

For ferroelectric device applications, the role
of defects on polarization dynamics is espe-
cially relevant. In ferroelectric materials,
defects control the local polarization stability,
act as pinning sites for domain-wall
motion,[11,12] and nucleation sites for polariza-
tion reversal. In particular, defects can control
the kinetic pathways for polarization switching
in thermodynamically equivalent states, for
example, in (100)-oriented rhombohedral fer-
roelectrics. However, to date, experimental
studies relating defect structures to pinning and nucleation have
invariably been limited by two major factors: a) only the collective
effect of multiple defects of different types on an average system
response were probed, and b) the type of defects and polarization
switching mechanisms on a single-defect level were unknown.

Recent progress in oxide film growth suggests that the defect
type, ordering, and density can be controlled by a proper choice of
deposition conditions.[13] In addition, model systems such as
bicrystal grain boundaries allow atomically defined defects to be
created. Below, we summarize some recent advances in probing
the atomic and electronic structure of defects, their effects on
ferroelectric polarization, and polarization switching mechan-
isms on a single-defect level.

2. Atomic and Electronic Structure and Order
Parameter Imaging at Defects

Ferroelectrics are complex materials with a hierarchy of
characteristic structural length scales, from domains hundreds
of nanometers in size to intra-unit cell ionic displacements of
fractions of an angstrom. In this section we give a brief overview
of what information can be obtained from transmission electron
microscopy (TEM) studies on each of the relevant length scales, as
well as an outlook towards dynamic studies.
eim Adv. Mater. 2010, 22, 314–322
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Observations without lattice resolution, on length scales from
several micrometers to several nanometers, characterize the
mesoscopic domain structure and the nature of defects such as
dislocations and grain boundaries. Ferroelectric domain struc-
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Figure 2. a) a-c domain structure in BTO. b) Cross-sectional dark-field image of a 20-nm BTO/
STO film showing the dislocation cores at the interface. c) Plan-view dark-field image of the same
BTO/STO film displaying a dislocation array. d) HRTEM image of a dislocation core at the film/
substrate interface. e) Cross-sectional HRTEM image of a PZT island viewed along the (010) zone
axis; dashed arrow represents a partial dislocation, Tmarks edge dislocations, dashed line marks
a 908 twin wall. The region in the square is shown magnified in (f), the dashed line marking a 908
twin wall and Ps marks the vector of spontaneous polarization along the c axis. g) Magnified
image of the twinned area of the BaTiO3. The two vertical dark arrows indicate, as an example, two
of the oxygen-atom positions in the twin-boundary plane. h) Average lattice image of the
ferroelectric film. i) The calculated image, with the polarization direction of the PZT film shown
by the arrow P, pointing from the film interior to the interface of PZT/SRO. White dotted lines
mark the SRO/PZT interface. The cation positions are indicated by circles, Pb in green, Zr/Ti in
red, Sr in violet, and Ru in yellow. j) Off-center cation displacements (resulting in polarization)
across the SRO/PZT interface both normal to the interface (top) and along the interface
(bottom). k) Experimentally measured radial displacement field around a screw dislocation in
Si. l) HAADF image (red) and a set of two elemental maps obtained from an EELS image of STO,
Ti in green and O in blue; atomic resolution is evident in all maps. Panel (a) reprinted with
permission from [15]. Copyright 1964, Institute of Pure and Applied Physics of Japan. Panels
(b–d) reprinted with permission from [13]. Copyright 2004, American Institute of Physics. Panels
(e) and (f) reprinted with permission from [23]. Copyright 2005, American Physical Society. Panel
(g) reprinted with permission from [19]. Copyright 2004, American Association for the Advance-
ment of Science. Panels (h–j) and (k) reprinted with permission from [20] and [21]. Copyright
2007 and 2003, respectively, Nature Publishing Group. Panel (l) reprinted from [29]. Copyright
2009, Oxford University press.
tures were among the earliest observations of
lattice defects by TEM. Since Hirsch et al.[14]

formulated the kinematical theory of diffrac-
tion contrast, it became possible to establish
the optimal observation conditions for disloca-
tions, stacking faults, and other defects, as well
as to quantitatively determine geometric
parameters such as Burgers vectors. Observa-
tions of ferroelectric domain structures imme-
diately followed, starting with 908 and 1808
(Fig. 2a) domain walls in BTO[15] and progres-
sing to more complex structures.

On a finer length scale, from a few
nanometers to several angstroms (unit-cell
scale), misfit dislocations and dislocation
arrays in ferroelectric thin films can be
visualized (Fig. 2b, c).[13] With high-resolution
(HR) TEM, Burgers vectors can be determined
directly from an image (Fig. 2d) by counting
atomic planes. When domain walls are
associated with lattice strain, such as a 908
domain wall in BTO, they can also be
visualized directly, and their relation to inter-
face dislocations can be examined (Fig. 2e,
f).[12]

On the atomic scale – 1 to 2 angstroms or
even subangstrom – the instrumental compo-
nent becomes critical. The universal tendency
in microscopy research is the drive for ever
higher resolution but for a long time TEM was
limited in its performance to more than 50
times the electron wavelength due to spherical
aberration (Cs). As aberration correction[16,17]

became reality over the past 10 years, it
brought an unprecedented expansion in
capabilities for the examination of ever finer
structural features. While point resolution
improved to subangstrom values,[18] signal-
to-noise parameters of the images also
improved, enabling more accurate detection
and even quantification of the light elements
from images, thus bringing refinement to
defect studies. For example, Jia and Urban[19]

investigated twin boundaries in BTO (Fig. 2g)
using negative Cs imaging and, in conjunction
with image simulations, were able to deter-
mine the detailed structure of the boundary,
including reduced oxygen occupancy in some
interfacial atomic columns.

Another advantage of aberration-corrected
imaging is the ability to determine atomic
positions with the accuracy of a few pic-
ometers. This has enabled a veritable break-
through in ferroelectric characterization,
bringing the capability to examine the
Adv. Mater. 2010, 22, 314–322 � 2010 WILEY-VCH Verlag Gm
polarization and valence states on a single-unit-cell level. Jia
et al.[20] used HRTEM to directly image ferroelectric displace-
ments in Pb(Zr,Ti)O3 (PZT) thin films (Fig. 2h–j). The transition
from non-ferroelectric SrRuO3 (SRO) to PZTand the polarization
bH & Co. KGaA, Weinheim 317
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change across a domain wall could be visualized, providing a
direct measure of domain-wall and interface widths. For the first
time, truly atomic-scale characterization of ferroelectricity
becomes possible.

Several remarkable advances in the general field of electron
microscopy have yet to be used for studies of defects in
ferroelectric materials and are likely to produce interesting results
in the field in the near future. For example, mapping of the
strain-related atomic displacements via HRTEM and geometric-
phase analysis can have direct relevance to such studies. Hytch
et al.[21] used this technique to map the displacement field
associated with a dislocation in Si (Fig. 2k); the resulting strain
map differed from the theoretically calculated displacement field
by no more than 0.03 Å in any point of the image.

Another field that will undoubtedly produce new insight into
structure and properties of ferroelectrics is scanning transmis-
sion electron microscopy (STEM), specifically high-angle annular
dark-field (HAADF) imaging. Atomic column intensity in
HAADF STEM imaging depends on the atomic number
(�Z2), which provides chemical identification of columns and
is responsible for the alternative name for the technique, which is
Z-contrast STEM.[22] This technique was utilized for a number of
defect-structure determinations,[23] in particular, core structures
of dislocations in the bulk and at grain boundaries in
perovskites.[24] However, the real power of the STEM setup lies
in the ability to simultaneously acquire electron energy loss
spectra (EELS). Characteristic spectral features can be used to
quantify the composition and to trace valence and electronic
structure changes with atomic-column resolution. For example,
STEM/EELS studies of 368 grain boundaries in SrTiO3 (STO)
demonstrated that dislocation cores at pristine grain boundaries
have net positive charge due to incomplete TiOx octahedra, which
is alleviated on Mn doping via Mn3þ/Ti4þ substitution at the
core.[25] Thus, accurate structure determination can help
determine the charge of the dislocation core and the atomic-scale
electrical properties of the grain boundary, opening the
possibilities for studies of ferroelectric breakdown and fatigue
and possibly of ‘‘dead layers’’. With the latest generation of
aberration-corrected STEMs, recording EELS scans on a
two-dimensional (2D) array of points becomes feasible, produ-
cing atomic-resolution spectroscopic images for different
elemental sublattices (Fig. 2l).[26–29] Size and shape of the
features in these images for different energy ranges are affected
by composition, structure, and physical properties of the samples
as well as by electron scattering inside the crystal. 2D information
allows for better comparison with theory, which is necessary to
distinguish these separate contributions.

It is therefore clear that in their static configuration ferro-
electrics and associated defects can be comprehensively
characterized by (S)TEM on a variety of length scales. However,
dynamic studies are only performed below lattice resolution.
All of these studies to date, including the most recent ones by the
Tan group,[30] investigated switching dynamics of ferroelectric
single crystals and ceramics by applying a macroscopic electric
field inside the electron microscope using specially designed
sample holders. The observation of domain structure evolution
with increasing field and its return almost to the original form at
zero field in BTO single crystals suggests that the domain walls
are pinned by internal defects. Switching-induced fracture was
� 2010 WILEY-VCH Verlag Gm
also reported in most of the systems studied. However, very
limited quantitative information can be extracted from the
bulk-biasing setup, since there is no control over where the new
domains are formed or how the domain walls move. In contrast,
some novel approaches, such as specimen holders incorporating
scanning tunneling microscopy (STM) tips,[31] can enable local
switching studies using field confinement by a biased scanning
probe microscopy (SPM) probe.
3. Probing Local Polarization Switching
Mechanisms in Ferroelectric Materials

The emergence of SPM-based techniques has allowed the
functionality of materials to be probed at the nanometer level.
A spectacular example is molecular-unfolding spectroscopy,
which has opened a pathway for probing kinetics and thermo-
dynamics ofmacromolecular reactions on a single-molecule level.
Combined with advances in genetic engineering, this allows
systematic studies of weak interactions and emergent behavior in
biological macromolecules – the very foundations of life. This
progress is enabled by the inherently quantitative nature of this
technique, that is, the response is probed on a single molecule. In
comparison, most SPM techniques on surfaces determine the
response from multiple structural elements and are strongly
limited by uncertainty in the signal generation volume (e.g., are
controlled by the tip–surface contact area and surface and tip
roughness). Below, we briefly discuss the operating principles of
piezoresponse force microscopy (PFM) and its applicability to
studying bias-induced phase transitions in solids.

3.1. Piezoresponse Force Microscopy and Spectroscopy

The detection mechanism in PFM is underpinned by the strong
coupling between polarization and electromechanical response in
ferroelectric materials. Combined with the ability of atomic force
microscopy (AFM) to precisely measure small (�10 pm) vertical
displacements with nanometer lateral resolution, this allows
static and dynamic polarization to be probed on the nanometer
scale.

In PFM, a local electric field is generated by applying an AC
voltage to a conducting AFM tip. This alternating field causes the
ferroelectric material beneath the tip to deform (expand and
contract with the field). The deformation is then detected as a tip
deflection at the modulation voltage using the AFM electronics.
The magnitude of the deflection is directly related to the
piezoelectric coefficient of the probed material, which, in the case
of ferroelectrics, is coupled to the polarization. The unique aspect
of PFM is that the measured signal is independent (for good
electrical tip–surface contact) of the contact radius and, hence, is
only weakly sensitive to surface topography (Fig. 3a, b). This is in
contrast to, for example, AFM-based elasticity and adhesion
measurements, in which the stiffness of the tip–contact junction
scales linearly with the contact radius. This weak sensitivity to
topographic crosstalk renders PFM measurements quantitative;
however, special attention has to be paid to the sample surface
state during the sample preparation process. PFM can be used to
map ferroelectric domains in a variety of systems over a range of
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 314–322
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length scales from tens of micrometers to tens
of nanometers (Fig. 3c) and below.

This approach can be directly extended to
probe local polarization dynamics. The probe
concentrates an electric field to a nanoscale
volume of material approximately 10 nm in
diameter (Fig. 3d), and induces local domain
formation. Simultaneously, the probe detects
the onset of nucleation and the size of a
forming domain via detection of the electro-
mechanical response of the material to a small
AC bias[32] or direct detection of strain.[10] The
local hysteresis loops thus obtained contain
information on the domain nucleation and
growth processes. In switching spectroscopy
PFM (SS-PFM), the hysteresis loops are
acquired at each point of the image and
analyzed to yield 2D maps of coercive and
nucleation biases, imprint, work of switching,
and switchable polarization.
Figure 3. a) Topography [50] and b) vector PFM images of a BiFeO3(BFO)/La0.7Sr0.3MnO3 film.
c) PFM image of a large array of written domains in PZT. d) The confinement of an electric field by
an AFM probe allows the bias-induced phase transition within a defect-free volume or at a given
separation from defects to be probed. e) The color map illustrates the RF and RB disorder
potential in an epitaxial PZT film, allowing visualization of defects that favor one polarization
orientation (RF) and strain fields that can destabilize the ferroelectric phase (RB). f, g) A single
defect in multiferroic BFO determined from the nucleation bias and fine structure features on
a h,i) hysteresis loop. Panels (c) and (f–i) reprinted with permission from [51] and [38]. Copyright
2002 and 2008, respectively, American Physical Society. Panels (d) and (e) reprinted with
permission from [52] and [37], respectively. Copyright 2008, Elsevier and Nature Publishing
Group, respectively.
3.2. Mapping Polarization Statics and

Dynamics by PFM and SS-PFM

The capability to manipulate polarization
states in ferroelectric materials using a biased
PFM tip has attracted much attention, both as
the basis of ferroelectric data storage and as a
pathway to study the physics of ferroelectric
materials. Two approaches for mapping polar-
ization dynamics in ferroelectrics have
emerged. In capacitor-based experiments, the
electric field is uniform across the device
structure, and the PFM tip is used as a detector
of local strain. This approach was extensively
developed by, among others, the groups of
Gruverman, Stolichnov, and Noh, and allows
for mapping of the nucleation and domain
growth in ferroelectric structures.[33–35] A
continuous high-speed imaging PFM as
developed by the Huey group is an example
of a similar approach.[36] In capacitor experi-

ments, polarization dynamics are determined by the interplay
between nucleation at pre-existing domain sites and domain-wall
motion.

Recently, SS-PFM using a tip electrode has allowed polariza-
tion switching to be studied at a pre-selected region on a surface.
The variation of nucleation bias along the surface has been used
to map the random-field (RF) and random-bond (RB) compo-
nents of the disorder potential (Fig. 3e).[37] In many cases,
hysteresis loops in the vicinity of defects were found to possess
intricate fine structure formed by the interaction of nascent
domains with the strain fields of the defect. Recently, it has been
demonstrated that the effect of a single (unidentified) localized
defect on the thermodynamics of local polarization switching can
be determined (Fig. 3f–i).[38] However, elucidation of relevant
mesoscopic and atomistic mechanisms requires a) appropriate
Adv. Mater. 2010, 22, 314–322 � 2010 WILEY-VCH Verlag Gm
theoretical developments and b) knowledge of the mesoscopic
and atomic structure of the defects involved.

3.3. Mesoscopic Mechanisms

The potential of SS-PFM to provide quantitative and reproducible
measurements has necessitated development of a theoretical
description of the nanoscale polarization-switching mechanism.
Simple estimates based on activation energy, as well as recent
first-principles calculations, suggest that the characteristic size of
the critical nucleus in polarization switching is on the order of a
few nanometers. At the same time, the electric field produced by a
PFM probe is essentially uniform below a 10–20-nm level.
Therefore, the polarization-switching mechanism in the localized
bH & Co. KGaA, Weinheim 319
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field of the tip and in a uniform field can be expected to be
equivalent. At the same time, the characteristic spacing between
extended defects in a high-quality epitaxial film can be of the order
of�100–300 nm.Hence, PFM allows polarization switching to be
studied in the vicinity of a single defect and corresponding
deterministic mesoscopic mechanisms can be identified.

A ferroelectric thin film, particularly during switching, is rarely
uniform, that is, it almost always contains rather complex domain
structures with inhomogeneous polarization/electric field and
strain/stress fields. A powerful approach to predicting domain
structures and domain switching is the phase-field method, in
which a domain structure is described by the spatial distributions
of the local polarization.[39] Thermodynamics are modeled by a
Ginzburg–Landau free-energy functional that includes the bulk
chemical free-energy density and the polarization gradient
energy. The spatial distribution of polarization is then evolved
by solving the time-dependent Ginzburg–Landau equations
coupled with elasticity and electrostatic solutions for an
inhomogeneous domain structure

@Pi x; tð Þ
@t

¼ �M
dF

dPi x; tð Þ (1)

where M is a kinetic coefficient related to the domain mobility,

x ¼ ðx1; x2; x3Þ, t are the spatial and time coordinates, res-

pectively, and i¼ 1,2,3. The spontaneous polarization

P ¼ ðP1;P2;P3Þ is chosen as the order parameter. The total free

energy F includes the bulk free energy Fbulk, domain-wall energy

Fwall, elastic energy Felas, and electrostatic energy Felec, that is,
Fbulkþ FwallþFelasþFelec.

Mechanically, the top surface is stress free and the bottom
surface is constrained by a substrate. For modeling either
uniform or local switching, the electrostatic boundary conditions
are specified by the electrostatic potential distributions on the top
and bottom surfaces of a film. For example, to model the applied
electric field by a PFM tip, the electrostatic potentials can be
specified as,

fsubstrate�film interface ¼ 0;ffilm surface ¼ f1ðx1; x2Þ (2)

where f1 is assumed to have a 2D Lorentz-like distribution

f1ðx1; x2Þ ¼ f0

g2

ðx1 � xtip1 Þ2 þ ðx2 � xtip2 Þ2 þ g2

" #
(3)

where ðxtip1 ; xtip2 Þ is the location of the tip (the peak of the

distribution), and g is the scale parameter that specifies the

half-width at half-maximum.
It is possible to introduce structural defects such as

dislocations using the micromechanics concept of eigenstrains
or electrical defects by specifying the charge-density distribution.
Similarly, structural defects such as grain boundaries can be
modeled by introducing additional fields to specify the orienta-
tions of grains.

The fundamental aspect of polarization switching in this
phase–field model is that the switching is intrinsic, and no
thermal fluctuations or (unknown) defects are involved in the
process. The comparison of phase–field modeling and SS-PFM
� 2010 WILEY-VCH Verlag Gm
results of a defect-free surface has demonstrated that experi-
mentally measured nucleation biases are well within a factor of
two from theoretical phase–field predictions.[40] In comparison,
in capacitor structures the nucleation voltage is 2–3 orders of
magnitude below the thermodynamic limit.

The understanding of polarization switchingmechanisms on a
defect-free surface suggests that a similar methodology can be
used to determine how the presence of a defect affects switching.
Recently, the in-plane a domains and a1–a2 domain junctions in
tetragonal (100) ferroelectrics were shown to be the preferential
nucleation sites for polarization switching, and the underlying
mesoscopic mechanisms were determined. In rhombohedral
ferroelectrics, the in-plane ferroelastic domain wall was shown to
control the kinetics of ferroelectric switching and, hence, device
behavior. Finally, polarization switching on a well-defined
bicrystal grain boundary has been studied, and the origin of
the observed behavior has been traced to the formation of an
unusual ferroelectric–ferroelastic nucleus.[41]
4. Future Challenges and Opportunities

The understanding and control of polarization-switching
mechanisms at the level of a single defect offers breakthroughs
in physics and materials science, as well as new applications
ranging from low-voltage high-endurance non-volatile
memories to near-atomic-level storage, and to new classes of
devices utilizing polarization to underpin functionality. Progress
in these applications requires the identification of the atomistic
mechanism, necessitating the solution of the twofold problem of
instrumental development and quantitative data analysis.
4.1. Techniques

Much of the progress in the understanding of nanoscale
ferroelectrics has been precipitated by the development of
PFM and associated spectroscopic techniques. At the same time,
the potential for future advances is extraordinarily large. The use
of resonance enhancement in PFM though the band excitation[42]

and dual-frequency[43] resonance tracking (once data analysis and
interpretation problems are resolved) and compound cantile-
vers[44] will allow measurements of weakly piezoelectric materi-
als, as well as a �10–100-fold increase in energy resolution,
signal-to-noise ratio, and reduction in image acquisition times in
SS-PFM.

A significant impact can be achieved in combining PFM with
other local probe techniques that provide additional information
on material properties, including near-field optical and micro-
wave microscopy and Raman spectroscopy. This will allow
changes in local chemical composition to be mapped, polar-
ization-switching mechanisms to be distinguished, and ultrafast
phenomena to be located. This unique opportunity is offered by
the combination of voltage spectroscopy and scanning non-linear
dielectric microscopy, introduced and perfected by the Cho
group.[7] The combination of these techniques offers the potential
for measurements to be taken with 1–3-nm spatial resolution,
bH & Co. KGaA, Weinheim Adv. Mater. 2010, 22, 314–322
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Figure 4. The synergy between scanning probe and electron microscopy, theory, and defect-
engineered systems required to decipher atomistic polarization switching mechanisms at a
single-defect level.
which is beginning to approach the level of the
single perovskite unit cell.

Unique potential for studying atomistic
mechanisms of polarization switching and
the interaction between polarization, strains,
and electronic effects is offered by combining
local electrical excitation by the SPM probe
with high-resolution structural and electronic
structure imaging with high-resolution elec-
tronmicroscopy and focused X-ray microscopy
(Fig. 4). While these techniques impose a
number of restrictions on sample geometry
(the need for a thin TEM sample, for example)
or still have not achieved sufficient sensitivity,
this is clearly something that is likely to be
achieved in the near future. In these methods,
PFM will allow control of the location of the
electric field inside the material, and STEM or
X-ray microscopy will allow mapping of the
switching mechanisms and resulting changes
in material structure. Finally, these advances
will require control of the surface chemistry of
the material, necessary to control depolariza-
tion behavior, which can be achieved though in
situ growth.
4.2. Multidimensional Data Analysis

The development of SS-PFM and similar spectroscopic techni-
ques as well as combined techniques, such as voltage spectro-
scopy and scanning non-linear dielectric microscopy, allows
probing of the spatial variability of switching behavior across the
surface. However, in SS-PFM the relevant information is
distributed across a full 3D data set, rather than concentrated
in a single spectroscopy curve. For single-point measurements on
a nearly ideal surface or for a known defect location, an extensive
analytical framework has been developed for the analysis of
bias-induced phase transitions from a single spectrum:
1. D
Adv
escribe the thermodynamics of bias-induced switching
including defect effects;
2. D
etermine the domain geometry for a given bias from the
minimum of free energy;
3. D
etermine the signal as a convolution of domain and signal
generation volume;
4. C
alibrate the probe geometry.

The analytical solutions for this problem are scarce, and are
unavailable for multidimensional data sets. The 3- and 4D
spatially resolved spectroscopic tools necessitate data analysis in
higher-dimensional parameter space, for example, manifested as
correlations between spectra in adjacent locations, which are
generally beyond our ability to visualize and comprehend.
Correlative models based on artificial neural networks[45] may
offer a solution, wherein phase–field modeling or density
functional theory is used to generate high-dimensional spectro-
scopic-imaging data describing defects of various kinds for a
range of tip parameters to predict experimental 3D sets.
. Mater. 2010, 22, 314–322 � 2010 WILEY-VCH Verlag Gm
The synergistic development of growth and characterization
methods, theoretical models, and tools for theory–experiment
comparison will allow polarization-switching mechanisms to be
understood on the level of a single atomically defined defect,
linking atomistic and mesoscopic scales. This will lead to a new
understanding of bias-induced phase transitions in electroche-
mical systems, capacitors, phase-change memories, and a
plethora of other systems. From this understanding will emerge
the ability to control these processes, opening new pathways for
device and energy applications.
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