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Unraveling Deterministic Mesoscopic Polarization
Switching Mechanisms: Spatially Resolved Studies of a
Tilt Grain Boundary in Bismuth Ferrite
By Brian J. Rodriguez,* Samrat Choudhury, Y. H. Chu,

Abhishek Bhattacharyya, Stephen Jesse, Katyayani Seal, Arthur P. Baddorf,

R. Ramesh, Long-Qing Chen, and Sergei V. Kalinin*
The deterministic mesoscopic mechanism of ferroelectric domain nucleation

is probed at a single atomically-defined model defect: an artificially fabricated

bicrystal grain boundary (GB) in an epitaxial bismuth ferrite film. Switching

spectroscopy piezoresponse force microscopy (SS-PFM) is used to map the

variation of local hysteresis loops at the GB and in its immediate vicinity. It is

found that the the influence of the GB on nucleation results in a slight shift of

the negative nucleation bias to larger voltages. The mesoscopic mechanisms

of domain nucleation in the bulk and at the GB are studied in detail using

phase-field modeling, elucidating the complex mechanisms governed by the

interplay between ferroelectric and ferroelastic wall energies, depolarization

fields, and interface charge. The combination of phase-field modeling and

SS-PFM allows quantitative analysis of the mesoscopic mechanisms for

polarization switching, and hence suggests a route for unraveling the

mechanisms of polarization switching at a single defect level and ultimately

optimizing materials properties through microstructure engineering.
1. Introduction
The presence of switchable polarization in ferroelectric thin films
enables their applications in random access memories and data
storage,[1–3] as well as a broad plethora of electromechanical
sensors, actuators, RF electronic, and energy harvesting
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devices.[4,5] The functionality of many of
these systems is directly underpinned by
polarization reversal processes. At the
same time, all experimentally available
materials are characterized by the presence
of structural defects such as grain bound-
aries (GBs) in polycrystalline films and
bulk ceramics, misfit and threading dis-
locations in epitaxial films, or point defects
such as oxygen vacancies and vacancy
dipoles and clusters inevitable in single
crystalline materials. Thus, the tremen-
dous interest in polarization switching,
hysteresis, and relaxation phenomena in
ferroelectric materials in the presence of
extended and point-like structural defects
can be easily understood.

In ferroelectric materials, defects act as
pinning sites for domain wall motion and
nucleation sites for polarization reversal.
Thermodynamic modeling has demon-
strated that dislocations, the predominant defect type in epitaxial
ferroelectrics, locally destabilize the ferroelectric phase and
account for non-switchable layers and reduced dielectric proper-
ties.[6–9] In particular, misfit dislocations serve as effective
pinning centers, as studied theoretically by Emelyanov and
Pertsev[10] and experimentally by Chu et al.[11] In epitaxial thin
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Figure 1. a) Schematic diagram of the BFO bicrystal (grain 2 rotated 248
about x3), b) topography, c) EBSD with diffractograms, and d) vector PFM

image. The lower right corner had been switched prior to obtaining this

image, as indicated with the dashed line in (b). The hue and intensity of the

color provides information on the polarization orientation and magnitude,

respectively, as illustrated by color wheel in (d). The typical as-grown

domain structure is shown in the Supporting Information.
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films, defect structures such as threading and misfit dislocations
are well understood, and the density can be controlled through
proper deposition conditions.[12] However, to date, the experi-
mental studies relating defect structures to pinning and
nucleation have invariably been limited by the fact that i) the
collective effect of multiple defects of different types on averaged
system responses was probed and ii) the defect identity was
unknown. Recent electron microscopy studies of defect-lattice
interactions,[13–15] have allowed direct observation of atomic
positions and reconstruction of local polarization and its
evolution in the vicinity of the defect. However, the relationship
between polarization switching mechanisms and local atomic
structure, i.e., deterministic switching mechanisms at a single
defect level, are still elusive.

Recently, spectroscopic switching piezoresponse force micro-
scopy (SS-PFM) has allowed switching properties, including
nucleation, to be mapped at the nanoscale.[16] Unambiguous
visualization of nucleation centers and their energetic parameters,
and mapping of switching behavior on a single defect level have
also been demonstrated.[17–19] However, the atomic structure and
the nature of these defects are not known, precluding the
elucidation of relevant mesoscopic and atomistic mechanisms.
Understanding the role of defects in local ferroelectric phase
stability, domain nucleation, and wall pinning requires the
switching behavior to be probed at the level of a single defect
with known structure. Here, we explore the feasibility of using a
bicrystal GB as a model system in which defects can be visualized
and ferroelectric switching properties can be measured directly.

2. Polarization Dynamics at a Bicrystal GB

The polarization switching at a single defect level is studied using
spatially resolved spectroscopic imaging (SS-PFM). As a model
system, we use an epitaxial BiFeO3 (BFO) filmwith an engineered
bicrystal GB defect. Similar BFO films exhibit single domain
switching near the intrinsic thermodynamic limit[16] and high
surface stability that allows the application of multiple switching
cycles with minimal surface degradation. A bicrystal GB was
chosen for this study because i) the location of the defect can be
determined directly by atomic force microscopy (AFM), ii) the
average structure of simple GBs in cubic perovskites is generally
known,[20] and iii) a known defect structure allows for the
development of mesoscopic phase-field models, thus allowing the
deterministic mesoscopic polarization switching mechanisms to
be determined.

A schematic of the BFO GB structure is shown in Figure 1a.
The atomic and electronic structure of a prototypical GB in SrTiO3

is well known, and is formed by the dislocation cores
perpendicular to the crystal plane. Typically, the GBs in crystal-
lographically similar compounds (e.g., SrTiO3) have negative
charge due to oxygen non-stoichiometry.[21] While no information
is available on the structure of the GB in a BFO film (the attempts
for electron microscopy studies were unsuccessful due to the low
mechanical stability of the bicrystal sample), the epitaxial growth
of BFO on SrTiO3 and the similarity between the crystallographic
structures of the substrate and the film compounds suggest the
structure of the GB can be expected to be similar.

Recently, using PFM and conducting AFM, we reported that
the increased conductivity at the GB is a possible domain pinning
� 2009 WILEY-VCH Verlag GmbH &
mechanism.[22] Here, we use PFM and SS-PFM to examine the
switching properties, specifically the nucleation mechanism, in
detail. In addition, electron backscatter diffraction (EBSD) is used
to probe the structure/orientation at the junction. Finally, the
experimental results are compared with a phase-field model to
establish the mesoscopic switching mechanism in an ideal film
and near a GB.
2.1. Domain Structure at the GB

The topographic structure of the BFO GB region is shown in
Figure 1b. On the substrate, sample preparation (etching and
annealing) typically results in a groove located at the GB (not
shown). After the SrRuO3 (bottom electrode) and BFO growth,
the GB is associated with a clear topographic feature extending
�400–500 nm from the GB. The ridge is non-uniform along the
length of the GB and could be on either (or both) side(s) of the
GB.[23] Despite the presence of the ridge, the film roughness is
less than 2 nm. To verify the ridge is not associated with
deviations in crystallographic structure or primary crystal-
lographic orientation, the bicrystal surface was mapped by
EBSD. The EBSD results verify the 248 mismatch between the
substrate crystals (Fig. 1c) and indicate the absence of stray phases
in the vicinity of the GB.

The domain structure for a partially switched region is shown
in the vector PFM[24] image in Figure 1d. The hue and intensity of
the color provide information on the polarization orientation and
magnitude, respectively, as illustrated by the color wheel. The in-
and out-of-plane PFM amplitude and phase images are shown in
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 2053–2063
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the Supporting Information. The 2D vector PFM image allows the
domain structure at the GB to be visualized. As anticipated, the
domain pattern and possible orientations change at the interface
(as stipulated by crystallographic structure).

In Ref. [22], the GB was found to act as a pinning center for a
moving domain wall, and the behavior was correlated with
increased conductivity at the GB. Despite similarities between the
surface topography on the GB edge and the overgrowth edge, the
static polarization behavior is significantly different, suggesting
that the effect of the GB can be studied notwithstanding the
noticeable contribution to the observed PFM contrast from
topographic cross-talk. The high-resolution topography and
domain structure (PFM amplitude and phase) images of another
location are shown in Figure 2a–c. A careful examination of the
PFM amplitude data and domain morphology reveals that the GB
can be associated with three characteristic domain-behaviors as
determined from vertical (out-of-plane) PFM (and indicated by
numbered circles in Figure 2b):
(1) T
Figu

pos

with

indi

Adv.
here is a reduction in amplitude across the GB if the
surrounding matrix is polarized negatively. The width of this
region is similar to the measured domain wall width (i.e., the
re 2. a) Topography, b) PFM amplitude, and c) PFM phase images. d,e) 2D SS-

itive and negative nucleation bias, respectively. The SS-PFM maps have 60� 6

a 15 nm pitch. f,g) Line profiles of switching properties across the GB from

cated with a white line in (d). The GB does not appear straight due to micro

Funct. Mater. 2009, 19, 2053–2063 � 2009 WILEY-VCH Verlag Gm
width is likely determined by PFM resolution, rather than the
intrinsic GB width).
(2) T
here is no reduction in piezoresponse when the surround-
ing matrix is positively polarized.
(3) W
hen each side is polarized in the opposite direction, the GB
acts as a pinning site, i.e., the domain wall coincides with the
GB.
These observations provide the information about static
domain structures (i.e., thermodynamic equilibrium) at the
GB, and domain wall pinningmechanisms. Below, we specifically
study the domain nucleation at the GB and at the ideal surface.
2.2. Switching Spectroscopy PFM of the GB

To investigate the ferroelectric switching and domain nucleation
mechanism spatially across the GB interface, SS-PFM was
employed. In these measurements, an array of 60� 60 local
electromechanical hysteresis loops is acquired over a square
spatial grid with 15 nm pixel spacing. The resulting 3D data array
PFMmaps of

0 data points

the location

scope drift.

bH & Co. KGaA,
is analyzed to yield 2D maps of the effective
work of switching (area within the loop),
positive and negative nucleation biases, and
other relevant switching parameters.[25,26]

These maps allow the dynamic polarization
behavior to be directly correlated with the local
microstructure and the GB and topography
induced changes in polarization switching to
be differentiated. After the SS-PFM mapping,
the area can be scanned in the PFM mode to
directly visualize the region in which measure-
ments were taken (and hence compensate for
microscope drift inevitable during long 2–6 h
scans).

The SS-PFM maps of positive and negative
nucleation bias are shown in Figure 2d and e,
respectively. Note that the positive nucleation
bias is reduced at the GB, while the absolute
value of the negative nucleation bias increases
at the GB, suggesting the GB accelerates
nucleation with a positive bias and delays
nucleation with a negative bias. Similarly, the
positive nucleation biases are roughly equiva-
lent on either side of the GB, while a larger
negative bias is required to switch the film on
the right side of the GB. The complete set of SS-
PFM images is available in the Supporting
Information. In general, the film is negatively
imprinted; however, this imprint becomes
more pronounced at the GB, consistent with
the change in nucleation biases and our
previous report on domains adhering to the
GB.[22] Line profiles of switching properties are
illustrated in Figure 2f and g. Most parameters
of switching properties including switchable
polarization, work of switching, and piezo-
response are strongly affected by the presence
of the GB, resulting in a characteristic N-type
Weinheim 2055
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Figure 3. a) 2D SS-PFM map of imprint. b) Representative hysteresis loops from the film and

near the GB, from roughly the locationsmarked in (a). c, d) Hysteresis loops from the film (c) and

near the GB (d). Red lines in (b) are drawn as a guide to the eye to delineate differences between

ideal loops and those affected by the GB.

2056
profile. At the same time, coercive biases are almost unaffected by
the GB, illustrating that in the strong field of a PFM probe, the
GB-effect on pinning is relatively small (pinning becomes
significant at much larger domain sizes). Hysteresis loops (Fig.
3b–d) extracted from the film and close to the GB clearly
demonstrate the difference in negative nucleation bias and
increased imprint (Fig. 3a). Near the GB, the loop becomes wider
and the switchable piezoresponse larger, corresponding to an
increased work of switching and coercive field. At the same time,
the imprint increases while the switchable piezoresponse
remains symmetric.

The comparison of the hysteresis loops from the vicinity of the
GB and the rest of the surface illustrate several interesting
features about the loop shapes. Loops from the GB region (green
and blue loops in Fig. 3b) exhibit delayed nucleation in one
direction and a fine structure feature in other. At the same time,
the loops measured away from the GB (red and black loops) are
ideal. The nucleation on the reverse branch matches the second
(apparent) nucleation on the forward branch (at �5V).
Furthermore, the nucleation is delayed on the reverse branch
compared to the forward branch. The linear slope of the forward
branch from �3V (i.e., the late switching stage) is about three
times higher close to the GB, suggesting that while the initial
growth is the same, the domain grows faster when it interacts
with the GB. Similarly, the topographic features are associated
with variations in measured switching behavior (the edge of the
overgrowth region serves as an internal comparison). However,
the changes in the switching behavior induced by the presence of
the GB can be clearly differentiated from the background.
� 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
3. Mesoscopic Mechanisms of
Polarization Switching at the GB

The effect of the GB on polarization switching
and nucleation can be complex due to the
combination of mesoscopic and atomistic
effects. The mesoscopic effects include
i) intrinsic mismatch between crystallographic
orientations, ii) long-range strain and electro-
static fields related to the polarization disconti-
nuity at the GB, and iii) strains produced by
dislocation cores. Additionally, the defect and
vacancy segregation at the interface can
produce additional interface charge, resulting
in long-range space charge layers in the vicinity
of the GB. Finally, GB conductivity and changes
in the screening length in the vicinity of the GB
can significantly affect the structure of electro-
static field produced by the AFM tip, modifying
the probing volume.

Clearly, the atomistic effects of a GB can be
addressed only once the electronic structure of
the interface and the interface charge are
known. However, these fields can be expected
to be significant on the length scale of
the depletion region or Debye length of the
material. The intrinsic conductivity of the
interface[22] suggests electrostatic screening
will be limited to extremely short (below
10 nm) distances in the vicinity of the domain
wall. Due to the presence of the divot on the sample surface, this
will result in either a highly localized feature in the SS-PFM
image (the total width cannot be larger than the width of the GB
region and the characteristic size of the nucleating domain), or be
unobservable due to the fact that the tip apex cannot contact the
bottom of the divot. At the same time, mesoscopic effects related
to the elastic strain field and associated piezoelectric-induced
electrostatic fields will be active on the length scale of the film
thickness (�20–50% of the film thickness[27]), and hence are
likely associated with contrast visible on much larger length
scales.
3.1. Phase-Field Modeling of Switching Near a GB

The mesoscopic polarization behavior in the vicinity of a GB is
studied using the phase-field method.[16,17] For convenience, we
introduced two coordinate systems, namely the global and the
local coordinate system. The domain structure is described by the
inhomogeneous distribution of local polarization PL

i , where
PL
1 ;P

L
2 ;P

L
3 are the polarization components in the local crystal-

lographic coordinate system within a grain. For a bicrystal, it is
necessary to describe the spontaneous strains in both the grains
using a common reference coordinate system, which we refer to
as the global coordinate system. The orientation of each grain is
specified by a rotational angle, w. A transformation matrix
determines the relationship between the tensor components
of properties in the global coordinate system denoted by a
Adv. Funct. Mater. 2009, 19, 2053–2063
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superscript G and those in the local coordinate system within
each grain. A brief description of the phase-field approach is given
in the Experimental Section. Details of the phase-field approach
and the material constants used in simulations can be found
elsewhere.[28–30]

A domain structure of an (001)-oriented BiFeO3 film under a
compressive substrate strain of 1% was first generated by
performing the simulations under short circuit boundary
conditions (Fig. 4a) starting from an initially paraelectric state
with small random perturbations. The polarization distribution
in the resulting system is illustrated in Figure 4 in the laboratory
coordinate system. The domain structure is formed by a complex
pattern of interpenetrating domains belonging to [i,j,n] family,
where i, j, n¼�1, separated by ferroelectric (1808) and
ferroelastic (718, 1098) domain walls. Due to crystallographic
mismatch between the grains, the GB is associated with a partial
ferroelastic wall and is visible as a variation of contrast in the
polarization image in the global presentation, PG

i . However, the
domain generally penetrates the GB region and the GB is
generally invisible in the polarization image in the crystal
coordinate system, PL

i .
The electric field and strain energy distribution in the top layer

of the crystal are illustrated in Figure 4b and c. Remarkably, only
the domain walls associated with the change of the normal
polarization component, i.e., separating [i,j,1] type domains from
[n,k,�1] domains, when i, j, n, k¼�1, are associated with
significant electrostatic fields and strain energy. Note that the
Figure 4. Domain structure and field distributions within modeled BiFeO3 bi

elastic energy. (a,b,c) correspond to the top surface, and (d,e,f) to the profile a

white dotted line in (a). The bottom crystal is aligned in (10) orientation, while

energy in the vicinity of the GB. The characteristic field structure due to GB

Adv. Funct. Mater. 2009, 19, 2053–2063 � 2009 WILEY-VCH Verl
electroelastic fields at the GB are significantly smaller than at
these up-down walls.

The cross-section images in Figure 4e and h illustrate that
electrostatic fields within the material have complex long-range
structure, i.e., stem from depolarization fields due to polarization
charges at the interfaces. Note that while domain walls are charge-
neutral in the infinite stress-free material, the thermodynamic
equilibrium of the finite slab results in finite wall charges as the
wall geometry deviates from ideal to compensate misfit and
ferroelastic stresses. The GB is associated with a strong in-plane
field due to the polarization bound charge in the center of the slab,
and positive and negative normal fields on the surface and
interface, respectively (Fig. 4g and h). At the same time, there is
only insignificant (compared to up-down walls) variation of the
elastic energy density (Fig. 4i).
3.2. Mesoscopic Switching Mechanism Away from the

Interface

The evolution of the polarization distribution and electric fields
during polarization switching on a free surface away from the GB
is illustrated in Figure 5. The electrical potential generated from
the PFM tip is approximated by a Lorentz-like distribution.[16,17]

In order to find the critical nucleation potential, we gradually
increase the potential in a step of 0.05 V, and the domain structure
crystal. Shown are a,d) polarization distribution, b,e) electric field, and c,f)

cross the red lines in (b,c) correspondingly. The GB location is marked by a

the top is rotated by 248. Also shown are g) E2 and h) E3 fields, and i) elastic

polarization charge and surface and interface screening is clearly seen.

ag GmbH & Co. KGaA, Weinheim 2057
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Figure 5. Evolution of domain structure and internal fields a–d) before and e–h) after nucleation. Shown are a,e) vertical polarization component,

b,f) vertical electric field, c,g) field in the image plane, and d,h) electric field perpendicular to the image plane.

2058
from a previous simulation is used as the input at each increment
of the potential. At a critical applied electric potential a new
rhombohedral domain is found to nucleate below the tip, and the
corresponding electric potential is identified as the nucleation
potential.

In the subcritical regime (below domain nucleation threshold),
the polarization (Fig. 5a) below the tip deviates from the bulk
value due to tip field; however, the magnitude is small compared
to the absolute value. The normal component of the electric field
Figure 6. Field-induced polarization distribution and GB effect on switching. Shown are electric

field a,b,e) and polarization c,d,f) images before (a,c,e,f) and after (b,d) switching. The

simulations are performed away (a–d) and at (e,f) the GB. The insets show the distribution

of the second component of the respective field (E2 and P2). Note that below the nucleation

voltage the polarization and electric field distributions are only weakly affected by the GB. Also

note the difference between the in-plane orientations of electric fields and induced polarization.
(Fig. 5b) is concentrated below the tip, while the
E2 component (Fig. 5c) shows positive and
negative lobes, as anticipated from simple
electrostatic considerations. Note that the E1
component (Fig. 5d) that would be expected to
be zero in a tetragonal material from symmetry
considerations has a non-zero distribution, as
discussed below. The fields on the surface are
illustrated in Figure 6a and c. Note that due to
the rhombohedral symmetry of the material,
the orientation of the in-plane polarization
response maximum significantly deviates from
that of the in-plane E2 field component.

Above the nucleation threshold, a well-
defined domain of opposite polarization forms
(Fig. 5e). Note that switching is associated only
with the reversal of the vertical polarization
component, i.e., corresponds to 718 ferroelastic
switching. While associated with the formation
of high-energy ferroelastic walls (see Support-
ing Information), the formation of needle-like
domains minimizes the depolarization energy.
In comparison, ferroelectric 1808 switching
would result in an extremely unfavorable in-
plane elongated nucleus. The normal field
component, E3 (Fig. 5f), now shows character-
istic positive and negative regions reflecting the
� 2009 WILEY-VCH Verlag GmbH &
depolarization field induced by the bound charges of the tip apex.
Similar changes are observed on the E2 component (Fig. 5g),
which now penetrates into the material and is no longer
concentrated below the tip.

Perhaps the most striking result is the observation that the
domain is almost circular in cross-section (see also Fig. 6), despite
the fact that the material is rhombohedral. This observation
verifies the applicability of reducedmodels in which only changes
in the normal polarization component are analyzed.
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 2053–2063
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Figure 7. Variability of switching behavior across the interface. Shown are polarization (top row) and electric field (bottom row) induced by the tip at 4.5 V

bias. The data are shown for locations a,b) 114, c,d) 121, e,f) 124, g,h) 126, and i,j) 128, where the GB corresponds to position 128.
3.3. Mesoscopic Mechanism of Polarization Switching at the

Interface

To gain insight into the GB-mediated switching mechanism, the
switching was performed in the GB region. The evolution of
electroelastic fields at the surface is illustrated in Figure 6e and f
(subcritical regime) and Figure 7 (above the nucleation threshold
at a fixed potential). The results indicate that the presence of the
GB breaks the symmetry of the nucleating domain, and results in
in-plane polarization switching and the formation of a compound
ferroelectric–ferroelastic domain pair.

To explore the GB-effect on polarization switching, the tip at a
subcritical bias (4.5 V, as compared to onset of bulk nucleation at
4.6 V) is scanned across the GB. Spatial variability of switching
behavior is shown in Figure 7, illustrating the evolution of the
polarization and electric fields for different tip positions. The
sequence of images (Fig. 7a–j) illustrates a remarkable change in
the domain morphology. Away from the GB, the domain is not
nucleated at 4.5 V. At higher voltages (Fig. 6b and d) switching is
purely 718 and the resulting domain has a circular cross-section.
On approaching the GB, we observe the formation of the
ferroelectric–ferroelastic domain pair (Fig. 7c), noting that the
ferroelastic domain (white) forms within the single crystal region
1, while the ferroelectric domain (green) forms at region 2,
expands towards the GB and then shrinks and terminates at the
ferroelastic domain. Further approaching the GB, the size of the
ferroelectric domain grows and the junction of the ferroelectric
and ferroelastically switched region is now directly at the GB. At
even smaller separations (but still without crossing the GB), the
GB now hinders domain nucleation. Finally, with the tip at the GB
and crossing into region 2, no domain nucleation is observed.

The results of our phase-field modeling suggest that
i) anomalous switching at the GB is due to the formation of a
ferroelectric–ferroelastic wall pair, ii) the process is asymmetric
with respect to the GB (it happens only in region 1 and not 2), and
iii) the maximum reduction of nucleation bias is observed at
Adv. Funct. Mater. 2009, 19, 2053–2063 � 2009 WILEY-VCH Verl
intermediate tip-GB separations when the maximum of the in-
plane tip field, E2, is at the GB and the maximum of the normal
field, E3, is in the bulk of the grain.

The bulk distribution of the corresponding energy and field
components is shown in Figure 8a–f. In agreement with the
above results, the ferroelastic switching results in the formation
of high elastic energy density up-down walls, while ferroelectric
switching results in low energy domains walls.
4. Discussion

Based on the results of mesoscopic modeling, the following
mechanism of the GB-mediated polarization switching emerges.
In the bulk material, tip-induced switching is purely 718 (only the
normal polarization component switches) and results in the
formation of a semiellipsoidal domain with high elastic energy
density up-down walls. The domain is associated with an in-plane
dipole as the result of mismatch between the domain axis and the
polarization orientation within the material. The in-plane
components of the probe field do not result in in-plane switching
due to a prohibitively large depolarization field.

In the vicinity of the GB, the presence of the GB breaks the
symmetry between in-plane states and the GB charge allows an
effective way to screen the bulk polarization charge due to in-
plane switching. The process is further facilitated by the low
elastic energy of the resulting ferroelectric walls. The interplay
between optimal conditions for 718 switching (maximal normal
field below the tip) and ferroelectric switching (maximum in-
plane field at some distance form tip-surface junction) results in
the scenario when the nucleation is maximally facilitated when
the tip is at a finite separation from the GB, and results in the
formation of a ferroelectric–ferroelastic domain

The spatial distribution of the nucleation potential perpendic-
ular to the GB is plotted in Figure 8g. The figure shows that the
electric potential required to nucleate a new domain increases
ag GmbH & Co. KGaA, Weinheim 2059
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Figure 8. a) In-plane and b) vertical polarization distribution and c) corresponding elastic energy density. d) in-plane, e) vertical, and f) longitudinal electric

field. g) Spatial distribution of nucleation voltage across the GB, with insets of higher resolution domain structure during nucleation of domains along the

GB. The directions of polarization of the nucleated domains are indicated in the local coordinate system. h) Schematic distribution of propensity for

ferroelectric and ferroelastic switching across the GB.

2060
with proximity to the GB. Also shown is the domain structure just
after nucleation for each of the tip locations. Note the
characteristic evolution of nucleation potentials.

Based on these observations, we argue the GB impedes 718
polarization switching due to the built-in electric field in the near-
surface region. At the same time, ferroelectric switching is
facilitated at one side and impeded at the other side of the GB
(Fig. 8h). Furthermore, the ferroelectric domain can serve as an
efficient stabilizing center for a ferroelastic domain. The interplay
between these factors yields a spectacular evolution of tip-
location-dependent switching across the GB.

While the direct quantitative comparison between the
experimental SS-PFM results and phase-field modeling is
challenging since the relationship between domain structure
and PFM signal is established only for the case of ferroelectric
switching, we note the modeled behavior agrees well with
experimental observations. While far from the GB hysteresis
loops have an almost ‘‘ideal’’ shape, in the vicinity of the GB they
adopt a shape demonstrating fine structure features indicative of
earlier nucleation, but slower domain growth at earlier stages.
Based on the modeling results, these are the signatures of the
ferroelectric–ferroelastic domains. The loop shape illustrates
strong variability along the GB, which is anticipated since the
disorder can result in additional symmetry breaking in this
direction. Finally, the nucleation potential profiles and other
� 2009 WILEY-VCH Verlag GmbH &
relevant ferroelectric parameters exhibit a characteristic distorted
S-shape, fully consistent with the phase-field modeling predic-
tions. Thus, SS-PFM results and phase-field modeling data
suggest that the GB effect on nucleation can be explained by
mesoscopic electrostatic fields.
5. Conclusions

We report studies of the effect of an engineered microstructure
on polarization switching in BFO using SS-PFM. Tip-induced
polarization switching is reversible and allows multiple switching
cycles in closely spaced locations to be measured, and thus the
effects of tip-defect separation on the signal can be probed
systematically. In the vicinity of the GB, the hysteresis loops are
broadened, expanded in the vertical direction, and demonstrate
much higher point-to-point variability compared to the regions
far from the GB. In addition, the loops often exhibit fine structure
indicative of defect-domain interactions.[18] The phase-field
modeling studies provide the mesoscopic picture of polarization
reversal at an engineered defect and allow the mesoscopic
mechanisms of switching, including GB-induced electroelastic
fields, to be elucidated.[31]

The implications of these studies are two-fold. The up-down
polarization switching in (001) oriented rhombohedral BiFeO3
Co. KGaA, Weinheim Adv. Funct. Mater. 2009, 19, 2053–2063
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can proceed along the ferroelastic and ferroelectric pathways.
While the former corresponds to larger lowering of electrostatic
energy, the latter leads to domain walls with smaller elastic energy
densities. The choice between the two is very sensitive to the
presence of inhomogeneities that break in-plane symmetry of the
material. Here, this behavior was observed as the interplay
between the tip field and the GB; however, similar mechanisms
will be active due to electrode roughness, step edges, and other
mechanisms that can give rise to lateral fields. Note that the
domain nucleation process controls the kinetic pathway of the
subsequent switching process. Hence, these near-surface effects
can control the overall device performance.

Secondly, these studies suggest the potential of low noise, high
resolution SS-PFMand associated theoretical approaches towards
understanding the fundamental mechanisms for polarization
reversal in ferroelectrics. While the exact atomistic picture of the
switching process is yet unavailable, the combination of PFM
with in situ scanning transmission electron microscopy (STEM)
holds the promise for such studies. Additionally, the use of small
angle GBs will ensure higher growth quality, allowing STEM
studies and switching on a single defect level to be investigated,
opening the pathway for the elucidation of the mesoscopic, and
subsequently atomistic mechanism of phase transitions at a
single defect level.
6. Experimental

Materials: Epitaxial multiferroic BiFeO3 (200 nm) was deposited on a
conductive SrRuO3 (50 nm) bottom electrode layer on a bicrystal (0 and
248) (001) SrTiO3 substrate (CrysTec) by pulsed laser deposition [32].

Electron Backscatter Diffraction: EBSD was used to identify the crystal-
lographic orientations in the material. The EBSD detector system was
inside a FEI Strata 235 Dual-Beam SEM. Initially, a coarse scanning of the
sample area was carried out with a beam step size of 1mm, and diffraction
patterns across the sample surface were recorded. The EBSD scans
detected two specific orientations, corresponding to the two grains of the
SrTiO3 bicrystal. The grains had a common out-of the plane h001i.
However, the grains were misaligned in-plane by 248. High resolution
EBSD scans are shown in the Supporting Information.

PFM and SS-PFM: A commercial scanning probe microscopy system
(Veeco MultiMode NS-IIIA) equipped with additional function generators
and lock-in amplifiers (DS 345 and SRS 830, Stanford Research
Instruments) was used for PFM measurements. A custom-built, shielded
sample holder was used to directly bias the tip. Measurements were
performed using Au–Cr coated Si tips (Micromasch, spring constant
k �40Nm�1).

In PFM, the tip is brought into contact with the surface, and the local
piezoelectric response is detected as the first harmonic component, A1v, of
the tip deflection, A ¼ A0 þ A1vcos vtþ ’ð Þ, during application of
the periodic bias Vtip ¼ Vdc þ Vaccos vtð Þ to the tip. The phase of the
electromechanical response of the surface, ’, yields information on the
polarization direction below the tip. For c� domains (polarization vector
oriented normal to the surface and pointing downward), the application of
a positive tip bias results in the expansion of the sample, and surface
oscillations are in phase with the tip voltage, ’¼ 0. For cþ domains,
’¼ 1808. The piezoresponse amplitude, A¼A1v/Vac, defines the local
electromechanical activity. PFM images can be conveniently represented as
A1vcos ’ð Þ=Vac, where A1v is the amplitude of the first harmonic of the
measured response, provided that the phase signal varies by 1808 between
domains of opposite polarities.

In piezoresponse force spectroscopy, the dc bias offset applied to the tip
is changed to follow a triangular wave, and the nucleation and growth of the
Adv. Funct. Mater. 2009, 19, 2053–2063 � 2009 WILEY-VCH Verl
ferroelectric domain below the tip are reflected in the change of the
effective electromechanical response. The resulting hysteresis loops
contain information on ferroelectric switching at a single location. Spatial
variability of switching behavior is probed by switching spectroscopy PFM
(SS-PFM), in which hysteresis loops are acquired at each point of a user-
specified grid in a manner similar to force-volume imaging in AFM or
current imaging tunneling spectroscopy in scanning tunneling microscopy
[33]. To conduct SS-PFM measurements, the tip approaches the surface
vertically until a specified contact force is achieved (usually �500 nN),
remains at that location during the acquisition of the hysteresis loop, is
then retracted and moved to the next location in a pre-defined square-grid.

Phase-Field Modeling: The total free energy of a BiFeO3 bicrystal thin
film includes the bulk free energy Fbulk, domain wall energy Fwall, elastic
energy Felas, and the electrostatic energy Felec, i.e.,

F ¼ Fbulk þ Fwall þ Felas þ Felec (1)

The bulk free energy in a given grain is expressed in terms of polarization
components using the Landau theory, i.e.,

Fbulk ¼
Z n

a1

h�
PL
1

�2 þ �
PL
2

�2 þ �
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3

�2i
þ a11
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where a1, a11, a12 are the dielectric stiffness and higher order stiffness of
the bulk single crystal under stress free boundary conditions.

In order to solve the elasticity and electrostatic equations, all the tensor
quantities are expressed in global coordinate system. For example, the
spontaneous strain in the global system is related to that in the local system
by

"0Gij ¼ tr
ki
trlj"

0L
kl (3)

where "0Lij is the stress free strain in local co-ordinate system which is
related to the spontaneous polarization through the electrostrictive
coefficient Qijkl as "0Lij ¼ QijklP

L
k P

L
l . Tensor trij are the elements of the

transformation matrix (TR) that relates the tensor components of
property in the global co-ordinate system and those in the local co-
ordinate system. For example, for a grain rotated by an angle w about the
xG3 axis only, the transformation matrix is given by:

TR ¼
cos½’� sin½’� 0

� sin½’� cos½’� 0

0 0 1

0
B@

1
CA (4)

The elastic energy density is given by

Felas ¼
1

2

Z
Cijkle

G
ij e

G
kldV

¼ 1

2

Z
Cijkl "Gij � "0Gij

� �
"Gkl � "0Gkl
� �

dV (5)

where eGij ¼ "Gij � "0Gij

� �
is the elastic strain, "Gij is the total strain

compared to the parent paraelectric phase and Cijkl is the elastic stiffness
tensor. Details of the calculations of elastic energy for the film-substrate
system can be obtained from Ref. [29] and references therein.
ag GmbH & Co. KGaA, Weinheim 2061
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The domain wall energy is introduced through the gradients of the
polarization field. For simplicity we assumed the gradient energy to be
isotopic. Hence, the gradient energy density can be written as:

fgrad ¼
1

2
G11

h�
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where G11 is the gradient energy coefficient and PG
i;j represents spatial

differentiation of polarization, i.e., PG
i;j ¼ @PG

i

.
@xGj

The electrostatic energy of a given polarization distribution is calculated
by

Felec ¼ � 1

2

Z
EGi P

G
i ð7Þ

where EGi is the ith component of the electric field. It is related to the
electric displacement DG

i through the relation, DG
i ¼ "0kijE

G
j þ PG

i , in
which, e0¼ 8.85� 10�12 (Fm�1) is the dielectric permittivity of the
vacuum, and kij is the relative dielectric permittivity of the ferroelectric
film. If there is no space charge insider the film, the electrostatic
equilibrium of the film can be obtained by solving DG

i;i ¼ 0, where
DG

i;i ¼ @DG
i

�
@xGi , and the summation convention for the repeated indices

is employed and i¼ 1, 2, 3. As an approximation, we take into account the
electric field induced by a PFM tip by solving the electrostatic equilibrium
equation using a specified boundary condition,

fsubstrate�film interface ¼ 0;ffilm surface ¼ f1 xG1 ; x
G
2

� �
ð8Þ

where f is the electric potential, which is related to the electric field as
EGi ¼ �f; i. Potential f1 xG1 ; x

G
2

� �
has a two-dimensional Lorentz distribu-

tion,

f1 xG1 ; x
G
2

� �
¼ f0

g2

xG1 � xG10
� �2þ xG2 � xG20

� �2þg2

" #
ð9Þ

where xG10; x
G
20

� �
is the location of the tip (the peak of distribution), g is the

scale parameter which specifies the half-width at half-maximum, and g is
set to be 10 nm in this work. The details on the calculation of electric fields
are presented in Ref. [17] and references therein.

With the total free energy as a functional of the global polarization, the
temporal evolution of polarization as well as domain structure is obtained
by solving the time-dependent Ginzburg–Landau (TDGL) equation.

@PG
i xG; tð Þ
@t

¼ �M
dF

dPG
i xG; tð Þ ; i ¼ 1; 2; 3; ð10Þ

where M is a kinetic coefficient related to the domain mobility and t is
time.

The temporal evolution of the global polarization vector fields is
obtained by solving Equation (10) numerically with the semi-implicit
Fourier spectral method [34]. The domain structure is described by the
spatial distribution of the local polarization components which are
obtained from the global polarization components using the relation
PL
i ¼ trijP

G
j . In the simulations, we employed a model of

256Dx� 256Dx� 40Dx, with periodic boundary conditions along xG1 and
xG2 axes in the film plane where Dx is the simulation grid spacing and is
estimated to be 1 nm. The thickness of the film is taken as hf¼ 23Dx. The
substrate exerts a biaxial compressive strain of 1% on the thin film, and the
gradient energy coefficients is G11/G110¼ 0.4 for the simulation.
� 2009 WILEY-VCH Verlag GmbH &
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