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ABSTRACT: The switching of domains in ferroelectric and multiferroic materials plays a
central role in their application to next-generation computer systems, sensing applications,
and memory storage. A detailed understanding of the response to electric fields and the
switching behavior in the presence of complex domain structures and extrinsic effects (e.g.,
defects and dislocations) is crucial for the design of improved ferroelectrics. In this work, in
situ transmission electron microscopy is coupled with atomistic molecular dynamics
simulations to explore the response of 71° ferroelastic domain walls in BiFeO3 with various
orientations under applied electric-field excitation. We observe that 71° domain walls can
have intrinsically asymmetric responses to opposing biases. In particular, when the electric
field has a component normal to the domain wall, forward and backward domain-wall
velocities can be dramatically different for equal and opposite fields. Additionally, the
presence of defects and dislocations can strongly affect the local switching behaviors through pinning or nucleation of the domain
walls. These results offer insight for controlled ferroelastic domain manipulation via electric-field engineering.
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■ INTRODUCTION

Multiferroic materials exhibit intrinsic coupling between
magnetic and electric order parameters,1 allowing for their
application in electronic and spintronic devices2 such as
magnetoelectronic sensors,3 random access memories,4 and
high-density data storage devices.5 The realization of multi-
ferroic-based applications depends on the polarization switch-
ing process achieved through domain-wall motion driven by
external electric fields.1,6 Among single-phase multiferroics, one
of the most promising materials for room-temperature device
applications9,10 is bismuth ferrite (BiFeO3), a rhombohedral
perovskite exhibiting both ferroelectricity and antiferromagnet-
ism at room temperature.7,8 In order to take advantage of
complex materials such as BiFeO3 in devices, a detailed
understanding of the kinetics and dynamics of the ferroelectric
switching process is required. To date, the majority of work on
nanoscale ferroelectric switching in BiFeO3 has focused on the
local switching process of ferroelastic domain variants (71° and
109°) in thin films under an inhomogeneous electric field
applied by a conductive tip on top of the sample as opposed to
homogeneous (or globally) induced switching, which occurs in
capacitor-based structures like those utilized in applicai-
tons.11−15 Although these local probes have provided much
insight and understanding of the local ferroelastic switching
mechanism, exploration of the ferroelastic response on a global
switching scale with high spatial and temporal resolution is still

challenging. In particular, the response of ferroelastic domains
in nanostructured films to a uniform opposing bias is not well
understood.
The need for such studies is exacerbated by the ferroelastic

switching process in thin films which is a complex interplay
between intrinsic and extrinsic parameters such as domain
structures,16−18 epitaxial strain,19 film thickness20 and orienta-
tion,21,22 applied voltage and sweep direction,13 domain
morphology,23 defects,24−26 and interfaces27 (to name just a
few factors to be considered). In particular, the presence of
point defects24−31 and dislocations32−35 can have a profound
impact on the domain-wall motion. The interactions between
the ferroelastic domains in BiFeO3 and point defects and
dislocations have been studied by transmission electron
microscopy (TEM).26,27,30 These defects directly affect the
nucleation and relaxation of ferroelastic domains by providing a
local electrostatic potential that can both pin25 and/or assist24

the domain-wall motion. At the same time, the stress field
coupled with the dislocations can drastically change the local
polarization,28 resulting in a significant barrier for domain-wall
motion.32−35 It is therefore imperative to decouple the effects
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resulting from these parameters to achieve a deep under-
standing of ferroelastic switching.

■ EXPERIMENTAL AND MODELING PROCEDURE
In this work, we investigate the electric-field-induced response
of ferroelastic 71° domain-wall structures in BiFeO3 thin films
during global switching via a combination of in situ TEM and
atomistic molecular dynamics (MD) simulations.36−38 This
domain-wall variant grown on SrTiO3 was chosen because of its
ease of growth and demonstrated coupling to multiferroic
behavior and as a continuation of previous experimental work
by the authors.26,30,31 Bias is applied via embedded SrRuO3
electrodes along [110] as described in previous work, with the
bias applied 45° to the long axes of the domain variants
present.26,30,31 The bias-direction dependence of the domain-
wall motion and the influence of zero- and one-dimensional
defects are examined experimentally, while MD simulations
explore the intrinsic response of defect-free ferroelastic domains
under opposing bias. By a comparison of the theoretical and
experimental results, the intrinsic switching behavior and the
influence of defects and dislocations on the response of
ferroelastic domains can be decoupled and elucidated. We
demonstrate that 71° domain walls in (001)-oriented thin films
can have an asymmetric intrinsic response to opposing biases
along [110], depending on the relative orientation of the
different polarization variants on either side of the domain wall
to the field direction. By applying an electric field with a

component perpendicular to the switching polarization, one
can effectively modulate the switching field and switching
reversibility. In the presence of defects and dislocations,
however, such local asperities can dominate the local switching
behavior particularly in the case where dislocations intersect
perpendicularly to the long axis of the domain.

■ RESULTS AND DISCUSSION
MD simulations were designed such that they model the
switching behavior of BiFeO3 for fields applied along [110].
Using a bond-valence model described in the Methods section,
the energies required to switch 71° domain-wall variants under
both [110] and [−1−10] biases were determined. Experimental
studies were subsequently designed to emulate and compliment
the simulated domain structures by focusing on BiFeO3
/SrRuO3/SrTiO3 (001) heterostructures prepared using
pulsed-laser deposition (see the Methods section for details)
with in-plane electrode structures designed to allow for the
application of electric fields along [110] (Figure 1a). All
polarization vectors are pointed along ⟨111⟩, with the
experimentally relevant polarizations pointed toward the
bottom of the crystal (Figure 1b). In turn, this geometry
enables real-time observation of ferroelastic switching processes
of domain structures in the entire device in situ under
symmetric electric boundary conditions, eliminating the effects
associated with tip shapes encountered in traditional scanning-
probe measurements.26,30,31 Previous studies reveal that 71°

Figure 1. Ferroelastic 71° domain walls in BiFeO3. (a) Device geometry for in situ biasing, showing the SrRuO3 (SRO) electrode, BiFeO3 film with
surface normal along [001], and SrTiO3 substrate. (b) Possible directions of the polarization vector of BiFeO3 in a pseudocubic unit cell. (c)
Schematic of a 71° domain wall in the (101) plane. The polarization vector changes from [111] to [1−11] across the domain wall. From left to right
are shown a 3D model of a film with the 71° domain wall lying in the (101) plane, top view of the domain structure, bulk view of the domain
structure, and the supercell used in MD simulations. The red arrow represents the polarization vector. The yellow arrow represents the electric field
along the [110] direction. The broken green line shows the [001] axis. (d−f) 71° domain walls in the (−101), (0−11), and (011) planes,
respectively.
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domain structures form on 101-type planes, inclined at 45° with
respect to the [001] surface normal.31 The underlying
switching mechanism can be understood by identifying the
types of domain walls based on the shapes of the domains and
their response predicted from MD simulations. Despite being
crystallographically distinct, {101}- or {011}-type domain walls
cannot be individually distinguished from their respective plane
groups through TEM alone because of the geometry of imaging
(i.e., plane view, looking at a projection through the film
thickness from the top of the sample, Figure 1c−f). It can,
however, be determined that the {101}-type domain walls form
a line along the [010] crystal axis at the surface. Likewise, all
{011}-type domain walls lie along the [100] crystal axis at the
surface. Using this methodology and comparing to the
modeling results, we were able to determine which domain-
wall variants are associated with each domain.
The results of our simulations revealed that the relative

orientation between 71° domain walls and the direction of the
applied bias dictates the magnitude of the lowest electric field
required for domain switching. Parts c−f of Figure 1 present
the supercells used for constructing 71° domain walls in

BiFeO3: the domain walls lie in the (101), (−101), (0−11),
and (011) planes, respectively. All domain walls are inclined at
45° with respect to [001], resembling the domain-wall
orientations in the actual thin films. The stability of the
domain walls under applied fields along [110] and [−1−10] is
evaluated by determining the lowest electric field required to
move the domain wall within 15 ps, Es. To correctly capture the
stochastic behavior of domain switching, we perform multiple
simulations starting from different equilibrium structures for a
given field. The value of Es is then determined based on the
probability of domain switching. Figure 2 shows simulated 71°
domain-wall motion mechanisms and the field dependence of
the switching probability for (101), (−101), (0−11), and (011)
domain walls. We found that the field orientation does not
influence the switching mechanism. As illustrated in Figure
2a,b, the domain undergoes 71° switching with the [0−10]
([010]) component of the polarization switched to [010] ([0−
10]) under the [110] ([−1−10]) electric field. Remarkably, we
find that it is significantly more difficult to induce motion in
some domain walls rather than the others under the same bias
conditions based on their respective orientations. The (101)

Figure 2. MD simulations of 71° domain-wall motions. (a) Simulated (101) 71° domain-wall motion under the [110] electric field. Top: schematic
of domain-wall motion. Bottom: evolution of the polarization profiles. (b) Simulated (101) 71° domain-wall motion under the [−1−10] electric
field. Field-dependent switching probability for (c) (101), (d) (−101), (e) (0−11), and (f) (011) 71° domain walls under the [110] and [−1−10]
electric fields. The purple arrows denote the directions of domain-wall motion.

Figure 3. Lattice PES for 71° polarization rotation. (a) Lattice PES as a function of bismuth displacements along [100] and [010]. The lattice PES is
constructed using the MD model potential, with the [001] component fixed at the ground-state value. The broken links denote three switching paths
with different [010] atomic displacements. (b) Energy barriers for [111] → [−111] 71° switching with varying [010] atomic displacement. The
schematics show the orientations of the electric fields giving rise to the three switching paths. Atomic displacement is in units of angstroms.
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and (011) domain walls (Figure 2c,f) more easily undergo
motion when the [−1−10] electric field is applied, while the
(−101) and (0−11) domain walls (Figure2d,e) are more easily
switched under the [110] electric field. Despite the application
of an electric field to the cells being in a symmetric system, the
overall response is dominated by the asymmetries in the
energetics of switching the polarization vectors. This leads to
the conclusion that the global domain response of a symmetric
ferroelastic system is inherently asymmetric.
We also found that it is possible to tune the switching speed

by engineering the relative orientation between the polarization
and electric field. The bias dependence of the required
switching field was further explored by constructing the lattice
potential energy surface (PES) as a function of atomic
displacements along [100] and [010]. An ideal direct 71°
switching event involves the change of only one component of
the atomic displacement (e.g., [100] → [−100]). From the
lattice PES shown in Figure 3a, we found that the magnitude of
the atomic displacement along [010] influences the energy
required to achieve a 71° switching from [111] to [−111]. As
demonstrated in Figure 3b, under a field that reduces the [010]
atomic displacement, the 71° switching path from [100] to
[−100] has a lower energy barrier.
Moreover, by applying an electric field with a component

that is perpendicular to the switching polarization component
and oriented such that it reduces the overall dipole magnitude,
the barrier for switching can be reduced. Specifically, the [010]
component of the [110] electric field, although not directly
contributing to the switching of the [100] component of the
dipole from [111] to [−111], will influence polarization across
the domain wall along [010] and thus affect the height of the
energy barrier for switching. Therefore, we find that 71°
domain walls have an asymmetric response to in-plane bias
([110] and [−1−10]) depending on the wall orientation with
respect to the field. Hence, we predict that under bias along
[110], the (−101), (−10−1), (0−11), and (0−1−1) domain-
wall types undergo motion more easily than the other 71°
domain walls. Likewise, under [−1−10] bias, the (101), (10−
1), (011), and (01−1) domain-wall types more readily undergo
motion. Applying an electric field purely along the switching

polarization component will recover the reversibility of domain-
wall motion.
In direct comparison to the MD simulations, in situ biasing

using TEM shows that domains respond asymmetrically under
positive and negative biases. By distinguishing the crystallo-
graphic directions along which specific domain-wall variants can
exist and using the interactions of the domains with applied bias
predicted by the above model, we determine which domain wall
types are present. Under bias along [110], we observe domains
with majority walls of (0−11)/(0−1−1) and (01−1)/(011) to
undergo motion, while under negative bias, domains with
majority walls of (101)/(10−1) also undergo motion. These
results are in direct agreement with the asymmetric response
predicted by the MD simulations. Using the crystallographic
domain-wall determination methodology as described above,
we see that domain-wall variants of (0−11)/(0−1−1),
specifically Domain 1 (Figure 4), undergo growth along
[010] while exposed to positive bias. This event occurs despite
the presence of a dislocation inside the bulk of the domain.
Likewise, (01−1)/(011) domain-wall variants, Domain 2
(Figure 4), tended to shrink under positive bias. On a wider
scale, domain motion was also observed for domain-wall
variants of (101)/(10−1) under negative bias (Figure 4) with
Domains 3, 8, and 10. While all of these domains undergo
motion, there is deviation from the predicted behavior once
defects are encountered, such as dislocations in the cases of
Domains 3 and 10.
While in general the experimental results followed closely

with the MD simulations, there were several anomalous domain
behaviors that occurred mostly influenced by the presence of
defects. Despite the common belief of dislocations globally
acting as pinning sites and the authors’ previous work indicating
that dislocations can globally affect the switching behavior, our
observations reveal that only certain dislocation orientations
affect the local domain-wall motion.26 Specifically, dislocations
running through the long axis (see Domain 8 in Figure 4) do
not seem to have a noticeable effect, while perpendicular
dislocations (see Domain 3, 4, and 7 in Figure 4) appear to
influence it greatly. Cartoon schematics showing the idealized
domain motion along with the effects of nonidealized cases
with dislocations at orientations are shown to help guide the

Figure 4. Series of frames extracted from in situ TEM videos ([110] applied bias on the top and [−1−10] applied bias on the bottom). For each set
of frames, the left column (a and c) indicates the initial condition of domains, while the right column (b and d) indicates the final condition after
biasing. Domains of note are outlined with walls identified (e−h) using the simulated results indicated with blue for (−101)/(−10−1), red for (01−
1)/(011), and green for (101)/(10−1).
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eye (Figure 5). The localized electrostatic potential and lattice
strain induced by dislocations can influence the domain walls,
and the differing types and proximities are likely the root of
these differing behaviors. As the domain tip recedes from the
direction of applied bias with a dislocation parallel to its long
axis, the domain wall only interacts with a small area affected by
the dislocation (Figure 5). In this case, it is very similar to
previous work done using phase field simulations to predict the
nucleation and growth of a domain; however, in this case, the
behavior is reversed.26 On the other hand, in the perpendicular
case, the receding domain tip interacts with a much larger area
of lattice influenced by the dislocation. As such, the pinning
effect of the dislocation is more pronounced because of a larger
interaction area (Figure 5). In addition to the deviations from
predicted behavior caused by the presence of dislocations
perpendicular to the domain long axis, several domains had
anomalous behavior unassociated with visible dislocations.
While oriented with domains in {011}, Domain 6 underwent
no motion in either positive or reverse bias. This indicates that
there is an underlying pinning mechanism caused by either
domain−domain or domain−defect interactions that are
unobservable under the current imaging conditions. While
having the same orientation and general shape as Domain 6,
Domains 9 and 9* separated into two domains under positive
bias and recombined under negative bias. This deviation from
expected behavior is due to factors that are not visible in the
current imaging conditions, perhaps mitigated by point defects
or dislocations in a different diffracting condition. Particularly
small domains such as Domain 5, where the majority domain-
wall variant cannot be distinguished, seemed to remain stable
under both positive and negative biases as well. This seems to
be caused by the domain walls native to the domain itself
competing against each other and thus providing a self-pinning
mechanism. The anomalous effects observed during this study
will require further analysis using both simulations and direct
strain measurements through TEM in order to be fully
understood.
From these direct observations, it is apparent that while in

many cases the overall behavior occurs as predicted by the

above model, there exists asymmetry to the ferroelastic
response based on the domain-wall and electric-field
orientations. In addition to the asymmetry caused by the
energetics of the polarization switching path, more localized
deviations are found to be caused by defects, specifically
dislocations, as has been previously reported.26 Traditionally,
merely the presence of dislocations inside a domain was
believed to be enough to pin a material, but like the direction
dependence of the asymmetric response, it appears that the
orientation of the dislocation itself dictates whether or not a
domain will actually be pinned. Intuitively, the interaction
volume of the strain field around a dislocation should provide
the energy barrier needed to pin a domain wall, yet this is not
observed using TEM in this study. Instead, the area strain field
interacting with a receding domain tip plays the most significant
role in determining whether a domain will be pinned or not
schematically shown in Figure 5. While the dislocation running
through Domain 8 has a larger interaction volume than those in
Domains 3, 4, and 7, it does not pin the domain, whereas the
larger interaction area from the dislocations running
perpendicular to the domain long axis in Domains 3, 4, and
7 does pin the domains. These results indicate that care must
be taken with both the orientation of the domains and the
orientation of the dislocations introduced during the growth
process when considering the feasibility of domain switching in
a device structure.

■ CONCLUSION
Using MD simulations and in situ TEM, we demonstrate that
71° domain walls in (001) thin films of BiFeO3 can have
asymmetric intrinsic responses to opposing biases along the
[110] direction, depending on their crystallographic orienta-
tions relative to the field direction. It is found that applying an
electric field with a component perpendicular to the switching
polarization component modulates the magnitude of the
switching field and switching reversibility. This suggests a
novel route for controlled ferroelastic domain manipulation via
electric-field engineering. We determine that globally domains
respond to electrical bias in an intrinsic manner, as predicted by

Figure 5. Cartoon schematic showing the typical domain response of a (101) domain under [−1−10] bias in the presence of no defects (left), a
dislocation running through the domain’s long axis (middle), and a dislocation running perpendicular to the domain’s long axis (right). Arrows
indicate the extent of domain motion in these conditions, while the exaggerated strain state on the moving domain wall caused by the dislocation is
indicated in red. Domains walls are not inclined for ease of interpretation.
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MD simulations. Defects and dislocations can significantly
modulate the exact switching behaviors at the local scale,
leading to minor inconsistencies despite the overall behavior
following the model as predicted. The overall effect of
dislocations does not alter to a large degree the switching
behavior, only causing local instabilities and unpredictability to
ferroelastic switching. In particular, dislocations running
perpendicular to the long axes of domains can impede
domain-wall motion. The effects of these defects can have a
profound role on the mitigation of switching mechanisms in
BiFeO3 grown in this configuration. Removal and control of
these defects through selection of the as-grown strain state on
different substrates will lead to more predictable switching at
the global and local levels. This work offers insight into the
combined effects of domain-wall types, defect states, and
orientation of the applied electric field on ferroelastic switching
and can potentially lead to a more comprehensive under-
standing of ferroelastic switching in an environment and
geometry that mimic realistic devices.

■ METHODS
Epitaxial Thin-Film Growth. BiFeO3 films used in this study were

grown such that embedded epitaxial electrodes can be used to apply
in-plane electric fields through connection to a voltage source. Starting
with an (001)-oriented SrTiO3 substrate, 75 nm SrRuO3 electrodes
were deposited using pulsed-laser deposition. Subsequently, ≈85 nm
of BiFeO3 was deposited over the surface of the sample, allowing for
trenches of BiFeO3 to form an epitaxial relationship with the substrate
between the electrodes. As a result of this growth configuration, 71°
domains were favored to form on the {101} family of planes.
TEM. In-plane biasing of the BiFeO3 thin films was performed in

the TEM, described in detail in refs 26, 30, and 31 with an applied bias
along the [110] of the substrate. These experiments were carried out
in both positive and negative biases, allowing for the reversibility of
domain switching to be examined. The contrast between domains is
caused by the diffraction contrast on individual domains captured by
the camera as 256 shades of gray. A comparison of individual frames
extracted from videos taken during in situ biasing yielded quantitative
analysis of individual domains during both nucleation and relaxation.
MD Simulations. We carried out isothermal−isobaric (NPT) MD

simulations to explore the ferroelastic response of 71° domain walls to
the bias direction with an 11520-atom perovskite-type supercell using
a bond-valence-based interatomic potential.18,36−38 Simulations with a
defect-free bulk BiFeO3 supercell allow separation of the intrinsic
response from those due to the surface and defects.6 The interatomic
potential used is parametrized from first-principles calculations and is
able to reproduce the temperature-driven phase transition of bulk
BiFeO3 and density functional theory domain-wall energies
accurately.36 The speed of the domain wall is determined by the
rate of change of the total polarization of the supercell. The
instantaneous local polarization, Pu(t), within each 5-atom unit cell
is calculated with

∑ ∑= *· + *· + *·
= =

⎡
⎣
⎢⎢

⎤
⎦
⎥⎥P t

V
r t r t r tZ Z Z( )

1 1
8

( ) ( )
1
2

( )
i

i
i

iu
u

Bi
1

8

Bi, Fe Fe O
1

6

O,

where Vu is the volume of a unit cell, ZBi*, ZFe*, and ZO* are the Born
effective charge tensors, and rBi,i(t), rFe(t), and rO,i(t) are instantaneous
atomic positions of Bi, Fe, and O atoms in a unit cell obtained from
MD simulations. The instantaneous total polarization of the supercell
is the sum of Pu(t) divided by the number of unit cells.
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