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Interplay of Octahedral Tilts and Polar Order in BiFeO;

Films

Young-Min Kim, Amit Kumar, Alison Hatt, Anna N. Morozovska, Alexander Tselev,
Michael D. Biegalski, llya Ivanov, Eugene A. Eliseev, Stephen J. Pennycook,
James M. Rondinelli, Sergei V. Kalinin, and Albina Y. Borisevich*

Engineering the electronic structure at transition metal oxide
(TMO) interfaces through controlled layer-by-layer thin film
growth techniques is a powerful paradigm to stabilize new
phases of matter absent in bulk equilibrium phase diagrams.!!
The emergence of such functional states relies on the ability
to combine structurally similar TMOs with vastly different
electronic properties through choices in chemistry,? lattice
stresses, 3 orbital interactions of ferroelectric polarization!* or
orbital discontinuities,?! or magnetic coupling® to enable novel
device functionalities”! including high-density 2DEG,®% and
functional piezo-, ferro- and magnetoelectricity in oxide thin
films.[*19-14 Recently, however, the importance of octahedral
tilts, which are critical in preserving the corner-connectivity of
the transition metal BOg octahedra across interfaces, to proper-
ties of thin films has become recognized.">~'8l Here, we report
heterointerface stabilization of a distinct nonpolar BiFeOs
phase occurring simultaneously with changes in octahedral
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tilts. The resulting phase arises via suppression of polarization
by a structural order parameter and can thus be identified as
anti-ferroelectric; small antipolar cation displacements can
also be detected. This phase is metastable and can be switched
into a polar ferroelectric state under an applied electric bias.
This finding paves the way towards functional heterostruc-
ture devices with multiple-level electronic and magnetoelectric
states based on atomic level interfacial chemical and structural
control.

In perovskite oxides, the magnitude and sense of rotations
of adjacent BOg units determines their functional electrical
and magnetic properties,'>2! yet direct external control over
the octahedral framework to realize new phases is challenging
because the rotations do not respond to electric fields. Inter-
facial strain and chemistry can affect the rotations of the BOg
units through a ferroelastic interaction,?>?”! which is micro-
scopically similar to the conventional strain—polarization coup-
ling in polar perovskite oxide thin films and superlattices.[®!
While the crucial role of octahedral tilts in ferroelectric behavior
has long been understood from the studies of bulk materials
(see for example work by Levin et al. and Woodward et al.2%30)),
their influence on the properties of thin films has only recently
been documented.">?%l These behaviors are particularly impor-
tant in the context of polar oxides, where external electric fields
are able to switch the polarization direction, resulting in a field-
tunable ground state. To achieve the same dynamic control
of the octahedral framework in a perovskite thin film would
require either reversing the strain state completely — a practi-
cally and technologically ineffective approach — or developing
alternative routes.

BiFeOj; (BFO) is the quintessential room temperature multi-
ferroic which normally exhibits a large ferroelectric polariza-
tion of =90 uC/cm?.3" It possesses an intricate set of structural
transitions as a function of temperature, pressure, epitaxial
strain, or chemical pressure.?!32l A metastable antiferroelectric
(AFE) phase can be induced through isovalent substitution of
Bi by smaller rare-earth cations which occurs simultaneously
with an anti-ferrodistortive change in the octahedral rotations
from a"a"a” to a~a c*.33l Here we demonstrate that a nonpolar
phase can be stabilized through heteroepitaxy that occurs with
simultaneous changes to the octahedral tilts at the interface.
In addition, through mesoscopic piezoresponse force micros-
copy, we demonstrate electric field switching between the sub-
strate termination-induced nonpolar and the normal fully polar
state. We also observe small antipolar cation displacements in
nonpolar phase, thus strongly suggesting that this phase has
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anti-ferroelectric nature. Using real-space electron microscopy
imaging techniques combined with first-principles density
functional calculations, we describe how the energetic stability
of the polar and antipolar displacements is influenced by the
octahedral structure, which at the interface should be sensitive
to the chemistry of the terminating layer.

The stability of the polar BFO phase is determined by the
misfit strain, the interface charge, and the octahedral tilt pat-
terns at the heterointerface. Of these, the tilt pattern is specific
to each substrate and cannot be altered post-growth. While it
is possible to choose substrates with different tilt patterns, this
often requires a change in chemistry of the substrate, leading
to different lattice constants and misfit strains, which preclude
direct probing of the intrinsic effect of octahedral rotations on
the phase stability of the film. In this work, we adopt an alterna-
tive strategy: we tune only the layer sequence of the substrate,
without changing the overall chemical composition by switching
the interface termination during growth. This preserves the
strain state and should maintain the octahedral tilt structure of
the substrate. The formal charge discontinuity, which is reversed
in this case, could affect the stability of the ferroelectric domain
orientations in the film, but is expected to interact only weakly
with the rotation patterns. At the same time, the structural
aspect of the altered layer sequence (AO or BO, termination)
could affect phase stability in the film near the interface through
changes in octahedral tilts at the interface (since rotations are
largely stabilized by A-site-oxygen interactions in perovskites),
bringing the polar and nonpolar phases close in energy to allow
for reversible and potentially hysteretic switching.

Previous work by Yu et al.ll showed that changing interface
termination can switch bulk polarization of BFO. In this study,
we aim to explore the stability of the polar phase in the near-
interface region with changes in termination layer. To explore
this, a series (10, 20, 50, 100 nm in thickness) of BFO films
was grown on STO substrates with 5 nm LSMO bulffer layers
using pulsed laser deposition. As SrTiO; is predominantly
TiO, terminated, routine STO-LSMO-BFO growth without
selective etching gives rise to a (MnO,)-(BiO) layer sequence
at the interface (structure A). To access the (La,SrO)—(FeO,)
interface (structure B), we reverse the LSMO termination by
depositing an extra SrO layer on the STO substrate. Figure 1a,b
show annular dark field (ADF) scanning transmission electron
microscopy (STEM) images for 50 nm thick [110] pseudo-cubic
([110],) oriented BFO thin films grown on the different ter-
minations of LSMO. In this imaging mode, the column inten-
sity is roughly proportional to the square of atomic number.l*!
Therefore, we can track interface termination via ADF inten-
sity traces (green graphs in the insets on Figure 1a,b); different
ordering of atomic columns in the two panels is evident. The
different interface structures of BFO-LSMO were also directly
verified by electron energy loss spectroscopy (EELS) line scans;
the compositional profiles and the corresponding ADF inten-
sity traces are given in Figures 1c,d. In structure A the inte-
grated signal of the Mn L-edge (red curve) propagates further
across the interface compared to the La M signal (green curve,
see Figure 1c), demonstrating that the surface of LSMO is
indeed terminated by a MnO, layer. For structure B, the order
of the Mn L and La M curves is reversed, confirming the (La,Sr)
O termination (Figure 1d).
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We further use the ADF and bright field (BF) STEM images
to measure the atom positions at the heterointerface. This way,
the polarization behavior, change in lattice spacing (ADF)[1>36-3
and the octahedral rotation angles (BF)[*>3% can be tracked for
each unit cell; the schematic in Figure 1e illustrates the quanti-
fication procedure for the [110],. oriented BFO film. Note that
the optimal conditions for mapping octahedral tilts using BF
STEM will depend on the sample thickness and can differ from
the optimal ADF STEM conditions. Here, we have used image
simulations to establish the optimal BF conditions for oxygen
detection to enable accurate measurements of octahedral tilts
(Figure S1 in the Supporting Information). Figure 2a,b show
BF STEM images for structures A and B. In these optimal
conditions, the oxygen columns are the brightest feature in
the images. The insets are the corresponding octahedral tilt
maps of the images. In these maps, each pixel represents one
unit cell; checkerboard contrast reflects antiphase character of
the in-plane tilts in both BFO and LSMO, similar to the data
reported by Borisevich et al.l'*!

Averaging the even (black) and odd (white) “sublattices” of
the checkerboard maps along the interface, we obtain the pro-
files in Figure 2c,d. Clear differences in the tilt behavior at the
interface are observed for the two LSMO terminations. For
structure A, full suppression of the octahedral rotation angles
is observed at the BFO-LSMO interface (6 = 0°) that persists for
=3 atomic layers into BFO; after that the rotation angles gradu-
ally increase until around =3 nm into BFO when the rotations
recover to the bulk BFO values (=10.5° for this projection, see
Figure 2c). In the lateral dimension along the interface, the
octahedral rotation suppression is found to persist for multiple
tens of nanometers, albeit coexisting with small (<5 nm)
regions with incomplete tilt suppression (similar to structure
B described below). Similar interface features were observed
in heteroepitaxial films grown in two independent batches.
Incomplete tilt suppression, however, is observed at the inter-
face for structure B with the angles decreasing to about 6 = 4°
in comparison with 6 = 7° in LSMO. Intriguingly, further into
the BFO film of structure B the rotation angles do not recover
to the bulk value within the field of view of the image (=4 nm of
BFO) and instead stay at 6 = 4-6°. The interface-induced rota-
tion angle modification in structure B is relatively long range,
extending well beyond the thin interface layer, suggesting the
stabilization of a distinct interface phase. For both films, how-
ever, we find the FeOg rotation angles do eventually reach the
bulk value at =20 nm away from the interface (Figure S2 in the
Supporting Information). These results indicate a clear depend-
ence of the near-interface BFO phase stability on the interface
termination.

We further characterize the polarization behavior of the two
films by mapping the relative cation displacements as a func-
tion of the distance from the interface. Figure 2e,f show out-
of-plane (dz, normal to the interface) displacement maps over-
lapped with the corresponding ADF STEM images, and the
profiles computed from the maps. For structure A (Figure 2e)
we observe nonzero displacements starting at the interface,
indicative of a polar domain that saturates within 5-6 unit cells.
Interestingly, the mapping across the full field of view reveals
two domains of opposite polarization, separated by an irregu-
larly-shaped tail-to-tail domain wall (marked as dotted line, see
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Figure 1. Thin film structures and interface terminations: ADF images of [110] pseudo-cubic oriented BFO thin films grown on: a) MnO,-terminated
LSMO and b) (La,Sr)O-terminated LSMO. The interface termination of LSMO was engineered through surface termination control of the STO sub-
strate by introducing a SrO monolayer (dark layer in (b)). The magnified interfaces in both BFO-LSMO structures with atomic models are displayed as
insets in (a) and (b), respectively. c,d) STEM-EELS results obtained across the respective interfaces of BFO-MnO,-terminated LSMO and BFO-(La,Sr)
O-terminated LSMO. e) Schematic to describe the structural parameters of a BFO unit cell oriented to the [110], direction that can be measured in
STEM image, the lattice spacings (out-of-plane g, and in-plane a,), cation displacements (out-of-plane d, and in-plane d,) and octahedral tilt (6).

Figure S3 in the Supporting Information for a larger view).
The top domain (with respect to the surface of the film; right
on Figure 2) is consistent with the overall film polarization
while the opposite orientation is only present in the interface
region. This unanticipated feature suggests a complex system
of charge compensation at the interface and in the bulk-portion
of the film. Note that for the small phase fraction where incom-
plete octahedral tilt suppression is observed in structure A, an
antipolar Bi-Bi modulation also occurs (Figure S4 in the Sup-
porting Information). Nevertheless, the majority volume frac-
tion of all structure A BFO films appear to be ferroelectric, pos-
sessing polar cation displacements beginning at the interface.
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In marked contrast, structure B (Figure 2f) shows zero net
out-of-plane polarization in the near-interface region (i.e., dz =
0). The nonpolar state persists within the entire field of view
of the image (>7 nm of BFO) and correlates with the region
of the long-range partial tilt suppression (Figure 2d). Impor-
tantly, polarization and tilt values are uniform within these
regions and change abruptly to bulk BFO values at well-defined
interfaces. This uniformity of crystallographic structure over
5-15 nm scale and abrupt atomically thin boundaries allow us
to identify it as an interface-stabilized phase. Clearly, this dis-
tinct phase arises via suppression of polarization by a structural
order parameter and can thus be considered anti-ferroelectric
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Figure 2. Octahedral tilt and polarization mapping: BF STEM images taken in optimal conditions for oxygen column contrast in the [110],. oriented
BFO film structures grown on: a) MnO,-terminated LSMO and b) (La,Sr)O-terminated LSMO. The resulting octahedral tilt maps (insets) show check-
erboard pattern of tilt angles. c,d) Line profiles of octahedral tilts averaged over vertical rows of the respective tilt maps in (a) and (b). Solid lines in
each graph represent tilt angles in the bulk BFO and LSMO. e,f) Out-of-plane (dz) displacement maps and the corresponding averaged line profiles of
B-site cations in both BFO thin film heterostructures, showing the polarization behavior (data given on the same scale for both films). The maps are

overlaid on the respective ADF STEM images. The scale bars are 2 nm.

according to definition by Balashova and Tagantsevi*! (alter-
native definitions, such as characteristic P-E double loop, do
not provide any structural criteria and are insufficiently spe-
cific (e.g., ferroelectrics above T can also show double loops)).
Confirming this classification, small (close to detection limit)
antipolar in-plane displacements attributed to modulations in
the Bi atomic columns were observed in structure B (Figure S5
in the Supporting Information); in the structure A, antipolar
displacements were only observed next to the small regions
with incomplete suppression of octahedral tilts (Figure S4 in
the Supporting Information), suggesting that the nonpolar
phase coincides with a metastable AFE phase of BFO with dif-
ferent octahedral rotations. These results suggest that the het-
erointerface termination mediates the interplay between local
cation displacements, electric polarization and octahedral rota-
tion behaviors.

The structural distortions and interface-induced nonpolar
phase extend for large distances (3—15 nm) into the film. At these
length scales, ferroelectric properties and bias-induced phase
transitions between nonpolar and polar states may be indi-
rectly accessed by piezoresponse force microscopy (PFM).[1—#3
We note that direct measurements of the antiferroelectric-like
hysteresis loop by PFM are complicated even for prototypical
AFE materials such as PbZrO;.* In many cases, materials
showing constricted P-E macroscopic hysteresis loops yields
FE like hysteresis loops on the nanoscale.”! From STEM data,
the materials studied here are the mixture of nanometer scale
mesoscopic FE and AFE regions, and hence measured PFM

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

signal will contain contributions from both states and will
be dominated by FE response (since the response of the AFE
phase is zero).

To explore the domain structure and polarization switching
in these systems systematically, we performed PFM imaging,
domain writing, and hysteresis loop measurements. For struc-
ture A, the PFM images indicate the presence of classical stripe-
like domain structure formed by 50-80 nm size domains for
all film thicknesses, Figure 3a—c, in agreement with previous
studies for similar films.*¢*’] For structure B in the 10 nm film
(Figure 3d), however, the regular domain structure is absent
and the images show considerably reduced average amplitude
of the PFM signal. This data is consistent with coexistence of
nanoscale polar regions with random polarization orientation
and nonpolar regions (despite the high quality of the surface).
Large regular domain patterns are observed only for the 20 and
100 nm films (Figure 3e,f). The morphology of these domains
is markedly different from the structure A series and is more
rounded. X-ray diffraction studies (see Supporting Information)
also confirm the absence of domain walls in the 10 nm struc-
ture B film.

This field-induced transitions and polarization dynamics
in these materials are explored through the polarization
switching experiments illustrated in Figure 4. While all films
exhibit classical switching behavior (similar PFM amplitude in
upward-polarized, downward-polarized, and pristine regions,
180 phase change at the domain boundaries), the 10 nm film
with structure B shows more complex behavior somewhat

Adv. Mater. 2013,
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Figure 3. Domain structure evolution and polarization switching: PFM amplitude data series recorded as a function of BFO film thickness grown on
(a to ¢) MnO,-terminated LSMO and (d to f) (Sr,La)O-terminated LSMO, respectively. The scale bars are 400 nm.

reminiscent of ferroelectric relaxors.*>#-51 Here, while the response of a normal ferroelectric. This behavior is consistent
pristine regions show contrast consistent with noise or ultra-  with the coexistence of FE and AFE phases, since the application
small polar clusters, poling produces uniformly polarized of sufficiently strong field results in AFE-FE transition and for-
ferroelectric regions that can be further switched similar to the = mation of remnant FE-like state that can be visualized by PFM.
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Figure 4. Ferroelectric domain pattern formed by application of +4 V over 2 um and subsequently —4 V over 1 um in: a) 10 nm-thick BFO grown on MnO,-terminated
LSMO, b) 10 nm-thick BFO grown on (La,Sr)O-terminated LSMO, c) 100 nm-thick BFO grown on MnO,-terminated LSMO, and d) 100 nm-thick BFO
grown on (Sr,La)O-terminated LSMO. Hysteresis loops for the 10 nm-thick films are shown in (e) and PFM hysteresis loops for 100 nm thick films are shown in (f).
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Finally, the PFM hysteresis loop is significantly smaller for
structure B for 10 and 20 nm thicknesses, with the maximal
difference observed in the 10 nm films. For 100 nm thick films,
structure B has a slightly larger loop. These observations are
consistent with the presence of the AFE layer (which does not
span the thickness of the film) in the structure B series films,
the effect of which is most pronounced in the thinnest film. We
further note that attempts to explore polarization switching at
higher biases are limited by the dielectric strength of the films.
Overall, while PFM cannot establish the AFE nature of material
unambiguously (since the signal is dominated by the presence
of FE component), it illustrates the (a) nanophase structure of
pristine region B and (b) field induced transition to long lived
FE state.

To gain insight into the role of octahedral rotations on the
BFO film and on the presence of the AFE or FE domains, we
perform first-principles density functional calculations. We
evaluate the interaction between polar and antipolar atomic
displacements for three possible BFO structural variants at
the bulk level (sans substrate and strain to extract the intrinsic
interaction between ferro- and anti-ferrodistortive distortions)
distinguished by octahedral rotation that are consistent with
our experimental observations. The possible octahedral rota-
tion patterns examined possess either in-phase (+) or out-
of-phase (-) rotations of adjacent FeO-g octahedra about the
out-of-plane axis (Figure 5a). We consider three patterns of
rotations: the BFO bulk aa"a~ rotations (out-of-phase rota-
tions about all axes), GdFeOs-like aa"c* rotations (out-of-phase
rotations about in-plane axes and in-phase rotations about the
out-of-plane axis), and a superposition of the two, an AgNbO;-
like a~a~cJa~a c" pattern,®? with a sequence of two in-phase
and two out-of-phase rotations about the out-of-plane axis,
quadrupling the primitive unit cell. Note that for all of these

a aaa b
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cases considered, the out-of-phase in-plane octahedral rotations
that give rise to “checkerboard” tilt angle maps in STEM are
preserved in the calculations. For these three rotation patterns,
we evaluated a number of possible FE and AFE configurations
by fully relaxing the atomic positions in various symmetries,
while maintaining the bulk lattice parameters. Table S1 in the
Supporting information enumerates the lowest energy crystal
symmetries obtained from this analysis. We focus now on the
polar and antipolar atomic displacements in these low-energy
structures.

To understand how octahedral rotations could stabilize the
nonpolar BFO state at the heterointerface, we consider the
relative energetics of the polar and antipolar displacements of
these low-energy structures. Figure 5b,c shows the change in
energy for each rotation pattern as the amplitude of the polar or
antipolar atomic displacement patterns are gradually increased.
Here, zero-percent amplitude corresponds to a BFO structure
with the reference symmetry (Supporting Information,
Table S1), obtained by removing all secondary cation and oxygen
displacements that are not rigid-unit mode rotations of the FeOq
octahedra. From this analysis, we find that the FE and AFE
structures are all close in energy, and importantly, that the pref-
erence of BFO to adopt a FE or AFE state is intimately linked to
the geometric rotation pattern of the FeOg octahedra: Figure 5b
illustrates that the lowest energy FE state prefers all out-of-phase
rotations of the octahedral (a"a~a") while an AFE configuration
with the same rotation pattern is substantially higher in energy
(Figure 5c). The AFE configuration, rather, is energetically sta-
bilized by in-phase rotations — the a~ac* rotation pattern being
the lowest energy configuration. Furthermore, we find that the
energy distortion curves for the AFE a a™c' (Pnma symmetry)
and complex tilt (Pbem symmetry) resemble a single parabola
shifted to have a nonzero minimum with respect to amplitude
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Figure 5. The first-principles calculated FE and AFE energy stabilizations obtained from changes in the BFO octahedral rotation patterns reveal a
stronger interaction between the stable electronic state and the geometric connectivity of the octahedral rotations. a) The three structural configurations
for BFO (the cations are omitted for clarity) consist of FeOg octahedra that rotate (upper) out-of-phase in all directions, a a~a~, (center) out-of-phase
in the epitaxial plane and in-phase along the film normal a“ac*, (lower) or in complex tilt pattern given as a superposition of the previous tilt patterns,
i.e.aaa”[a"a~c*. The sense of rotation is distinguishable by the change in shading of the octahedral along the film normal direction indicated by the
broken line. b) With increasing amplitude of the polar distortion compatible with the symmetry of the octahedral tilt patterns, the a~a”a™ bulk rotation
pattern is energetically more favorable than the alternatives. c) In contrast, the antipolar distortions are energetically disfavored in the bulk-like pattern,
whereas they are more energetically favorable when in-phase rotations of the FeOg4 octahedra are present in the structure. The energies in panels (b)

and (c) are given relative to the lowest polar or antipolar configuration, respectively.
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of the antipolar distortion. This behavior reflects the fact that
the antipolar displacements are symmetry allowed in the undis-
torted phase, i.e. their presence does not require a change in
symmetry (Supporting Information, Table S1). As a result, once
the octahedral rotation pattern is adopted, the antipolar distor-
tions can be activated through anharmonic interactions without
the need for softening a Raman active phonon.

We can now ask what feature of the heterostructures deter-
mines the rotation pattern adopted by the BFO film? Based on
these results, we argue that the interface selection of the FE or
AFE state is due to the preference of the two LSMO interface
terminations to stabilize either an in-phase or out-of-phase rota-
tion pattern in the BFO about the film-normal direction. The
MnO,-terminated interface enables the BFO film to have a
complete FeOg4 octahedron, and as in the bulk, the film would
prefer to adopt the a~a~a~ rotation pattern which is energetically
more favorable when polar atomic displacements are present.
In contrast, the (La,Sr)O/FeO, termination leads to FeOg4 octa-
hedra with nearest-neighbor interactions determined by both
La/Sr and Bi cations. Because LaFeO3 exhibits, and SrFeO; has
structural tendencies to, the a~ac' tilt pattern, the asymmetric
A-site environment surrounding the interfacial FeOq octahedra
would prefer that the BFO rotation pattern locally adopts in-
phase rotations about the film normal as a means to lower the
overall energy, while retaining finite out-of-phase rotations in-
plane. The in-phase rotations of the low-energy a~a"c* rotation
pattern about the film normal direction are consistent with the
experimental observed net overall reduction of the in-plane
out-of-phase rotations across the interface, rather than a com-
plete suppression. The AFE state emerges since the octahedral
rotation patterns are particularly sensitive to the A-site environ-
ment, which appears in our bulk calculations as splitting in
the Bi-Bi pair-distribution function relative to the bulk FE R3¢
structure (Figure S6,S7 in the Supporting Information), con-
sistent with the experimental values (+ 0.06-0.08 A).

We note that while the change in predominant polar order
for the films with different surface terminations is quite clear,
the small proportion of the AFE phase found in the mostly fer-
roelectric structure A underscores the small energy difference
between the two phases for these two heterostructures. Thus,
we can expect the AFE state to be strongly affected by local dis-
order, with each defect a potential nucleation center for the FE
phase, and vice versa. From that point of view, the appearance of
the nonpolar phase, in addition to a given layer order, can also
hinge on the presence or absence of a specific type of defect at a
specific concentration, conceivably altering the stability window
of the AFE phase for different growth methods or characteristic
defect chemistries. Nonetheless, for the case of the films used
in this study there is no reason to suspect a difference in global
defect compositions between the films with different termina-
tions. Therefore modifying the intimate structural interplay
between rotation patterns and polar and antipolar displace-
ments through heteroepitaxial constraints offers a promising
route to control polar order in perovskite oxides. Analysis using
Landau-Ginsburg-Devonshire theory allows further generali-
zation of this behavior by considering the contributions from
changes in interfacial dipoles, surface energy, and the sign of
biquadratic tilt-polarization coupling (see Equation S1-S3 and
Figure S8 in the Supporting Information).
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To summarize, we observe an AFE BiFeO; phase stabilized
via control of the substrate termination concomitant with a
change in octahedral tilts across the interface. The interplay
of polarization and octahedral tilt behavior underpinning this
phase formation is visualized directly on a single unit-cell level
though direct order parameter imaging by ADF and BF STEM
that allows precise localization of light (oxygen) and heavy
(cations) columns and is captured in our bulk level density
functional calculations. The nonpolar phase is stabilized over
mesoscopic distances, and sharp boundaries between nonpolar
and ferroelectric phases of BFO are observed. Relaxation of
interface constraints within the film or application of external
electric field transforms the material to the ferroelectric state.
Exploiting heteroepitaxial routes to control the interplay
between octahedral rotations and polar or antipolar displace-
ments will be important for future device applications based on
multi-state configurations and readily motivate further investi-
gations into the complex structural coupling available at perovs-
kite oxide interfaces.
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