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In functional materials, nanoscale phase boundaries exhibit exotic phenomena that are notably absent
in their parent phases. Over the past two decades, much of the research into complex oxides (such as
cuprate superconductors, CMR manganites and relaxor ferroelectrics) has demonstrated the key role
that nanoscale inhomogeneities play in controlling the electronic and/or ionic structure of these
materials. One of the key characteristics in such systems is the strong susceptibility to external
perturbations, such as magnetic, electric and mechanical fields. A direct consequence of the
accommodation of a large number of cationic substitutions in complex oxides is the emergence of a
number of physical phenomena from essentially the same crystal framework. Recently, multiferroic
behavior, which is characterized by the co-existence and potential coupling of multiple ferroic order
parameters, has captured considerable worldwide research interest. The perovskite, BiFeOs, exhibits
robust ferroelectricity coupled with antiferromagnetism at room temperature. A rather unique feature
of this material system is its ability to “morph” its ground state when an external mechanical constraint
is imposed on it. A particularly striking example is observed when a large (~4 to 5%) compressive strain
is imposed on a thin film through the epitaxial constraint from the underlying substrate. Under these
conditions, the ground state rhombohedral phase transforms into a tetragonal-like (or a derivative
thereof) phase with a rather large unit cell (¢/a ratio of ~1.26). When the epitaxial constraint is partially
relaxed by increasing the film thickness, this tetragonal-like phase evolves into a “mixed-phase” state,
consisting of a nanoscale admixture of the rhombohedral-like phase embedded in the tetragonal-like
phase. Such a system gives us a new pathway to explore a variety of mechanical, magnetic and transport
phenomena in constrained dimensions. This article reviews our progress to date in this direction and
also captures some possible areas of future research. We use the electromechanical response and the
magnetic properties as examples to illustrate that its novel functionalities are intrinsically due to the
phase boundaries and not the constituent phases. The possible origin of the giant piezoelectric response
and enhanced magnetic moment across the boundaries is proposed based on the flexoelectric and
flexomagnetic effects.

1. Introduction between an antiferromagnetic insulator and a ferromagnetic
metal give rise to colossal magnetoresistance (CMR), where the
response is maximized at the compositional boundary;** an
analogous effect can be seen in high-temperature superconduc-
tors.”'® Other examples include the morphotropic-like phase
boundaries in ferromagnets,'? shape memory alloys®® and
relaxor ferroelectrics.’* ¢ In the vicinity of the phase boundary
(or the triple point in regions of three phase coexistence'”), the
free energies of two or three phases are nearly degenerate,
resulting in a continuous variation in the local atomic/ionic/
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Phase boundaries in solids play a critical role in determining the
macroscopic properties of materials.’* In complex materials,
such as strongly correlated oxides, phase boundaries can occur as
a manifestation of the spatial variations of the spin, charge,
orbital and lattice degrees of freedom. For example, in manga-
nites and related systems, the phase separation and transition
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boundaries be assembled in an ordered way such that their
properties can be controlled with a greater degree of freedom?
Here, we take the epitaxially stabilized nanoscale phase bound-
aries in compressively strained multiferroic BiFeO; (BFO) as a
model system to show the existence of a giant piezoelectric
response and a remarkable enhancement of magnetism. Strain-
induced flexoelectric or flexomagnetic effects are proposed to be
the origin of these enhancements. We further propose that this
behavior may not be unique to BFO and such engineered inter-
phase interfaces can be a generic pathway to design new
functionalities.

2. Phase coexistence in multiferroic BFO

Typically, functional phase boundaries in piezoelectrics or
ferroelectrics arise as a consequence of inhomogeneous ionic or
electronic charge distribution.”*?” Tt has been demonstrated,
however, that a morphotropic phase transition can be triggered
by imposing hydrostatic pressures on ferroelectric PbTiO5; (PTO)
single crystals.?®?° In addition, it has been observed that induced
epitaxial strain can affect the morphotropic phase boundary in
PZT thin films under ambient conditions. In our recent experi-
mental and theoretical work, we demonstrated that epitaxial
strain is a powerful pathway to accomplish the same goals of
creating nanoscale mixed-phase ensembles in a lead-free mate-
rial, such as BiFeOs.

Epitaxial strain in oxide thin films and heterostructures is a
powerful tool to induce emergent phenomena, which does not
exist in their bulk counterparts. For example, researchers can
now routinely modulate the structure of the epitaxial thin film by
the lattice mismatch between the films and substrates;* for
example, enhanced ferroelectricity has been reported in the
BaTiO5/SrTiO3/CaTiO; artificial superlattice.® The effects of
epitaxial strain have also been used to induce ferroelectricity
from a non-ferroelectric (SrTiO5*?) or antiferroelectric material

(PbZr0O3).** Apart from polarization, magnetization* and
superconductivity,® recent experiments also show that the
carrier concentration of a two dimensional electron gas at the
LaAlO;-SrTiO; interface can be strongly tailored by epitaxial
strain.*® With such a powerful control parameter, we started to
search for potential candidates, which possess polymorphs, as a
pathway to create a mixed-phase system. Among those oxides,
BFO has gained great attention due to its room temperature
multiferroicity.*”*® In the ground state, BFO has a rhombohedral
structure (R3¢ symmetry) with a spontaneous polarization of
~100 pC cm 2 along its (111) pseudocubic diagonal. However, a
number of theoretical studies have proposed that a new tetrag-
onal phase (P4mm symmetry) with a giant ferroelectric polari-
zation of ~150 pC cm 2 can be stabilized.?** Similar phases with
large axial ratios have also been predicted in BiCoO; and
PbVO;.4*? As a result of these predictions, detailed work has
begun to explore this new BFO phase in the context of its
structure,**™¢ as well as its magnetic*’ and ferroelectric proper-
ties**>* and its optical response.>¢

According to recent density functional theory calculations,*”
when BFO is constrained by a compressive biaxial strain in
excess of ~5% along its a and b pseudocubic directions and
simultaneously relaxed along its ¢ pseudocubic direction, as
shown in Fig. 1(a), the crystal will undergo a distinct structural
transformation to a tetragonal-like phase. The degree of
constraint is governed by the lattice mismatch between the BFO
film and the underlying substrate as illustrated in Fig. 1(b), where
it is shown that LaAlO;3 (LAO) substrates may provide an ideal
template for bridging this abrupt change in the c/a ratio.
Furthermore, ab initio calculations show that the total energy
curve is almost flat with a c¢/a ratio between 1.1 and 1.3.%” This
suggests that a structural phase coexistence is energetically
favorable at an intermediate strain state with a global energy
minimum at ¢/a = 1.25 and a local energy minimum at c¢/a = 1.1.
This phase coexistence has also been investigated from a
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macroscopic thermodynamic stability point of view and can be
understood as the result of a competition between elastic, elec-
trostatic and phase boundary energies.>® With these theoretical
predictions, the experimental studies on the formation of the
nanoscale phase boundary and its influence on physical
phenomena are the central focus of the following segments.

3. Stabilization of T- and R-like phase boundaries

The abundance of commercially available single crystal perov-
skite substrates allows for a large selection of unique templates
for the growth of high-quality functional oxide thin films,
particularly for perovskites.® The pseudocubic lattice constant
for BFO is 3.96 A in its bulk form. In principle, GdScOj single
crystals permit the growth of strain-free BFO films due to their
near-perfect lattice match.®® The epitaxial growth of BFO films
on NdScO; or SmScOs; substrates can induce an in-plane tensile
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Fig. 1 (a) In-plane strain-dependent free energy of the BFO structure

and (b) evolution of the c¢/a lattice parameter ratio as a function of the in-

plane strain for BFO (the dashed lines indicate the mismatch strain from

the different oxide substrates.

strain,®! while growth on SrTiO; (STO), LAO or YAIO; (YAO)
results in varying degrees of in-plane compressive strain (all the
substrates adopt a pseudocubic or pseudotetragonal lattice).®? It
has been demonstrated that the ferroelectric polarization in BFO
has a negligibly small dependence on the epitaxial strain up to
1.5%.% Tt has also been suggested that compressive or tensile
strains up to 2.5% have a weak effect on the antiferromagnetic
and ferroelectric order parameters in BFO.%* An abrupt struc-
tural transition occurs when BFO is grown on YAO under an
epitaxial strain of 6.7%.% The out-of-plane and in-plane lattice
constants are ~4.71 A and ~3.72 A, respectively, with a slightly
monoclinic angle of ~89°. This phase exhibits a depressed canted
magnetic moment of ~2 emu per cc with a C-type antiferro-
magnetism,* which is different from the value of the rhombo-
hedral ground state (46 emu per cc) with G-type
antiferromagnetism.%¢

A similar tetragonal-like crystal structure with a slightly
monoclinic distortion (subsequently referred to as the T-phase or
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T-BFO) is observed in BFO films (<20 nm thick) grown on LAO
substrates (~4.5% lattice mismatch) when the in-plane
compressive strain can be fully maintained. As the film thickness
increases, however, a unique stripe-like feature emerges in the
surface topography,> which is ascribed to the appearance of the
rhombohedral-like (R) phase. The lattice constants of this dis-
torted R-phase (R-BFO);a=b=3.8 A, c=4.07 A) are different
from the BFO bulk ground state. The fraction of stripe-like
domains (R/T mixture) increases with the thickness due to
further strain relaxation. For film thicknesses above 250 nm
(ref. 67), the entire film is comprised of the R-phase. According
to recent density functional calculations and X-ray diffraction
studies, the structure of the R-BFO phase systematically evolves
from the monoclinic Cc phase, resulting from the strain-induced
deformation of the ground-state rhombohedral R3¢ phase; a
further misfit strain of ~5% will deform BFO to the monoclinic
Cm (T-BFO) phase.®® Fig. 2(a) shows a representative atomic
force microscopy (AFM) image of a 160 nm thick BFO film
grown on an LAO substrate, where the stripe-like and flat areas
indicate the mixed phase and T-BFO phase, respectively. X-Ray
reciprocal space mapping (RSM) of this film gives preliminary
information about its crystal structure.®® As seen in Fig. 2(b), in
addition to the peak for the T-like phase (labeled as T-BFO), a
peak for the R-phase of BFO (subsequently referred to as the R-
phase or R-BFO) can also be identified with an out-of-plane
lattice constant of 4.07 A. Four additional peaks (labeled as R’)
suggest a complex phase coexistence in this partially relaxed T-
phase film, which we define as mixed-phase BFO.

Transmission electron microscopy (TEM) provides direct
atomic scale insight into the structure of such mixed phases.
Fig. 3(a) shows a typical bright-field cross-sectional TEM image
of a mixed-phase film. In this image, the inclined stripes ~20 to
30 nm in length can be seen to extend throughout the entire
thickness of the film, corresponding to the stripe-like
morphology observed in the topographical AFM image. The
phase coexistence has also been confirmed via selective area
electron diffraction (SAED) studies, shown in Fig. 3(b), where
the two sets of diffraction spots are indexed as the T-phase and
the R-phase. At high resolution (Fig. 3(c)) we observe a
remarkably coherent interface between the two phases with a
smooth transition of the out-of-plane lattice constant from 4.07
A to 4.65 A within 1015 unit cells, with no observable disloca-
tions, stacking faults or twinning across the phase boundary.

An iso-symmetric phase transition in this multiferroic perov-
skite, resulting from the combination of elastic/electric boundary
conditions, has been proposed in several recent papers for
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Fig. 2 (a) AFM image of a mixed-phase BFO film grown on an LAO
substrate and (b) high-resolution X-ray RSM of a mixed-phase BFO film.

Fig. 3 (a) Low-magnification cross-sectional TEM image of a mixed-
phase BFO film (the stripe-like feature is the phase coexistence of the R-
like and T-like structures), (b) selected area electron diffraction pattern of
a mixed-phase BFO film and (c) high-resolution TEM image across the T-
like and R-like phase boundaries.

understanding the possible driving force behind the relaxation of
this huge lattice mismatch (~14%) between the phases.®7! Such
a phase transition is a first order phase transformation without a
change of the space group symmetry;’* however, it is accompa-
nied by a change in the coordination and has been observed in
crystals,” such as SmS, Ce, EuO and (V(.963Cr 937)03.778 Here,
both BFO phases, including the transition region, are believed to
be monoclinic (Ce space group).” Ishibashi et al.”*#° and Hatt
et al.™ described the details of the iso-symmetric transition in
ferroelectrics using Landau—Devonshire theory and first-princi-
ples calculations. This was also followed by some recent theo-
retical papers related to the iso-symmetric oxygen octahedral
rotation in other perovskites®' and misfit shear-induced MPB
between the R-/T-like interface,® suggesting its universal
behavior in perovskites. Temperature and chemical substitution
studies by XRD, AFM and micro-Raman techniques also
provide detailed insight into these structural transitions.®' We
note that this iso-symmetric structure coexistence (with a big
difference in the volume and c/a ratio) thus resembles a classical
MPB. So, the next question is this: does this mixed phase
ensemble undergo a phase transition under external stimuli, such
as mechanical pressure, electric field or thermal activation? What
is the associated electromechanical (or magnetoelectric) coupling
response of the phase boundary?

4. Nanoscale phase transition and ultrahigh
piezoelectric response

One good demonstration of the functionality of this nanoscale
phase boundary is the giant electromechanical response. For
piezoelectric materials, there is a wide range of applications from
electromechanical actuators, transducers and sensors to micro-
positioners.?*8* Since the first demonstration of the piezoelectric
effect by Pierre Curie and Jacques Curie in 1880, a large number
of piezoelectric materials, including natural crystals (quartz,
Rochelle salt ezc.)® and artificially synthesized compounds

This journal is © The Royal Society of Chemistry 2012
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(BaTiO3 (BTO), Pb(Zr,Ti;_)O3 (PZT) etc.)*** have been
explored. PZT-based systems, with a ds3 of ~500 pC N~!, were
the most widely used materials in the market until Park and
Shrout reported an unprecedented dy3 of ~2500 pC N~! and
strain of ~1.7% in solid solutions of (1 — x)Pb(Mg;,3Nb,/3)O03—
xPbTiO; (PMN-PT) or (I — x)Pb(Zn;;3Nb,;3)O3-xPbTiO3
(PZN-PT). This breakthrough has been followed by a lot of
work focused on understanding the fundamental mechanisms?®
and engineering the performance of these materials.®®

The origin of the ultrahigh piezoelectricity in relaxor ferro-
electrics is still a source of scientific debate, with a strong focus on
the existence of an intermediate phase bridging the R- and T-like
symmetries within the MPB.?**® However, it also seems to be
favorable that nanoscale phase transitions®® and randomly
oriented nanoscale polar regions play critical roles in deter-
mining the enormous dielectric and piezoelectric responses.’® A
similar concept has been also imposed on BTO crystals, with an
electric field induced strain of ~0.75%, using point defect-medi-
ated reversible domain switching.”> Compared to the MPB
formed via chemical and valence mixing, a strain-driven phase
coexistence in BFO provides a pathway to create well-ordered
boundaries, which can then be used as a model system to
investigate electromechanical and magnetoelectric coupling.

The electric field-dependent topography in mixed-phase BFO
is illustrated in the AFM image in Fig. 4(a). In this figure, it can
be seen that the application of an electric field can switch stripe-
like regions into flat morphologies (indicated by the blue outer
box) and a reversed electric field can switch the flat regions back
to the mixed-phase (indicated by the red inner box). This
reversible process is interpreted to be an electric field-induced
structural phase transition, accompanied by a significant average
surface displacement in this area of ~1 to 2 nm in ~100 nm thick
films; i.e., a field-induced strain of ~1 to 2%. On a more local
scale, a surface displacement of ~5 to 6 nm is observed, as shown
in Fig. 4(b)—(d). This ~5 to 6% electric field-induced strain is
more consistent with the theoretically predicted maximum value
of 6.6% for a full phase transition from the R-like (¢ = 4.07 A) to
T-like (¢ = 4.65 A) phase with a ~45° inclination of the phase
boundaries, as shown in Fig. 3(a).
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Fig. 4 (a) A large-area AFM image of a mixed-phase BFO film under
electric field switching (the blue box indicates a +20 V probe bias
switching and the red box indicates a —8 V probe bias switching), (b) a
local AFM image of the mixed-phase before the application of an electric
field, (c) the topography after the application of an electric field and (d)
the line profile of the surface change indicated by the dashed lines in (b)
and (c).

To confirm that the observations detailed above are the result
of a field-induced structural phase transition and to gain more
insight into its atomic-scale origins, in situ TEM experiments
were conducted while electrically and mechanically perturbing
the mixed-phase films.”* Application of mechanical pressure
using a nanoscale tip results in a structural change from the
mixed-phase to the pure R-like phase accompanied by a 5%
strain; while application of an electric field using a conductive
nanoscale tip results in a structural change from the mixed-phase
to the pure T-like phase with a negative 5% strain. The AFM and
TEM evidence suggest that it is possible to achieve a > 10%
cumulative strain via a combination of mechanical force and
electric field by inter-converting the R- and T-like phases. This
reversible strain is much higher than the one observed from
relaxor ferroelectrics (~1.7%),"* magnetostrictive materials
(2%)°* or the 90° domain wall motion in a clamping removed
PZT film.* It is also comparable to the value from shape memory
alloys.*

A common measure is the longitudinal piezoelectric coeffi-
cient, ds3, which is the induced strain in the material per unit of
applied electric field in the same direction as the strain. To
measure the average ds; response in mixed-phase BFO films, AC
and DC electric fields are simultaneously applied via the AFM-
based system. Measurements taken on large-area capacitors
demonstrate a higher ds3 of ~120 pm V™' compared to
measurements on pure R-like (65 pm V~') and pure T-like
(30 pm V7!) films. These results are consistent with the 1-2%
strain under an electric field of 1000 kV cm™" discussed previ-
ously in Fig. 4(a). Local measurements using just the AFM tip as
a top-electrode in contact with a single R/T phase boundary
result in a closed hysteresis loop during the sweeping of a DC
bias, as shown in Fig. 5(a), along with that of the pure R-phase
BFO calibration sample.”” From these results, a maximum
effective d; of ~400 to 500 pm V™! can be obtained. The peaks
in the hysteresis curves can be attributed to the local phase
transitions and the movement of the phase boundary underneath
the probe tip, as illustrated by the schematics in Fig. 5(b) and (c).
The process is reversible since the characteristic hysteresis curves
can be repeatedly obtained by cycling the applied DC voltage.
The measurements detailed above are quasi-static and, thus, it is
expected that high-frequency measurements that are able to
capture the signal at the moment of the phase transition might
reveal a much higher ds3 value in this small length scale.
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Fig.5 (a) Effective piezoelectric constants from a single-phase boundary
in a mixed-phase BFO film (blue) and from a pure R-phase BFO film
(red); (b) and (c) show schematic diagrams of the conductive AFM tip
and the R-like/T-like phase boundary under the (b) positive field and (c)
negative field.
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These results demonstrate that the ultra-high piezoresponse
mainly arises from the displacement of the nanoscale morpho-
tropic-like phase boundary. Although the limits of the piezo-
electric response are still unclear, the well-ordered nanoscale
phase boundaries provide us with an analogous model to maxi-
mize the electromechanical coupling in a lead-free system and
better understand the physics in relaxor ferroelectrics.

5. Magnetic response

Electrical control of magnetism using magnetoelectrics and
multiferroics at room temperature has attracted much attention
recently.®®'* The discovery of magnetoelectric coupling in BFO
provides the potential to realize the electrical control of magnetic
exchange coupling in engineered heterostructures.*® Although
the coexistence of ferromagnetic and ferroelectric order param-
eters in the same material seems to be theoretically
unfavorable,'® the coupling of electric and magnetic dipoles in a
single-phase material at room temperature is still scientifically
interesting and technologically valuable. There is a large body of
theoretical and experimental work describing the magnetic
structure of BFO,'**!°7 which provides insight into the origin of
the observed canted magnetic moment in the ground state
R-phase of BFO.! The aforementioned discovery of a new
crystal symmetry of BFO and the dramatic electric field-induced
structural phase transition in this material encourages renewed
experimental efforts to examine its magnetic ordering as well.
For example, a very recent neutron scattering study in T-BFO
revealed that two antiferromagnetic transitions happen at 324 K
(G-type) and 260 K (C-type), respectively.'*®

X-Ray magnetic circular dichroism (XMCD) is a powerful
experimental technique to study the spin and orbital magnetic
moment in a material.’® In the case of transition metals, such as
iron, 2p electrons can be excited to the 3d state via incident
circularly polarized X-rays with energies in excess of 700 eV,
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Fig. 6 (a) XMCD spectra of three different kinds of film probed by fixed
X-ray circular polarization (right circularly polarized) under an applied
2 T magnetic field in parallel and antiparallel orientations with respect to
the k-vector of the incident X-rays and (b) XMCD spectra of three
different kinds of film measured with X-ray polarization switched
between right circular and left circular polarization under an applied
constant magnetic field of 4 T.

where the resulting spectrum includes magnetic information. We
have employed this technique to study BFO by examining the
magnetic response of T-phase, mixed-phase and fully relaxed
R-phase films for comparison. The results of these studies can be
seen in Fig. 6. In Fig. 6(a), the XMCD data shown for all three
types of film represent the difference between the X-ray
absorption spectra (XAS) obtained with an applied 2 T magnetic
field in parallel and antiparallel directions with respect to the
k-vector of the incident X-rays with fixed polarization. The red
curves in Fig. 6(a) represent data from pure R-phase BFO films,
which exhibit a relatively negligible XMCD signal due to the
canted moment being only ~6 to 8 emu per cc.'’® The green
curves in Fig. 6(a) represent data from pure T-like phase films
and show a negligible XMCD signal, which is consistent with the
symmetry constraints that do not allow canting of the Fe’"
spins.”' This magnetic signal has been further confirmed by
conventional SQUID measurements. The black curves in
Fig. 6(a) represent data from mixed-phase BFO films and show a
significantly stronger XMCD signal, indicating a higher
magnetic moment. In Fig. 6(b), the XMCD data represent the
difference between the XAS obtained for left and right circularly
polarized (LCP and RCP) incident X-rays with an applied 4 T
magnetic field. It can be seen in this figure that the LCP and RCP
X-rays have reversed the polarities with respect to each other,
confirming that the response is magnetic in origin. Both of the
complementary measurements shown in Fig. 6(a) and (b) clearly

Fig.7 (a) A PEEM image with left circularly polarized X-rays providing
mainly structural contrast (darker stripes are the R-like phase and bright
areas are the T-like phase), (b) a XMCD-PEEM image showing enhanced
magnetic contrast derived from the ratio of the PEEM images taken with
left and right circularly polarized X-rays at the same location (black and
white contrast indicates magnetic moments pointing parallel and anti-
parallel relative to the incident X-rays), (c) a magnified topographical
structure and (d) the detailed magnetic moment information around the
phase boundaries associated with (c).

This journal is © The Royal Society of Chemistry 2012
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reveal the existence of a spontaneous magnetic moment in the
mixed-phase samples. From the ~1% XMCD signal and using
data for other oxide systems (manganites, Fe;04)'!" as a semi-
quantitative calibration, we estimate the magnetization in mixed-
phase BFO to be on the order of 30-40 emu per cc.

To explore the microscopic origins of this enhanced magnetic
moment, the XMCD signal was mapped out using photoemis-
sion electron microscopy (PEEM), which provides the spatial
resolution to study the magnetic systems. Regions with a
magnetic moment lying parallel to the X-ray wave vector show
bright contrast, while those that are antiparallel show dark
contrast. The PEEM images obtained via incident LCP X-rays at
¢ = 0° are shown in Fig. 7(a) and (c) and show mainly topo-
graphical contrast. The PEEM images shown in Fig. 7(b) and (d)
reveal the intrinsic magnetic contrast in the mixed-phase films.
Bright and dark stripe-like patterns, as seen in Fig. 7(d), indicate
that these stripes have magnetic moments lying parallel and
antiparallel to the incident X-rays. When the sample is rotated by
180°, all of the stripes reverse contrast, further confirming the
magnetic origin. These experiments strongly suggest that the
enhanced magnetic moment in mixed-phase films comes
primarily from the nanoscale phase boundaries.

This spontaneous magnetization at antiferromagnetic phase
boundaries provides a basis for renewed scientific interest in the
search for coexisting ferroelectric and magnetic moments at room
temperature. Furthermore, with these results combined with those
demonstrating the deterministic control of the phase concentra-
tion via an applied electric field, there is renewed potential for the
electrical manipulation of magnetism at room temperature.

6. Possible origins and future directions

The physical phenomena associated with nanoscale phase
boundaries reviewed here have the potential to trigger a great
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Fig. 8 (a) Strain gradient across a R-like/T-like phase boundary in a
mixed-phase BFO with the R-phase as the ground state and (b) a sche-
matic diagram of the orientation of the ferroelectric polarization and
antiferromagnetic moment across the single-phase boundary.

deal of interest, ranging from fundamental scientific research to
practical technological applications. If a strain profile is carefully
mapped across the phase boundary with the bulk R-phase as the
ground state, we expect to obtain a distinct strain gradient
between R-like (pink shadow) and T-like phases (blue shadow)
bridged by the ~5 nm phase boundary (green shadow) as shown
in Fig. 8(a). The strain gradient induced here is much larger than
the one observed in other ferroelectrics, such as PTO."'2!13 This
can be considered to be an ideal system for studying the depen-
dence of the flexoelectric effect on the piezoelectric response.
Based on the isosymmetric structure and continuous octahedral
rotation, we propose a model that suggests that the ferroelectric
polarization gradually rotates from the monoclinically distorted
T-like [0 11 ] to the R-like [111 ] as schematically illustrated by the
blue arrows in Fig. 8(b). More interestingly, the continuous
structural deformation results in a ~5x enhanced magnetism,
which may result from a local flexomagnetic effect because both
the R- and T-phases have a negligible canted moment. The
maximum strain gradient is 5% nm ™' across the phase boundary;
therefore, we tentatively estimate a large flexomagnetic coeffi-
cient in excess of 40 up A according to the relationship:
Mpex = v Z_iv

where Mjy., is the magnetization induced by the flexomagnetic
effect and v is the flexomagnetic coefficient. A natural conclusion
is the hypothesis of a multiflexo-effect at the nanoscale phase
boundaries, which includes the correlation of ferroelectric
polarization, the strain gradient and the magnetic moment. In
this context, a full 3-dimensional map of the strain gradient is
desirable to understand the underlying physics. Several questions
are apparent: how does the magnetic spin moment re-orient
across the R- and T-phase boundary as described in Fig. 8(b)? Is
this a means to create multiferroicity via a simple strain gradient
and induce a flexomultiferroic effect?

In order to achieve enhanced piezoelectricity and better
control of the magnetism for practical applications, it is essential
to tailor the orientation, geometry and periodicity of the nano-
scale phase boundaries using anisotropic stress, horizontal elec-
tric fields’***S or the elimination of clamping effects via the
reduced size, etc. The local variation of the electronic structure
may provide another tool for probing the transport''® or
photovoltaic''” properties in the phase boundaries. Thus, these
nanoscale phase boundaries have the potential to allow for the
design and production of next generation, high speed, low power
and high density electronic devices.

7. Conclusions

In this article, we have summarized some recent insights on the
formation of epitaxially-stabilized nanoscale phase boundaries in
BFO. These mixed-phase films exhibit emergent phenomena that
are absent in either parent phase, resembling a MPB as in relaxor
ferroelectrics or an electronic phase separation as in the
manganites and cuprates. In situ AFM and TEM measurements
demonstrated that the phase boundaries play a critical role in the
enhanced piezoelectricity. These results provide more under-
standing on the anomalous behaviors seen in relaxors and
suggest the possibility of using mixed-phase BFO as a
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replacement for lead-based piezoelectrics in micro/nanoactuators
and other thin-film applications. We further demonstrated
another novel property in mixed-phase BFO films in the
enhanced magnetic moment at such phase boundaries. Further
study revealed that this enhanced magnetic moment can be
manipulated via an applied electric field,*® suggesting a new route
to room temperature magnetoelectric coupling in this nanoscale
multiferroic system.
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