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A nanoscale shape memory oxide
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Stimulus-responsive shape-memory materials have attracted tremendous research interests
recently, with much effort focused on improving their mechanical actuation. Driven by the
needs of nanoelectromechanical devices, materials with large mechanical strain, particularly
at nanoscale level, are therefore desired. Here we report on the discovery of a large shape-
memory effect in bismuth ferrite at the nanoscale. A maximum strain of up to ~14% and a
large volumetric work density of ~600+90Jcm ™3 can be achieved in association with a
martensitic-like phase transformation. With a single step, control of the phase transformation
by thermal activation or electric field has been reversibly achieved without the assistance of
external recovery stress. Although aspects such as hysteresis, microcracking and so on have
to be taken into consideration for real devices, the large shape-memory effect in this oxide
surpasses most alloys and, therefore, demonstrates itself as an extraordinary material for
potential use in state-of-art nanosystems.
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hape-memory alloys (SMAs) offer a giant memorized

mechanical response with a cycling strain of 0.5-8%"2. The

martensitic phase transformation, ascribed to the interplay of
thermal, stress and/or magnetic fields, is responsible for the giant
strain and shape memory>. SMAs have an indispensible role in
various applications ranging from damping, mechanical joints, bio-
engineering to medical applications and so on*®. To fulfill those
functionalities, one of the most important goals that have been
pursued for decades is the mechanical response under the external
stimuli (electric field, magnetic field, temperature and stress)”.
Apart from the popular alloys such as NiTi, one of the important
and extensively studied model systems is Ni,MnGa, where a
magnetic-field-induced re-orientation of the martensitic twin walls
can yield a strain as large as ~8% (refs 8-10). However, alloy
materials exhibiting a martensitic transformation by a two-step
control such as temperature/stress usually suffer from numerous
problems such as surface effects, oxidation and other instabilities,
especially at the nanoscale!! 16, One possible solution would be the
exploration of the large shape-memory effect (SME)/mechanical
strain in an oxide material to enable integration with
microelectronics. Microstructural analysis and theoretical studies
predict that a martensitic behaviour may exist in functional oxides
such as manganites!’ ! and piezoelectrics®®. Piezoelectric oxides
can usually exhibit a maximum electric-field-induced strain of
~1.7% (refs 21,22) with a large susceptibility?>** and frequency
bandwidth of their mechanical response?>~?’. Taking advantage of
the rich phase diagram in conjunction with heteroepitaxial
constraints, BiFeO; (BFO) can be stabilized in multiple crystal
phases?®33, namely rhombohedral (R), tetragonal (T) or
orthorhombic (O). Especially, the coexistence of the R/T mixture
indicates the possible tailoring of its phase structures®*. However,
the existence of the phase boundaries or domain walls restricts the
large strain value associated with the transformation between pure
phases or orientations, which is also a common problem in other
ferroics or relaxors. Although the transformation from pure
rhombohedral phase to pure tetragonal phase in BFO was
theoretically predicted to be possible, it is still technically
ambiguous due to the required ultrahigh electric field
(>20MVem ™ 1) (ref. 35), where ferroelectric oxides under such
a high electric field will suffer from dielectric breakdown.
Therefore, a natural question arises: can we find a way to realize
the reversible, martensitic-like transformation between those pure
polymorphs with a large SME, leading to a single-step control of
the large recovery strain (>10%)?

Here we report that a martensitic-like phase transformation
can be achieved in a ferroelectric oxide at the nanoscale. By
reducing its degree of clamping from the substrate, pure R-phase
within the R/T mixture of BFO has been stabilized as observed by
size-dependent atomic force microscopy (AFM) images and
micro-Raman spectra. Transmission electron microscopy (TEM)
provides direct evidence for this phase transformation, demon-
strating a SMA-like effect in this oxide with a full memorized
strain of up to ~ 14%. Moreover, a reversible recoverable strain of
~12+2% can be achieved by a single-step thermal activation or
electric field with a large volumetric work density of up to
600+ 90]cm ~ 2. These results show that a large SME at
nanoscale can be obtained in an oxide material. Provided that
the technical problems in devices such as hysteresis, fatigue,
microcracking and so on can be avoided, this promising oxide
material at its nanoscale may be potentially useful in nanome-
dical, energy storage or nanodamping applications>¢~37.

Results
Preparation of the unconstrained BFO structures. BFO films
have been grown on LaAlO; (LAO) substrates with a thin

2

(La,Sr)CoO; bottom electrode (~5nm), showing a nanoscale
mixture of R/T phases. Direct observation of the thickness-
dependent topography indicates that the R/T mixture has a highly
strain-sensitive nature, as shown in Supplementary Fig. SI.
Interestingly, external stimuli such as electrical/thermal activation
can induce an interface movement (see Supplementary Figs S2
and S3), resembling a martensitic transformation in traditional
SMAs. This first glimpse gives us a strong impetus to explore the
SME in this oxide. One good way to study its complete phase
transformation-related shape deformation and SME is the
manipulation of its stress distribution on a clamped film with a
phase mixture, which can be tailored by reducing the lateral size
of the film using focused ion beam (FIB) milling. Figure 1a shows
the typical image of the ion-milled BFO structures with a thick-
ness of ~150nm to reduce the clamping from the substrate. A
robust piezoresponse force microscopy (PFM)-based switching
(see Supplementary Fig. S4a,b) on such a FIB-milled sample
indicates that ferroelectricity is maintained in this BFO structure.
Before we study the stress-dependent structural transformation,
we use continuum mechanics approaches to simulate the con-
straint profile of the BFO films as a function of lateral size%3°.
The effective stress distribution (Oefrective) in the horizontal
position (x) of the film is mainly determined by the aspect ratio
(I, h), elastic constants of the film and substrate (E; and Ej),
Poisson ratio (v) and piezoelectric susceptibility (ds;), applied
electric field (E,,,) and so on, as in the following equations (1)
and (2):

E¢
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Parameters for R- and/or T-BFO can be found elsewhere?04!,

The degree of clamping of BFO as a function of lateral size has
been estimated as shown in Fig. 1b. The clamping from the
substrate has been estimated to decrease for lateral dimensions
around 10pum and is mostly removed around 1pum. The inset
shows the relative stress distribution within the whole etched
structure with different sizes. To probe the piezoelectric
coefficient of such an unclamped ferroelectric thin film, a
capacitor structure was fabricated with Pt top electrodes.
Figure 1c shows the ds; as a function of AFM tip DC bias of
pure R-phase BFO, constraint R/T-BFO and unconstraint R/T-
BFO capacitors with a lateral size of 1 um. We can observe a
significant enhancement of the d3; of ~275+40pmV ~ Lin this
stress-released capacitor, which is about twice the value of full-
clamped capacitors (~110+20pmV ~!). Figure 1d gives the
phase loop during the measurement of the piezoresponse,
indicative of a reversible ferroelectric switching process. The
hysteresis phase loop and the complete piezo-amplitude curves
(see Supplementary Fig. S4c) indicate that the high ds; can be
reversibly obtained by sweeping the DC electric field. This large
piezoresponse further confirms that the mechanical constraint
from the substrate has been reduced with the decrease of lateral
size of the capacitor®.

Size-dependent structural variation. To study the structural
transformation with the reduction of substrate clamping, AFM
and micro-Raman spectra as a function of the lateral size of
the ~ 150-nm-thick BFO film (among the largest thickness before
the structure relaxes) are shown in Fig. 2. Figure 2a-d shows the
surface topography of the BFO film in the fully clamped state
(as-grown state) and lateral sizes of 10, 5 and 1 pm, respectively,
as illustrated in the corresponding schematic insets. As seen in
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Figure 1| A way to remove the substrate clamping. (a) A three-dimensional view of the typical FIB-milled structure in BFO. (b) An estimation of
the degree of clamping from the substrate on the BFO film with R/T mixture as a function of the lateral size of the milled film. (¢) Quantitative
measurements of the effective piezoelectric coefficient on the constraint and unconstraint BFO capacitors. (d) A ferroelectric phase-switching loop from a

unconstraint R/T-BFO capacitor.

these AFM images, the stripe-like structure in Fig. 2a is a typical
characteristic of the R/T mixture, which is extensively studied
elsewhere?®. On the basis of this knowledge, we imaged the
topography of the structure with small sizes etched by FIB. The
stripe-like feature starts to change when the lateral size is smaller
than 10 pum, and gradually fades away on the 5 and 1pm
structures as seen in Fig. 2c,d. The dissolving stripe pattern
typical for phase mixture gives us a first glimpse of the structural
variation and the SME associated with the stress alteration of the
BFO. However, the AFM results cannot help make a conclusive
argument for the detailed phase transformation, namely, has the
phase mixture transformed to pure R-phase or T-phase with
reduction of the clamping?

We performed micro-Raman studies, as this technique has
been shown to be sensitive to the different structural symmetries
related to BFO**~*4, Measurements were performed on fully
constrained films and FIB-milled structures with various sizes
from 20 to 5 pum. Furthermore, we took advantage of the micro-
Raman technique to characterize the structure of the FIB-milled
R/T-BFO film before and after electric field switching using a
scanning probe setup. As shown in Fig. 2e, the micro-Raman
spectra for different sizes exhibit peaks at 223, 269 and 364 cm ~ !,
indicating the T-phase*. The intensity of these peaks is found to
decrease for smaller size, showing a decrease in the fraction of the
T-phase. Moreover, after a poling (4 x 4 um? box in the 5-um
structure) by +20V (~12MVcm ~!), the same Raman peaks
at 223, 269 and 364cm ! are found to increase in intensity
accompanying the big electric-field-induced SME. This indicates
the presence of a larger fraction of the T-phase as compared with
the unswitched sample. In constrained films, the peak positions
for the R- and T-phase deviated far from the respective pure
phases due to the substrate-clamping effect. For this reason, we

can only observe a relatively low strain (<5%) with external
stimuli such as electric field or temperature in a constrained film
as shown in Supplementary Figs S2 and S3.

Clamping-dependent phase transformation. The most
straightforward way to observe the phase transformation of thin
films in association with lateral clamping is through TEM.
Therefore, high-angle annular dark field scanning TEM
(HAADE-STEM) together with selected area electron diffraction
was performed on the ~ 150-nm-thick BFO with the R/T mix-
ture. A thin lamella of the cross-sectional sample was prepared by
FIB milling. As seen in Supplementary Fig. S5, an area showing
an array of stripe-like R/T mixture (region in the brown box) is
milled out together with its substrate by FIB. To study its cross-
sectional structure with a size gradient (to gradually reduce the
degree of clamping from the substrate), we further milled this
sliced electron-transparent sample into a wedge shape where the
lateral thickness varies from ~300nm down to ~50nm as seen
in the inset (a top view) of Fig. 3a.

The HAADF-STEM image of the as-prepared lamella is shown
in Fig. 3. The typical stripe pattern of the R/T mixture is clear in
the cross-sectional view of the 300-nm-thick area as shown in the
right side in Fig. 3a; the dark area indicates the T-BFO, whereas
the bright area indicates the R-BFO. From the cross-sectional
view of the wedge-shaped area (indicated by yellow box in the
inset of Fig. 3a), we can still observe that the stripe-like feature
remains near the 300-nm-thick area and gradually disappears
with the decrease of the thickness down to 50 nm (in the left side
in Fig. 3a) in the TEM sample, which indicates a structural
transformation from R/T mixture to a pure phase with less
substrate clamping. We can also observe that the phase relaxation
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Figure 2 | Structure of an unconstraint BFO film with R/T mixture. AFM images of the BFO thin film with stripe-like phase boundaries before FIB milling
(a), and the FIB-milled 10- (b), 5- (¢) and 1-um size (d), from which we can observe the stripe-like phase boundaries on the surface gradually vanish
with the removal of clamping. (e) Micro-Raman spectra on a fully clamped BFO film with the phase mixture and the corresponding unconstrained
structures, whereas the variation of the relative intensity gives a first glimpse about the structural transformation from T-BFO to R-BFO with the removal of

clamping. Scale bar, 2 um (a-c) and 200 nm (d).
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Figure 3 | A direct evidence of the phase transformation by stress tailoring. (a) Cross-sectional HAADF-STEM image of the phase evolution (the stripe-
like areas labelled by yellow arrows indicates the T/R-phase mixture) with a gradual release of the in-plane stress from right to left (the inset is the
top view of this electron-transparent TEM sample), demonstrating a remnant strain of ~9% by achieving the structural transformation. (b) High-resolution
image and the corresponding diffraction pattern from a fully stress-relaxed area (50 nm thick) of the sample showing a pure R-phase BFO. (¢) High-
resolution image from a relative clamped area (300 nm thick) of the sample near a R/T-phase boundary. Scale bar, 100 nm (a) and 2nm (b,c).

starts from the top of the sample surface and down to the bottom
of the film with the reduction of clamping, which is consistent
with previous size-dependent AFM studies. The detailed atomic
structure in the strain-relaxed region (50 nm thick) is shown in
Fig. 3b, where a high-resolution TEM image reveals an out-of-
plane lattice constant of 4.06 A (calibrated to the LAO substrate),
which clearly denotes the R-phase. This phase structure has been
further confirmed by its corresponding selected area electron

diffraction pattern in the inset. The phase boundary with R/T
mixture is also confirmed by an atomic-resolution HAADEF-
STEM image shown in Fig. 3c.

The TEM results have shown that an SME from R/T mixture to
pure R-phase in BFO can be tailored by its stress distribution. If
the surface displacement associated with this martensitic-like
structural transformation is carefully measured from the TEM
image, we can directly observe a remnant strain of ~9% (shape
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memory from R/T mixture to pure R-phase). Along with the
electric-field-/temperature-induced strain of ~5% (shape mem-
ory from R/T mixture to pure T-phase, see Supplementary Figs S2
and S3), we are able to obtain a full memorized strain of up to
~14%.

In-situ TEM. To accomplish a full cycle of the structural trans-
formation that is analogous to the one found in traditional SMAs,
the key issue would be whether this structural deformation or
shape memory can be recovered. We use in-situ TEM with a
temperature-controlled holder to demonstrate the repeatable
cycling of this large SME. Figure 4a,c shows the TEM images and
the diffraction pattern of relaxed pure R-BFO. When the tem-
perature reaches 573K, the T-phase starts to emerge, with a
stripe-like phase coexistence as shown in Supplementary Fig. S6.
When the oxide is further heated up to 673 K, the pure T-phase is
completely recovered with a significant shape deformation
(Fig. 4b) and an out-of-plane lattice constant of ~46A con-
firmed from the diffraction pattern (Fig. 4d). Relative to the
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Figure 4 | A structural recovery by heating with a large reversible strain.
(a) A low-magnification image of the relaxed pure R-BFO with protective
coating layers. (b) A low-magnification image of the recovered pure T-BFO
with an observable shape change of ~14% at 673K. (¢) The structural
evidence of the relaxed pure R-BFO with a ¢ axis lattice constant of
~4.06 A. (d) The structural evidence of the recovered pure T-phase BFO
with a c axis lattice constant of ~4.65A by an in-situ heating treatment.
(e) The reversibility of the strain of ~12+ 2% by temperature cycling,
where the error bars are from multiple measurements of the shape
deformation on different locations of the sample (scale bar, 100 nm).

relaxed R-BFO with an out-of-plane lattice constant of ~4.06 A
(obtained from diffraction pattern in Fig. 4c), the average reco-
verable strain can reach ~12+2% (as seen in Fig. 4b) through
temperature cycle. The reversibility of the structural transfor-
mation with a significant strain in this oxide is summarized in
Fig. 4e, where the corresponding images can be seen in
Supplementary Fig. S7, showing a single-step control of this large
reversible SME. An animation of a nano-actuator with a large
switchable deformation through temperature control is demon-
strated as seen in Supplementary Movie 1.

To fulfill a room-temperature device with a high response
frequency, we can also observe this large reversible SME (>10%)
in the unconstrained structure driven by a moderate electric field
of 1-2MV cm ~ 1, as shown in Supplementary Fig. S8. This effect
is absent in an unconstrained PZT island structure (see
Supplementary Fig. S9). On the basis of our full understanding
of the electric field/stress and temperature of structural
transformation, we are able to draw a quasi-quantitative
deformation/recovery cycle attributed to electric field/tempera-
ture and stress as shown in Fig. 5a. This resembles the ‘De-
twinning’, ‘Heating’, and ‘Cooling’ processes attributed to thermal
and stress stimuli in traditional SMAs!~2. However, in metal-
based alloys at the nanoscale, the surface and interfacial free
energy have critical roles in the thermodynamic phase
equilibrium and kinetic aspects of heterogeneous nucleation
and growth, which means that a complex competition of strain/
interface energy are a prerequisite to fulfill such a phase
transformation’! 1%, In our oxide nanosystem, the highly
strained BFO film provides a good model system to realize the
nanoscale control between elastic transformation, electric and
interfacial energies, resulting in a SME with a large strain. Besides,
the volumetric work density (Belastic - €2ax/2) are dependent on
Young’s modulus (Egasic) and the maximum strain (&y,.,). The
Young’s modulus (70 + 10 GPa) of the film was assumed to be
constant during the phase transformation (the mechanical test of
the material can be seen in Supplementary Fig. S10), which
provides an upper bound of 600+90Jcm~3 for the average
volumetric work density, as it is probable that the material
softens during the transformation. This is almost two orders
of magnitude larger than the one of traditional SMAs,
electrostrictive polymers*® and so on.

Discussion

The physical origin of the martensitic-like shape-memory
behaviour in this nanoscale oxide material and its large remnant
strain has been further investigated by first-principles calcula-
tions. We have studied the interplay between structural
transformation, polarization and tetragonality (c/a ratio) in a
strained BFO, and their coupling to external electric field and
mechanical stress.

Two stable phases, namely R-phase and T-phase, are found in
BFO under compressive strain. The strain-dependent properties
for both R- and T-phase of BFO are shown in Supplementary
Fig. S11. A martensitic-like phase transformation can occur when
compressive strain is approximately — 5%, accompanied by a
significant enhancement of c/a ratio (1.08 for R and 1.26 for T)
and out-of-plane polarization (P [001] =0.82 for R-BFO and
1.41Cm~2 for T-BFO). These are consistent with previous
results?®%’.  We further investigated how the structural
deformation and transformation occurs under our experimental
conditions. Figure 5b shows the evolution of the energy as a
function of c/a ratio under a strain of —5.8%. The two energy
minima correspond to the stable R- and T-phase, respectively.
The double-well-like energy curve suggests that both T- and
R-phase can coexist in BFO, which is in good agreement with the
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Figure 5 | An analogue of the full shape-memory cycle. (a) A complete cycle can be obtained by a combination of electrical/stress/thermal stimuli,
accompanying a large recoverable strain of up to ~14% due to the structural transformation from a martensitic-like (M) R-phase to an austenite-like (A)
T-phase. Afterwards, a one-step control with a recoverable strain of ~12+ 2% can be reversibly achieved by a thermal or electric field activation
between both structures. (b,c) Calculated energy of BFO as a function of the ¢/a ratio at —5.8% and — 4% strains, respectively. (d) Calculated energy of
BFO under a homogeneous electric field of 0.2V nm ~ along [001] direction. In b-d, the energy of the ground-state structure is set as energy zero,

which is in good agreement with our experimental observations.

R/T mixture observed experimentally. By reducing the degree of
clamping from the substrate, BFO films under smaller
compressive strain will transform to the stable R-phase, instead
of the metastable T-phase, and the transition from R- to T-phase
will be unfavourable (Fig. 5¢). Therefore, the transformation from
the R/T mixture to the pure R-phase can be realized with the
reduction of substrate clamping. By applying the electric field
along the [001] direction (Fig. 5d), the stability of the T-phase can
be largely enhanced*8. Again, the electric-field-induced SME can
occur as a full cycle, accompanied by the structural trans-
formation. We also obtain the exact relation between polarization
and axial c¢/a ratio. Similar to tetragonal PbTiO; solid solutions®?,
we found that P2 is proportional to the tetragonality for both R-
and T-phase around the transition region (inset of Supplementary
Fig. S11). Such a strong coupling between polarization and c/a
ratio also indicates that the abrupt change of out-of-plane
polarization is always accompanied with strong structural
deformations, which further suggests that such a large SME in
this oxide is electrically controllable.

In principle, there should be no SME exhibited between R- and
T-phases in oxide compounds such as (1 — x)[Pb(Mg;,3Nby/3)
03] — x[PbTiO;] and Pb(Zr,Ti)O;, due to their low-symmetry
nature with more variants at the same energy level. However,
mechanical stress can favour a certain structural variant in elastic
systems, which helps stabilize the pure R- and T-phase, as well as
the R/T mixture in BFO. Therefore, a large shape deformation
can be memorized due to the structural transformation from the

interplay between stress, electric fields and even temperature®,

Another important information from the calculated result is that
T-phase has a significantly higher energy than R-phase under a
strain-relaxed state. This indicates that the transition from R to T
is difficult under such a condition, and this may explain why BFO
is a very ‘hard’ material under zero stress and it becomes ‘softer’
at the presence of suitable clamping stress. Besides, if a tensile
stress can be applied normal to the film surface, the energy profile
of this system suggests that the full SME with a strain of up to
~14% can be also achieved by a single-step external mechanical
stimulus.

To conclude, we have demonstrated a large recoverable
memorized strain of up to 14% in BFO at the nanoscale, driven
by the interplay between electric field, temperature and stress.
Analogous to the effect in conventional alloys, such a large SME,
is for the first time observed in an oxide material. The
martensitic-like phase transformation has been investigated by a
combination of AFM, micro-Raman, TEM and first-principles
calculations. A full cycling of the phase evolution can be also
achieved by a single-step thermal activation with a reversible
strain of ~12+2%. Electric field can also be used to fulfill this
reversible shape memory at room temperature with a volumetric
work density of up to 600+ 90]cm ~°. This large SME coupled
with the full insight of its nanoscale control may have great
potential for future applications in nano-architectures.

Methods
Detailed growth conditions. Epitaxial BFO films with the mixture of T- and
R-phase were grown on (001) LAO substrates by pulsed laser deposition with
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(La,Sr)MnO; or (La,Sr)CoO; as bottom electrodes (~5nm). The growth tem-
perature was kept at 700 °C and the working oxygen pressure was 100 mTorr.
For all the films, a growth rate of 2.5 nm min ~ ! and a cooling rate of 5°C min ~
under an oxygen atmosphere were used. A laser energy density of 1.2] cm ~ 2 and
repetition rate of 5Hz were used during the deposition. The film thickness

can be controlled as about 40-160 nm.

1

Sample milling parameters. Island structures for AFM characterizations were
fabricated by 30keV Ga™ ions in an FEI 235 dual-beam FIB. The ion beam current
we applied for milling all of the samples was 50 pA. The milling time used was
2.5 min for the islands, with diameters of 3 um and 1 pm. For milling the islands with
diameters of 10 and 5 pum, 3.5 min was applied. An important issue for the FIB
sample preparation is to protect the sample from damage caused by the incident
30kV Ga™ ion beam. In our sample fabrication process, a 10-pA ion beam current
(with 10s milling time) was used at the final milling step to minimize the ion beam
damage to the sample. The whole process has been done without any imaging.

AFM/PFM measurements. Scanning probe-based measurement has been carried
out on a Digital Instruments Nanoscope-IV Multimode AFM equipped with a
conductive AFM application module under ambient conditions. Surface topo-
graphy on the clamping-removed structures has been imaged by a contact-mode
AFM using a sharp Si tip. Local piezoelectric properties were studied using a
commercially available TiPt-coated Si tips (MikroMasch). We calibrate our PEM
measurement by using a standard quartz crystal (its piezoelectric constant of
23pmV ™ 1Y, For each measurement of piezoelectric susceptibility (ds; curve), we
use the scanning probe system to measure the quartz crystal once and then use
exactly the same condition to measure our film and island capacitors for calibra-
tion. These are local measurements on small capacitors, which are benefitted by our
nanoscale tip. During the measurement, typical scan rates were 0.2 Hz. The fer-
roelectric domain structures have been captured at 6.39 kHz with a tip-biased
voltage of 0.5 V.. The poling voltage on the electrically biased tip was controlled
up to 20V (~1.2MV cm ~ ). Using the setup described above, high-resolution
PFM measurements were completed on a wide array of samples before and after
switching.

Detailed measurement for micro-Raman spectra. Micro-Raman spectroscopy is
a powerful tool to investigate the vibrational, rotational and other low-frequency
modes in a system, which can be used to determine the lattice structures corre-
sponding to different Raman shifts, especially for structures with small sizes.
Unpolarized local Raman spectra on FIB-prepared structures were acquired using a
micro-Raman setup at 476 nm wavelength with a spot size of 1-2 um at room
temperature. Integration times were of the order of 30 min for each spectrum. The
light spot was carefully monitored to exclude the drift off the island during data
acquisition.

FIB milling of TEM samples. The TEM samples were also prepared in a FIB
process by a FEI Helios NanoLab DualBeam system. A thick lamella of ~1 pm in
thickness and ~ 10 pm in lateral size is milled using 30keV Ga ™ ions. For pre-
paring a wedge-shaped thin lamella, further thinning was carried out using 16 and
8keV Ga™ ions using a cleaning cross-sectional pattern with an inclined angle at
each side. A final cleaning of the sample surface was performed using 5 and 2keV
Ga™ ions with small beam current. The as-prepared thin lamella has a wedge
shape with thinnest area of ~50nm and thick area of ~ 300 nm.

TEM imaging conditions. High-resolution HAADF-STEM microscopy was car-
ried out on FEI Titan Cube 50-80 microscope fitted with an aberration corrector
for the imaging lens and another for the probe-forming lens, as well as a mono-
chromator, operated at 300 kV. The STEM convergence semi-angle used was
~21.4 mrad, providing a probe size of ~1.0 A at 300 kV. Diffraction patterns were
acquired at FEI Tecnai microscope operated at 200kV. The in-situ TEM coupled
with a temperature control has been done by a dedicated holder.

Mechanical test on mixed-phase BFO. The mechanical test on the mixed-phase
BFO has been carried out in a TEM equipment coupled with a force probe with a
contact area of ~ 5,000 nm® The maximum strain value from a mixed phase to
pure R- phase is ~10%. The plotted Young’s modulus is 70 + 10 GPa during the
phase transformation (o/¢), which is consistent with previous experimental and
theoretical resuts®' =3, The corresponding diffraction patterns have been recorded
during the indentation to keep track of the phase transformation at each stage.

First-principles calculations. In our first-principles calculations with Quantum
Espresso code, we use norm-conserving, é)timized designed, non-local
pseudopotentials®. Partial core corrections®® are included in the Fe
pseudopotential. Our calculations are performed using the local spin-density
approximation plus Hubbard U approach as implemented in the Quantum
Espresso”’, with the effective U-value of 3.8 eV applied on Fe (ref. 58). The Fe ions
are in the G-type ordered antiferromagnetic state and the spin-orbital coupling is

not included. We sample the BZ using an 8 x 8 x 8 Monkhorst-Pack k-point mesh.
A plane-wave energy cut-off value of 60 Ry was used for calculation. The electronic
contribution to the polarization is calculated following Berry phase formalism>>¢0,
A homogeneous finite electric field apglied on BFO thin films is described through
the modern theory of the polarization®. We use the ‘strained bulk’ simulation®? to
represent the strained BFO thin films. All strain values are given relative to the bulk
LDA + U pseudo-cubic lattice parameter (3.965 A). A 20-atom supercell, with
lattice vector I, = (a, a, 0), L, =(a, a, 0) and I;= (0, 0, 2c), is used for simulation.
Epitaxial strain is introduced by the mismatch of pseudo-cubic lattice constants
between the substrate and BFO film. To simulate the epitaxial strained BFO, the
(001)-oriented cubic substrate with an in-plane lattice constant (a) is fixed, whereas
out-of-plane lattice parameter (c) and the monoclinic angle (the angle between
lattice [; and ;) are free to relax. The atomic positions in the BFO structure are
optimized until the Hellmann-Feynman forces on the atoms are <0.1 meV A ~1,
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