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1. Introduction
Over the last decades, the conversion 
of green solar energy to electricity is an 
appealing strategy to minimize the enor-
mous use of fossil fuels. Among oxide semi-
conductors, monoclinic scheelite bismuth 
vanadate BiVO4 (BVO) is well known for its 
extraordinary photoelectrochemical effect. 
It also serves as an attractive candidate for 
photoanode, mainly because its adequate 
bandgap (2.4–2.6 eV)[1,2] for effective absorp-
tion of visible light as well as due to its 
non-toxicity and high stability.[3,4] Another 
interesting characteristic of BVO is ferroe-
lasticity, which is one of the ferroic proper-
ties that displays the hysteresis behavior 
between stress and strain components. With 
a specific stress applied, the strain state is 
artificially manipulated accordingly, setting 
up a reversible switching mechanism sim-
ilar to electrical switching of ferroelectrics.[5] 

Polar domain walls in centrosymmetric ferroelastics induce inhomogeneity 
that is the origin of advantageous multifunctionality. In particular, polar 
domain walls promote charge-carrier separation and hence are promising for 
energy conversion applications that overcome the hurdles of the rate-limiting 
step in the traditional photoelectrochemical water splitting processes. Yet, 
while macroscopic studies investigate the materials at the device scale, the 
origin of this phenomenon in general and the emergence of polar domain 
walls during the structural phase transition in particular has remained 
elusive, encumbering the development of this attractive system. Here, it is 
demonstrated that twin domain walls arise in centrosymmetric BiVO4 films 
and they exhibit localized piezoelectricity. It is also shown that during the 
structural phase transition from the tetragonal to monoclinic, the symmetry 
reduction is accompanied by an emergence of strain gradient, giving rise to 
flexoelectric effect and the polar domain walls. These results not only expose 
the emergence of polar domain walls at centrosymmetric systems by means 
of direct observation, but they also expand the realm of potential application 
of ferroelastics, especially in photoelectrochemistry and local piezoelectricity.
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Due to the coexistence of energy-degenerated structures of fer-
roelastics, domain boundaries give rise to inhomogeneity in these 
materials so that the local symmetry and properties differ from the 
bulk material.[6] For example, ferroelectric domain walls initially 
can display higher photoconductivity mainly because the photo-
generated carriers are separated by a strong electric field, accu-
mulating at domain wall region due to the symmetry breaking.[7,8] 
For centrosymmetric ferroelastics such as CaTiO3, LaAlO3, and 
BVO, estimated by Landau phenomenological theory,[9] symmetry 
analysis,[10] and second harmonic generation,[11] the inversion sym-
metry breaks at ferroelastic domain wall.

In the previous study, BVO was reported showing polar fer-
roelastic domain walls within centrosymmetric lattice matrix.[12] 
In this case, estimated by Landau free energy and considering 
Lifshitz invariant,[13] incommensurate domain walls (i.e., W’ 
wall) play the dominate role since the remaining internal stress 
from the second-order phase transition (i.e., tetragonal to mono-
clinic) is responsible for the orientation of W’ walls,[14] which is 
incompatible with specific crystal axis. Therefore, the emergence 
of BVO polar ferroelastic domain walls could be realized by the 
phase transition because the primary order parameter during 
transition is Bg symmetry, developed by the residual strain in ab 
plane.[15,16] Different temperature dependent techniques including 
Raman spectroscopy,[17] neuron diffraction,[18] and X-ray diffrac-
tion (XRD)[15] have been developed to determine that the transi-
tion from paraelastic phase (scheelite tetragonal) to ferroelastic 
one (monoclinic scheelite) occurs at 255 °C.[2] However, the direct 
relationship between residual strain and polar domain walls in 
sub-micron scale remains challenging since the residual strain 
would be relaxed by defect formation, e.g., dislocation, grain 
boundary, etc. In this work, we fabricated epitaxial BVO films on 
Yttria-stabilized Zirconia (YSZ) single crystal substrate by pulsed 
laser deposition. The crystal structure and phase transition were 
studied in situ by a combination of XRD and transmission elec-
tron microscopy (TEM). It turns out that flexoelectric domain 
walls originate from phase transition process, and the corre-
sponding domain structures of BVO film were probed by piezore-
sponse force microscopy (PFM). Our results provide new insights 
on the roles of strain gradient at domain walls of ferroelastics and 
induced flexoelectricity in corresponding domain configuration.

2. Results and Discussion

BVO exhibits ferroelasticity at room temperature with the cen-
trosymmetric space group of I2/b.[14,19] Experimentally, twin 
domain structures can be managed in epitaxial BVO film 

(monoclinic I2/b, a = 5.204 Å, b = 5.101 Å, c = 11.69 Å, γ = 89.6°) 
deposited on YSZ substrate (cubic, a  =  5.153  Å). Figure  1a 
reveals a typical out-of-plane XRD theta-2theta scan of the BVO/
YSZ heterostructure. A superior crystallinity is conformed due 
to only the presence of YSZ(00L) and BVO(00L) diffraction 
peaks together with a full width at half maximum of ≈0.16° per-
formed at BVO(004) peak in the rocking curve measurement 
(Figure S4, Supporting Information). The epitaxial relationship 
(i.e., [001]BVO||[001]YSZ) of BVO/YSZ was further characterized 
by aberration-corrected scanning TEM (STEM) as shown in 
Figure 1b.

Further structure identification by using XRD reciprocal 
space mapping (RSM) (Figure  1c) taken around YSZ (002) 
expresses a doublet of BVO (006) along the abscissa, con-
firming that there are two stacking types of the BVO film rela-
tive to c-axis and thus resulting in a multidomain state. The epi-
taxial relationship can be determined because the c-axis of BVO 
parallel to that of YSZ. Two alignments of [100]BVO||[100]YSZ 
and [010]BVO||[100]YSZ for the in-plane conjunction are possible, 
designated by A and B, respectively (see Figure  1d). Because 
the YSZ lattice parameter (5.153  Å) is between those of BVO 
(a = 5.204 Å and b = 5.101 Å), either in-plane conjunctions are 
naturally stable. The further identification of the in-plane orien-
tation relationship between the film and substrate is obtained 
from RSM in Figure 1e. Due to the shear angle along monoclinic 
[100]BVO, a twofold split at least in the BVO (400) is expected. 
A more complicated domain pattern along the YSZ (400) dif-
fraction in the (HK0) scattering zones is presented, where eight 
satellites could be distinguished along YSZ (400) and around 
BVO (200). Based on the RSM results, the corresponding real 
space lattice is illustrated in Figure  1f, where dash squares 
represent YSZ reference cubic structure with upward [001]YSZ. 
First, four A domains and four B domains are determined by 
the reciprocal lattice constant along [100]YSZ. Second, due to the 
combinations of two shear angles (i.e., γ = 90.4° and 89.6°) and 
two deviation angles (ϕ and 2ϕ, ϕ  =  0.4°) from [100]YSZ, there 
are four kinds of alignments for either A or B domains. (The 
detailed orientation relationship of twin domain features and 
the method to determine deviation angle ϕ are described in 
Figure S5, Supporting Information.) Thus, based on the results 
of XRD-RSM, the epitaxial relationship is determined, while we 
speculated the existence of critical material inhomogeneity at 
the domain wall of ferroelastic multidomain state.

The spatially resolved correlation between domain pattern 
and flexoelectricity was studied through piezoresponse force 
microscopy (PFM). The surface height is shown in Figure 2a. 
In-plane PFM phase signal in Figure 2b reveals clear periodic 
contrast concentrating at domain walls, and it could be con-
cluded that there are four directions of orthogonal domains 
summarized in the inset of Figure  2b. Moreover, the con-
tinuity of phase signal in each bundle domain[20,21] suggests 
that the signal results from the piezoresponse, rather than the 
crosstalk of topography because the discontinuity on surface 
shows no phase signal. The line section of height and in-plane 
phase signal at one bundle domain are extracted to Figure 2c, 
in which alternative A and B domains exist. Here we would 
like to emphasize the piezoresponse appeared at domain wall 
area with alternative phase value, and the visualization of in-
plane piezoresponse vector fields is built by angle-resolved 
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(AR) PFM in Figure S6 (Supporting Information). The con-
figuration of lattice transition at domain wall is illustrated in 
Figure S2 (Supporting Information). It represents that each 
bundle domain contains 180° head-to-head piezoresponse 
vector at neighboring domain walls. Unlike ferroelectrics, the 
direction of domain in Figure 2b and flexo-polarity are unre-
lated to specific crystal axis due to the form of incommensu-
rate domain wall.[22] In addition, the amplitude of out-of-plane 
PFM signal (Figure S7c, Supporting Information) is negligible 
compared to the in-plane one (Figure S7e, Supporting Infor-
mation). The amplitude of PFM signal is operated at the reso-
nance frequency of in-contact cantilever, so that this giant dif-
ference is remarkable. The PFM data show that in BVO, the 
strain gradient across a domain-wall area (calculated in Text 
S1, Supporting Information) lowers the local symmetry,[23] and 
results in the piezoresponse mainly along in-plane direction. 
These results are consistent with the structure inhomogeneity 
in the wall position between A and B domains due to the 
difference between the a and b parameters of BVO. Further-
more, the internal electric field and the corresponding sur-
face potential were detected by Kelvin probe force microscopy 
(KPFM).[24] However, since the KPFM is operated in lift mode, 
the spatial resolution is less than the PFM analysis, and it has 
difficulties in resolving the surface potential at the desired 
location: the relatively narrow domain walls. Therefore, the 

noise level of surface potential is larger than the signal in 
Figure S7g (Supporting Information).

The direct observation of periodic ferroelastic A/B twin struc-
tures is clearly revealed in plane-view STEM image taken along 
the zone axis of [001]YSZ in Figure  2d. Figure  2e represents 
high-angle annular dark-field scanning transmission electron 
microscopy (HAADF)-STEM image and schematic lattice struc-
tures of A and B domains. The local domain type is determined 
by comparing the fast Fourier transform (FFT) of both A and 
B domains in Figure S8 (Supporting Information), and the dif-
fraction pattern acquired in an A domain region matches that 
received from a B domain region with a 90.37° (1.07° +  89.3°) 
counterclockwise difference, indicating the twofold symmetry. 
The multiple domains of BVO create inhomogeneous distribu-
tion of spontaneous strain especially along in-plane direction at 
domain walls.

To further validate the flexoelectric effect and understand 
the role of domain walls with atomic resolution, the visualiza-
tion of strain field by the geometric phase analysis (GPA) was 
conducted. Figure  2f shows the plane-view STEM image con-
taining A and B domains, and (220) as well as (220) facets in 
the diffraction pattern (in Figure  2g) were selected as g1 and 
g2 for analysis. Maps of the local shear strain field (εxy ≈ 2% in 
Figure 2h) and lattice rotation (ωxy ≈ 1.2° in Figure 2i) are more 
pronounced compared with the normal strain fields (εxx and εyy) 

Small 2022, 18, 2107540

Figure 1. Characterization of BVO films. a) Out-of-plane XRD theta-2theta scan of the heterostructure. b) Cross-HAADF-STEM image at the interface. 
The corresponding FFT patterns of BVO and YSZ are clearly indexed. The zone axis is [010]YSZ. c) RSM of BVO (006) with YSZ (002) reference for a 
100-nm-thick film in the (H0L) scattering zones. d) Schematic of the epitaxial relationships of A and B domains with the YSZ substrate. An A domain 
represents epitaxial relationship of [100]BVO||[100]YSZ, while a B domain corresponds to [010]BVO||[100]YSZ. e) RSM of BVO (400) with YSZ (400) reference 
for a 100-nm-thick film in the (HK0) scattering zones. f) Schematic of the orientation relationship between A, B domains of BVO, and the YSZ substrate. 
The detailed description is in Figure S5 (Supporting Information).
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as shown in Figure S9 (Supporting Information). Although the 
normal strain field is negligible, the evaluated shear strain gra-
dient in Figure 2i (≈5 × 106 m−1) across the domain walls leads 
to the piezoresponse by flexoelectricity, which is also predicted 
by molecular dynamics simulations in the previous study.[25] 
The direct observation of strain gradients (≈5  ×  106  m−1 in 
Figure S9h, Supporting Information) is comparable with 
the calculated value (≈4.23  ×  106  m−1 in Text S2, Supporting 
Information), and such a strain gradient is an universal effect 
instead of occasional phenomenon since the in-plane strain 
gradient distributes throughout the film (cross-sectional STEM 
and GPA in Figure S10, Supporting Information). Furthermore, 
the neighboring domain walls represent opposite shear strain 
gradients, which is responsible for 180° head-to-head piezore-
sponse at neighboring domain walls in Figure S2 (Supporting 
Information). Combined with the relationship of domain width 
and film thickness (Figure S11, Supporting Information), the 
strain distribution is strongly affected by the material inhomo-
geneity rather than the substrate clamping effect (Text S2, Sup-
porting Information). Based on the results of PFM, strain field 
analysis and direct observation of strain gradient, the origin of 
piezoresponse is believed to arise from the reduction of sym-
metry at domain wall area from flexoelectricity.

Given that the lattice misfit and the reduction of symmetry 
at domain walls induce the substantial strain gradients and 
result in a piezo-response triggered by the flexoelectric effect, 

the direct connection between ferroelastic nature and piezore-
sponse could be built by in situ modulation of temperature, 
especially focusing on the phase transformation. When the 
temperature is above the Curie temperature of BVO,[26] The fer-
roelastic monoclinic phase would transform into the paraelastic 
tetragonal one. Due to the increase of symmetry in crystal struc-
ture (i.e., from monoclinic I2/b to tetragonal I4/a), we expect 
the spontaneous strain gradient across domain wall would 
disappear as well. In Figure  3a, when the temperature was 
increased to 135 °C, the splitting satellites assemble in contrast 
to room temperature RSM taken along the YSZ (400) reflec-
tion (Figure 1c), implying not only the expansion of b-axis, but 
also the contraction of a-axis in BVO. When the temperature 
increased to 225 °C (Figure 3b), the splitting diffraction peaks 
are barely visible, while the deviation angle is near zero. After 
the phase transformation at 325 °C (Figure 3c), the tetragonal 
diffraction spot of BVO (400) overlaps with that of YSZ (400), 
indicating a coherent heteroepitaxy (aBVO, tetragonal  = aYSZ, cubic). 
Figure 3d shows the change of lattice parameter with tempera-
ture. The lattice misfit between A and B domains could be cal-

culated ( misfit 2%m m

m

= − =a b

a
) based on the lattice parameters 

of monoclinic phase of BVO. The lattice misfit also reduces to 
0 after the phase transition at 325 °C. Typically, elastic domains 
are a form of strain releasing mechanism that arises during a 
phase transition that is accompanied by symmetry lowering.[27] 

Small 2022, 18, 2107540

Figure 2. In-plane PFM and strain field characteristics. a) The topography of BVO/YSZ film. b) The according in-plane PFM phase signal recorded 
simultaneously. c) Line section extracted from (a) and (b). d) Plane view HAADF-STEM image at the surface. Diagonal lines are the curtain effect from 
the FIB preparation procedure. e) High-resolution plane-view HAADF-STEM images taken along the [001]YSZ, and a schematic diagram of unit cells of 
A domain and B domain. The red boxes represent monoclinic unit cells of these domains. The way to identify A and B domains is demonstrated in 
Figure S8 (Supporting Information). f) STEM image of plane view lattice along [001]YSZ zone axis. g) FFT of the area. (220) and (220) were selected as 
g1 and g2 for mathematical analysis GPA. Strain tensor components h) εxy and i) ωxy were deduced by GPA.
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Here, the crystal structure changes while the film is compat-
ible to the substrate. Thus, strain is accumulated at the teth-
ered film and is partially released by forming poly-domains that 
comprise sets of alternating A and B domains with different 
crystallographic orientation. Therefore, when it cools down 
to room temperature, the satellites appear as those initially 
observed (Figure  3e), featuring the reversibility of the phase 
transition. The asymmetric feature of satellites in Figure  3e 
might result from the misalignment after the thermal process. 
The phase transition temperature is determined to be 270  °C 
by temperature dependent XRD theta-2theta scan (Figure S12, 
Supporting Information). Since the space group is transformed 
from I2/b to high temperature I41/a, the selection rule elimi-
nates the reflection condition (i.e., l  =  3n). Thus, the extinc-
tion of (006) diffraction peak marks the phase transition while 
the displacement of (004) diffraction peak reflects the thermal 
expansion effect.

In order to understand the evolution of ferroelastic twin 
domains in BVO/YSZ heterostructure, the phase-field simu-
lation was employed. As presented in Figure 3f, there are two 
conclusions: (i) variant 1 (red color) and variant 2 (blue color) 
form a striped-like twin-domain configuration, while variant 
3 (yellow color) and variant 4 (green color) form the other; (ii) 
every variant reveals two perpendicular orientations, arising 
from mechanically compatible ferroelastic domain walls.[28] 
The results of the phase-field simulations are consistent with 
the experimental observation (Figure 2b). The formation of fer-
roelastic twin domains is induced by the spontaneous strain 
during the phase transition.[29,30] Also, the orientation angles of 

twin domain walls for variant 1 and 2, and for variants 3 and 4 
are about 35° and 55° from phase-field simulations. The width 
of twin domain for 20-nm-thickness BVO film is ≈22  nm, in 
agreement with that of the experimental fitting results (≈23 nm) 
in Figure S11 (Supporting Information).

Furthermore, high temperature in situ TEM and PFM[31] 
were carried out to gain insights into domain transformation. 
Plane-view TEM images in Figure S13 (Supporting Informa-
tion) display A/B domains with four directions of bundle 
domains in agreement with Figure  2b. With the increase of 
temperature, a strain relaxation process is mediated by the 
domain wall motion at 250 °C, implying the beginning of phase 
transition from the monoclinic phase to the tetragonal one. 
The vanishment of domain pattern reflects the transition tem-
perature of 250–275 °C, which is in agreement with the macro-
scopic phenomenon in the XRD results. In addition, the twin 
domain structure reconstructs after cooling down to room tem-
perature, showing the reversibility of phase transition. Figure 4 
displays in-plane PFM signal with temperature dependence. 
The inserted white curves mark the edge of bundle domain 
and in-plane domain distribution at room temperature. The 
domain structure was then recorded in the temperature range 
from 25 to 275 °C (Figure S14, Supporting Information). When 
the temperature increased to 200  °C (Figure  4b), the marked 
bundle domain was penetrated by a surrounding domain with 
90° domain wall, while other domains remained. In addition, 
this phenomenon became more pronounced with a rise of 
temperature to 230  °C (Figure  4c). Compared with Figure  4a, 
the marked bundle domain was interrupted by surrounding 

Small 2022, 18, 2107540

Figure 3. Temperature dependent characteristics of BVO/YSZ thin film. In-plane RSM of BVO (400) with YSZ (400) reference a) At 130 °C. b) At 225 °C. 
c) At 325 °C. d) Variation of lattice parameters with temperature. e) In-plane RSM of BVO (400) with YSZ (400) reference after thermal process and 
back to room temperature. f) Phase field simulation of orthogonal twin domain configuration.
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domains, creating new domain walls. At 260  °C (Figure  4d), 
some of the twin domains became barely visible, which implies 
the beginning of the phase transform instead of the thermal 
artifact since the resonance signal of in-contact scanning tip 
remained at high temperature (Figure S15, Supporting Infor-
mation). In addition, above the phase transition point of 275 °C, 
the in-plane phase signal indeed vanishes (in Figure 4e), which 
means BVO undergoes the phase transformation to the par-
aelastic phase. This phenomenon could be explained by the 
reducing of the lattice misfit in Figure  3d, because the in-
plane flexoelectric effect results from the in-plane lattice misfit 
in ferroelastics. Moreover, in Figure  4f, after cooling down to 
room temperature and reaching the stable state after few days, 
the new-formed stripes of domain as well as the PFM signal 
emerge again, featuring the generation of piezoresponse and 
its dependence on the phase transition. Based on the above 
results, it is concluded that the formation of piezoresponse at 
ferroelastic twin domain walls are induced by the spontaneous 
strain gradient during the tetragonal to monoclinic phase tran-
sition based on flexoelectricity.

Since BVO is well known for its potential for solar energy 
conversion, strategies focus on expanding lifetime of photo-car-
riers. For example, band structure engineering technique based 
on heterojunction promotes carrier-separation ability, such as 
BaTiO3/BVO ferroelectric-semiconductor hybrid[32] or FeOOH/
BVO heterojunction.[33] Beside, tuning oxidation/reduction of 
VOV

5+/VOV
4+ states in BVO[34] or modulation of oxygen vacancy 

by hybrid structure[35] provides insights to modify carrier 

trapping/extracting procedure. In addition, ferroelectric-semi-
conductor hybrid (Iodide-doped BiVO4/BaTiO3)[36] could also be 
applied to piezophototronic field, which is an coupling effect 
between photoexcitation and piezopotential. Aside from recent 
studies, this work systematically investigates polar domain 
walls unforeseen from its symmetry, revealing that the flexo-
electricity originated from domain walls could possibly endow a 
flexopotential for charge transport.

3. Conclusion

Over the past decades, the emergence of polar domain walls in 
ferroelastics has been widely studied since the forbidden char-
acteristic by symmetry is surprising revealed, launching new 
research direction of utilizing material inhomogeneity. Here, 
we systematically analyzed the flexoelectricity in incommen-
surate domain walls. The XRD and TEM results confirm the 
ferroelastic twin domain features of BVO film. Substantial in-
plane PFM signal further verifies the 180° head-to-head domain 
wall lying on in-plane direction. Based on the GPA results, the 
electric field inside domain walls is attributed from the shear 
strain gradient between adjacent twin domains. The ferroe-
lastic-paraelastic phase transition was probed by temperature 
dependent RSM, plane-view STEM and in-plane PFM analysis. 
This work investigates the flexoelectric effect is induced at 
domain walls of ferroelastic BVO system, and we further specu-
late that the spontaneous in-plane electric field would therefore 

Small 2022, 18, 2107540

Figure 4. Temperature dependent characteristics of BVO/YSZ thin film. The high temperature analysis of PFM: The in-plane phase signal of BVO a) at 
room temperature, b) at 200 °C, c) at 230 °C, d) at 260 °C, e) at 275 °C, f) after the heating process and cooling down to room temperature. For high 
temperature PFM analysis, the single crystal diamond conducting probe was used due to its superior duribility and stable resolution.
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promote separation of electron-hole pairs to improve the photo-
catalytic performances.

4. Experimental Section

Sample Preparation: BVO epitaxial film was deposited on YSZ 
substrate via pulsed laser deposition.[37] YSZ substrates were 
pre-annealed at 1300 °C for 8 h. The atomic step surface of sub-
strate could be obtained and is shown in Figure S1 (Supporting 
Information). The KrF excimer laser (λ  =  248  nm, COMPex 
102, Coherent) was operated at laser fluence of 1  J cm−2 using 
commercial BVO target. The deposition temperatrue was kept 
at 550 °C and an oxygen pressure was maintained at 60 mTorr. 
After the deposition, the cooling rate was 25  °C  min−1. The 
thickness of thin film was modulated by the number of pulses 
and the growth rate was determined to be ≈0.05  Å per pulse 
(see Figure S11, Supporting Information).
X-Ray Diffraction: XRD investigation was performed at Bruker 
D2 Discover XRD System with Cu Kα x-ray (λ  =  1.5406  Å) to 
obtain the θ–2θ scan along normal direction at room tempera-
ture. The temperature dependent RSMs were conducted by 
synchronism based high-resolution 8 circle diffractometer at 
beamline 17B at the National Synchrotron Radiation Research 
Center in Hsinchu, Taiwan. The incident beam with energy of 
10 keV and size 0.3 × 0.7 mm2 was adopted. These RSMs were 
recorded in reciprocal lattice unit that is normalized by refer-
encing (001)-oriented YSZ substrate.
Electron Microscopy Characterization and Analysis: The cross-
sectional TEM specimen was thinned to less than 30 µm first 
by mechanical polishing. The subsequent argon ion-beam 
milling was carried out using PIPS (Model 691, Gatan Inc.) 
with the accelerating voltage of 3.5 kV until a hole was made. 
Low voltage milling was performed with accelerating voltage of 
0.3 kV to remove the surface amorphous layer. Part of HAADF–
STEM images were recorded at an aberration corrected FEI 
(Titan Cubed Themis G2) operated at 300 kV. The convergence 
semi-angle for imaging was 30 mrad, the collection semi-angles 
snap was 39–200  mrad. GPA was based on the STEM image 
using Gatan Microscopy Suite software. The TEM specimens 
used for plane-view were prepared by focused ion beam equip-
ment (GAIA3 GMH SEM-FIB, Tescan). HAADF and ABF 
images were collected by a double aberrationcorrected STEM 
(JEM ARM300CF, JEOL) operated at 300 kV. All high-resolution 
ABF images were raw data without any post filtering. The in 
situ evolution of the twin domains was recorded with a TEM 
(JEM-2100F, JEOL), operating at temperatures ranging from 
room temperature to 300 °C.
Piezoresponse Force Microscopy: PFM was carried out on a com-
mercial SPM system (Asylum Research MPF-3D) using com-
mercial Platinum coating tips (mikromasch HQ:NSC36/PT, 
cantilever C, resonance frequency  =  65  kHz) for room tem-
perature and diamond tips (Adama AD-2.8-AS, resonance fre-
quency = 65 kHz) for high temperature analysis, because single 
crystal diamond conducting probe display superior durability 
and stable resolution. Figure  2b and Figure S7 (Supporting 
Information) were collected at the in-plane contact reso-
nance frequency (about 680 kHz) at DART mode with AC tip 
bias of 1.5  V. Figure  4, Figure S8 and Figure S15 (Supporting 

Information) were performed by vector PFM with out-of-plane 
contact resonance ≈300 kHz and lateral resonance ≈680 kHz.
Phase-Field Modeling: In the phase-field simulations, four order 
parameters of η1, η2, η3, and η4, for four variants of M-phase 
were used. The total energy of the BVO film consists of bulk 
energy, gradient energy, and elastic energy is expressed as,
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where fbulk consists of polynomial of 2η i , 4η i  and 2 2η ηi j (i,j  =  1,2,3,4, but 
i≠j), fgradient consists of the gradient of ηi (i =  1,2,3,4), and felastic can be 
expressed by 1

2elast ijkl ij kj=f c e e  (i.e., eij is elastic strain). The simulated 3D 
grids of 256 Δx × 256 Δy × 36 Δz with Δx = Δy = Δz =  1 nm were used 
to describe a 3D constrained system consisting of the bottom substrate 
layer (= 12Δz), BVO thin film (= 20Δz) and the top air layer (= 4Δz). Thin 
film boundary conditions were utilized. A spectral iteration method for 
heterogeneous system was used obtain the elastic solution.[38,39]
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Supporting Information is available from the Wiley Online Library or 
from the author.
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