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ABSTRACT
The coexisting rhombohedral-like (R′, MA) and tetragonal-like (T′, MC) monoclinic phases in compressively strained bismuth
ferrite thin films exhibit exceptional piezoelectric andmagnetic properties.While previous studies have largely focused on probing
the morphotropic phase boundaries (MPBs) comprising ordered R′/T′ twins, their self-organizing structures remain not fully
explored. Here, we observed two types of interphase boundaries in a 60 nm-thick BiFeO3 film epitaxially grown on a LaAlO3

substrate by employing multi-modal diffraction-based electron microscopy. First, the flat MPBs form lines extending >1 mm, and
repeat almost every ∼20 µm. Additionally, we uncover a new type of phase boundary with zig-zag regions of alternating R′/R′
and T′/T′ twin domains. Cross-sectional multislice electron ptychography confirms the atomic-scale polarization rotation across
the MPB, with out-of-plane strain varying > 15%. Plan-view electron backscatter diffraction reveals the lattice disclination of ∼1.5◦

across the zig-zag interphase boundaries, while having >2.5◦ within the MPB. Phase-field modeling suggests that the formation
of zig-zag phase boundaries arises from balancing between Landau and elastic energies. We speculate that such well-ordered
interphase boundaries are associated with mesoscale in-plane strain modulations, thus providing a way to engineer and harness
their properties for potential device applications.
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Introduction

hase separation, coexistence, and competition between nearly
egenerate states in functional materials often give rise to
xceptional physical properties. One notable example is the
orphotropic phase boundary (MPB) in lead-based relaxor
erroelectrics such as Pb(Zrx,Ti1-x)O3 (PZT), Pb(Mg0.33,Nb0.67)O3-
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PbTiO3 (PMN-PT), and Pb(Zn0.33,Nb0.67)O3-PbTiO3 (PZN-PT)
systems [1, 2]. At compositions near the rhombohedral-to-
tetragonal boundary, the free energy landscape flattens, and
the crystallographic symmetry lowers, facilitating polarization
rotation and resulting in large dielectric and piezoelectric
responses. Besides compositional tuning, phase coexistence can
also be stabilized and controlled through epitaxial strain in
cense, which permits use, distribution and reproduction in any medium, provided the original
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FIGURE 1 Atomic structures of the MPB with coexisting rhombohedral-like (R′) and tetragonal-like (T′) phases in compressively strained BFO
thin film. (a) Structure model of T′ phase BFO with monoclinic symmetry and large tetragonal distortion. (b) AFM scan of the coexisting R′/T′ phase
mixture region. The inset shows the height line profile of the white line. (c) Cross-sectional MEP reconstruction of theMPB region. Polarization rotation
can be observed across the phase boundary. (d) Unit cell tetragonality c/a extracted from theMEP reconstruction, showing c/a∼1.08 for R′ and 1.25 for T′
phases. The c and a denote out-of-plane and in-plane lattice parameters, respectively. (e) Schematic showing the unit cell rotation across the boundary,
where blue and red represent unit cells in R′ and T′ BFO. The arrows represent polarization direction in both phases. There is a relative unit cell rotation
of ∼3.8◦ between the two phases. Scale bar in (c) represents 1 nm.
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ead-free systems, including NaNbO3 [3] and BiFeO3 [4] thin
ilms.

mong lead-free ferroelectrics, BiFeO3 (BFO) thin films have
een extensively studied due to their room-temperature multi-
erroicity, which exhibits strong coupling among lattice strain,
olarization, and magnetic order. Bulk BFO adopts a rhombo-
edral ground state (R3c, space group No. 161) with a large
pontaneous polarization of ∼100 µC/cm2 oriented along the
111>pc direction [5–7]. Under large (>4%) epitaxial compressive
train, BFO undergoes a structural phase transition to mono-
linically distorted, rhombohedral-like (R′, MA) and tetragonal-
ike phases (T′, MC), with polarization along the <uuv>pc and
u0v>pc directions, respectively (Figure 1a) [8]. Both phases
isplay pronounced tetragonal distortion in response to com-
ressive strain, with tetragonality c/a ∼1.08 for R′ and c/a
1.25 for T′ (where c and a denote out-of-plane and in-plane
attice constants, respectively). Furthermore, at specific film
hicknesses and epitaxial conditions, BFO films often exhibit
omplex nanoscale stripe-like patterns comprising mixed R′
nd T′ phases [4, 9]. Within such nanoscale phase mixtures,
oth polarization orientation and elastic strain vary drastically
cross R′/T′ interfaces, giving rise to enhanced spontaneous
agnetism [10, 11], electromechanical response [12], shape-
emory effects [13], and electrical conduction alongmixed-phase
oundaries [14].

key requirement for understanding strain-drivenMPBs in BFO
hin films is determining how coexisting R′ and T′ phases, as
ell as nanoscale phase mixtures, organize across the film at
esoscopic length scales. Prior studies have largely focused on
hase fractions controlled by boundary conditions, electric fields,
r film thickness, as well as resolving atomic-scale interphase
oundary structures [15, 16]. While these efforts have provided
ritical insights into local phase behavior and interfacial physics,
hey have primarily concentrated on stripe-like mixed-phase
of 9
regions of the film. As a result, whether R′ and T′ phases
self-organize into ordered mesoscale patterns under epitaxial
constraint, and how such organization relates to long-range strain
accommodation, remain largely unexplored.

Here, we identify two distinct types of interphase boundaries in
a compressively strained BFO thin film: a previously unreported
zigzag boundary formed by alternating R′/R′ and T′/T′ twin
domains, and the well-studied stripe-like R′/T′ mixed-phase
boundary. In this manuscript, we will refer to them as “zigzag”
and “MPB” interphase boundaries, respectively. Using multi-
modal diffraction-based electron microscopy, we characterize
these interphase boundaries across atomic, nanometer, and
mesoscopic length scales. Atomic-resolution imaging reveals
continuous polarization rotation and large strain gradients across
the R′/T′ boundary, while local phase fractions indicate strain
relaxation within the mixed-phase regions. Mesoscale diffrac-
tion mapping further shows that both stripe-like and zigzag
interphase boundaries are associated with pronounced lattice
disclinations, and extend continuously over length scales exceed-
ing 500 µm. Building on the established strain-driven MPB phase
diagram [4, 17–19], this work identifies nano- andmesoscale orga-
nization of interphase boundaries and establishes a mesoscale
pathway for enhanced electromechanical response in BFO films.

2 Results

We examined R′ and T′ interphase boundaries in a 60 nm-
thick epitaxially strained BiFeO3 film grown on a (001) LaAlO3
substrate with a 10 nm (La, Sr)MnO3 bottom electrode. X-ray
diffraction (XRD) (Figure S1) and atomic forcemicroscopy (AFM)
results (Figure 1b) confirm the coexistence of intermixed phases.
To resolve the atomic structure within the phase mixture regions,
we performed multi-slice electron ptychography (MEP). MEP
reconstruction solves the inverse electron-scattering problem
Advanced Functional Materials, 2026
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o reconstruct the electrostatic potential, enabling quantitative
tructural analysis of both cation and anion sublattices with sub-
0 pm lateral resolution and precision of∼1 pm [20, 21]. From the
econstructed MEP images, quantitative information, including
olarization rotation, lattice rotation, and disclinations can be
xtracted.

he polarization vectors in the R′ and T′ phases differ in both
irection and magnitude, and rotate continuously across the
nterphase boundaries (Figure 1c). By measuring the displace-
ent between the geometric centers of Bi and Fe atomic columns,
he polar displacements are determined to be 31 pm for R′ and
1 pm for T′ phases, with both polarization vectors oriented
ithin the xz-plane, consistent with their respective monoclinic
ymmetries. The R′ phase exhibits a larger in-plane x-component
f polarization, resulting in its orientation tilted further away
rom the substrate normal and closer to the <101>pc direction,
onsistent with MA symmetry. In contrast, the T′ phase shows
reduced in-plane component and a dominant out-of-plane
ontribution, yielding a polarization direction closer to <001>pc,
onsistent withMC symmetry.

e further determined the unit-cell tetragonality (c/a ratio,
here c and a denote the out-of-plane and in-plane lattice
arameters, respectively) by measuring the distances between
eighboring Bi atomic columns. As shown in Figure 1d, the inter-
hase boundary is clearly resolved by the distinct tetragonalities
f the two phases. The average c/a ratios are measured to be
1.25 for T′ and ∼1.08 for R′ phases, consistent with previous
easurements with XRD measurements [22] (Figure S1). In
ddition to polarization direction rotation across the interphase
oundaries, the unit cells exhibit a lattice rotation of ∼3.8◦ with
espect to the [010]pc direction when transitioning from the R′
o the T′ region (Figure 1e). This lattice rotation results from
he elastic incompatibility between the R′ and T′ unit cells.
oreover, elongated atomic columns and dumbbell-like features
Figure S2) are observed near the interphase boundaries in
he MEP reconstructions. Because MEP reconstruction provides
epth sensitivity, these elongated features correspond to atomic
isplacements along the projection direction, indicating the
resence of an out-of-plane lattice disclination of ∼2.2◦.

o explore the nanoscale-to-mesoscale organization of the R′
nd T′ phases, we employed two electron diffraction-based tech-
iques, depth-resolved electron diffraction imaging (DREDI) [23]
nd electron backscatter diffraction (EBSD), both implemented in
idely accessible scanning electron microscopes (SEMs). These
echniques record crystallographic information in reciprocal
pace using either a segmented detector (DREDI) or a CMOS
etector (EBSD), enabling spatially resolved phase mapping
ver large areas. In both methods, image contrast arises from
hanges in the intensity and geometry of Kikuchi diffraction
atterns, which are formed primarily by thermally diffuse-
cattered electrons that subsequently undergo Bragg diffraction
24–27]. Because Kikuchi patterns are governed by dynamical
iffraction processes, their intensity distributions are highly sen-
itive to local crystal symmetry, lattice distortion, and orientation.
onsequently, subtle differences between the monoclinic R′
MA) and T′ (MC) phases produce distinct Kikuchi intensities,
llowing reliable phase discrimination andmapping across nano-
o mesoscopic scales.
dvanced Functional Materials, 2026
DREDI reveals two types of interphase boundaries, flat MPBs
and zigzag boundaries, which extend continuously over 500 µm.
These interphase boundaries enclose∼20 µm-wide superdomains
composed of either T′/T′ or R′/R′ ferroelastic twins. As shown
in Figure 2a,b, the DREDI image exhibits alternating bright and
dark contrast, reflecting quasi-periodic changes in the diffraction
condition arising from lattice disclinations. The flat, millimeter-
long MPBs (marked by white boxes in the DREDI image) recur
quasi-periodically with a spacing of ∼20 µm (Figures S3 and
S4). In addition to these flat MPBs, we observed a second
class of interphase boundaries characterized by frustrated, zigzag
patterns, which also appear quasi-periodically across the film.
We note that this unreported zigzag region is an interphase
boundary between alternating R′ and T′ twins, rather than an
anisotropically stabilized triclinic phase as reported [28].

To further understand the structural details across these two
types of interphase boundaries, we employed EBSD to capture
the full diffraction-space information. EBSD records a 2DKikuchi
pattern (kx, ky) at each real-space probe position (x, y), yielding
four-dimensional (4D) datasets. We applied k-means clustering
to the EBSD data to group real-space regions based on similar-
ities in their corresponding Kikuchi patterns. Within the MPB
region, two distinct clusters can be identified, marked in cyan
and magenta in Figure 2c. The corresponding Kikuchi patterns
show two crystallographically distinct phases, with differences in
specific Kikuchi bands highlighted by yellow arrows in Figure 2d.
An overlay of two sets of diffraction patterns from the two
clusters shows clear band splitting and shifts associated with
one of the phases (cyan). Quantitative analysis of the Kikuchi
bands shifts enables the construction of lattice misorientation
maps from the EBSD datasets (Figure 2e), which reveal lattice
disclinations of ∼1.5◦ across the zig-zag interphase boundaries,
and >2.5◦ within the MPB regions. The periodic and alternating
occurrence of these two interphase boundary types indicates
a laterally modulated lattice deformation that extends from
mesoscale length scales to themacroscopic dimensions, spanning
the whole 3 mm-wide film.

To resolve the strain distribution within the periodically occur-
ring MPB regions, we performed cross-sectional scanning elec-
tron nanodiffraction (SEND). SEND records a convergent beam
electron diffraction (CBED) pattern at each probe position, yield-
ing a 4D dataset. By quantitatively measuring shifts in the Bragg
reflections, SEND enables quantitative strain mapping in the
cross-sectional xz-plane, providing information complementary
to the plan-view lattice disclination maps obtained from EBSD
(Figure 2). To further reduce common artifacts arising from lattice
mistilt and thickness variations, we applied exit-wave power
Cepstrum (EWPC) analysis [29]. Using the LAO substrate as a
reference, wemapped the local strain distributionwithin the BFO
thin film.

Figure 3 shows the SEND analysis of the xz-plane, viewed normal
to the MPB extension direction. The exact region of interest for
the cross-sectionalmeasurement is identified in Figure S5. Stripe-
like diffraction contrast in virtual annular dark-field (ADF) image
indicates the coexistence of R′ and T′ phases within the MPB
region (Figure 3a). The CBED pattern extracted from the yellow
box (Figure 3b) exhibits a clear off-axis lattice disclination of
∼2.2◦ away from the zone axis. Figure 3c,d showmaps of in-plane
3 of 9
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FIGURE 2 Distinct types of laterally-ordered R′ and T′ interphase boundaries. (a) DREDI image over 60 µm field-of-view along plane-view
(x-y-plane). The alternating contrast arising from distinct diffraction intensities reflects the crystallographic symmetries and lattice disclination for each
phase. The interphase boundaries extend over 500 µm. The flat MPBs (white boxes) appear with∼20 µm intervals. (b) DREDI image of a flat MPB region
and a frustrated, zigzag phase boundary. (c) EBSDwas employed to further explore the full momentum information captured by a CMOS detector. False-
colored MPB domain structure constructed from k-means clustering. The cyan and magenta domains represent two distinct backscattered diffraction
patterns. (d) Overlay of electron backscattered diffraction patterns from two phases within MPB in (b) with the same color coding. The Kikuchi band
splitting and shifts between cyan and magenta domains (marked by yellow arrows) indicate the distinct crystal symmetries and lattice misorientation.
(e) Misorientation maps from representative EBSD data showing two types of interfaces present in the sample: a flat, well-alignedMPB and a frustrated,
zigzag phase boundary. (f) Schematic illustrations showing the difference between the MPB and zig-zag interphase boundaries.
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nd out-of-plane strain components (uniaxial tensile εxx and εzz),
orresponding to changes in the a- and c-axis lattice parameters
ithin the MPB. The T′ phase exhibits a maximum out-of-
lane tensile strain of ∼15% (Figure 3d), consistent with reported
alues [30, 31]. In addition, the nonuniform strain distribution
ithin the T′ phase suggests the presence of additional lattice
eformation such as bending. The lattice rotation map in the xz-
lane further confirms a ∼3.8◦ rotation between the R′ and T′
hases, consistent with the interphase unit-cell rotation observed
rom the MEP reconstructions (Figure 1e). Line profiles across
he MPB (Figure 3f) show clear differences in lattice constants
long the c-axis (green) and a-axis (yellow). Such drastic strain
ariation is expected in an MPB, as the coexisting R′ and T′
hases are mechanically incompatible [18, 32]. Notably, the strain
aps indicate that the MPB region is predominantly R′ rich,
ccupying an area fraction of ∼93.6% (Figure 2c), corresponding
o an effective compressive strain of ∼3.1% in the reported strain-
hase diagram [18]. Here, the experimentally observed MPB
of 9
regions mainly correspond to interphase boundaries between
locally pure R′ and T′ domains, rather than uniformly mixed
bulk phases. Although the nominal compressive strain of 4%
is imposed by the film-substrate lattice mismatch, the R′-rich
MPB suggests local strain relaxation. Given that MPBs recur
quasi-periodically at ∼20 µm intervals, we can expect that other
regions may exhibit locally larger compressive strain, forming
mesoscopic bands of strain modulation across the entire film.
We speculate that such strain modulations may promote the
formation of zigzag interphase boundaries [9]. As a result of the
strain accommodation, the two types of interphase boundaries,
theMPB and the zigzag, should be connected to each other across
the entire thin film.

To rationalize the experimentally observed stabilization of
ordered R′/T′ (MA/MC) twin domains in strained BFO thin films,
we performed phase-field simulations based on a LAO/BFO
heterostructure model, incorporating mechanical and electrical
Advanced Functional Materials, 2026
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FIGURE 3 Lattice strain variation within the MPB probed by cross-sectional scanning electron nanodiffraction. (a) Virtual annular dark-field
STEM image of the MPB region. Contrast in the stripe-like phase boundaries indicates the presence of two separate T′ and R′ phases. (b) The distinct
CBED patterns correspond to the yellow and green box regions in the ADF image, showing clear out-of-plane lattice rotation off (yellow) and along
(green) the [010]pc zone axis. (c,d) Out-of-plane and in-plane train maps of the MPB cross-section from the white dashed box in (a). The T′-phase
regions exhibit exceptionally large strain of ∼15% along out-of-plane and ∼5% along the in-plane. (e) Lattice rotation map of the same region, indicating
∼3.8◦ lattice rotation from T′ to R′ domains. (f) Line profiles of both the a- and c-axes lattice constants variation.
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oundary conditions consistent with the experimental setting
details in Methods). Three representative twin-domain con-
igurations, pure R′ phase twins, pure T′ phase twins, and
rdered R′/T′ twin domains, were simulated and compared.
igure 4a–c show the relaxed polarization configurations corre-
ponding to these three states.

n the pure MA and MC twin configurations (Figure 4a,b), ferro-
lectric variants arrange in an ordered, periodic manner along
he in-plane y direction, forming well-defined stripe domains
eparated by nearly planar and coherent twin boundaries. In
ontrast, themixedMA/MC configuration preserves twin ordering
ithin each phase, while the interphase boundaries exhibit a
arkedly different morphology characterized by spatial inter-
ixing and strongly non-coplanar interfaces, as highlighted by
he white dashed lines in Figure 4c. The corresponding in-
lane strain distributions εxx (Figure S7) show that strain remains
elatively homogeneous within the pure MA and MC twin states,
dvanced Functional Materials, 2026
whereas pronounced strain localization develops at the twin and
interphase boundaries in the mixed MA/MC configuration. We
note that the strain concentration is predominantly associated
with the MC-type domains and their adjacent interphase regions,
in good agreement with the experimentally observed strainmaps.
Figure 4d compares the Landau, elastic, and total free-energy
densities of the three twin-domain configurations, which our
calculations reveal to be the dominant terms in the overall free
energy. While the pure MA configuration minimizes the Landau
free energy and the pure MC configuration favors elastic energy
relaxation, the mixed MA/MC state achieves the lowest total free
energy by balancing these competing energetic contributions.
It should be noted that this comparison reflects the relative
stability of representative global domain configurations under
identical boundary conditions, rather than predicting the phase
fraction in the film. This competition between Landau and elastic
energies provides the thermodynamic basis for the stabilization of
mixed-phase twin domains in strained BFO thin films.
5 of 9
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FIGURE 4 Phase-field analysis of interphase twin-domain configurations and strain-mediated energetic stabilization in MA, MC, and coexisting
MA/MC states. (a–c) Relaxed twin-domain configurations obtained from phase-field simulations, including pure R′ (MA) twins, pure T′ (MC) twins, and
mixed MA/MC twin domains. Arrows indicate polarization orientations, and different colors denote distinct ferroelectric variants. (d) Comparison of
the Landau, elastic, and total free-energy densities for the three domain states.
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Conclusions

n summary, we demonstrate that strain-driven MPBs in BiFeO3
hin films can self-organize into laterally quasi-periodic, phase-
eparated regions with ∼20 m intervals across a 3 mm-wide
ample, bounded by millimeter-long MPBs together with a
reviously unreported class of zigzag interphase boundaries.
his mesoscopic ordering of alternating interphase bound-
ries was resolved using diffraction-based electron microscopy,
pecifically DREDI and EBSD. Reliable phase discrimina-
ion and large-area mapping were enabled by detecting dis-
inct signatures in the Kikuchi intensities of the R′ and T′
hases.

he correlative atomic-scale MEP structural measurements,
anoscale SEND strain mapping, and mesoscale EBSD analysis
stablish that these interphase boundaries are associated with
aterally modulated strain fields rather than a uniform strain
tate. Phase-field simulations further show that the mixed R′/T′
onfiguration exhibits the lowest total free energy compared to
he pure phase twin states, resulting from the balance between
andau and elastic energy contributions. The zig-zag interphase
oundaries are composed of faceted segments oriented at ∼45◦
elative to [100]pc, consistent (Figure S6) with higher-energy
′/T′ interface configurations predicted by phase-field modeling.
heir non-planar morphology reflects the need to accommodate
he intrinsic mechanical incompatibility between the R′ and T′
hases [32]. From a technological perspective, engineering the
rdering of nanoscale functional interphase boundaries across
of 9
macroscopic length scales represents an important step toward
scalable strain-engineered ferroic devices.

4 Experimental Section

4.1 Pulsed-Laser Deposition of Thin-Film
Heterostructures

All thin films are prepared by PLD using a 248 nm KrF excimer
laser (COMPex-Pro, Coherent) in an on-axis geometry with a
target-substrate distance of 5 cm. We clean LaAlO3 substrates
by sonication in Acetone and Isopropyl Alcohol for 5 min each,
followed by DI water treatment, and fix the substrates to a
heater using thermally conductive silver paint. We achieve a base
pressure of 5 × 10−6 Torr for both the LSMO and BFO. LSMO was
used as a buffer layer and deposited at a substrate temperature
of 700◦C, fluence of 1.2 J/cm2, O2 pressure of 100 mTorr, and
pulse rate of 4 Hz. During the BFO we introduced a dynamic
O2 environment of 150 mTorr, and pulse the laser on the target
with 10 Hz repetition rate at a fluence of 0.1.3 J/cm2. Following
deposition of the BFO, the filmswere cooled in 300 Torr of oxygen
to room temperature.

4.2 Ferroelectric Domain Characteristics

Piezoelectric force microscopy (PFM) imaging is done using the
MFP-3D, Asylum Research AFM. All measurements use a silicon
Advanced Functional Materials, 2026
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antilever coated with Pt as the conducting top electrode for local
pplication of an electric field.

.3 EBSD (Electron Backscattered Diffraction)

lectron backscattered diffraction (EBSD) datasets were acquired
nder standard EBSD geometry, with the sample mounted on
70◦ pre-tilt stage to enhance collection efficiency on a side-
ntry EBSD detector. The measurements were conducted using
hermo Scientific Helios G4 UXe PFIB/SEM equipped with an
xford Instruments Symmetry S2 EBSD detector. The datasets
ere collected using an accelerating voltage of 10 kV at a beam
urrent of 1.6 nA. The real-space collection step size is 10–30 nm
ith diffraction space resolution of 622 by 532 pixels. Dynamical
iffraction simulations of Kikuchi patterns were performed using
ztecCrystal software, employing the Bloch-wave algorithm.

.4 STEM andMEP

he cross-sectional STEM samples were prepared using the
tandard FIB lift-out process in a Thermo Fisher Helios G5 Ga
IB-SEM DualBeam system. Sequential carbon and platinum
epositions using the electron beam were applied to prevent ion-
eam-induced damage of the thin film surface. Initial lamella
hinning was performed using a 30 kV Ga+ ion beam until a
hickness of approximately 100 nm. Low energy milling was
onducted using a 5 kV ion beam to reach a final thickness of
0 nm. A final polishing step using a 2 kV ion beam was applied
o remove surface amorphization and minimize residual beam
amage.

TEM imaging was performed using an aberration-corrected
hermo Fisher Spectra 200 X-CFEG STEM operated at 200 keV,
ith a probe semi-convergence angle of 30 mrad. High-angle
nnular dark field (HAADF) images were acquired with 100 pA
robe current and a dwell time of 200 ns per pixel. Rigid
egistration was applied to 50 sequential frames to correct for the
tage drift.

EP datasets were collected using a Dectric ARINA direct
lectron detector. The dataset had a total of 512 by 512 pixels
robe positions, with a collection time of 35 s per pixel. The
eal-space step size was ∼0.372 Å, yielding a total dose of
1.6 × 106 electrons/Å2. MEP reconstruction was done using
he PtyRAD package [33] based on the automatic differentia-
ion minimization algorithm. The reconstruction was performed
sing 25 slices, each 8 Å thick, and ten probe modes. The
resented results were obtained after 1000 iterations. Atomic
ositions were extracted using center-of-mass refinement and 2D
aussian fitting implemented in the Atomap package [34]. A
ustom Python script was used to perform further analysis on the
olarization, tetragonality, and unit cell rotation of the BFO thin
ilm.

.5 Phase-Field Simulations

n our phase-field framework, two coupled sets of order param-
ters are considered: the spontaneous ferroelectric polarization
dvanced Functional Materials, 2026
Pi (i = 1–3) and spontaneous oxygen octahedral tilt (OT)
θi (i = 1–3). The temporal evolution of these order parameters
in BFO thin films grown on LSMO-buffered LAO substrate is
governed by the following time-dependent Ginzburg-Landau
(TDGL) equation [35]:

𝜕𝜙

𝜕𝑡
= −𝐿𝛿𝐹

𝛿𝜙
(1)

where 𝜙 represents the order parameter (either Pi or θi), t is
the time, and L denotes the kinetic coefficient associated with
domain-wall mobility. The total free energy F consists of bulk,
gradient, elastic, and electrostatic contributions, and is expressed
as a volume integral:

𝐹 = ∫
(
𝑓𝑏𝑢𝑙𝑘 (𝑃𝑖, 𝜃𝑖) + 𝑓𝑔𝑟𝑎𝑑

(
𝑃𝑖,𝑗, 𝜃𝑖,𝑗

)
+ 𝑓𝑒𝑙𝑎𝑠

(
𝑃𝑖, 𝜃𝑖, 𝜀𝑖𝑗

)

+𝑓𝑒𝑙𝑒𝑐 (𝑃𝑖, 𝐸𝑖)) 𝑑𝑉 (2)

The bulk energy density takes the form:

𝑓𝑏𝑢𝑙𝑘 = 𝛼𝑖𝑗 𝑃𝑖𝑃𝑗 + 𝛼𝑖𝑗𝑘𝑙𝑃𝑖𝑃𝑗𝑃𝑘𝑃𝑙 + 𝛼𝑖𝑗𝑘𝑙𝑚𝑛𝑃𝑖𝑃𝑗𝑃𝑘𝑃𝑙𝑃𝑚𝑃𝑛

+ 𝛼𝑖𝑗𝑘𝑙𝑚𝑛𝑢𝑣𝑃𝑖𝑃𝑗𝑃𝑘𝑃𝑙𝑃𝑚𝑃𝑛𝑃𝑢𝑃𝑣 + 𝛽𝑖𝑗𝜃𝑖𝜃𝑗 + 𝛽𝑖𝑗𝑘𝑙𝜃𝑖𝜃𝑗𝜃𝑘𝜃𝑙

+ 𝑡𝑖𝑗𝑘𝑙𝑃𝑖𝑃𝑗𝜃𝑘𝜃𝑙 (3)

where αij, αijkl, αijklmn, αijklmnuv, βij, and βijkl are the Landau energy
coefficients of polarization and OT order parameters, while tijkl
describes their coupling.

The gradient energy density is given by:

𝑓grad =
1

2
𝑔𝑖𝑗𝑘𝑙𝑃𝑖,𝑗𝑃𝑘,𝑙 +

1

2
ℎ𝑖𝑗𝑘𝑙𝜃𝑖,𝑗𝜃𝑘,𝑙 (4)

where gijkl and hijkl are gradient energy coefficients.

The elastic energy density can be written as:

𝑓elas =
1

2
𝑐𝑖𝑗𝑘𝑙

(
𝜀𝑖𝑗 − 𝜀0

𝑖𝑗

) (
𝜀𝑘𝑙 − 𝜀0

𝑘𝑙

)
(5)

where cijkl denotes the elastic stiffness tensor and εij is the total
strain. The eigenstrain 𝜀0

𝑖𝑗
arises from the coupling between the

strain, polarization, and OT order parameters, and is expressed
as 𝜀0

𝑖𝑗
= 𝑄𝑖𝑗𝑘𝑙 𝑃𝑘𝑃𝑙 + Λ𝑖𝑗𝑘𝑙𝜃𝑘𝜃𝑙 , with Qijkl and Λijkl being the

corresponding coupling coefficients.

The electrostatic energy density is defined as:

𝑓elec = −1

2
𝜅0𝜅𝑏𝐸𝑖𝐸𝑗 − 𝐸𝑖𝑃𝑖 (6)

where κ0 and κb are the vacuum and relative permittivity,
respectively, and Ei represents the total electric field.

A three-dimensional simulation with system size of 128∆x ×
128∆y × 50∆z grid points was performed. The grid spacing is
chosen as ∆x = ∆y = ∆z = 1.0 nm. The system consists of
10 grids of LAO substrate, 20 grids of BFO thin film and 10
grids of air layer from the bottom to the top along the thickness
direction. Periodic boundary conditions were applied along the
in-plane directions, whereas a superpositionmethodwas adopted
7 of 9
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long the out-of-plane direction [36]. The mechanical boundary
onditions were specified such that the out-of-plane stress is fully
elaxed at the film surface, while the out-of-plane displacement
s fixed to zero at the bottom of the substrate, sufficiently
ar from the film/substrate interface. A short-circuit electrical
oundary condition was imposed throughout the simulations.
he initial polarization configurations were constructed based
n experimentally observed domain morphologies. Specifically,
hree representative types of twin-domain configurations were
esigned: (i) pure Ma-phase R-like twin domains, (ii) pure Mc-
hase T-like twin domains, and (iii) mixedMa/Mc twin domains
rranged in an alternating sequence along the y direction. Small-
mplitude random perturbations were subsequently added to
hese structures to mimic thermal fluctuations. All material
arameters for BFO are available in the literatures [18, 37]
nd listed in Table S1. The simulations were performed at a
emperature of 298 K with a normalized time step of 0.01.
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Crystal Structure Determination  

The crystal lattice parameters of all layers are measured by XRD using a high-resolution X-ray 

diffractometer (PANalytical, X’Pert MRD) with a Cu Kα source. Film thicknesses and deposition 

rates are extracted from the spacing of the thickness fringes in the XRD as well as from oscillations 

in X-ray reflectometry.  

 

 

 

 
 
 
 
Figure S1 | X-ray diffraction plot of strained BFO thin film. XRD plot reveals the T’ phase in 
the strained BFO thin film. The lack of presence of R’ phase might be due to its small area fraction 
in the film. 
 
 

  



 

Figure S2| Multislice ptychographic (MEP) reconstruction of cross-sectional MPB. Since 
MEP reconstruction provides depth information about the structure, the dumbbell-like atoms 
(shaded white circles) indicate atomic displacements along the projection axis ([010]pc). 
 

 

 



 
 
Figure S3| Large field of view DREDI image of strained BFO thin film. Multiple quasi-periodic 
MPBs appeared across a field-of-view of ~200 𝜇𝑚, with ~20 𝜇𝑚 intervals between each MPB. 
 

 

Figure S4| Atomic Force microscope overview of the interphase boundaries. (a) Large FOV 
AFM map. Piezoresponse amplitude (b) and topographic scan (c) of MPB.  

  



 

 
Fig. S5| Cross-sectional STEM of MPB region. (a)The DREDI images of the MPB region in xy-
plane. Carbon fiducial markers were deposited during FIB sample preparation, white and yellow 
arrows. (b) Large field-of-view cross-sectional STEM image of the xz-plane in MPB region, 
viewed normal to the MPB extension direction, [100]pc. Carbon fiducials from (a) were observed 
and marked by arrows. (c) STEM image in the region of interest of Figure 3. 
 
 

 
Fig. S6| Interphase boundaries angles. (a) DREDI image of the MPB region. The mm-long, 
quasi-periodic recurring MPB is extending along [100]pc. The MPB R’/T’ interphase boundary is 
deviated ~9° from the [010]pc. (b) DREDI image of the zigzag region. The zigzag interphase 
boundaries deviated ~45o from the [100]pc. 
 
 



 
Figure S7| Strain distributions from phase-field simulations. Corresponding in-plane (a-c) 
and out-of-plane (d-f) strain distributions for the three stabilized domain configurations shown in 
Figure 4 (a-c). 
  



Table S1. Material parameters of BFO thin film used in the phase-field models. 
 

𝜶𝟏𝟏 -3.609 × 108 C-2·m2·N 𝒈𝟏𝟏𝟏𝟏 4.335 × 10-11 C-2·m4·N 

𝜶𝟏𝟏𝟏𝟏 2.217 × 109 C-4·m6·N 𝑔""## -3.4 × 10-12 C-2·m4·N 

𝜶𝟏𝟏𝟐𝟐 -2.049 × 109 C-4·m6·N 𝑔"#"# 3.4 × 10-12 C-2·m4·N 

𝜶𝟏𝟏𝟏𝟏𝟏𝟏 -1.76 × 109 C-6·m10·N ℎ"""" 7.84 × 10-11 rad-2·N 

𝜶𝟏𝟏𝟏𝟏𝟐𝟐 8.298 × 108 C-6·m10·N ℎ""## -5.138 × 10-9 rad-2·N 

𝜶𝟏𝟏𝟐𝟐𝟑𝟑 1.679 × 109 C-6·m10·N ℎ"#"# 4.977 × 10-9 rad-2·N 

𝜶𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 3.92 × 108 C-8·m14·N 𝑐"""" 2.28 × 1011 N·m-2 

𝜶𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 4.4 × 107 C-8·m14·N 𝑐""## 1.28 × 1011 N·m-2 

𝜶𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 -3.8 × 108 C-8·m14·N 𝑐"#"# 0.65 × 1011 N·m-2 

𝜶𝟏𝟏𝟏𝟏𝟏𝟏𝟏𝟏 8.0 × 108 C-8·m14·N 𝛬"""" 0.08416 rad-2 

𝜷𝟏𝟏 -5.4 × 109 rad-2·m-2·N 𝛬""## -0.092 rad-2 

𝜷𝟏𝟏𝟏𝟏 3.44 × 1010 rad-4·m-2·N 𝛬"#"# 0.3192 rad-2 

𝜷𝟏𝟏𝟐𝟐 6.799 × 1010 rad-4·m-2·N 𝑄"""" 0.077 C-2·m4 

𝒕𝟏𝟏𝟏𝟏 4.532 × 109 C-2·rad-2·m2·N 𝑄""## -0.03 C-2·m4 

𝒕𝟏𝟏𝟐𝟐 2.266 × 109 C-2·rad-2·m2·N 𝑄"#"# -0.00073 C-2·m4 

𝒕𝟏𝟐𝟏𝟐 -4.84 × 109 C-2·rad-2·m2·N 𝜅& 50 
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