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ABSTRACT

The coexisting rhombohedral-like (R’, M,) and tetragonal-like (T’, M) monoclinic phases in compressively strained bismuth
ferrite thin films exhibit exceptional piezoelectric and magnetic 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 BiFeO; film epitaxially grown on a LaAlO;
substrate by employing multi-modal diffraction-based electron microscopy. First, the flat MPBs form lines extending >1 mm, and
repeat almost every ~20 um. 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.

PbTiO; (PMN-PT), and Pb(Zn,;,Nb,;)05-PbTiO; (PZN-PT)
systems [1, 2]. At compositions near the rhombohedral-to-

1 | Introduction

Phase separation, coexistence, and competition between nearly
degenerate states in functional materials often give rise to
exceptional physical properties. One notable example is the
morphotropic phase boundary (MPB) in lead-based relaxor
ferroelectrics such as Pb(Zr,,Ti,,)O; (PZT), Pb(Mg 33,Nb( ¢;,)O05-

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
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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 the MPB region. Polarization rotation
can be observed across the phase boundary. (d) Unit cell tetragonality c/a extracted from the MEP reconstruction, showing c/a ~1.08 for R” and 1.25 for T’
phases. The ¢ 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.

lead-free systems, including NaNbO; [3] and BiFeO; [4] thin
films.

Among lead-free ferroelectrics, BiFeO; (BFO) thin films have
been extensively studied due to their room-temperature multi-
ferroicity, which exhibits strong coupling among lattice strain,
polarization, and magnetic order. Bulk BFO adopts a rhombo-
hedral ground state (R3c, space group No. 161) with a large
spontaneous polarization of ~100 uC/cm? oriented along the
<111> . direction [5-7]. Under large (>4%) epitaxial compressive
strain, BFO undergoes a structural phase transition to mono-
clinically distorted, rhombohedral-like (R’, M,) and tetragonal-
like phases (T’, M¢), with polarization along the <uuv>,. and
<uQv>,. directions, respectively (Figure 1a) [8]. Both phases
display pronounced tetragonal distortion in response to com-
pressive strain, with tetragonality ¢/a ~1.08 for R’ and c/a
~1.25 for T’ (where ¢ and a denote out-of-plane and in-plane
lattice constants, respectively). Furthermore, at specific film
thicknesses and epitaxial conditions, BFO films often exhibit
complex nanoscale stripe-like patterns comprising mixed R’
and T’ phases [4, 9]. Within such nanoscale phase mixtures,
both polarization orientation and elastic strain vary drastically
across R’/T’ interfaces, giving rise to enhanced spontaneous
magnetism [10, 11], electromechanical response [12], shape-
memory effects [13], and electrical conduction along mixed-phase
boundaries [14].

A key requirement for understanding strain-driven MPBs in BFO
thin films is determining how coexisting R’ and T’ phases, as
well as nanoscale phase mixtures, organize across the film at
mesoscopic length scales. Prior studies have largely focused on
phase fractions controlled by boundary conditions, electric fields,
or film thickness, as well as resolving atomic-scale interphase
boundary structures [15, 16]. While these efforts have provided
critical insights into local phase behavior and interfacial physics,
they have primarily concentrated on stripe-like mixed-phase

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 pm. Building on the established strain-driven MPB phase
diagram [4, 17-19], this work identifies nano- and mesoscale 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 BiFeOj; film grown on a (001) LaAlO;
substrate with a 10 nm (La, Sr)MnO; bottom electrode. X-ray
diffraction (XRD) (Figure S1) and atomic force microscopy (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
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to reconstruct the electrostatic potential, enabling quantitative
structural analysis of both cation and anion sublattices with sub-
30 pm lateral resolution and precision of ~1 pm [20, 21]. From the
reconstructed MEP images, quantitative information, including
polarization rotation, lattice rotation, and disclinations can be
extracted.

The polarization vectors in the R’ and T’ phases differ in both
direction and magnitude, and rotate continuously across the
interphase boundaries (Figure 1c). By measuring the displace-
ment between the geometric centers of Bi and Fe atomic columns,
the polar displacements are determined to be 31 pm for R’ and
51 pm for T’ phases, with both polarization vectors oriented
within the xz-plane, consistent with their respective monoclinic
symmetries. The R’ phase exhibits a larger in-plane x-component
of polarization, resulting in its orientation tilted further away
from the substrate normal and closer to the <101>, direction,
consistent with M, symmetry. In contrast, the T’ phase shows
a reduced in-plane component and a dominant out-of-plane
contribution, yielding a polarization direction closer to <001> .,
consistent with M symmetry.

We further determined the unit-cell tetragonality (c/a ratio,
where ¢ and a denote the out-of-plane and in-plane lattice
parameters, respectively) by measuring the distances between
neighboring Bi atomic columns. As shown in Figure 1d, the inter-
phase boundary is clearly resolved by the distinct tetragonalities
of 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
measurements with XRD measurements [22] (Figure S1). In
addition to polarization direction rotation across the interphase
boundaries, the unit cells exhibit a lattice rotation of ~3.8° with
respect to the [010],. direction when transitioning from the R’
to the T’ region (Figure le). This lattice rotation results from
the elastic incompatibility between the R’ and T’ unit cells.
Moreover, elongated atomic columns and dumbbell-like features
(Figure S2) are observed near the interphase boundaries in
the MEP reconstructions. Because MEP reconstruction provides
depth sensitivity, these elongated features correspond to atomic
displacements along the projection direction, indicating the
presence of an out-of-plane lattice disclination of ~2.2°.

To explore the nanoscale-to-mesoscale organization of the R’
and T’ phases, we employed two electron diffraction-based tech-
niques, depth-resolved electron diffraction imaging (DREDI) [23]
and electron backscatter diffraction (EBSD), both implemented in
widely accessible scanning electron microscopes (SEMs). These
techniques record crystallographic information in reciprocal
space using either a segmented detector (DREDI) or a CMOS
detector (EBSD), enabling spatially resolved phase mapping
over large areas. In both methods, image contrast arises from
changes in the intensity and geometry of Kikuchi diffraction
patterns, which are formed primarily by thermally diffuse-
scattered electrons that subsequently undergo Bragg diffraction
[24-27]. Because Kikuchi patterns are governed by dynamical
diffraction processes, their intensity distributions are highly sen-
sitive to local crystal symmetry, lattice distortion, and orientation.
Consequently, subtle differences between the monoclinic R’
(M,) and T’ (M) phases produce distinct Kikuchi intensities,
allowing reliable phase discrimination and mapping across nano-
to mesoscopic scales.

DREDI reveals two types of interphase boundaries, flat MPBs
and zigzag boundaries, which extend continuously over 500 um.
These interphase boundaries enclose ~20 um-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 pm (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 2D Kikuchi
pattern (k,, k,) 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 the macroscopic 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, we mapped the local strain distribution within 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-sectional measurement 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 show maps of in-plane
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FIGURE 2 | Distinct types of laterally-ordered R’ and T’ interphase boundaries. (a) DREDI image over 60 um 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 pm. The flat MPBs (white boxes) appear with ~20 um intervals. (b) DREDI image of a flat MPB region
and a frustrated, zigzag phase boundary. (c) EBSD was 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-aligned MPB and a frustrated,

zigzag phase boundary. (f) Schematic illustrations showing the difference between the MPB and zig-zag interphase boundaries.

and out-of-plane strain components (uniaxial tensile €,, and ¢,,),
corresponding to changes in the a- and c-axis lattice parameters
within the MPB. The T’ phase exhibits a maximum out-of-
plane tensile strain of ~15% (Figure 3d), consistent with reported
values [30, 31]. In addition, the nonuniform strain distribution
within the T’ phase suggests the presence of additional lattice
deformation such as bending. The lattice rotation map in the xz-
plane further confirms a ~3.8° rotation between the R’ and T’
phases, consistent with the interphase unit-cell rotation observed
from the MEP reconstructions (Figure le). Line profiles across
the MPB (Figure 3f) show clear differences in lattice constants
along the c-axis (green) and a-axis (yellow). Such drastic strain
variation is expected in an MPB, as the coexisting R’ and T’
phases are mechanically incompatible [18, 32]. Notably, the strain
maps indicate that the MPB region is predominantly R’ rich,
occupying an area fraction of ~93.6% (Figure 2c), corresponding
to an effective compressive strain of ~3.1% in the reported strain-
phase diagram [18]. Here, the experimentally observed MPB

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 pm 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,
the MPB and the zigzag, should be connected to each other across
the entire thin film.

To rationalize the experimentally observed stabilization of
ordered R’/T" (M, /M) twin domains in strained BFO thin films,
we performed phase-field simulations based on a LAO/BFO
heterostructure model, incorporating mechanical and electrical
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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],. 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.

boundary conditions consistent with the experimental setting
(details in Methods). Three representative twin-domain con-
figurations, pure R’ phase twins, pure T’ phase twins, and
ordered R’/T’ twin domains, were simulated and compared.
Figure 4a—c show the relaxed polarization configurations corre-
sponding to these three states.

In the pure M, and M. twin configurations (Figure 4a,b), ferro-
electric variants arrange in an ordered, periodic manner along
the in-plane y direction, forming well-defined stripe domains
separated by nearly planar and coherent twin boundaries. In
contrast, the mixed M, /M. configuration preserves twin ordering
within each phase, while the interphase boundaries exhibit a
markedly different morphology characterized by spatial inter-
mixing and strongly non-coplanar interfaces, as highlighted by
the white dashed lines in Figure 4c. The corresponding in-
plane strain distributions ¢, (Figure S7) show that strain remains
relatively homogeneous within the pure M, and M twin states,

whereas pronounced strain localization develops at the twin and
interphase boundaries in the mixed M,/M. configuration. We
note that the strain concentration is predominantly associated
with the M¢-type domains and their adjacent interphase regions,
in good agreement with the experimentally observed strain maps.
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 M, configuration minimizes the Landau
free energy and the pure M. configuration favors elastic energy
relaxation, the mixed M, /M 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.
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mixed M, /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.

3 | Conclusions

In summary, we demonstrate that strain-driven MPBs in BiFeO,
thin films can self-organize into laterally quasi-periodic, phase-
separated regions with ~20 m intervals across a 3 mm-wide
sample, bounded by millimeter-long MPBs together with a
previously unreported class of zigzag interphase boundaries.
This mesoscopic ordering of alternating interphase bound-
aries was resolved using diffraction-based electron microscopy,
specifically DREDI and EBSD. Reliable phase discrimina-
tion and large-area mapping were enabled by detecting dis-
tinct signatures in the Kikuchi intensities of the R’ and T’
phases.

The correlative atomic-scale MEP structural measurements,
nanoscale SEND strain mapping, and mesoscale EBSD analysis
establish that these interphase boundaries are associated with
laterally modulated strain fields rather than a uniform strain
state. Phase-field simulations further show that the mixed R’/T’
configuration exhibits the lowest total free energy compared to
the pure phase twin states, resulting from the balance between
Landau and elastic energy contributions. The zig-zag interphase
boundaries are composed of faceted segments oriented at ~45°
relative to [100],., consistent (Figure S6) with higher-energy
R’/T’ interface configurations predicted by phase-field modeling.
Their non-planar morphology reflects the need to accommodate
the intrinsic mechanical incompatibility between the R’ and T’
phases [32]. From a technological perspective, engineering the
ordering of nanoscale functional interphase boundaries across

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 LaAlO; 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 x 1076 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/cm?, O, pressure of 100 mTorr, and
pulse rate of 4 Hz. During the BFO we introduced a dynamic
O, environment of 150 mTorr, and pulse the laser on the target
with 10 Hz repetition rate at a fluence of 0.1.3 J/cm?. Following
deposition of the BFO, the films were 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
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cantilever coated with Pt as the conducting top electrode for local
application of an electric field.

4.3 | EBSD (Electron Backscattered Diffraction)

Electron backscattered diffraction (EBSD) datasets were acquired
under standard EBSD geometry, with the sample mounted on
a 70° pre-tilt stage to enhance collection efficiency on a side-
entry EBSD detector. The measurements were conducted using
Thermo Scientific Helios G4 UXe PFIB/SEM equipped with an
Oxford Instruments Symmetry S2 EBSD detector. The datasets
were collected using an accelerating voltage of 10 kV at a beam
current of 1.6 nA. The real-space collection step size is 10-30 nm
with diffraction space resolution of 622 by 532 pixels. Dynamical
diffraction simulations of Kikuchi patterns were performed using
AztecCrystal software, employing the Bloch-wave algorithm.

44 | STEM and MEP

The cross-sectional STEM samples were prepared using the
standard FIB lift-out process in a Thermo Fisher Helios G5 Ga
FIB-SEM DualBeam system. Sequential carbon and platinum
depositions using the electron beam were applied to prevent ion-
beam-induced damage of the thin film surface. Initial lamella
thinning was performed using a 30 kV Ga* ion beam until a
thickness of approximately 100 nm. Low energy milling was
conducted using a 5 kV ion beam to reach a final thickness of
30 nm. A final polishing step using a 2 kV ion beam was applied
to remove surface amorphization and minimize residual beam
damage.

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

MEP datasets were collected using a Dectric ARINA direct
electron detector. The dataset had a total of 512 by 512 pixels
probe positions, with a collection time of 35 s per pixel. The
real-space step size was ~0.372 A, yielding a total dose of
~1.6 x 10° electrons/A%. MEP reconstruction was done using
the PtyRAD package [33] based on the automatic differentia-
tion minimization algorithm. The reconstruction was performed
using 25 slices, each 8 A thick, and ten probe modes. The
presented results were obtained after 1000 iterations. Atomic
positions were extracted using center-of-mass refinement and 2D
Gaussian fitting implemented in the Atomap package [34]. A
custom Python script was used to perform further analysis on the
polarization, tetragonality, and unit cell rotation of the BFO thin
film.

4.5 | Phase-Field Simulations

In our phase-field framework, two coupled sets of order param-
eters are considered: the spontaneous ferroelectric polarization

P, (i = 1-3) and spontaneous oxygen octahedral tilt (OT)
6; (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]:

3 _ eF

a5 ®

where ¢ represents the order parameter (either P; or 6,), 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=/f (fbulk (Pi,6) + foraa (Pi,j’ei,j) + felas (Pi’ei’gij)
+fetec (P, Ep)) dV @
The bulk energy density takes the form:
Souic = aij PiPj + ;jig PiP Py Py + O jycyyn PiP ;P PPy Py
+ & jkimnuv PiP j Pk PP Py Py Py + 36,0 + B16:0,0,6,
+ b PP 6,6, ©)

where ay, > Xyjramn> Gijkimnuns Byj» a0 By are the Landau energy
coefficients of polarization and OT order parameters, while £,

describes their coupling.

The gradient energy density is given by:

1 1
Seraa = 3 8ijiiPijPry + zh[jklei,jek,l 4
where g;;; and hy, are gradient energy coefficients.

The elastic energy density can be written as:

1
Setas = 5 Cijt (Eij - E,'OA> (Ekl - 521) ©)

where c;;; denotes the elastic stiffness tensor and ¢ is the total
strain. The eigenstrain afj arises from the coupling between the
strain, polarization, and OT order parameters, and is expressed
as E?j = Qijkl PkP[ + Aijkleke[, with Qijkl and Aijk[ being the
corresponding coupling coefficients.

The electrostatic energy density is defined as:
1
Setec = _EKOKbEiEj —EP; (6)

where x, and x;, are the vacuum and relative permittivity,
respectively, and E; represents the total electric field.

A three-dimensional simulation with system size of 128Ax X
128Ay x 50Az grid points was performed. The grid spacing is
chosen as Ax = Ay = Az = 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 superposition method was adopted
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along the out-of-plane direction [36]. The mechanical boundary
conditions were specified such that the out-of-plane stress is fully
relaxed at the film surface, while the out-of-plane displacement
is fixed to zero at the bottom of the substrate, sufficiently
far from the film/substrate interface. A short-circuit electrical
boundary condition was imposed throughout the simulations.
The initial polarization configurations were constructed based
on experimentally observed domain morphologies. Specifically,
three representative types of twin-domain configurations were
designed: (i) pure Ma-phase R-like twin domains, (ii) pure Mc-
phase T-like twin domains, and (iii) mixed Ma/Mc twin domains
arranged in an alternating sequence along the y direction. Small-
amplitude random perturbations were subsequently added to
these structures to mimic thermal fluctuations. All material
parameters for BFO are available in the literatures [18, 37]
and listed in Table S1. The simulations were performed at a
temperature 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 K, 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.
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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.
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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).
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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 um, with ~20 um intervals between each MPB.
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Figure S4| Atomic Force microscope overview of the interphase boundaries. (a) Large FOV
AFM map. Piezoresponse amplitude (b) and topographic scan (c¢) of MPB.
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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]p.. Carbon fiducials from (a) were observed
and marked by arrows. (¢) STEM image in the region of interest of Figure 3.
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Fig. S6| Interphase boundaries angles. (a) DREDI image of the MPB region. The mm-long,

quasi-periodic recurring MPB is extending along [100],.. The MPB R’/T’ interphase boundary is
deviated ~9° from the [010]y.. (b) DREDI image of the zigzag region. The zigzag interphase
boundaries deviated ~45° from the [100]c.
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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.

a1 -3.609 x 108 C2m?N J1111 4335 x 10" C2m*N
@111 2217 x 10° C*m-N G112z 3.4 % 1072 C2m*N
Q1122 -2.049 x 10° C*m*N 91212 3.4 x 10" C?*m*N
ai11111 -1.76 x 10° Cm'*N hi111 7.84 x 10" rad>N
111122 8.298 x 108 C*m'*-N Ri122 -5.138 x 10 rad’>*N
Q112233 1.679 x 10° C*m'*-N hi212 4977 x 10° rad>-N
11111111 3.92 x 108 C*m"N C1111 2.28 x 10" N'm?
X11111111 4.4 x10"C*m'*N C1122 1.28 x 10'' N-m™
Q11111111 -3.8x 108 C¥*m'"*N Ci212 0.65 x 10" N-m?
11111111 8.0 x 108 C*m'*"N Aq111 0.08416 rad?
B11 -5.4 x10° rad?>m>N Aq122 -0.092 rad™
P1111 3.44 x 10" rad*m>N Aia1 0.3192 rad
P1122 6.799 x 10"’ rad*-m>-N Q1111 0.077 C?m*
t1111 4.532 x 10° C*rad*m* N @ -0.03 C*m*
ti122 2.266 x 10° C*-rad?m>N Q1212 -0.00073 C2-m*

ti212 -4.84 x 109 C'2~rad'2-m2~N Ky 50
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