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The functionalities and diverse metastable phases of multiferroic BiFeO3 (BFO) thin films depend on the misfit strain.
Although mixed phase-induced strain relaxation in multiphase BFO thin films is well known, it is unclear whether a single-
crystalline BFO thin film can accommodate misfit strain without the involvement of its polymorphs. Thus, understanding
the strain relaxation behavior is key to elucidating the lattice strain–property relationship. In this study, a correlative strain
analysis based on dark-field inline electron holography (DIH) and quantitative scanning transmission electron microscopy
(STEM) was performed to reveal the structural mechanism for strain accommodation of a single-crystalline BFO thin film.
The nanoscale DIH strain analysis results indicated a random combination of multiple strain states that acted as a primary
strain relief, forming irregularly strained nanodomains. The STEM-based bond length measurement of the corresponding
strained nanodomains revealed a unique strain accommodation behavior achieved by a statistical combination of multiple
modes of distorted structures on the unit-cell scale. The globally integrated strain for each nanodomain was estimated
to be close to −1.5%, irrespective of the nanoscale strain states, which was consistent with the fully strained BFO film
on the SrTiO3 substrate. Density functional theory calculations suggested that strain accommodation by the combination
of metastable phases was energetically favored compared to single-phase-mediated relaxation. This discovery allows a
comprehensive understanding of strain accommodation behavior in ferroelectric oxide films, such as BFO, with various
low-symmetry polymorphs.

Keywords: BiFeO3, scanning transmission electron microscopy, electron holography, multiferroic material,
strain mapping

PACS: 68.37.Ma, 61.05.jp, 77.55.Nv, 68.55.–a DOI: 10.1088/1674-1056/ad62e0

1. Introduction

As a paradigmatic research platform, strain
engineering[1,2] has been extensively conducted to modify
the physical properties of perovskite epitaxial thin films, such
as ferroelectricity,[3] flexoelectricity[4–6] and their coupled
orders with magnetism.[7,8] Particularly, emergent functional-
ities of multiferroic BiFeO3 (BFO) thin films have garnered
considerable attention over the last two decades because they
are highly sensitive to a slight change in lattice strain imposed
by substrate templates.[9] When the BFO film grows without
structural misfit defects and chemical alteration, their result-

ing functionalities are primarily attributed to a strain-induced
phase change because BFO possesses an intricate set of struc-
tural polymorphs that are closely related in energy.[10–12] As
the structural variants are closely coupled with polar cation
displacements or oxygen octahedral tilts/rotations, complex
strain relaxation behavior may be expected.[9] Nanoscale
phase separation, as a typical characteristic of the strain ac-
commodation behavior of BFO films at a high strain level
of ∼ 2%, was observed through macroscopic analyses, such
as x-ray reciprocal space mapping and piezoresponse force
microscopy.[13–15] Atomic-level observation through scanning
transmission electron microscopy (STEM) has verified that
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the strain-induced nanophases are adjacent to each other with
abrupt morphotropic phase boundaries,[14,16] demonstrating
the formation of a multiphase BFO thin film.

At a moderate level of misfit strain, such as when a BFO
film is grown on a SrTiO3 (STO) substrate (which imparts a
compressive strain of approximately −1.5%), a single-phase
BFO film can be obtained, and the phase evolves from tetrag-
onal (T) to monoclinic (M) to distorted rhombohedral (R)
as the strain relaxes with increasing film thickness.[17–20] A
phenomenological interface that distinguishes a strained bot-
tom layer from a relaxed top layer is known to be created at
a critical thickness (∼ 15 nm for BFO/STO) and acts as a
boundary that determines the structural phase and ferroelec-
tric functionalities.[21,22] The film grown above the critical
thickness (tc) begins to relax its accumulated strain through
a structural phase transition, with the intervention of struc-
tural defects, or through a complex interplay between oxy-
gen octahedral tilts (OOTs) or rotations and polar distortions.
The artificially imposed strain can be inhomogeneously dis-
tributed within the interior of the film during strain relax-
ation, generating a strain gradient. Owing to electromechan-
ical coupling, the strain gradient induces a built-in electric
field that alters ferroelectric polarization, which is known as
flexoelectricity.[23] The strain gradient is typically assumed to
be vertical toward the direction of film growth, in which strain
relaxation occurs progressively. However, in addition to the
clamping effect of the step edges on the substrate, in-plane
components of strain gradient can be generated, which can al-
ter the self-polarization direction of the BFO film.[6] The x-ray
peak broadening of the BFO (00l) reflection observed in exper-
imental results is considered to be a signature of the inhomoge-
neous strain originating from the relaxed part of the film,[21,24]

which indicates that different regions of the film may differ in
relaxation behaviors with OOTs and ferroelectric variants.[25]

However, it remains unclear whether the misfit strain is re-
lieved in a single-phase BFO film through the combination of
various possible structural degrees of freedom, owing to the
absence of precise atomic-scale information, which may be a
key parameter to understand the subdued flexoelectric effect
in the as-grown single-phase form.

In this study, we report multilevel-strained structures
combined with multiple phases to effectively accommodate
the misfit strain in a single-crystalline epitaxial BFO thin film.
Through correlative strain analysis combined with nanoscale
dark-field inline electron holography (DIH) and atomic-scale
bond length measurement based on STEM, we reveal the hi-
erarchical structure of different strain states and phases in an
epitaxial BFO film grown on a SrRuO3 (SRO)/STO substrate
under compressive strain (approximately −1.5%). Density
functional theory (DFT) calculations help understand the ad-
vantage of multilevel strain accommodation assisted by mul-

tiple phases over single-phase-mediated strain relaxation. Our
results, correlatively obtained at multiple length scales, pro-
vide a comprehensive understanding of strain accommodation
in thin-film materials with multiple structural degrees of free-
dom, such as in BFO.

2. Results and discussion
2.1. Heteroepitaxial BiFeO3 film and interface structure

A 55 nm-thick BFO film was epitaxially grown on top of a
37 nm-thick SRO film on STO (001). In this study, we adopted
the SRO epitaxial buffer layer because it helps to maintain
the lattice coherency up to larger thicknesses.[25,26] Previous
studies[21,27] have demonstrated that the grown BFO film has
a single-crystalline monoclinic structure (Cc) with an a−b−c−

OOT pattern, and the polar order differs below and above tc
because of lattice–charge coupling.

To explore the overall film structure and interface at
atomic resolution, we performed high-angle annular dark-
field (HAADF)-STEM, as shown in Figs. 1(a)–1(c). A low-
magnification HAADF-STEM image shows the heterostruc-
ture of BFO/SRO/STO combined with the formation of sharp
interfaces (Fig. 1(a)). No lattice misfit defects or secondary
phases at the interface between the BFO film and SRO/STO
substrate are observed in a larger field of view (Fig. S1),
which is consistent with the previous XRD results.[21] We
further characterized the interfacial structures of the triple
heterostructure using atomic-resolution HAADF-STEM. Fig-
ures 1(b) and 1(c) show the interface structures of BFO/SRO
and SRO/STO, respectively, verifying that all three lattices are
perfectly matched along the in-plane direction without the in-
tervention of misfit defects. This finding suggests that the BFO
film may be fully strained on the SRO/STO substrate. Previous
experiments have revealed that BFO can tolerate a wide range
of strain from compressive (−2.6%) to tensile (+1.2%) and
transform its crystalline phase from tetragonal to orthorhom-
bic over the strain range.[28–30] Considering the in-plane lat-
tice mismatch between the BFO film (a = 3.965 Å) and STO
(a = 3.905 Å) substrate, the BFO film is subjected to a com-
pressive strain of approximately −1.5% at which the mono-
clinic phase (MA) is stabilized.[31] However, phase stability
also depends on film thickness. At a thickness of 60 nm–
70 nm, rhombohedral-like BFO can grow without structural
relaxation,[8,29,32] which may be attributed to the collective
modification of OOTs for the accommodation of strain.[15]

The simulated HAADF-STEM images with the atomic mod-
els of the two heterointerfaces corroborate that BFO grows on
the SRO/STO substrate with a defect-free and abrupt inter-
face. The critical thickness of the BFO film strained to the
STO substrate, in which the polarization is suppressed ow-
ing to the competitive lattice–charge coupling effect, was ex-
perimentally measured to be ∼ 15 nm by mapping the polar
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displacements of the Fe ions (Fig. S2), which is consistent
with the tc value of the previous study.[21] At a larger thick-
ness above tc, it has been generally perceived that inhomoge-
neous strain gradient often occurs as a function of the distance
from the interface, resulting in strain relaxation.[24,33,34] The
strain gradient can induce a large internal electric field on the
order of 1 MV/m–10 MV/m attributed to electromechanical
coupling, namely, flexoelectricity, which is large enough to
change the physical properties of the films.[36,37] The accumu-
lated strain is presumed to be released continuously as the film
grows thicker, unless misfit dislocations or defects are intro-
duced to relax it. However, there has been no direct demon-
stration of single-crystalline BFO films to verify the relaxation
or accommodation of misfit strain inside the film at a funda-
mental level.

To gain insights into the strain relief of single-crystalline
BFO films at the unit-cell level, we measured the local lat-
tice distortions for different regions denoted by A (close to the
surface) and B (contiguous to the interface) in Fig. 1(a) via
local bond length mapping.[6,11] This well-established method
numerically determines the projected atom positions of every
lattice composed of four Bi atoms, resulting in the generation
of a map exhibiting a local bond length change for all the as-
signed lattices with a pico-scale precision.[36,37] The measure-
ment precision of the bond length is demonstrated to achieve
a level of ±2 pm by minimizing the beam-scanning artifact
(Fig. S3). Figures 1(d) and 1(e) show the pixelated maps rep-
resenting the c/a ratio obtained by dividing the lattice distor-
tion map in the out-of-plane (c-axis) direction by that in the in-
plane (a-axis) direction. The false color-coded contrast in each
pixel of the map indicates the relative ratio of the measured
lattice parameters for the two orthogonal axes. Therefore, the
c/a ratio maps spatially describe the process of straining indi-

vidual lattices in two regions that exhibit different c/a ratios.
The average c/a ratios of regions A and B are 1.00±0.04 and
1.04± 0.03, respectively. This result suggests that the strain
state of the BFO lattice differs at different locations inside the
film. The average lattices deduced from the mapping results
are schematically shown in Fig. 1(f). Tetragonal-like distor-
tions are notable in region B, whereas the lattices in region A
tend to exhibit cubic-like structures. When considering grad-
ual strain relief, these results may agree with those of previous
studies;[6,38] tetragonal distortion is favored in the BFO lattice
under compressive strain below the critical thickness. How-
ever, given that the in-plane (a-axis) lattice spacings are the
same in both regions, these results are unlikely to represent
the inhomogeneous strain distribution (strain gradient) of the
entire film, but rather imply that the strain relaxation behavior
is more complex. The relative strain field mapping at a larger
nanoscale by geometric phase analysis, which can map local
displacement fields by comparing relative phase shifts of a par-
ticular set of noncolinear Fourier components,[39–41] supports
such complicated strain distribution (Fig. S4). The observed
uneven strain distribution might not solely originate from the
consequence of strain relaxation in itself, because atomic de-
fects and local non-stoichiometry in the film significantly af-
fect the resulting lattice structure and physical properties. To
determine whether there is a probable effect of chemical vari-
ations, such as cation off-stoichiometry and oxygen vacan-
cies, on the lattice distortion, we performed STEM–energy-
dispersive x-ray spectroscopy (EDX) and STEM–electron en-
ergy loss spectroscopy (EELS) for the BFO film (Fig. S5);
the corresponding results did not show any evidence of off-
stoichiometry in the BFO film. Therefore, the issue of chemi-
cal variation can be neglected.
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Fig. 1. Thin-film structure and local lattice distortions. (a) High-angle annular dark-field scanning electron transmission microscopy (HAADF-
STEM) image of a [100] pseudo-cubic-oriented BiFeO3 (BFO) thin film grown on a 37 nm-thick SrRuO3 (SRO) buffer layer/SrTiO3 (STO)
substrate. (b) and (c) Magnified HAADF-STEM images of atomic structures of BFO/SRO and SRO/STO interfaces. Simulated HAADF-STEM
images and corresponding interface models are shown on the right. (d) and (e) Lattice distortion maps showing c/a ratios for the two different
regions marked A and B in panel (a). (f) Schematic models derived from the c/a values of the A and B regions.
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2.2. Multilevel structures for strain accommodation in a
single-crystalline BFO film

To analyze the nanoscale strain distribution in the BFO
film, we adopted DIH[42] for in-plane strain mapping by se-
lecting the (010)pc reflection (Fig. 2(a)). For comparison, the
DIH-based in-plane strain map is shown alongside the cor-
responding region imaged through HAADF-STEM. Intrigu-
ingly, we observed that the in-plane lattice strain develops to
multimodal states across the entire BFO film, resulting in the
formation of strain nanodomains, while that of the SRO buffer
layer exhibits no distinct strain fluctuation — fully strained
to the STO substrate. Evidently, the in-plane strain is inho-
mogeneously distributed but does not show any correlation
with the film thickness. This behavior is substantially different
from that observed in conventional epitaxial films. Strikingly,

despite this characteristic strain undulation, the net in-plane

strain integrated over the entire area of the DIH strain map is

almost zero, signifying that the film fully accommodates the

misfit strain imposed by the SRO/STO substrate. Figure 2(b)

shows the unusual strain fluctuation of the BFO film from a

bird’s eye view. Although the entire film is globally subjected

to a compressive strain of approximately −1.5%, three types

of domains with different strain states are distinguished at the

nanoscale: compressive (C), tensile (T), and strained (S) to

the SRO/STO substrate. The amplitude range of the in-plane

strain is approximately ±2.0%, and the gradual conversion of

the strain mode from C to S then to T or vice versa occurs

within ∼ 20 nm. This strain range is considered far beyond

the value (< 1%) at which bulk materials begin to crack.[24,43]
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Fig. 2. Multilevel strain distribution inside the BFO thin film. (a) In-plane strain map obtained by dark-field inline holography, overlaid on an
ADF STEM image of the film structure. (b) Perspective view of the BFO region with the strain undulation marked by a rectangle in panel (a).
Three different strain modes, compressive (C), tensile (T), and strained (S) to the bulk STO substrate, and the undulation amplitude of the strain
was measured to be approximately ±2.0%. (c) Perspective visualization of the strain gradient map calculated from the experimental strain map,
(b) differentiation (uphill gradient: cyan, downhill gradient: red). Strain gradient map was processed by applying an edge-preserving smoothing
filter with an average of nine pixels in the dark-field inline electron holography strain map, which was implemented using the ImageJ software
package. (d)–(f) In-plane lattice distortion maps of three distinctive strained phases (C, T, and S) marked in panel (b). Note that the in-plane
lattice parameter corresponding to bulk STO (a = 3.905 Å, substrate) is used as a reference for all the strain maps. Scale bars are 5 nm.

In a ferroelectric epitaxial film above its critical thickness,
it is presumed that the internal strain begins to relax across a
region of several tens of nanometers with a decreasing slope in
the out-of-plane direction, which then induces a built-in elec-
tric field inside the film owing to electromechanical coupling.
This phenomenon is referred to as flexoelectricity.[6,23,24] The
flexoelectricity-driven electric field has been regarded as an at-
tribute of spontaneous polarization states characterized using
the following relation: Ef ≈

(
e

4πε0a

)
∂ui j
∂ zk

, where Ef is the gen-
erated electric field, e is the electronic charge, ε0 is the permit-
tivity of free space, a is the lattice constant, ui j is the elastic
strain, and zk is the position coordinate related to the direc-
tion of the strain gradient.[24] As the built-in electric field is

proportional to the strain gradient, the conversion of different
strain states between strain domains at the nanoscale results in
large strain gradient. Given that a strain of 2% changes within
∼ 20 nm across strain nanodomains on average (Fig. 2(c)),
the strain gradient is approximately 1.25× 106 m−1, which
is similar to the value measured in oxide epitaxial films us-
ing grazing incidence in-plane x-ray diffraction.[35] Owing to
the limitation of projective observation of the structure us-
ing transmission electron microscopy (TEM), it is unlikely
to quantitatively estimate the three-dimensional strain ten-
sors. However, the in-plane lattice strain is irregularly dis-
tributed over the film, exhibiting a ridge-and-valley pattern,
and varies sharply between small regions less than 20 nm–
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30 nm in width with no preferred orientation. This intricate
strain landscape concomitantly gives rise to a locally undu-
lated strain gradient, as visualized by the differentiation of the
DIH strain map in Fig. 2(c). This large but localized strain gra-
dient may induce a built-in electric field greater than 5 MV/m
across the strain domain boundary under the flexoelectric ef-
fect. This roughly estimated value seems reasonable com-
pared to the experimentally obtained strain gradient for the
BFO film (∼ 8.7 MV/m) by the Williamson–Hall plot.[6] In
addition, it is considered to be large enough to influence the
local physical properties of the BFO film. In ferroelectric ma-
terials, thermodynamically equivalent polar states are sponta-
neously formed in small regions with different orientations,
referred to as the ferroelectric domains.[44] Domain configura-
tions (size and orientation) are affected by various factors such
as domain wall energy, electric field, and elastic energy. Lee
et al.[35] revealed that a flexoelectricity-driven electric field
above 1 MV/m leads to the formation of self-poled domains in
as-grown ferroelectric films. Considering the localized strain
gradient without a specific orientation preference observed in
the BFO film (Fig. 2(c)), it is presumed that the ferroelec-
tric domain structure is affected by the intricate distribution
of strain-gradient-induced electric fields, resulting in the for-
mation of nanodomains inside the BFO film. The ferroelectric
nanodomain structure is considered as a structural feature in
single-crystalline BFO films grown on STO substrate using
atomic-resolution STEM.[12]

The measured range of the strain amplitude (±2.0%)
from DIH indicates that the in-plane lattice spacing should
vary in the range of±8 pm from that of STO (3.905 Å), which
is measurable through our STEM-based bond length analysis
with a small measurement error of ±2 pm (Fig. S3). To as-
sess the in-plane lattice spacings for the three representative
strain states, C, T, and S, we acquired atomic-scale HAADF-
STEM images of the three regions corresponding to each strain
state and mapped the two-dimensional distribution of the in-
plane lattice spacings for each unit cell. Images on the left
in Figs. 2(d)–2(f) show that the three regions with different
strain states exhibit varying levels of in-plane lattice spac-
ings. Considering the color scale, the maps for the C and T
regions predominantly exhibit cyan and yellow colors, respec-
tively, whereas the S region exhibits a greenish-pixelated map.
These results provide a unit-cell-level evidence for the pres-
ence of three characteristic strain states (C, T, and S states) in
the single-crystalline BFO film: the regions with different in-
plane spacings (on average) strikingly show a one-to-one cor-
respondence with the regions with different nanoscale strain
states revealed by DIH mapping (Figs. 2(b) and 2(d)–2(f)).

The analysis of the strain maps of the C and T regions
shows that each unit-cell-wise map is not entirely homoge-
neous, but rather contained many outliers (exhibiting differ-

ent color scales) far beyond the statistical noise level. To de-
termine whether they are statistically significant, histograms
were obtained for each strain map (graphs on the right in
Figs. 2(d)–2(e)). Notably, two more strain states were involved
as minor contributors to strain accommodation in both the
strained C and T nanodomains at the unit-cell level, whereas
the S region manifested a single strain mode that was fully
strained to the STO lattice (a = 3.905 Å). These results re-
vealed that seven different strain modes worked together for
which the in-plane misfit strain in the BFO film was accommo-
dated in a multifaceted manner, including three primary strain
modes at the nanoscale and four subordinate strain modes at
the unit-cell scale, which were hierarchically structured. The
three primary strain modes were denoted as σC, σT, and σS for
nanoscale strain distribution in the C, T, and S regions and the
four secondary strain modes were denoted as σC/c, σC/t, σT/c,
and σT/t featured in the unit-cell-scale strain distribution of
the C and T domains. The small characters of c and t indicated
that new extreme compressive (c) and tensile (t) strain states
of the unit cells appeared inside the nanoscale strain domains.
The measured parameters for each strain mode are listed in
Table 1.

Table 1. Measured parameters of seven different strain modes of BFO.

Average din-plane In-plane
Occupancy

Level Sym. din-plane relative to strain vs.
(%)

(Å) bulk STO (%) bulk BFO (%)

Primary σC 3.87 −0.77 −2.40 71
Secondary σC/c 3.66 −6.15 −7.69 8
Secondary σC/t 4.09 4.87 3.15 21
Primary σT 3.93 0.77 −0.88 82

Secondary σT/c 3.70 −5.13 −6.68 15
Secondary σT/t 4.16 6.67 4.92 3
Primary σS 3.90 −1.51 100

ΣσCD = (0.71×σC)+(0.08×σC/c)+(0.21×σC/t)'−1.6%,
ΣσTD = (0.82×σT)+(0.15×σT/c)+(0.03×σT/t)'−1.6%,
ΣσSD = σS '−1.5%.

For the domain fully strained to the STO substrate (S re-
gion, Fig. 2(f)), the typical unimodal distribution of the mea-
sured in-plane spacings corroborates the region being entirely
strained by approximately−1.5% (ΣσSD, where SD represents
the strained domain to STO). The SRO buffer layer grown on
the STO substrate remains fully strained to the STO substrate
without local strain perturbation, as demonstrated in the DIH
map (Fig. S6). In addition, the primary peak (σC) in the his-
togram of region C (Fig. 2(d)) shifts to a more compressive re-
gion by −0.77% in comparison with the peak in the S region
(Fig. 2(f)), whereas the one (σT) in the T region (Fig. 2(e))
represents a relative peak shift toward the tensile region by
0.77%. The range of this apparent bipolar strain perturba-
tion can translate into a fluctuating compressive strain rang-
ing from−2.4% to−0.88% from the perspective of bulk BFO
(Table 1). Eventually, the primary change in the strain state at
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the nanoscale represents a perturbation in the magnitude of the
compressive strain, not the true tensile strain.

In the unit-cell-wise secondary level of strain relaxation,
we remarkably observed extreme states of compressive or ten-
sile strain (far beyond ±2.0%) that have been accessed only
by theoretical frameworks.[25] A range of misfit strains from
−2.5% to +1.3% has been experimentally applied to grow
various BFO films by pulsed laser deposition.[9] In region C
(Fig. 2(d)), two distinctive secondary strain states were de-
tected: a compressive strain (σC/c) of −7.69% and tensile
strain (σC/t) of 3.15%. Two similar extreme strain states
also evolved in the T region: a compressive strain (σT/c) of
−6.68% and tensile strain (σT/t) of 4.92%. These values seem
to be systematically shifted by less than 2% toward the tensile
strain compared to the C region, which is a similar magnitude
to strain difference between σC and σT. Furthermore, the unit
cells under extreme tensile strain prevailed over those under
the counterpart compressive state in the C region. In contrast,
the situation was reversed in the T region (comparing the peak
heights of σC/c, σC/t, σT/c, and σT/t). Remarkably, the sums
(ΣσCD and ΣσTD) of all the strain states in each region were of
the same value of approximately−1.6%, which was similar to
the value (ΣσSD =−1.5%) of the fully strained S region. This
intriguing result suggested that the single-crystalline BFO film
was globally subjected to a common compressive strain state
imposed by the SRO/STO substrate, regardless of the local
strain states of the nanodomains at both the nanoscale and
unit-cell level. The apparent strain behavior of the BFO film
appeared consistent, yet it exhibited distinct differences across
specific nanoregions. This phenomenon may be ascribed to
the coexistence of multiple structural variants of BFO that are
energetically similar under a certain strain.[11,13,25] This as-
pect will be discussed later in the context of the strain-induced
morphotropic phase changes based on the theoretical consid-
erations.

2.3. Phase transition under strain gradient

The rhombohedral (R)-like BFO film exhibited a remark-
able tolerance to a wide range of strains from compressive to
tensile in an order of several percentages up to the thicknesses
of 60 nm–70 nm, without causing structural defects. This re-
sult might be primarily attributed to the interplay of various
intrinsic structural factors that can cooperate to accommodate
epitaxial strain.[8,29,32] However, monoclinic (M) BFO was
usually stabilized near or above the thickness of 15 nm below
the thickness range, whereas a pure tetragonal phase of BFO
was obtained in the ultrathin film regime (< 10 nm).[17,45]

Considering the mesoscopic dependence on the film thickness,
our BFO film (55 nm in thickness) comprised a mixture of R-
and M-like BFO structures. Previous x-ray diffraction stud-
ies identified the dominant phase as monoclinic.[21] However,
our recent findings revealed a more complex structural behav-
ior. Microscopic observations via multimodal strain mapping

revealed seven distorted lattices with different c/a ratios that
emerged to accommodate the misfit strain and that they exhib-
ited a hierarchical structure over multiple length scales. The
coexistence of multiple phases at different strain states might
be one of the primary contributors to the commonly observed
x-ray diffraction peak broadening.

A change in the internal stress of the BFO film can in-
duce a phase transition, accompanied by a change in the ori-
entation of the ferroelectric polarization.[13] The path of this
phase change depends on the level of the strain state, and the
strain-induced R–MA–MC–T symmetry change was observed
with increasing compressive strain. This strain-driven phase
transition results in the evolution of the morphotropic phase
boundary (MPB), which leads to the intimate coexistence of
multiple phases due to strain relaxation.[14,30,46] In the vicin-
ity of the MPB, the phase change occurred abruptly, accom-
panied by a change in physical properties. A recent study
demonstrated that this abrupt phase change occurred across
the MPB even in a doped BFO film at the unit-cell level.[47]

However, such coexistence of multiple phases has not been
observed in pristine single-crystalline BFO films. Considering
the nanoscale strain behavior, the strain gradually changed be-
tween the domains. However, at the unit-cell level, the lattice
structure varied abruptly within the interior C and T strain do-
mains by a unit of the single unit cell. This result indicated
that the MPB evolved inside the C and T strain domains at the
unit-cell level as a pathway to accommodate internal strains,
forming a multilevel-strained structure. In this respect, a ques-
tion naturally arises as to how lattices are distorted when they
reside across the strain domain boundary. As strain gradient
occurs at the broad boundary, the lattices are likely to gradu-
ally morph their shapes from one phase to another, for exam-
ple, following the pathway of phase change from tetragonal-
to orthorhombic-like phases in reaction to the strain gradient
manifested in several tens of nanometers.

To examine the unit-cell-wise structural distortion across
the strain domain boundary, the same bond length analysis was
performed for the boundary regions exhibiting the transitions
from C-to-T nanodomains and vice versa. These regions were
correlatively selected on the basis of the DIH strain map re-
sults. Figures 3(a) and 3(c) represent the HAADF-STEM im-
ages of the boundary regions and the corresponding in-plane
lattice distortion maps. The uphill strain gradient is observed
nearly along the horizontal direction (Fig. 3(a)). Conversely,
the downhill strain gradient is noticeable in the opposite direc-
tion of growth (Fig. 3(c)). The averaged profiles of the lattice
distortion maps (right graphs in Figs. 3(a) and 3(c)) show the
uphill gradient from the compressive to tensile strain of the
in-plane spacings and the downhill gradient with the opposite
order of strain, respectively. Considering the change in the in-
plane lattice spacings, the c/a ratio maps and the correspond-
ing profiles exhibit a gradual change across the two boundary
regions exhibiting the C-to-T transition (Fig. 3(b)) and the re-
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verse transition from the T-to-C states (Fig. 3(d)). Given the
progressive change in the c/a ratio through the boundary re-
gion, the phase change from the T- to O-like structure was
observed to gradually occur through broad boundaries. How-
ever, considering the unit-cell-scale distortion, the unit cells
were not collectively and systematically distorted to follow a
directional strain gradient between two different strain states,
but rather exhibited different values of distortion that were sta-
tistically distributed to accommodate strain inhomogeneity.

The multilevel characteristic of strain relief behavior ob-
served in single-crystalline BFO films is summarized. Firstly,
the three different strain states evolved in the entire BFO film
on the nanoscale, forming strain nanodomains. Secondly,
within a single strain nanodomain, multiple phases with un-
usual strain states that exhibit extremely tensile (up to 4.9%)
or compressive (down to −7.7%) strain on the unit-cell level
were identified to cooperatively participate in the overall strain
compensation in the two different nanodomains (C and T re-

gions) compared to the normal one (S region) that was fully
strained to the STO substrate. Thirdly, the strain gradients de-
veloped across the broad boundaries, and the different levels
of distorted unit cells were statistically distributed to accom-
modate a gradual change of strain state. Finally, the sum of
all the unit-cell level strains, regardless of the strain states
of nanodomains, pointed to a single value of negative strain
(∼ −1.5%), as globally expected for the growth on the STO
substrate. This finding suggests that the multilevel involve-
ment of different strain states or phases for overall strain ac-
commodation in a single-crystalline BFO film may be ener-
getically favored even at the unit-cell level, although this con-
cept has been demonstrated in the case of BFO films with
a nanoscale phase-mixture configuration. These unexpected
results are anticipated to provide a new perspective for com-
prehensively understanding the strain accommodation mecha-
nism in single-crystalline BFO films.
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Fig. 3. Morphotropic O(MB)–R(MA)–T(MC) phase transitions across strain domains. (a) In-plane lattice distortion map and corresponding profile of
the BFO region exhibiting phase transition from C-to-T nanodomains. (b) c/a ratio map and corresponding profile of the BFO region exhibiting phase
transition from C-to-T nanodomains. (c) In-plane lattice distortion map and corresponding profile of the BFO region exhibiting phase transition from
T-to-C nanodomains. (d) c/a ratio map and corresponding profile of the BFO region exhibiting phase transition from T-to-C nanodomains.

2.4. Energy relation between lattice strain and metastable
phases

To elucidate the possibility of this multilevel coexistence
of different phases for strain accommodation, we explored
the evolution of the total energy for tetragonal (T), rhom-
bohedral (R), and orthorhombic (O) BFO as a function of
in-plane lattice distortion by performing the DFT calcula-
tions (see Fig. 4(a)). In-plane lattice distortion is defined as
(a− a0), where a0 is the theoretically optimized in-plane lat-
tice constant for free cubic SrTiO3, and a is the selected in-
plane lattice constant for BFO. The misfit strain is defined as
(a−a0)/a0 and is specified at the top x axis for reference. The

calculated equilibrium lattice parameters of STO and BFO at
the PBEsol GGA level were 3.908 Å and 3.946 Å, respectively.
Therefore, BFO had less than approximately 1.0% compres-
sive strain in the calculations, which was 0.5% smaller than
that in the real experiment. Figure 4(a) shows that the total
energy of T phase is minimized at approximately −0.15 Å
distortion corresponding to approximately −4% misfit strain,
whereas O phase is stabilized at approximately +0.25 Å dis-
tortion corresponding to approximately +6% misfit strain (Ta-
ble 2). The energy of the R phase was always lower than that
of the T and O phases at misfit strains ranging between −4%
and +6%. These results suggested that when the compres-
sive strain exceeded −4%, the T phase became more energet-
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ically favorable than the R phase, and a phase transition of
BFO occurred from the R to T phase. In contrast, for ten-
sile strains above 6%, the O phase was energetically more sta-
ble than the R phase, and likewise, BFO changed from the
R to O phase. Interestingly, the total energies of the T and
O phases were approximately 0.1 eV/f.u. higher than that of
the R phase, which indicated that three different T, R, and O
phases were very close in energy within 0.1 eV/f.u. Therefore,
we considered the partition function of a BFO polymorph sys-
tem whose three energy levels were composed of the minimum
energy for each phase: Z = ∑exp(−βE), where Z is the parti-
tion function, β = 1/(kBT ), kB is Boltzmann’s constant, T is
the temperature and E is the minimum energy. Based on this
partition function, the probability of existence of each phase
with energy E is given by P = −exp(βE)/Z. For the T and
O phases, the probability P is estimated to be approximately
12% and 8.2%, respectively, at room temperature (Fig. 4(b)),
which agrees with the experimental occupancy results of the
BFO secondary phases (Table 1). Moreover, a BFO poly-
morph system indeed behaved like a physical system with a
discrete set of energy eigenstates at the atomic scale. More-
over, single T or O phases did not exist independently because
their misfit strains exceeded −4% and 6% (corresponding to
−5% and +5% strain with respect to bulk BFO). However,

to accommodate this large misfit strain, T and O phases pre-
fer to coexist because the net misfit strain is reduced to less
than 2%. Consequently, the secondary T and O phases (σC/c

with σC/t and σT/c with σT/t) were simultaneously observed
in the experiment. In addition, we explored whether each of
the two primary phases (σC and σT) coexisted with two sec-
ondary phases. In particular, the two extreme σC/c and σT/t

phases were not probable because they were under huge strain
even though their energies were only 0.1 eV/f.u. According
to DFT calculations (Table 2), σC/c is under −5.2% compres-
sive strain and σT/t is under 5.9% tensile strain for the bulk
BFO. However, if two extreme σC/c and σT/t coexist with pri-
mary σC and σT with equal signs of strain, the applied strain
to extreme σC/c and σT/t can be further accommodated by the
amount of applied strain to the two primary phases. In the
experiment, σC and σT exhibit equal signs of −0.77% and
+0.77% misfit strains (Table 1), respectively. In the DFT cal-
culations, σC and σT are selected as the phases with −0.51%
and +0.51% misfit strain (Table 2), which is similar to the ex-
perimental values. Based on these values, all primary phases
were estimated to be very close in energy within only a few
meV/f.u. Therefore, two primary phases were introduced with-
out energy cost to accommodate the large strain applied to the
two extreme σC/c and σT/t phases.

Table 2. DFT-calculated strain value and energy of seven different strain modes of BFO.

Level Sym. Average din-plane (Å) din-plane relative to bulk STO (%) In-plane strain vs. bulk BFO (%) Energy (meV/f.u.) Occupancy (%)

T phase secondary
σC/c 3.76±0.02 −3.84±0.5 −4.7±0.5 ∼ 0.11 ∼ 12%
σT/c

R phase
primary σC 3.89 −0.51 −1.4

∼ 0.0 ∼ 79.8%primary σS 3.91 −1.0
primary σT 3.93 0.51 −0.4

O phase secondary
σC/t 4.16±0.02 6.39±0.5 3.4±0.5 ∼ 0.12 ∼ 8.2%
σT/t

(a) (b) 300 K

Fig. 4. DFT-calculated energy of the BFO polymorphs as a function of in-plane lattice distortion. (a) Evolution of the energy of BFO phases as
a function of in-plane lattice distortion. The top x axis represents misfit strain. A negative value implies compressive strain, and a positive value
implies tensile strain. The blue, black, and red lines represent parabolic fits to the data. Note that the DFT-optimized lattice parameter of bulk
STO (a = 3.908 Å) is used as reference. (b) Probability of obtaining R- and O-like phases (occupancy) at room temperature, which is obtained
using the partition function for three energy levels.
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3. Experimental details
3.1. Film growth and x-ray diffraction analysis

Pulsed laser deposition (PLD) technique was utilized to
grow BiFeO3 films with a pseudo-cubic [001] growth direc-
tion at an oxygen partial pressure of 20 mTorr at 700 ◦C. A
SrRuO3 buffer layer with the thickness of ∼ 37 nm that was
fully strained to a (001)-oriented SrTiO3 substrate was pre-
pared before the BFO growth, which helped to maintain strain
coherency up to a larger thickness of the BFO film. A KrF
excimer laser with a wavelength of 248 nm, an energy den-
sity of 1.5 J/cm2, and a repetition rate of 2 Hz was used in the
PLD. A high-resolution x-ray diffractometer (Advanced D8,
Bruker) was used to survey the overall crystallographic phase
of the grown BFO film and the rocking curve of the (002)BFO

Bragg reflection as a function of the film thickness.

3.2. STEM-EDX/EELS analysis and simulations

Cross-sectional TEM samples of the BFO/SRO/STO het-
eroepitaxial films were prepared using a dual-beam focused
ion beam system (FIB, Helios 450F1, Thermo Fisher Scien-
tific) at an accelerating voltage of 15 kV. A low-voltage Ga-
ion beam of 2 kV with a low incident angle of 5◦ was sub-
sequently applied to reduce the surface damage of the sam-
ples. A 200-kV aberration-corrected scanning TEM (JEM-
ARM200CF, JEOL) combined with an energy-dispersive x-
ray spectrometer (EDX, JED-2300T, JEOL) and an electron
energy loss spectrometer (Gatan Quantum ER965) was used to
obtain annular bright field and HAADF images of the samples
with detector angle ranges of 12–23 mrad and 68–280 mrad,
respectively. The probe-forming angle was 23 mrad, which
generated an electron probe size of ∼ 0.8 Å. The STEM im-
age simulation was carried out with the microscope parameters
selected to approximate the experimental conditions using the
QSTEM software package[6] based on the multi-slice method.
Atomic-scale EDX mapping with a probe size of ∼ 0.1 nm
and a beam current of ∼ 0.8 nA was performed in the same
HAADF-STEM imaging mode using a dual-type silicon drift
detector with 1.2 sr as an effective solid angle. EELS line scan
data across the interface were recorded with an energy range
of 480–990 eV to detect the O K and Fe L2,3 edges with an en-
ergy resolution of ∼ 0.7 eV. The energy dispersion and dwell
time per pixel were 0.25 eV/pix and 2.0 s/pix, respectively.
The energy loss of the core loss EELS data was calibrated by
tracking the energy drift of the zero-loss peak that was simul-
taneously recorded with the core loss data.

3.3. Electron holography for large scale strain mapping

Inline electron holography experiments were performed
using a 200-kV aberration-corrected TEM (JEM-ARM200CF,
JEOL) equipped with a Gatan GIF Quantum imaging filter
system. All images were recorded using an energy filter to
remove the inelastically scattered electrons outside the energy

window of±5 eV. Through-focal DF, images at defocus values
ranging from −4 µm to +4 µm were acquired by exposing a
2048×2048 pixel fiber-optically coupled UltraScan 1000 XP
(Gatan, Inc.) camera for 4 s. Dark-field TEM images of a
selected region were acquired with strongly excited (001) and
(010) diffraction spots. The strain gradient map was obtained
using the in-plane strain map (εxx), performing first-order dif-
ferentiation in the [001] and [010] directions, and then ob-
tained through vector summation.

3.4. Density functional calculations

All calculations were performed using the Vienna ab
initio simulation package (VASP) within the framework of
periodic DFT.[49] The PBEsol functional was used as the
exchange–correlation functional. An effective U of 4 eV was
applied for the on-site Coulomb repulsive interaction of the
3d orbitals of Fe.[50] The electron–ionic core interaction was
represented by projector-augmented wave potentials. A ki-
netic energy cut-off of 500 eV and Γ -centered 2× 2× 2 k-
point meshes were used for the Brillouin zone integration. The
calculations converged to an energy of 10−6 eV/cell, and the
structures were allowed to relax until the forces were less than
0.001 eV/Å. A 2× 2× 2 supercell containing 40 atoms was
used to accurately reproduce G-type anti-ferromagnetic order.

4. Conclusion and perspectives
In summary, we have uncovered that mixed phases (T-,

O-, and M-like phases) combined with multiple strain states
(C, S, and T states) are hierarchically structured from the
nanoscale to the unit-cell level for strain accommodation in
a single-crystalline BFO thin film grown on a SRO/STO sub-
strate (subjected to −1.5% strain). The multiple strain config-
uration developed into an irregular pattern, resulting in the for-
mation of a random distribution of strain nanodomains as the
primary level of strain accommodation. In the C and T nan-
odomains, it was found that extremely distorted lattices like
T-like and O-like phases were mixed with M-like phases on
the unit-cell scale as a secondary level of strain relief, and the
population of the new distorted phases depends on the strain
state of nanodomain. An important observation was that the
globally integrated strain of each nanodomain points to a sin-
gle value of approximately −1.5% regardless of local strain
states, which is equivalent to the fully strained state (S) of the
STO substrate. This phenomenological observation suggests
that effective strain relief in single-crystalline BFO films can
be accomplished by the multilevel reconstruction of multiple
phases and strain states rather than by single-phase-mediated
relaxation. This peculiar behavior for strain accommodation
might be attributed to the BFO’s large tolerance to strain in the
film form and the availability of many metastable phases that
are close in energy, which makes it possible to choose a more
energetically favored route to strain accommodation. DFT cal-
culations for the energy landscape as a function of the misfit
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strain elucidate the origin of mixed-phase-mediated behavior
towards strain accommodation. This study provides a criti-
cal example that microscopically resolving hidden strain order
in polymorphic thin films is essential for fully understanding
their strain accommodation behavior, which is required for the
efficient tuning of functionalities based on strain engineering.
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