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In-plane quasi-single-domain BaTiO3 via interfacial
symmetry engineering
J. W. Lee1,9, K. Eom 1,9, T. R. Paudel 2,3, B. Wang 4, H. Lu 2, H. X. Huyan5, S. Lindemann1, S. Ryu1, H. Lee1,

T. H. Kim1, Y. Yuan 4, J. A. Zorn4, S. Lei4, W. P. Gao5, T. Tybell 6, V. Gopalan 4, X. Q. Pan 5,7,8,

A. Gruverman 2, L. Q. Chen 4, E. Y. Tsymbal 2 & C. B. Eom 1✉

The control of the in-plane domain evolution in ferroelectric thin films is not only critical to

understanding ferroelectric phenomena but also to enabling functional device fabrication.

However, in-plane polarized ferroelectric thin films typically exhibit complicated multi-

domain states, not desirable for optoelectronic device performance. Here we report a

strategy combining interfacial symmetry engineering and anisotropic strain to design single-

domain, in-plane polarized ferroelectric BaTiO3 thin films. Theoretical calculations predict the

key role of the BaTiO3/PrScO3 ð110ÞO substrate interfacial environment, where anisotropic

strain, monoclinic distortions, and interfacial electrostatic potential stabilize a single-variant

spontaneous polarization. A combination of scanning transmission electron microscopy,

piezoresponse force microscopy, ferroelectric hysteresis loop measurements, and second

harmonic generation measurements directly reveals the stabilization of the in-plane quasi-

single-domain polarization state. This work offers design principles for engineering in-plane

domains of ferroelectric oxide thin films, which is a prerequisite for high performance

optoelectronic devices.
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Oxide interfaces have acquired much attention in the last
decade due to the emergence of multifunctionalities1–4.
For example, LaAlO3 and SrTiO3 are both electrical

insulators, but when they are grown on top of each other, highly
conducting channels are formed at the interface1, accompanying
ferromagnetism2–5 and gate-tunable superconductivity6,7. A key
question that arises from such interfaces is whether bulk prop-
erties of a heterostructure can be controlled through the emergent
states of matter at the interfaces. Interfacial effects arising from
electrostatic and crystalline symmetry mismatches have been
known to play important roles in determining the domain
structures of ferroelectric thin films. Indeed, Yu et al. reported
that atomically precise control of the interface could result in
different polarization states in ð001Þ-oriented ferroelectric films8,
having the polarization perpendicular to the surface. However,
mechanisms underlying the interfacial symmetry mismatch on
domain states and the ferroelectric response of in-plane polarized
films are still not understood.

Single-domain in-plane polarized states are highly desirable for
a number of potential functional device applications, such as
high-performance electro-optic modulators9 and planar-type
ferroelectric tunnel junctions10. However, epitaxial oxide thin
films with in-plane polarization typically exhibit complicated
multi-domain states which can severely degrade optical device
performances11. For example, for ferroelectric waveguide appli-
cations, the waveguide loss and the electro-optic coefficient of
ferroelectric materials are strongly influenced by the optical
scattering by domain boundaries that exist in multidomain fer-
roelectric thin films and the crystalline quality of the films12–15.

In this work, we report the strategy for in-plane single-domain
in BaTiO3 (BTO) ferroelectric thin films via interfacial symmetry
and electrostatic potential mismatch using ð110ÞO-oriented
PrScO3 (PSO) substrates. Density functional theory calculations
and phase-field simulations predict the key roles of the interfacial
environment between a film and the substrate, i.e., anisotropic
strain, monoclinic distortion, and interfacial electrostatic poten-
tial, in stabilizing in-plane single-domain in BTO films on PrScO3

(PSO) ð110ÞO substrates. Scanning transmission electron micro-
scopy (STEM), piezoresponse force microscopy (PFM), polar-
ization hysteresis loop measurements, and optical second
harmonic generation (SHG) results reveal that polarization
direction of the BTO film is mainly along PSO 1�10

� �
O direction,

while it has a small variable tilting along PSO 002h iO directions,
leading to “quasi-single-domain” state. This work offers an
approach to engineer in-plane ferroelectric epitaxial oxide thin
films, enabling the development of device applications.

Results
Modeling of in-plane single-domain BTO. To design in-plane
single-domain ferroelectric film, taking BTO—a canonical ferro-
electric material—as a model system, we first discuss universal
aspects of epitaxial strain for ferroelectric domain configurations.
In general, in-plane polarization of ferroelectric oxide thin films is
established under tensile strains16–19. However, under an iso-
tropic biaxial strain, such films typically possess complicated
multi-domain structures due to the presence of two energetically
degenerate ferroelastic variants, resulting in four possible ferro-
electric variants (Fig. 1a). Even though a proper anisotropic strain
could give rise to single in-plane ferroelastic variant, 180° ferro-
electric domains, corresponding to two possible ferroelectric
variants, are still energetically equivalent (Fig. 1b).

To energetically stabilize one of the two in-plane polarized
states, we note that a symmetry lowering of the BTO film (i.e.,
monoclinic distortion) via an interfacial symmetry mismatch
effect could play a central role (Fig. 1c). It is well known that

interfacial oxygen octahedral coupling could initiate structures
propagation over extensive distances and subsequently allows to
tune the structure of epitaxial film20. For example, at the interface
between CaTiO3 and NdGaO3, oxygen octahedral coupling
breaks the mirror symmetry and stabilize a single domain
structure with a single monoclinic tilt direction20. Once a
monoclinic distortion is introduced near the interface region,
an out-of-plane polarization will appear due to the symmetry
lowering and the orientation will be determined by the polarity of
the substrate surface termination. Such a monoclinic distortion of
BTO is likely to gradually relax as the thickness of the film
increases21,22, resulting in a single-domain in-plane ferroelectric
state at the region far away from the interface (Fig. 1c).

To test feasibility of this approach, we consider orthorhombic
rare-earth scandate (REScO3) substrates (Supplementary Table 1). It
should be noted that the pseudocubic (pc) lattice parameter of
REScO3 substrates, apc= 0.394 – 0.405 nm23,24, is similar to c-lattice
parameter of bulk tetragonal BTO (4.036 Å)25. In addition,
ð110ÞO-oriented REScO3 substrates possess a monoclinic nature
since the out-of-plane direction (½110�O) is not perpendicular to one
of in-plane directions ð½1�10�OÞ26. Furthermore, a reliable method to
obtain complete ScO2-terminated REScO3 has been reported27.
Among them, ð110ÞO-oriented PSO substrate is a promising
candidate for the following two reasons: first, its lattice parameters
along bpc (i.e., 002½ �O) and cpc (i.e., 1�10

� �
O) axis are similar to the b

(=a) and c lattice parameters of bulk tetragonal BTO with misfit
strains of +0.38% and −0.25%, respectively (Details in axis
notations and the crystallographic relationship between BTO and
PSO are represented in Supplementary Fig. 1). Second, PSO has a
high in-plane anisotropic ratio (cpc/bpc) of 1.005, which is the largest
among all scandates (Supplementary Table 1).

To evaluate the possibility of stabilizing an in-plane single-
domain state in BTO/PSO heterostructures, we performed first-
principles calculations. The BTO/PSO heterostructure was
modeled using BTO lying on the top of ScO2-terminated PSO
110½ �O (Fig. 2). Notably, we found that there is a monoclinic
distortion in the BTO, and its tilt direction is opposite to that of
PSO. Other possible structural configurations of BTO, where the
tilt direction is the same as PSO was also calculated (Supple-
mentary Fig. 2a). Interestingly, BTO/PSO heterostructures with
opposite tilt direction turns out to be energetically favorable by
18.6 mJ/m2 (For more details, see the Supplementary Fig. 2 and
Note 1). As expected, the out-of-plane polarization component of
BTO is pointed “downward” to the interface due to negative
charges associated with the ScO2 terminated PSO substrate, while
the in-plane polarization component is preferably along
PSO 1�10

� �
O direction, resulting in an overall polarization along

the diagonal direction. On the other hand, to predict possible
ferroelectric domain structures far away from the interface of the
BTO thin films, we employed the phase-field method28. As
suggested by the first-principles calculation, we assume that the
initial state of the film has a uniform, in-plane polarization along
PSO 1�10

� �
O direction. The interfacial effect associated with the

negative charges is considered by introducing a layered charge
distribution at the interface. A more detailed description of the
model is given in the Method section. A representative two-
dimensional section of the phase-field simulation results
demonstrate a quasi-single-domain polarization state in the in-
plane direction along PSO 1�10

� �
O as shown in Fig. 2b. There is

also a spatial distribution of polarization which gradually rotates
across the film thickness. Near the substrate-film interface an out-
of-plane (toward the substrate) distorted polarization (Fig. 2d) is
observed whereas near the film surface the polarization is entirely
in-plane (along PSO 1�10

� �
O direction) (Fig. 2c). The out-of-plane
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polarization gradually decreases through the film thickness while
the in-plane polarization magnitude remains nearly constant.
This single domain state with in-plane polarization in the BTO/
PSO heterostructures is consistent with our model as shown in
Fig. 1c, suggesting the possibility to stabilize such a unidirectional
in-plane polar state.

Experimental demonstration of in-plane single-domain BTO.
For an experimental demonstration of BTO with single-domain

in-plane polarization, BTO films with a thickness of 50 nm were
grown on atomically smooth PSO ð110ÞO substrates by pulsed
laser deposition (PLD) (see “Methods” for details). The crystal-
linity of the BTO films on PSO substrates was inferred from four-
circle X-ray diffraction (XRD) measurements with a Cu Kα1

source (Supplementary Fig. 4). From reciprocal space maps of the
BTO film around the PSO ð33�2ÞO and PSO ð240ÞO reflections, we
concluded that the BTO films are fully coherent with the PSO
substrate. The lattice parameters of BTO were determined to be

Fig. 1 Schematic diagram depicting the strategy employed to achieve single in-plane ferroelectric film. a BTO films grown under an isotropic biaxial
tensile strain. x, y, and z correspond to the pseudocubic (pc) [100], [010], and [001] axes, respectively. Due to tensile strain, c-axis of BTO lies along the
in-plane direction of the substrate. However, the isotropic geometry gives rise to form a multi-domain configuration where four ferroelectric variant exists.
b In the case of the BTO film grown under proper anisotropic biaxial strain, which is that the bpc and cpc of substrate are close to the a/b-axis and c-axis
lattice parameters of tetragonal BTO, respectively, the BTO film is expected to have a polarization direction parallel to z directions, resulting in two
ferroelectric variants. c BTO films grown on the substrate which possesses proper in-plane lattice match, monoclinic nature, and polar planes (e.g., BO2-
terminated A3+B3+O3 substrates), one of two configurations can be stabilized. Note that the effect of electric field generated by polar planes is weaker and
weaker as far away from the interface, which results in a single ferroelectric variant along in-plane direction.
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apc,BTO= 4.004 Å, bpc,BTO= 4.007 Å and cpc,BTO= 4.026 Å, using
pseudocubic notation. Given the bulk lattice parameters, the BTO
film is under a compressive strain along PSO 1�10

� �
O direction

while under a tensile strain along PSO 002½ �O direction (Sup-
plementary Table 1).

To directly observe the polarization configuration of a BTO
film, high-angle annular dark-field (HAADF) imaging using
scanning transmission electron microscopy (STEM) was
employed. Figure 3a shows low magnification HAADF-STEM
images of the BTO film along the PSO 002½ �O zone-axis. Ti
displacements are represented by arrows in Fig. 3b, c, e, f, where
the size of the arrows corresponds to the magnitude of atomic
displacement in each unit cell. The average value of the out-of-
plane component of the Ti displacement in the middle region of
the film is negligibly small (−0.6 ± 0.9 pm), while strong down-
ward polarization near the interface region (−8.3 ± 1.0 pm) is
observed (Fig. 3d). The result of a decreasing out-of-plane
polarization towards the middle region of the film is consistent to
phase field simulation results as shown in Fig. 2b–d. Remarkably,
the BTO film has a unidirectional in-plane Ti displacement
(Fig. 3g) along PSO 1�10

� �
O direction in the middle region of the

film (Fig. 3e) and BTO/PSO interface region (Fig. 3f). The average
in-plane Ti-displacement for each region is estimated to be
6.0 ± 1.1 pm and 6.0 ± 1.0 pm, respectively, which is comparable
to the Ti displacement along the polarization direction in bulk
single crystal BTO29. The detailed overall polarization state of the
BTO film is described in Supplementary Note 2. Furthermore, to
verify the PSO 110ð ÞO substrate termination, atomic-resolution
energy dispersive spectroscopy (EDS) elemental mapping was
performed together with HAADF-STEM imaging at the BTO/
PSO interface. Supplementary Fig. 7 clearly shows that the

interface configuration is ScO2-BaO. It should be noted that the
TEM data distinctly demonstrate that the polarization directions
near the interface are downward (Fig. 3c, d), which is originated
from the negative polarity of the substrate surface. Consistent
results are obtained from the multiple spots of the sample,
indicating that the surface of the PSO substrate is uniformly ScO2

terminated. This is not surprising, because after high-temperature
annealing of rare-earth scandate substrates for sufficient time,
ScO2 is known to be more stable than the corresponding rare-
earth oxide at the surface27,30.

By ferroelectric polarization hysteresis measurements, we
explored the as-grown polarization state of the BTO/PSO
heterostructures. The schematics of the electrode configurations
for in-plane polarization hysteresis measurements are shown in
Fig. 4a. The measurements were performed along two directions:
PSO 1�10

� �
O and PSO 002½ �O. Notably, a well-defined hysteresis

loop is observed only when applying electric field parallel to PSO
1�10
� �

O, clearly showing the existence of ferroelectricity (Fig. 4b).
The overall positive slope of the polarization in the field region
from −30 to 30 kV cm−1 is attributed to the PSO substrate
(Supplementary Fig. 8). The hysteresis loops are off-centered
toward the negative field direction, pointing to a large polariza-
tion imprint31 mainly due to the asymmetric energy barrier
between two polarization directions, i.e., PSO 1�10

� �
O and

PSO �110
� �

O. The polarization signal obtained with electric field
parallel to PSO 002½ �O direction reveals that there is no remanent
ferroelectric polarization along this direction (Fig. 4c). However,
the non-linear and weak hysteresis behavior of the P-E loops
imply a possible polarization rotation along the PSO 002h iO
direction. The origin of this polarization rotation will be discussed
later. From the STEM results, we found that the polarization

Fig. 2 Theoretical calculations of BTO/PSO heterostructure. a Calculated atomic structure of BTO/PSO ð110ÞO heterostructure. b The spatial polarization
distribution of BTO film obtained from the phase field simulation. The film was assumed to be 50 nm thick with a fully coherent interface with respect to
the substrate. Color bar reflects the polarization angle with respect to PSO 1�10

� �
O. c, d The out-of-plane polarization gradually decreases through the film

thickness (from (d) to (c)), becomes negligible near the film surface, predicting single domain in-plane BTO film.
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direction of as-grown BTO is along PSO 1�10
� �

O. This is in good
agreement with the observation that there is no hysteresis when
we apply a positive electric field toward PSO 1�10

� �
O since the

polarization of BTO is already saturated in this direction in the
as-grown state. Only under negative electric field a hysteresis loop
is formed, indicating polarization reversal towards PSO �110

� �
O. It

should be noted that when the field sweep is completed, the BTO
film has its original polarization state, that is, a polarization
towards PSO 1�10

� �
O is still retained. This is a strong evidence for

the in-plane polarization state toward PSO ¼ 1�10
� �

O in our BTO
samples is driven by the interfacial electrostatic potential which is
not altered under bias conditions.

To better understand the microscopic domain structure, we
performed angular-dependent lateral PFM measurements when
the BTO film sample was rotated by a discreet angle with the

respect to the surface normal (Fig. 5). As-grown BTO does not
show any contrast in vertical PFM phase image mode
(Supplementary Fig. 9). However, angular dependent lateral
PFM measurements show that there are measurable domain
features depending on the relative sample-cantilever orientation,
where the lateral PFM signal is sensitive to the projected
polarization along the axis perpendicular to the cantilever arm.
Detailed analysis of the PFM images (Supplementary Fig. 10)
reveals that the polarization is mainly along PSO 1�10

� �
O,

consistent with the STEM results (Fig. 3g) and the polarization
hysteresis measurements (Fig. 4a). However, there are small
periodical zigzag-type changes in the polarization orientation
typically within ±15° relative to PSO [1-10]O) with respect to the
PSO 002½ �O and 00�2

� �
O directions resulting in a quasi-stripe

domain structure with a lateral periodicity in the order of 50 nm
and overall in-plane domain pattern (Fig. 5). The detailed analysis

Fig. 3 STEM imaging and polarization measurements of BTO/PSO heterostructure. a A low-magnification HAADF-STEM image of the BTO film with a
zone axis of PSO ½002�O. b, c High resolution images taken from selected areas (red and blue boxes in Fig. 3(a), respectively), shows out-of-plane
component of Ti-displacement in the middle region (b), and near the interface region (c) of the BTO film, respectively. Note that the size of arrows
corresponds to the amount of Ti-displacement. d Average value of out-of-plane Ti-displacement in each layer of BTO from the interface. e, f, High
resolution images showing in-plane component of Ti-displacement in the middle region (e), and near the interface region (f) of the BTO film. g Average in-
plane Ti-displacement in each layer of BTO from the interface. Both out-of-plane and in-plane Ti-displacements are extracted from the same regions in the
BTO film. The error bars represent the 80% confidence intervals.

Fig. 4 In-plane polarization measurement versus electric field. a Schematics depicting parallel electrodes on the BTO/PSO sample. The 10-nm-thick
SrRuO3 patterns which are oriented along two different directions with 50-μm gap are used as electrodes for the measurements. b, c Room temperature
hysteresis loop measurements for two parallel electrodes arrangements where the electric field is applied parallel to PSO ½1�10�O (b), and PSO ½002�O (c)
directions, respectively.
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and interpretation on the PFM imaging of domain structure
along PSO 002h iO are described in Supplementary Note 3.

Discussion
The presented data highlights that in-plane polarized single-
domain BTO thin film is achievable by control of anisotropic
strain, monoclinic distortion due to structural mismatch at an
interface, and interfacial valence mismatching. Near the BTO/
PSO interface, presence of both in-plane and out-of-plane
polarization components result in a diagonal direction of polar-
ization whereas the polarization of BTO in the middle region of
the film is entirely in-plane (along PSO 1�10

� �
O). The out-of-plane

polarization gradually decreases through the film thickness
(Fig. 3d), while the in-plane polarization magnitude remains
almost constant (Fig. 3g). This is fully consistent with structural
analysis showing that the BTO films have slight monoclinic dis-
tortions towards the BTO 00�1

� �
pc direction (Supplementary

Fig. 17), while there is no tilting along BTO 0�10
� �

pc direction
(Supplementary Fig. 18). Such structural distortions are in
accordance with the monoclinic symmetry probed by optical
SHG measurements (Supplementary Figs. 20–22). From the local
electron diffraction patterns, the monoclinic tilting angles
between BTO 001½ �pc and BTO 100½ �pc near the interface region
and film surface region are 91.11° and 90.58°, respectively (Sup-
plementary Fig. 17e, f), indicating the structural relaxation far
away from the interface, which is also confirmed by geometric
phase analysis (GPA) from TEM data (Supplementary Note 4).

We now discuss the polarization rotation along the PSO 002h iO
direction. This is mainly due to the absence of a suitable single
crystal substrate which has the same b (=a) and c lattice para-
meters of bulk tetragonal BTO. Tensile strain along the PSO
002½ �O as shown in Supplementary Table 1 could give rise to such
a non-zero polarization state, leading to the zigzag-type as-grown

domain structure (Fig. 5f). The polarization rotation in as-grown
state results in non-linear and weak hysteresis behavior in P-E
loop with applying electric field along the PSO 002½ �Odirection
(Fig. 4c). The origin of non-zero polarization along the PSO
002½ �Odirection is further supported by phase field simulation
where pure in-plane single-domain state is achieved by simply
eliminating tensile strain along the PSO 002½ �O direction (Sup-
plementary Figs. 13–15). Therefore, we concluded that the
strategy presented in this work effectively stabilizes single ferro-
electric variant along the PSO 1�10

� �
O direction, even though

unavoidable extra variants still exist (Fig. 5g).
The strategy we present here is to utilize a structural mismatch

and the effect of an out-of-plane parameter (electric field) to
manipulate the in-plane properties (polarization) by lowering the
symmetry. We have experimentally demonstrated this strategy by
preparation of BTO thin films on PSO ð110ÞO substrates where
quasi-single-domain state along PSO ½1�10�O direction is achieved
at room temperature. We anticipate our strategy for reducing
undesirable variants also to be generally used for tuning in-plane
properties of correlated materials where their emergent states are
subject to domain evolutions.

Methods
Sample growth and characterization. The BTO films were grown on
ð110ÞO-oriented PSO substrates by PLD with in-situ reflection high-energy electron
diffraction (RHEED) monitoring (Supplementary Fig. 4a). The BTO ceramic target
was ablated using a KrF (248 nm) excimer laser at a repetition rate of 3 Hz with the
laser fluence of ~2 J/cm2. The substrate temperature was kept at 680 °C with an
oxygen partial pressure of 120 mTorr during the growth. The substrate-to-target
distance was 60 mm. In all experiments, ð110ÞO-oriented PSO substrates provided
by CrysTec with miscut angles of ~0.1° were used. The PSO substrates were soaked
in deionized water for 30 min, and then annealed at 1100 °C in an oxygen atmo-
sphere for 3 h.

DFT calculations. Density functional theory calculations were performed using the
projector augmented plane-wave method and the Perdew-Burke-Ernzerhof
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exchange-correlation functional32 as implemented in the Vienna ab-initio simu-
lation package (VASP)33,34. A bilayer structure was employed in the calculations
with a ferroelectric (100) BTO layer lying on top of an orthorhombic (110) PSO
layer. The theoretical lattice constants of bulk PSO: a= 5.73 Å, b= 5.75 Å,
c= 8.13 Å were used. We fixed atomic coordinate of first three layers of PSO to
their bulk values and relaxed the rest consisting of one and half layer of PSO and
eight layers of BTO (Fig. S2) with the energy convergence limit of 1 ´ 10�4 eV. In
the calculations, a kinetic energy cutoff of 340 eV was used for plane-wave
expansion and a 4 × 4 × 1 Monkhorst-Pack grid35 of k points was used for Brillouin
zone integration.

Phase-field simulations. In the phase-field model, imposed misfit strain is cal-
culated to be anisotropic by using the pseudocubic lattice constants between BTO
and PSO. The system is relaxed to reach an equilibrium state by evolving the
polarization configuration with the time-dependent Ginzburg-Landau equation28.

The ferroelectric BTO is described by the spatial distribution of the spontaneous
polarization Pðx; y; zÞ, the relaxational kinetics of which follows the time-
dependent Ginzburg-Landau equation,

δP
∂t

¼ �L
δF
δP

: ð1Þ

Here, F is the free energy which consists of elastic (f elastic), electrostatic (f electrostatic),
bulk (f bulk), and gradient (f gradient) energy contributions, and L is the kinetic
coefficient. The total free energy can be described as,

F ¼
Z

V
ðf bulk þ f elastic þ f electrostatic þ f gradientÞdV : ð2Þ

More in-depth description of each term in the energy contributions can be
found in the references36. The parameters of the model for BTO follows from Li
et al.37.

The 3D system is discretized into a 128Δx ´ 128Δy ´ 90Δz grid with
Δx ¼ Δy ¼ Δz ¼ 1 nm. The thickness of the substrate takes up 30Δz to
accommodate the relaxation of the displacement arising from the domain structure
of the 50 nm film. The free surface of the film is described by the traction-free
boundary condition on the top while the bottom interface is assumed to be fully
coherent. As a result, the prescribed misfit strains between the film and the
substrate can be calculated by using the pseudocubic lattice constant

apcBTO ¼ a2BTOcBTO
� �1

3 of BTO and that of the ð110ÞO plane of PSO, i.e., εxx ¼
a

�110½ �
PSO �apcBTO
apcBTO

¼ 0:50% and εyy ¼ a 002½ �
PSO �apcBTO
apcBTO

¼ 0:01%. As the lattices of the film and the

substrate on the interface are orthogonal, there is no in-plane shear misfit strain,
i.e., εxy ¼ εyx ¼ 0:0%. Considering the absence of top and bottom electrodes of the
BTO film in experiments, we adopt the open-circuit boundary condition at both
top and bottom of the film, i.e., D � n ¼ 0, where D is the electric displacement and
n is the normal of the interface plane. The elastic and electric equilibrium equations
for the thin-film system are solved following the method developed by Li et al.38.
To account for the interfacial effect as predicted by the first-principles calculations,
we assume an effective charged layer at the bottom interface with a fixed, uniform
charge density ρ ¼ �0:5C=m2. The phase-field simulations were performed by
using the commercial phase-field package (mupro.co).

STEM measurements. TEM specimens were prepared by mechanical polishing
followed by argon ion milling using Gatan PIPS II. STEM HAADF imaging and
EDS experiments were carried out on a JEOL JEM-300CF (Grand ARM) equipped
with a cold field emission gun and double spherical aberration correctors with a
spatial resolution of 0.6 Å operating at 300 KV in Irvine Materials Research
Institute at the University of California, Irvine. STEM-HAADF images were taken
with the convergence angle of the incident electrons at 32 mrad and the collection
angle at 90–165 mrad. EDS mappings were acquired using dual silicon-drift
detectors (SDDs). 50 scans (each with a 0.4 ms dwell time) in the same area across
the interface were summed. The high resolution HAADF STEM imaging provides
spatial resolution adequate to measure the atomic positions of the A and B site
cations of BTO. The high frequency noise was removed by applying an annular
mask in frequency space, and then the initial peak positions were determined by
identifying local maxima and refined by fitting Gaussian curves to obtain the atom
center positions. Displacements were calculated as the difference between the
center of each cation and the center of mass of its for adjacent neighbors. Strain
analysis is based on GPA39 that preinstalled in Gatan Digital Micrograph software.

PFM measurements. PFM measurements were performed on a commercial AFM
system (MFP3D, Asylum Research). Conductive Pt/Ir coated probes (PPP-EFM,
Nanosensors) were used for imaging, with an ac modulation amplitude of 0.6 V at a
frequency around 350 kHz in the resonance enhanced PFM mode. Both in-plane
and out-of-plane signal were collected to examine the possible domain structures.

P-E loop measurements. Polarization vs. Electric field (PE) hysteresis loops were
measured using a Radiant Technologies Precision Premier II Ferroelectric Testing
system with a 4 kV High-Voltage Interface and a 4 kV TREK amplifier. PE loops

were performed using a 250–400 Hz frequency, sinusoidal waveform with an
amplitude of 150 V. To make contact to the sample electrodes we used micro-
manipulator probe tips with a diameter of 10 μm.

SHG measurements. To probe the symmetry of BTO film, optical second har-
monic polarimetry measurement was performed using a far-field setup as sche-
matically shown in Supplementary Fig. 20. Linear polarized optical femtosecond
pulses at λ= 800 nm (100 fs, 1 kHz) with polarization direction φ was focused onto
the sample at an incident angle θ. The X-polarized (I2ω;X) and Y-polarized (I2ω;Y )
components of second harmonic signal was collected by a photo-multiplier tube
behind a band pass filter. Polarimetry measurement on BTO film was performed by
rotating the incident polarization φ at each θ for two different sample orientations
(O1: (S1, S2, S3)= ( 00�1

� �
O, 1�10

� �
O,

�1�10
� �

O), O2: (S1, S2, S3)= ( 1�10
� �

O, 001½ �O,
�1�10
� �

O)). During measurement, incident angles at θ=−45°, −30°, −15°, 0°, 15°,
30° and 45° were used.

Symmetry analysis of the SHG polarimetry was performed using an analytical
model as described in literatures40. Theoretical fits to all SHG polarimetry data
were simultaneously performed by assuming a single ferroelastic domain with
monoclinic symmetry of the BTO film, where the SHG coefficients can be written
as:

dm ¼
0 0 0

d21 d22 d23
d31 d32 d33

0 d15 d16
d24 0 0

d34 0 0

0
B@

1
CA ð3Þ

Data availability
The data that support the findings of this study are available from the corresponding
author on reasonable request.

Received: 14 April 2021; Accepted: 19 October 2021;

References
1. Ohtomo, A. & Hwang, H. Y. A high-mobility electron gas at the LaAlO3/

SrTiO3 heterointerface. Nature 427, 423–426 (2004).
2. Kalisky, B. et al. Critical thickness for ferromagnetism in LaAlO3/SrTiO3

heterostructures. Nat. Commun. 3, 922 (2012).
3. Bi, F. et al. Room-temperature electronically-controlled ferromagnetism at the

LaAlO3/SrTiO3 interface. Nat. Commun. 5, 5019 (2014).
4. Ariando et al. Electronic phase separation at the LaAlO3/SrTiO3 interface. Nat.

Commun. 2, 188 (2011).
5. Lee, J.-S. et al. Titanium dxy ferromagnetism at the LaAlO3/SrTiO3 interface.

Nat. Mater. 12, 703–706 (2013).
6. Caviglia, A. D. et al. Electric field control of the LaAlO3/SrTiO3 interface

ground state. Nature 456, 624–627 (2008).
7. Chen, Z. et al. Carrier density and disorder tuned superconductor-metal

transition in a two-dimensional electron system. Nat. Commun. 9, 4008 (2018).
8. Yu, P. et al. Interface control of bulk ferroelectric polarization. Proc. Natl

Acad. Sci. USA 109, 9710–9715 (2012).
9. Buse, K., Adibi, A. & Psaltis, D. Non-volatile holographic storage in doubly

doped lithium niobate crystals. Nature 393, 665–668 (1998).
10. Shen, H. T., Liu, J. W., Chang, K. & Fu, L. In-Plane ferroelectric tunnel

junction. Phys. Rev. Appl. 11, 024048 (2019).
11. Abel, S. et al. A strong electro-optically active lead-free ferroelectric integrated

on silicon. Nat. Commun. 4, 1671 (2013).
12. Towner, D. J., Ni, J., Marks, T. J. & Wessels, B. W. Effects of two-stage

deposition on the structure and propertiesof heteroepitaxial BaTiO3 thin films.
J. Cryst. Growth 255, 107–113 (2003).

13. Towner, D. J., Lansford, T. J. & Wessels, B. W. Three dimensional domain
structure in epitaxial barium titanate thin films. J. Electroceram. 13, 89–93 (2004).

14. Wessels, B. Ferroelectric epitaxial thin films for integrated optics. Annu. Rev.
Mater. Res. 37, 659–679 (2007).

15. Qiu, C. et al. Transparent ferroelectric crystals with ultrahigh piezoelectricity.
Nature 577, 350–354 (2020).

16. Guo, J. et al. Strain-induced ferroelectricity and spin-lattice coupling in
SrMnO3 thin films. Phys. Rev. B 97, 235135 (2018).

17. Guzman, R. et al. Polar-graded multiferroic SrMnO3 thin films. Nano Lett. 16,
2221–2227 (2016).

18. Haeni, J. H. et al. Room-temperature ferroelectricity in strained SrTiO3.
Nature 430, 758–761 (2004).

19. Wördenweber, R., Hollmann, E., Kutzner, R. & Schubert, J. Induced
ferroelectricity in strained epitaxial SrTiO3 films on various substrates. J. Appl.
Phys. 102, 044119 (2007).

NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26660-7 ARTICLE

NATURE COMMUNICATIONS | (2021)12:6784 | https://doi.org/10.1038/s41467-021-26660-7 | www.nature.com/naturecommunications 7

www.nature.com/naturecommunications
www.nature.com/naturecommunications


20. Liao, Z. et al. Long-range domain structure and symmetry engineering by
interfacial oxygen octahedral coupling at heterostructure interface. Adv. Funct.
Mater. 26, 6627–6634 (2016).

21. Liao, Z. et al. Controlled lateral anisotropy in correlated manganite
heterostructures by interface-engineered oxygen octahedral coupling. Nat.
Mater. 15, 425–431 (2016).

22. Hallsteinsen, I. et al. Role of antiferromagnetic spin axis on magnetic
reconstructions at the (111)-oriented La0.7Sr0.3MnO3/LaFeO3 interface. Phys.
Rev. Mater. 2, 084403 (2018).

23. Schubert, J. et al. Structural and optical properties of epitaxial BaTiO3 thin
films grown on GdScO3(110). Appl. Phys. Lett. 82, 3460–3462 (2003).

24. Uecker, R. et al. Properties of rare-earth scandate single crystals (Re =
Nd–Dy). J. Cry. Growth 310, 2649–2658 (2008).

25. Choi, K. et al. Enhancement of ferroelectricity in strained BaTiO3 thin films.
Science 306, 1005–1009 (2004).

26. Chen, Z. H., Damodaran, A. R., Xu, R., Lee, S. & Martin, L. W. Effect of
“symmetry mismatch” on the domain structure of rhombohedral BiFeO3 thin
films. Appl. Phys. Lett. 104, 182908 (2014).

27. Kleibeuker, J. E. et al. Atomically defined rare-earth scandate crystal surfaces.
Adv. Funct. Mater. 20, 3490–3496 (2010).

28. Wang, J.-J., Wang, B. & Chen, L.-Q. Understanding, predicting, and designing
ferroelectric domain dtructures and switching guided by the phase-field
method. Annu. Rev. Mater. Res. 49, 127–152 (2019).

29. Zhu, X., Chen, X., Tian, H. & Chen, X. Atomic scale investigation of enhanced
ferroelectricity in (Ba,Ca)TiO3. RSC Adv. 7, 22587–22591 (2017).

30. Biswas, A., Yang, C. H., Ramesh, R. & Jeong, Y. H. Atomically flat single
terminated oxide substrate surfaces. Prog. Surf. Sci. 92, 117–141 (2017).

31. Lu, H. et al. Enhancement of ferroelectric polarization stability by interface
engineering. Adv. Mater. 24, 1209–1216 (2012).

32. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865–3868 (1996).

33. Kresse, G. & Furthmüller, J. Efficient iterative schemes for ab initio total-
energy calculations using a plane-wave basis set. Phys. Rev. B 54, 11169 (1996).

34. Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector
augmented-wave method. Phys. Rev. B 59, 1758 (1999).

35. Monkhorst, H. J. & Pack, J. D. Special points for Brillouin-zone integrations.
Phys. Rev. B 13, 5188 (1976).

36. Li, Y. L., Hu, S. Y., Liu, Z. K. & Chen, L. Q. Effect of substrate constraint on
the stability and evolution of ferroelectric domain structures in thin films.
Acta Mater. 50, 395–411 (2002).

37. Li, Y. L., Cross, L. E. & Chen, L. Q. A phenomenological thermodynamic
potential for BaTiO3 single crystals. J. Appl. Phys. 98, 064101 (2005).

38. Li, Y. L., Hu, S. Y., Liu, Z. K. & Chen, L. Q. Phase-field model of domain
structures in ferroelectric thin films. Appl. Phys. Lett. 78, 3878–3880 (2001).

39. Hytch, M. J., Snoeck, E. & Kilaas, R. Quantitative measurement of
displacement and strain fields from HREM micrographs. Ultramicroscopy 74,
131–146 (1998).

40. Yuan, Y. K. et al. Three-dimensional atomic scale electron density
reconstruction of octahedral tilt epitaxy in functional perovskites. Nat.
Commun. 9, 5220 (2018).

Acknowledgements
This research is funded by the Gordon and Betty Moore Foundation’s EPiQS Initiative,
Grant GBMF9065 to C.B.E., Vannevar Bush Faculty Fellowship (N00014-20-1-2844), the
Army Research Office through Grant W911NF-17-1-0462, AFOSR (FA9550-15-1-0334)
and NSF through the University of Wisconsin MRSEC (DMR-1720415). Research at
University of Nebraska-Lincoln was supported by the National Science Foundation
through Materials Research Science and Engineering Center (NSF Grant No. DMR-
1420645). The computational work at Pennsylvania State University by J.A.Z., V.G., and
L.Q.C. was partially supported by the US Department of Energy, Office of Science, Basic

Energy Sciences, under Award Number DE-SC0020145 as part of the Computational
Materials Sciences Program. J.A.Z. would also like to acknowledge support from 3M Inc.
for support via a fellowship. Phase field and thermodynamic computations for this
research were performed at the Pennsylvania State University’s Institute for Computa-
tional and Data Sciences Advanced CyberInfrastructure (ICDS-ACI). Y.Y. and S.L. were
partially supported by the US Department of Energy grant number DE-SC0012375 for
the nonlinear optical characterization. The work at University of California, Irvine, was
supported by the National Science Foundation under grant numbers DMR-2034738 and
the Department of Energy (DOE) under grant DESC0014430. TEM experiments were
conducted using the advanced TEM facilities in the Irvine Materials Research Institute
(IMRI) at the University of California, Irvine, which was supported in part by the
National Science Foundation Materials Research Science and Engineering Center pro-
gram (DMR-2011967).

Author contributions
C.B.E., E.Y.T., L.Q.C., A.G., X.Q.P., V.G. and T.T. supervised the experiments. K.E.,
J.W.L., S.R., H. Lee and T.H.K. performed the sample growth and surface/structural
characterizations. T.R.P. and E.Y.T. performed DFT calculations. B.W., J.A.Z. and L.Q.C.
carried out phase field simulations. H.Lu and A.G. performed PFM measurements.
H.X.H., W.P.G. and X.Q.P. carried out STEM measurements. S.L., K.E., J.W.L. and S.R.
performed the device fabrication and ferroelectric measurements. Y.Y., S.L. and V.G.
performed SHG measurements and analysis.

Competing interests
The code used to produce the phase-field simulation results is licensed to Mu-PRO LLC,
of which is owned by L.Q.C. All other authors declare that they have no competing
interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-26660-7.

Correspondence and requests for materials should be addressed to C. B. Eom.

Peer review information Nature Communications thanks Haijun Wu and the other,
anonymous, reviewer(s) for their contribution to the peer review of this work.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

ARTICLE NATURE COMMUNICATIONS | https://doi.org/10.1038/s41467-021-26660-7

8 NATURE COMMUNICATIONS | (2021)12:6784 | https://doi.org/10.1038/s41467-021-26660-7 | www.nature.com/naturecommunications

https://doi.org/10.1038/s41467-021-26660-7
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	In-plane quasi-single-domain BaTiO3 via interfacial symmetry engineering
	Results
	Modeling of in-plane single-domain BTO
	Experimental demonstration of in-plane single-domain BTO

	Discussion
	Methods
	Sample growth and characterization
	DFT calculations
	Phase-field simulations
	STEM measurements
	PFM measurements
	P-nobreakE loop measurements
	SHG measurements

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




