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susceptibilities to external mechanical, electrical, and thermal stimuli, thus holding huge 49 

mailto:lingfei.wang@outlook.com
mailto:twnoh@snu.ac.kr


Published in: Advanced Functional Materials, Vol. 30, DOI: 10.1002/adfm.201910569, 

1910569, 2020.     

2 

 

potential for relevant applications. Despite the success of traditional strategies by means of 1 

complex composition design, alternative simple methods such as strain engineering have been 2 

intensively sought to achieve a polymorphic nanodomain state in lead-free, simple-3 

composition ferroelectric oxides in recent years. Here, a nanodomain configuration with 4 

morphed structural phases is realized in an epitaxial BaTiO3 film grown on a (111)-oriented 5 

SrTiO3 substrate. Using a combination of experimental and theoretical approaches, it is 6 

revealed that a three-fold rotational symmetry element enforced by the epitaxial constraint 7 

along the [111] direction of BaTiO3 introduces considerable instability among intrinsic 8 

tetragonal, orthorhombic, and rhombohedral phases. Such a phase degeneracy induces 9 

ultrafine ferroelectric nanodomains (1-10 nanometers) with low-angle domain walls, which 10 

exhibit significantly enhanced dielectric and piezoelectric responses compared to the (001)-11 

oriented BaTiO3 film with uniaxial ferroelectricity. Therefore, our finding highlights the 12 

important role of epitaxial symmetry in domain engineering of oxide ferroelectrics and 13 

facilitates the development of dielectric capacitors and piezoelectric devices.  14 
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1. Introduction 1 

Realizing structure/phase degeneracy in solids has proven crucial in modern functional 2 

material design.[1-3] A prominent example is the so-called morphotropic phase boundary 3 

(MPB) in ferroelectric materials.[4-6] The energy degeneracy of different polar structures with 4 

varying symmetries at the phase boundary gives rise to significant reduction of polarization 5 

anisotropy as well as domain wall energy, which further bring about the formation of 6 

nanodomains.[7-10] In such a polymorphic nanodomain state, the polarization is subject to 7 

rotation under external fields, thus yielding large response.[6, 11-12] Significant success has been 8 

achieved via complex composition engineering in oxide solid solutions to design ferroelectric 9 

MPB in earlier times. Inspired by the rapid advancements in heteroepitaxy techniques, recent 10 

efforts have been devoted to seeking alternative simple methods to achieve a similar 11 

polymorphic or energy-degenerated nanodomain state in epitaxial ferroelectric oxide thin 12 

films.[4, 13-15] One of the most important and successful strategy is strain engineering. For 13 

example, it was reported that appropriate epitaxial strain can position BiFeO3 films on a 14 

boundary between rhombohedral and tetragonal phases.[4] Such a strain-driven MPB-like 15 

domain structure leads to a promising electromechanical response of the epitaxial BiFeO3 16 

film. However, reports of similar material systems are still scarce to date.  17 

Despite the success of traditional strain engineering in designing crystalline structures 18 

and manipulating properties of epitaxial heterostructures, there are several restrictions 19 

impeding its further advancement.[16] For example, the strategy can be only effective in 20 

relatively thin films (usually several to tens of nanometers) that can maintain a coherently 21 

strained state, rendering as-designed heterostructures unsuitable for high-voltage applications. 22 

The magnitude of strain that an epitaxial film can endure is also relatively small (typically 1-23 

2%). In addition, the limited number of commercial substrates poses a lack of continuous 24 

strain tunability.  25 
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The epitaxial orientation, as an alternative control parameter in heterostructure 1 

customization, has recently attracted rising interests for ferroelectric phase and domain 2 

design.[17,18,19] Several studies have revealed that the (111) orientation of a cubic substrate can 3 

introduce new types of phase instability and structure competition in a tetragonal ferroelectric 4 

via a dissimilar surface symmetry element, which we term epitaxial symmetry engineering. 5 

For example, unlike the commonly observed tetragonal phase in (001)-oriented PbTiO3 film, 6 

a SrTiO3 (111) substrate tends to drive the polarization of overlaid PbTiO3 towards the cube 7 

diagonal, thus giving rise to a new monoclinic phase.[17] This is a consequence of the epitaxial 8 

constraint with a 3-fold rotational symmetry around the [111] direction of the cubic substrate. 9 

By the same token, lamellar twinned nanodomain (around 40 nm) structures composed of 10 

three tetragonal variants can form in (111)-oriented PbZr0.2Ti0.8O3 films.[18] The complex 11 

domain structures contain rich elastic and electrostatic interactions, leading to unusual 12 

ferroelastic domain switching.[19] However, these reported ferroelectric systems via epitaxial 13 

symmetry engineering contain only single structural phase, which poses restriction for 14 

accessible polarization directions. This restriction then substantially limits the freedom of 15 

polarization rotation, thus suppressing field-driven responses.  16 

BaTiO3 (BTO) is a tetragonal ferroelectric at room temperature and shows consecutive 17 

transition to orthorhombic (at ~300 K) and then rhombohedral (at ~190 K) polar phases upon 18 

cooling.[20] The availability of such abundant phases in a temperature range of 100 K 19 

(corresponding to an energy scale of 0.009 eV) hints the possibility of constructing a 20 

polymorphic domain system in BaTiO3 epitaxial films by exploiting rich local interactions in 21 

a multidomain system. Despite the great promise, successful achievement of nanodomains 22 

with coexistent orthorhombic-like and tetragonal-like structures has been only reported 23 

recently in BTO films grown on an orthorhombic GdScO3 (110) substrate by utilizing the 24 

anisotropic misfit strain.21,22 Moreover, the study of the polymorphic nanodomain structure in 25 
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BTO films, especially from the perspective of microstructure-function relationship, has not 1 

been well established.  2 

In this report, we demonstrate a new polymorphic nanodomain state in strain-relaxed 3 

BTO films (with a thickness of ten to hundreds of nanometers) epitaxially grown on SrTiO3 4 

(111) substrates with an intermediate SrRuO3 layer [henceforth (111)-BTO)]. Using scanning 5 

transmission electron microscopy (STEM), we show the state consists of ultrafine domains 6 

with their sizes ranging from 1 to 10 nm, and coexisting rhombohedral, orthorhombic, and 7 

tetragonal structures. Notably, this domain structure is far more complex than other 8 

polymorphic domain systems discovered previously in simple oxide ferroelectrics such as 9 

BiFeO3, but surprisingly resembles the slush-like polar nanoregions of conventional relaxor 10 

ferroelectrics.23 However, unlike relaxor ferroelectrics that require chemical inhomogeneity to 11 

produce polar nanoregions, the domain structure in (111)-BTO is a result of the mechanical 12 

clamping from a cubic substrate with a three-fold rotational symmetry element according to 13 

phase field simulations. Furthermore, the particular domain structure leads to several relaxor-14 

like features such as strong polarization relaxation and frequency-dispersive dielectric peaks, 15 

which have not been reported in previous polymorphic nanodomain systems of simple oxide 16 

ferroelectrics. As a consequence, (111)-BTO exhibits significantly enhanced dielectric and 17 

piezoelectric response, compared to its (001) counterpart [namely (001)-BTO)]. Therefore, 18 

compared to previous works of (111)-oriented ferroelectrics, our study further reveals the 19 

huge potential of epitaxial symmetry engineering by demonstrating successful construction of 20 

complex domain structures with intriguing functional properties as those of conventional 21 

relaxor ferroelectrics.  22 

 23 

2. Results and Discussion  24 

We focus our study on 330 nm-thick, high-quality epitaxial BTO films on both STO 25 

(001) and (111) substrates with an intermediate SrRuO3 (SRO) electrode layer by pulsed laser 26 
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deposition (PLD) (see Experimental Section). The excellent epitaxial qualities of these 1 

heterostructures were verified by atomic force microscopy and X-ray diffraction (Figure S1–2 

5, Supporting Information). It is worth noting that the misfit strain was fully relaxed in both 3 

thick films. Especially, (111)-BTO has a rather small critical thickness (several nanometers) 4 

for strain relaxation (Figure S4, Supporting Information), resulting in similar properties in a 5 

broad thickness range (from ten to hundreds of nanometers). Therefore, the epitaxial 6 

symmetry plays a dominant role in the interplay between the mechanical constraint and 7 

ferroelectric domain formation in the (111) case. More specifically, the cubic STO substrate 8 

can enforce a three-fold rotational symmetry element along the out-of-plane [111] direction of 9 

BTO via macroscale mechanical clamping. Such an emergent symmetry element in BTO will 10 

introduce rich elastic and electrostatic interactions among the inherent tetragonal domains at 11 

room temperature, thus inducing significant structure instabilities with the emergence of novel 12 

domain structures.  13 

We first investigated the ferroelectric properties of the (001)- and (111)-BTO films 14 

using a Pt/SRO/BTO/SRO/STO capacitor structure (Figure 1a). Both structures have 15 

negligible leakage current under electric biases higher than 10 V (Figure S6, Supporting 16 

Information). In marked contrast to the square-like polarization-electric field (P-E) hysteresis 17 

loop of (001)-BTO (Figure 1b), (111)-BTO exhibits a slim hysteresis loop at room 18 

temperature with probing frequencies of 10 and 2000 Hz (Figure 1c), suggesting strong 19 

polarization relaxation. The different polarization behaviors were also confirmed by 20 

piezoelectric force microscopy (PFM, Figure S8, Supporting Information). Moreover, the 21 

square-like P-E loop of (111)-BTO at 130 K indicates that the relaxation is significantly 22 

suppressed at low temperatures (Figure 1c). The temperature-dependent polarization 23 

relaxation is reminiscent of relaxor ferroelectricity,[24] and may suggest a metastable polar 24 

domain state in (111)-BTO, which is subject to the competition among local fields, epitaxial 25 

constraint, and thermal fluctuation. From a functional point of view, the diminishing 26 
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hysteresis and remnant polarization along with large saturated polarization render (111)-BTO 1 

particularly promising for efficient, high-density dielectric capacitors.[25] 2 

Analysis of the temperature-dependent dielectric permittivity of (111)-BTO with 3 

varying probing frequencies can provide insights into the polarization relaxation dynamics 4 

and hints about possible phase transitions (Figure 1d and e). One important feature of (111)-5 

BTO is its large dielectric permittivity, with a value of over 1000 spanning a broad 6 

temperature range for probing frequencies up to104 Hz. This value is an order of magnitude 7 

larger than those of other conventional ferroelectric films, such as (001)-BTO (Figure 1d and 8 

Figure S7), and even some relaxor ferroelectric thin films.[25-27] Another noticeable feature is 9 

the existence of frequency-dispersive peaks in the temperature range of 250–350 K. As the 10 

probing frequency decreases, the temperature of the local dielectric permittivity maximum 11 

shifts to a lower value. This type of dielectric relaxation has been widely observed in relaxor 12 

ferroelectrics as well as ferroelectric MPB systems, which has been usually ascribed to the 13 

different dielectric response of nanodomains under varying local circumstances, rather than a 14 

macroscopic phase transition.[28-30]  15 

Two additional broad dielectric anomalies centered at ~400 and 200 K can be also 16 

identified in the dielectric spectra of (111)-BTO. The negligible frequency dispersion of their 17 

peak temperatures suggests a nature of diffusive phase transition. The higher-temperature 18 

anomaly should correspond to a ferroelectric-paraelectric phase transition, which is supported 19 

by the nearly linear P-E loop at 473 K, resembling that of a paraelectric phase (Figure 1c). 20 

The maximum temperature of the anomaly, i.e. ~400 K, is close to the Curie temperature of 21 

bulk BTO, as expected for a strain-relaxed BTO film. The lower-temperature anomaly should 22 

correspond to a transition event between two ferroelectric phases, which we analyze based on 23 

structure study in more detail below.  24 

Another intriguing figure of merit for (111)-BTO is its considerably enhanced 25 

piezoresponse compared to (001)-BTO. The piezoresponse of BTO films under the substrate 26 
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clamping condition was measured by a laser scanning vibrometer, which provides a reliable 1 

analysis by directly detecting the macroscale surface displacement of the top electrode under a 2 

driven bias.[31] As shown in Figure 1f and g, (111)-BTO exhibits an effective d33 value of 48 3 

pm V-1, increasing by more than 100% over 20 pm V-1 of (001)-BTO. This enhancement may 4 

again point to a particular domain structure in (111)-BTO in contrast to the uniaxial 5 

ferroelectric system of (001)-BTO. 6 

To understand the extraordinary dielectric and piezoelectric properties of (111)-BTO, 7 

as well as its particular dielectric behavior, we carried out a comprehensive structure study. A 8 

macroscopic three-fold rotational symmetry element around the out-of-plane [111] direction 9 

was first revealed by the second harmonic generation (SHG) measurement (Figure 2a and 10 

Figure S9, Supporting Information). The measured SHG signal was best fit with a 11 

rhombohedra symmetry (C3v) model. The three-fold rotational symmetry was verified by 12 

asymmetric reciprocal space mapping (RSM) via X-ray diffraction (Figure S4). 13 

Raman spectroscopy revealed microscale structural fingerprints. As shown in Figure 14 

2b, (111)-BTO shows the typical Raman modes of a tetragonal phase of BTO [A1(TO3), 15 

A1(LO3), A1(TO2), E(LO2), and E(TO3)].[32] Moreover, the presence of a smearing 16 

E(LO2+TO3) mode and an A1(TO1) mode suggests coexistence of rhombohedra and/or 17 

orthorhombic phases.[33] It is worth noting that neither a tetragonal nor an orthorhombic 18 

structure owns a three-fold rotational symmetry element along the [111] direction. This 19 

inconsistency between the macroscopic and microscopic structural symmetry can only be 20 

explained by reference to a microscopic scenario based on nanodomains: three equivalent 21 

tetragonal and orthorhombic variants exist in the form of nanodomains but occupy equal 22 

volumes on a macro scale, as enforced by the cubic substrate symmetry; this picture is similar 23 

as those macroscopic high-symmetry phases detected in canonical relaxor ferroelectrics and 24 

ferroelectric solid solutions with nanodomains.[34-35] In addition, the Raman spectra at 475 and 25 

525 K with diminishing polar mode intensity confirms the existence of a ferroelectric-26 
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paraelectric phase transition on the high temperature side. Furthermore, a possible transition 1 

to a dominant rhombohedral phase at low temperatures can be inferred from the redshift of the 2 

A1(TO2) mode and the blueshift of the A1(TO3) mode with decreasing temperature.[36] These 3 

results are therefore consistent with the inferred phase transitions in (111)-BTO from the 4 

dielectric spectra. 5 

We further investigated the microscopic ferroelectric domain structure via STEM. 6 

Figure 3a shows a representative high-angle annular dark-field (HAADF)-STEM cross-7 

sectional image of the (111)-BTO. The displacement vectors of the Ti cations with respect to 8 

the Ba cage are indicated by the overlaid arrows, which are proportional to the polarization of 9 

a unit cell.[37] As schematically illustrated in Figure 3b, the polar domains can be classified 10 

into Domains I, II, and III according to the polarization direction. Specifically, Domain I, with 11 

the Ti displacement vector projected along the [001] direction, can be assigned to either a 12 

tetragonal (displacing along [001]) or a rhombohedral (displacing along [1̅11]) phase. Domain 13 

II, showing the Ti displacement towards the edge of the Ba cage and rotating continuously 14 

from one side of the domain wall to the other, can be either orthorhombic (displacing around 15 

[1̅01]) or rhombohedra (displacing around [1̅1̅1]) phase. Domain III, with the polarization 16 

projected along the [1̅1̅0] direction, can be considered as either an orthorhombic structure 17 

with [1̅1̅0] polarization or a tetragonal structure with [1̅00] polarization. This result 18 

demonstrates phase coexistence in (111)-BTO at room temperature, as suggested by our 19 

Raman spectroscopy results. 20 

The coexistence of different ferroelectric structures with varying symmetries provides 21 

considerable scope for polarization rotation via reduction of polarization anisotropy, which 22 

has a significant impact on the domain structure.[8-9, 38-39] According to the aforementioned 23 

ferroelectric domains, we plotted the two-dimensional polarization mappings of several 24 

STEM images acquired from different regions (Figure 3c and Figure S12, Supporting 25 

Information). All of the images indicate high-density nanodomains, with their sizes typically 26 
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ranging from 1 to 10 nanometers. In particular, it is worth noting that, in all of the images, 1 

Domain II bridges the other two orthogonal polar domains (i.e. ferroelastic domains) via 2 

continuous polarization rotation. Such a bridging domain mechanism can significantly reduce 3 

the domain wall energy, thus inducing the observed domain miniaturization with high-density, 4 

low-angle domain walls.[39] 5 

Phase-field simulation provides a way to further confirm the polymorphic nanodomain 6 

structure and, more importantly, elucidate the evolution of domains and phases in (111)-BTO 7 

with temperature. As a model system, we constructed a 20-nm-thick BTO film with zero 8 

misfit strain (see Experimental Section). Simulation results with varying misfit strain are 9 

compared in Figure S13. In line with our experimental observations, nanodomains with mixed 10 

tetragonal, orthorhombic, and rhombohedral structures form near room temperature (Figure 11 

4b). Moreover, the above-observed bridging domain configuration by means of polarization 12 

rotation is also verified. As the temperature decreases, large rhombohedral domains emerge 13 

while tetragonal and orthorhombic domains gradually disappear (Figure 4a). In contrast, at 14 

higher temperatures, the tetragonal phase begins to dominate (Figure 4c). The evolution of the 15 

phase volume fraction with temperature is shown in Figure 4d. In the temperature range near 16 

the dispersive dielectric relaxation peaks, namely 250 to 350 K, there is considerable phase 17 

instability to temperature fluctuations. This metastable state is a direct consequence of the 18 

complex local interaction involving local electrostatic as well as elastic forces, and the 19 

epitaxial constraint. Furthermore, a transition to a pure rhombohedral phase occurs at ~250 K, 20 

again confirming the low-temperature phase transition event suggested by our dielectric 21 

analysis, Raman spectroscopy, and temperature-dependent SHG data (Figure S10). 22 

The simulation of ferroelectric domain structures under external electric fields offers a 23 

way to understand the remarkable dielectric and piezoelectric properties of (111)-BTO. As 24 

expected from the reduced polarization anisotropy in such a polymorphic nanodomain system, 25 

the simulation shows that the polarization in (111)-BTO is free to rotate towards the direction 26 
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of the applied out-of-plane electric field, thus giving rise to an increasing volume fraction of 1 

rhombohedral domains (Figure 4e). Moreover, the coercive field for a complete phase 2 

transition is merely 50 kV cm-1, corresponding to 1.5 V for a 330 nm-thick film. Such a field-3 

driven phase transition can explain the similar saturated out-of-plane polarizations in both 4 

(001)- and (111)-BTO (Figure 1b and c); otherwise the measured polarization in (111)-BTO 5 

would be only a fraction along the out-of-plane [111] direction of the titled polarization in 6 

tetragonal and orthorhombic variants. We can further infer that the polarization rotation is a 7 

continuous and smooth process, based on the absence of any discontinuous steps in the 8 

polarization switching of (111)-BTO (Figure 1c and Figure S6, Supporting Information). 9 

Interestingly, this scenario of field-driven polarization rotation and phase transition has indeed 10 

been reported in BTO bulk single crystals upon application of electric fields along the [111] 11 

direction.40 This scenario also greatly enhanced d33 along the [111] direction. However, due to 12 

the much bigger domain size and symmetry-restriction of a tetragonal structure in bulk BTO 13 

crystals, polarization rotation can only happen abruptly under a large critical electric field. 14 

Therefore, we believe this polarization-rotation scenario can be well established in the (111)-15 

BTO, and could be a most plausible origin of the enhanced field-driven responses, as in other 16 

polymorphic nanodomain systems.[6, 14, 41]  17 

 18 

3. Conclusion 19 

In summary, we report a new polymorphic nanodomain system in a single-compound 20 

BaTiO3 film with optimized field-driven responses by epitaxial symmetry engineering. 21 

Notably, this concept can be widely applicable to epitaxy along other high-index orientations. 22 

In addition, the strategy does not rely on the misfit strain but a symmetry element of the 23 

mechanical constraint, which brings about a distinct advantage lying in its effectiveness in 24 

thick films, probably without a critical thickness as a common limiting parameter for 25 

traditional strain engineering. It is particularly interesting that the domain structure we 26 
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observed in (111)-BTO resembles a slush-like polar structure of relaxor ferroelectrics with 1 

chemical inhomogeneities, thus giving rise to relaxor-like functional properties.23 Therefore, 2 

our findings shed new lights on an avenue towards the development of on-chip devices using 3 

simple perovskite oxides as piezoelectric and dielectric elements. 4 

 5 

4. Experimental Section  6 

Film growth and device fabrication: All the oxide films were grown on (001) or (111) 7 

STO substrates using a pulsed laser deposition (PLD) system with a KrF excimer laser (248 8 

nm). A reflection high-pressure high-energy electron diffraction (RHEED) system was used 9 

to monitor the growth. Before deposition, STO substrates (miscut < 0.1°) were etched with a 10 

buffered hydrofluoric acid solution and then annealed in air at 1000℃ for 3 hours to produce 11 

atomically flat surface with unit-cell step terrace structure. It is especially important to note 12 

that (111) STO substrates need an additional pre-growth annealing process in the PLD 13 

chamber under ultra-high vacuum (10-8 mTorr) at 700 ℃ for 20 minutes to avoid surface 14 

degradation and reconstruction during growth (Figure S1, Supporting Information). During 15 

deposition, the temperature of the substrate was maintained at 700 °C for the (001) case and 16 

670 °C for the (111) case. The SRO ultrathin films were grown under an oxygen pressure of 17 

100 mTorr with a laser fluence of 2 J cm-2. The BTO layers were subsequently deposited at an 18 

oxygen pressure of 20 mTorr with a laser fluence of 1 J cm-2.[42] Capacitor devices with a 19 

sandwich structure, namely Pt/SRO/BTO/SRO/STO, were fabricated by further depositing 20 

another layer of 20 nm-thick SrRuO3 on top of BTO for symmetric electrical contact. A layer 21 

of 100 nm-thick Pt was then deposited by sputtering on top for better contact. Circular-shaped 22 

top electrodes with a diameter of 200 μm were patterned by photolithography and ion milling. 23 

Electrical measurement: Electrical measurements, including P-E hysteresis loop and 24 

dielectric permittivity measurement, were done on the capacitor devices with a BTO film 25 

thickness of 330 nm. P-E hysteresis loop was measured with a TF analyzer 3000. Dielectric 26 
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permittivity was measured with an impedance analyzer (Agilent 4294A). In both 1 

measurements, a cold head (RDK, Sumitomo) equipped with a Pfeiffer vacuum pump was 2 

used to provide a low-temperature environment (from 400 K down to 4 K). A hot plate 3 

covered with aluminum foil was used to provide a high-temperature environment (up to 573 4 

K). 5 

PFM measurements: PFM were performed at room temperature using a commercial 6 

scanning probe microscope (Cypher, MFP-3D; Asylum Research) with Ir/Pt-coated AFM tips 7 

(PPP-EFM; Nanosensors), using the dual alternating current resonance tracing (DART) mode. 8 

Effective d33 measurements: Piezoelectric property was measured with a Polytec OFV-5000 9 

laser scanning vibrometer (LSV) that was equipped with a vibrometer scanning head PSV-10 

400. A sine-wave driving voltage with a specific amplitude and frequency was generated with 11 

a function generator. The out-of-plane vibration velocity and displacement was measured with 12 

the LSV based on Doppler effect. The effective piezoelectric coefficient d33 under the 13 

mechanical clamping condition from the substrate was then calculated from dividing the 14 

measured film dilation by the applied voltage. 15 

SHG measurements: Femtosecond laser light (Vitara-T; Coherent) with a wavelength 16 

of 800 nm, 80 MHz repletion rate, and 30 fs duration, was used as a fundamental light in both 17 

a grazing incidence geometry and a normal incidence geometry (see Supporting Information). 18 

Half-wave plane and polarizer was utilized to tune the polarization of fundamental light and 19 

SHG light, respectively. We monitored the intensity of SHG light by using a photomultiplier 20 

tube. 21 

Raman spectroscopy measurements: Horiba LabRAM Aramis equipped with a 473 nm 22 

Cobolt DPSS laser was used to collect the Raman spectra in the backscattering geometry with 23 

a microscope attachment. The laser power at room temperature under a 10× Olympus 24 

objective is 5.5 mW. Room temperature measurement was performed under a 100× Olympus 25 

objective with a numeric aperture (NA) of 0.9. Temperature-dependent measurement was 26 



Published in: Advanced Functional Materials, Vol. 30, DOI: 10.1002/adfm.201910569, 

1910569, 2020.     

14 

 

performed under a 50× Olympus objective with a NA of 0.5 and in a Linkam 600 stage. 1 

Neither a polarizer nor an analyzer was employed in the measurement. 2 

Atomic-resolution imaging by STEM: Ti4+-atomic displacement analysis of the (111)-3 

BTO thin film was performed using TEM. Cross-sectional TEM specimens were prepared by 4 

focused ion beam milling (Helios 650 FIB, FEI) and further thinned by focused Ar-ion 5 

milling (NanoMill 1040, Fischione). Atomic-resolution HAADF-STEM experiments were 6 

performed using a spherical aberration-corrected TEM (JEM-ARM 200F, JEOL Ltd, Japan) 7 

equipped with cold field emission gun operated at 200 kV. Before STEM experiments, TEM 8 

specimens were cleaned up with plasma cleaner to remove hydrocarbon and amorphous 9 

materials from the surface. Then the specimen was loaded 12 hours earlier to minimize the 10 

drift. In order to minimize the scan distortion and enhance the signal-to-noise ratio, 20 frames 11 

of HAADF-STEM images were acquired sequentially with a short dwell time of 1 μs/pixel 12 

and the image series were registered through cross-correlation between consecutive images. 13 

The images were processed by average background subtraction filter (ABSF) and low pass 14 

filter to minimize the background noise. The atomic positions were calculated by Gaussian 15 

fitting method with seven parameters of customized MATLAB script. For the accurate peak 16 

position finding, small size B-site atomic peaks were obtained after removing first fitted big 17 

size A-site atomic peaks. Ti4+-Atomic displacement was measured compared to the center of 18 

two nearest neighbor Ba2+ and Ti𝑂− alternately mixed atomic column positions. 19 

Phase-field simulations: The phase field method was utilized to model the evolution of 20 

the (111)-BTO films, where the polarization fields are obtained by solving the Allen-Cahn or 21 

Time-Dependent Ginzburg Landau (TDGL) equations: 22 

𝜕𝑃𝑖(𝒓, 𝑡)

𝜕𝑡
=  −𝐿

𝛿𝐹

𝛿𝑃𝑖(𝒓, 𝑡)
 , (𝑖 = 1,2,3) 23 
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where L, r, and t represent a kinetic coefficient relating to domain wall energy, spatial 1 

coordinates, and time, respectively. The polarization field is represented by Pi and F is the 2 

free energy functional. The free energy functional contains contributions from the elastic, 3 

chemical (bulk), gradient, and electrostatic energies: 4 

𝐹 =  ∫(𝑓𝐿𝑎𝑛𝑑𝑎𝑢 + 𝑓𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡 + 𝑓𝑒𝑙𝑒𝑐𝑡𝑟𝑖𝑐 + 𝑓𝑒𝑙𝑎𝑠𝑡𝑖𝑐)𝑑𝑉. 5 

An eighth order Landau-Ginzburg-Devonshire phenomenological potential was utilized to 6 

describe the Landau chemical energy, with the expression coefficients used from Wang et al. 7 

and Li et al.[43, 44]  The exact expressions and solving methods of each energy contribution can 8 

be found in the literature.[45] The semi-implicit Fourier spectral method (SIFS) was utilized to 9 

solve the TDGL equations and evolve the domain structure.[46] To initiate the simulation, 10 

process a small random noise was applied to each of the spatial grid points. The system size 11 

was (128 Δx) x (128 Δx) x (34 Δx) where Δx = 1.0 nm and Δx are represented in the real space 12 

dimensions. The thickness of the thin film was divided between substrate (10 Δx), film (20 13 

Δx) and air (4 Δx). A general Euler Transformation matrix was utilized to transform the thin 14 

film coordinates from a local (001) orientation to the (111) orientation, by proper selection of 15 

Euler angles φ, θ, and ψ.[47-48] The SIFS method was used to solve the TDGL equations in the 16 

local coordinates and then are rotated to (111) orientation. 17 

(

𝑐𝑜𝑠𝜙 𝑐𝑜𝑠𝜓 − 𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜙 𝑠𝑖𝑛𝜓 𝑐𝑜𝑠𝜓 𝑠𝑖𝑛𝜙 + 𝑐𝑜𝑠𝜃 𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝜓 𝑠𝑖𝑛𝜃 𝑠𝑖𝑛𝜓
−𝑐𝑜𝑠𝜃 𝑐𝑜𝑠𝜓 𝑠𝑖𝑛𝜙 − 𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝜓 𝑐𝑜𝑠𝜃 𝑐𝑜𝑠𝜙 𝑐𝑜𝑠𝜓 − 𝑠𝑖𝑛𝜙 𝑠𝑖𝑛𝜓 𝑐𝑜𝑠𝜓 𝑠𝑖𝑛𝜃

𝑠𝑖𝑛𝜃 𝑠𝑖𝑛𝜙 −𝑐𝑜𝑠𝜙 𝑠𝑖𝑛𝜃 𝑐𝑜𝑠𝜃
) 18 

 19 

To understand how the domain structure changes under electric field, an electric field 20 

of up to105 V/cm was applied on the thin film’s top surface. All calculations were done under 21 

zero misfit strain (ε11 = ε22 = ε12 = 0). The temperatures of the systems were varied from 150-22 

400 K, in 10-25 K increments to capture the phase transitions. 23 

 24 
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 1 
Figure 1. (a) Schematic of the electrical measurement device. (b, c) Temperature-dependent 2 

P-E hysteresis loops of (001)-BTO (b) and (111)-BTO (c) measured at 2 kHz. For (111)-3 

BTO, the hysteresis loop measured at 300 K with a frequency of 10 Hz is also shown. The 4 

saturated polarization (Ps) of (001)- and (111)-BTO at 130 K are labeled for comparison. (d, 5 

e) Temperature-dependent dielectric permittivity (d) and dielectric loss (e) of (111)-BTO 6 

measured with varying probing frequencies. The dielectric permittivity and dielectric loss of 7 

(001)-BTO measured at 104 Hz are shown for comparison. (f, g) The effective d33 of (001)- 8 

(g) and (111)-BTO (h), measured on the capacitor structure shown in (a) by LSV. 9 
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 1 
Figure 2. (a) Azimuth-dependent SHG signal intensity of (111)-BTO. A best fitting of the 2 

experimental data with respect to the rhombohedral symmetry (C3v) model is shown, 3 

suggesting a three-fold rotational symmetry around the out-of-plane [111] axis. The schematic 4 

illustrates the SHG experiment, with the polarizations of the fundamental and the second 5 

harmonic lights set to be parallel. (b) Temperature-dependent Raman spectra of (111)-BTO. 6 

The characteristic Raman modes of BTO are labeled. 7 

 8 

 9 
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 1 
Figure 3. (a) HAADF-STEM image of BTO in Pt/SRO/BTO/SRO/STO (111). Ti 2 

displacement vectors with respect to the Ba cage are indicated by the overlaid arrows. Domain 3 

I, II, and III, are classified according to the orientation of the Ti displacement vector. These 4 

domains are schematically illustrated in (b), based on tetragonal (T), orthorhombic (O), and 5 

rhombohedral (R) structure models. (c) Two-dimensional displacement vector mapping of the 6 

HAADF-STEM images acquired from different regions in the (111)-BTO film. The different 7 

hues (blue, green, and red) represent Domains I, II, and III, respectively. The brightness 8 

indicates the magnitude of the Ti displacement. 9 

 10 
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 1 
Figure 4. (a–c) Phase-field simulations of (111)-BTO (20-nm-thick) domain structures at 250 2 

K (a), 300 K (b), and 350 K (c). Domain definitions: T1: (±P0, 0, 0), T2: (0, ±P0, 0), T3: (0, 0, 3 

±P0), O1: (±P0, ±P0, 0), O3: (±P0, 0, ±P0), O5: (0, ±P0, ±P0), and R1: (±P0, ±P0, ±P0). The lateral 4 

dimensions of the system are 128 × 128 nm2. The misfit strain of the film is assumed to be 5 

zero. (d) The evolution of phase volume fractions with temperature. (e) The evolution of 6 

phase volume fractions under electric bias applied along the out-of-plane direction. 7 

 8 

 9 

 10 

 11 

 12 

 13 

 14 

 15 

 16 

 17 

 18 

 19 

 20 

 21 

 22 

 23 

 24 

 25 

 26 



Published in: Advanced Functional Materials, Vol. 30, DOI: 10.1002/adfm.201910569, 

1910569, 2020.     

24 

 

  1 



Published in: Advanced Functional Materials, Vol. 30, DOI: 10.1002/adfm.201910569, 

1910569, 2020.     

25 

 

A polymorphic nanodomain structure with coexistent metastable tetragonal, orthorhombic, 1 

and rhombohedral phases was constructed in BaTiO3 films by growing on SrTiO3 (111) 2 

substrates. The domain state results from a three-fold rotational symmetry around the surface 3 

normal of the substrate imposed on inherently tetragonal BaTiO3. Consequently, (111)-4 

oriented BaTiO3 films yields significantly enhanced dielectric and piezoelectric responses 5 

compared to its (001)-counterpart.  6 
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