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1. Out-of-plane X-ray diffraction pattern and rocking curve.

Figure S1(a) shows the out-of-plane X-ray diffraction (XRD) pattern of the BaTiO; film. The out-of-plane
XRD pattern shows only the 00/, reflections for BaTiO3 and the hkO, reflections for GdScOs and SrRuOs,
suggesting a c-axis-oriented epitaxial film and no impurity phases. The rocking curve of the BaTiOz 002,

reflection has a 0.0122° full-width at half-maximum, as shown in Fig. S1(b).
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FIG. S1. (a) Out-of-plane XRD patterns of BaTiOs films grown on a (110) SrRuO; film and (110) GdScOs3
substrate. (b) XRD rocking curve of the BaTiO3; 002, reflection.



2. Bright-field TEM image and diffraction patterns from the BaTiO; film

Figure S2 shows the cross-sectional bright-field transmission electron microscopy (TEM) image taken from
the [-110], zone axis of the GdScOs substrate, and the selected-area electron diffraction patterns of the
BaTiOs film. The bright-field TEM image and diffraction patterns indicate that there are no impurity phases or
misfit dislocations around the BaTiO3/SrRuO3 and StRuOs/GdScOs interfaces.
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FIG. S2. (a) Cross-sectional bright-field TEM image of the BaTiO; film taken from the [—-110], zone axis of
the GdScOs substrate. Selected-area electron diffraction patterns obtained from the (b) GdScOj3 substrate and
(¢) BaTiOs film.

3. P-E and I-E curves from 7 K to 760 K
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FIG. S3. Temperature dependence of the P-F (a and b) and /-E (c and d) curves recorded at 1 kHz for the
BaTiO:s film, for a temperature range of 7 =760 K.



4. Ti ion displacements in bulk BaTiO3
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FIG. S4. Bulk BaTiOs has a tetragonal crystal structure at 300 K, orthorhombic crystal structure at 230 K, and
rhombohedral crystal structure at 100 K'. The displacements of the Ti ion from the center position for the
tetragonal, orthorhombic, and rhombohedral phases are 9.0 pm, 4.5 pm, and 6.1 pm, respectively'. In the

orthorhombic phase, the unit cell has a monoclinic structure, as indicated by the dashed lines.

5. Ferroelectric properties in the low-temperature range

The dielectric constants and remanent polarization of the BaTiO3 film show slight changes around 60 K, as
shown in Figs. S5(a) and S5(b), implying a possible change in the ferroelectric state or the existence of a third
phase transition. To investigate the ferroelectric behavior around the low-temperature region, the coercivity
(Ec) is calculated from the P—E curves. In the case of bulk BaTiOs, other parameters, such as coercivity (Ec),
are also altered near the phase transition temperatures'?. Figure S3 shows the P-E and I-E curves for the
temperature range of 7-760 K. The measurement results of the P—E and /-E curves reveal that the coercivity
gradient exhibits a gradual change starting from approximately 100 K and a large change starting from 60 K,
as shown in Fig. S5(c).

The voltage shifts as a function of temperature, showing the change starting from approximately 100 K and
the change point at 60 K, as shown in Fig. S5(d). The voltage shifts are defined as the shifts from the zero
electric field of the switching center estimated from the peak tops of the /I-E curves. The voltage shifts of the
P-E curves can be explained by the depletion effects®. In the present film, the measurements are made on
capacitors comprising a BaTiO; film sandwiched between low-quality or polycrystalline SrRuOs (top) and

epitaxial or single-crystalline SrRuOjs (bottom), indicating different depletions around each interface due to
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different crystallinities. This means that the electronic states (i.e., built-in potentials) around the interfaces
between the BaTiOs film and the electrode change in the low-temperature regions.

Several reasons exist for the origin of ferroelectric property changes in the BaTiOs films in the
low-temperature regions. First, the BaTiOs film shows a possibility of phase transition from multiphase (CTE
+ COE) to another phase, i.e., single COE phase, multiphase (CRE + COE), or CRE phase. The second
possibility is caused by the phase transition of the SrRuOs bottom electrode film. An epitaxial STRuOs film
has been known to demonstrate ferromagnetic phase transitions accompanied by a change in the conductivity,
at temperatures around 100 K, even though a thickness dependence exists for the phase-transition behavior®,
In this case, it may be possible to explain the change in the voltage shifts on the basis of the changes in the
depletion layer around the interface. However, for the change in the coercivity, the phase transition of the
SrRuO:s electrode is considered to be irrelevant, because of the small change in the crystal structure under the
ferromagnetic phase transition. Third, the ferroelectric properties of the BaTiO; film change without any
structural phase transition. Previous reports on the resistivity of electron-doped BaTiOs films grown on a
GdScO; substrate showed that the resistivity increased with decrease in the temperature below 100 K°. Then,
the out-of-plane lattice parameters of the film, as functions of temperature, showed no discontinuous variation
from 300 to 5 K’, indicating the possibility for changes in the electronic states without structural phase
transitions. Moreover, in the BaTiOs single crystal, the dielectric constant was reported to change around 100
K without structural phase transitions®. Therefore, the changes in ferroelectric properties related to coercivity
and voltage shifts may be related to the changes in the electronic states of the BaTiOs; film itself without
structural phase transition.

To clarify the ferroelectric properties in the BaTiOs film in the low-temperature regions, more detailed
investigations are required, especially on the dependence on the magnitude of strain, substrate symmetry, and

film thickness.
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FIG. S5. (a) Dielectric constant, (b) remanent polarization, (¢) coercivity (Ec), and (d) voltage shift in the

hysteresis loop of the BaTiOs film, as functions of temperature. The rescaled coercivity is inserted in (c).
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6. Estimation of the error bar for cation displacements

In the determination of atom positions using STEM images, the main factor decreasing the accuracy is
considered to be the image drift. Thus, we will estimate the image drift effects of local lattice distortions.
Figures S6(a) and S6(b) show the 1* and last (30" HAADF STEM images used for obtaining the integrated
image shown in Fig. 5. Here, the recording time for one image is approximately 1 s, and the wait time for
recording the next image is approximately 1 s. Thus, the total time for recording the 30 images is
approximately 1 min. Slight image drifts exist between the 1* and 30™ images. The 5x and 8y of the image
drift between the 1** and 30" images are below 200 pm. Figure S6(c) shows the estimation results of the
magnitudes of 3x and dy for each image from the position of the 1* image. An integrated image is used for the
translated images, using the values of 6x and dy. The average x and dy for every 2 s are 16.7 pm and 12.0 pm,
respectively, estimated from the average dx and 8y for 30 images. Considering the recording time of 1 s for
one image, the image distortion in one image is 6x = 16.7 / 2 = 8.4 pm and dy = 12.0 / 2 = 6.0 pm. Then, the
lattice distortion in each unit cell is 6x = 8.4 / 24 = 0.35 pm and 8y = 6 / 24 = 0.25 pm, since one image is
included in approximately 24 unit cells. These values suggest that the integrated STEM imaging technique can
suppress the effects of image drifts and scan noise, as previously reported by Kimoto et al.”, indicating that the
atom position accuracy can be optimized.

In STEM imaging, however, other factors exist that the decrease the atom position accuracy, especially, in
terms of the scanning reproducibility, stability, and accuracy for each acquired image. If we can suppress the
effects of the image distortions originating from the image drifts, the problems of scanning stability are the
only remaining challenges, which strongly depend on the STEM machine and its installation environment.
Therefore, to estimate the error bar for the cation displacements, we also analyze the Ti ion displacements
from the integrated HAADF STEM image taken from the SrTiOs single crystal for the reference sample. This
is because SrTiOs is an ideal cubic unit cell of perovskite oxide and the Ti ions are located at the geometric
center.

Figure S7(a) shows the Ti ion displacement vector maps superimposed on an integrated HAADF STEM
image of SrTiOs. Figure S7(c) shows the deviation of the Ti ion displacements from the geometric center,
analyzed from the results of Fig. S7(a). The average of the Ti ion displacements (dn= v (d:*+d,*)) of Fig.
S7(c) is 2.4 pm. Then, the averages of d: and d, are 0.5 pm and 0.2 pm, respectively, indicating that the
directions of the Ti ion displacements are almost random, owing to the paraelectric material. The standard
deviations of the Ti ion displacements along the x and y directions are o, = 1.9 pm and o, = 1.9 pm,
respectively. Based on the standard deviations, the error bar in this study is set to be + 2 pm. Considering the
magnitude of lattice distortions estimated from the image drifts, the deviations are large, indicating that the
factor for the decrease in accuracy of atom positions by scanning stability may be larger than that of the image
drifts. Nevertheless, it is sufficient to investigate the Ti ion displacements in BaTiOs films, because the error

bar is smaller than the average Ti ion displacements in BaTiOs films.
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FIG. S6. (a) 1" and (b) last (30™) HAADF STEM images used for an integrated STEM image. (c) Magnitudes

of image drifts of 8x and 8y from the 1* image position while recording images from 1% to 30"
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FIG. S7. (a) Ti ion displacement vector maps overlaying an integrated HAADF STEM image taken from the
[010] zone axis of a SrTiOs single crystal. The color scale and color vectors at the bottom of (a) are the same
as that in Fig. 5(d) in the main text. (b) Schematic of the Ti ion displacement of d, and d, for the estimation of
deviation along the x and y directions. (¢) Deviation of the Ti ion displacements from the geometric center. To
make the deviations along the x and y directions clearly visible, the histograms corresponding to d. and d, are

inset in (c¢).
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