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Estimation of lattice parameters of BF-BT thin film using XRD

Reciprocal space maps (RSMs) in Fig. 1c and d were reconstructed from the captured 

scattering X-ray as a function of Qy-Qz and Qx-Qz around (002) and (-103), respectively, to 

estimate lattice parameters of the BF-BT thin film. In this context, Qx and Qy represent 

scattering wave vectors along the in-plane [100] and [010] direction, while Qz denotes the 

wave vector along the out-of-plane [001] direction. Based on the interplanar spacing 

comparisons with the previous research on BF-BT filmsS1, we found that two distinct 

diffraction peaks arising from the rhombohedral (R-phase) and tetragonal (T-phase) of the BF-

BT thin film appear at Qz 3.082 Å-1 and 2.910 Å-1 (where Qy 0). The T-phase produces a  =   =  

(-103) reflection at Qx value of 1.608 Å-1, identical to that of the substrate, while that of the 

R-phase exhibits a diffusive scattering intensity along the in-plane direction with Qx maxima 

at 1.562 Å-1. These indicate that the T-phase is coherently strained with the estimated a- and 

c-axis lattice parameters of 3.907 Å and 4.318 Å (c/a ratio of 1.11). In contrast, the R-phase is 

fully relaxed with that of 4.022 Å and 4.077 Å (c/a ratio of 1.01). For the flexoelectric layer, 

the gradual layer-by-layer lattice distribution contributes to overall background intensity; 

however, significant thermal scattering from SRO and STO makes the flexoelectric layer 

reflection difficult to identify in reciprocal space.



Effect of phase transformation in flexoelectric layer on x-ray diffraction profiles

Kinematic simulation was conducted to evaluate the effect of phase transformation 

within the flexoelectric layer on x-ray diffraction (XRD) profiles. The total film thickness was 

kept constant, assuming that the phase transformation is spatially confined to the 

flexoelectric layer, as illustrated in Fig. S5.

Fig. S6a and b show the simulated (002) XRD profiles corresponding to gradual phase 

transformation of the flexoelectric layer into either T-phase ( ) and R-phase (Δ𝑡𝑇 ‒ 𝑝ℎ𝑎𝑠𝑒

), respectively. These profiles exhibit intricate interference fringes that arise from the Δ𝑡𝑅 ‒ 𝑝ℎ𝑎𝑠𝑒

collective structural contributions of T-phase, R-phase, and flexoelectric layer, whose 

individual thickness and lattice parameter generate overlapped diffraction pattern. The 

interference fringes originating from R-phase are not observed in experimental data due to 

the disorder of crystallographic orientation along the out-of-plane direction in R-phase layer.

The phase transformation in the flexoelectric layer results in a redistribution of the 

calculated diffraction intensity, which is an evident in both the fringe spacing and the 

scattered intensity. Based on the reciprocal relationship between layer thickness and Bragg-

fringe spacing, our simulation shows that transformation of the flexoelectric layer into T-

phase leads to a decrease in Bragg-fringe spacing, while transformation into the R-phase 

results in increased spacing. The phase transformation also changes the normalized peak 

intensity: when the flexoelectric layer transforms into the T-phase, the normalized intensity 

of the T-phase increases while that of the R-phase slightly decreases (Fig. S6c). Conversely, 

transformation into the R-phase leads to an increase in R-phase intensity and a reduction in 

T-phase intensity (Fig. S6d). These simulation results indicate that even modest changes in 

the thickness of the flexoelectric layer can significantly affect the overall XRD profiles.



Fig. S1. Cross-sectional STEM analysis of epitaxial BF-BT thin film.
(a) Low magnitude STEM images including BF-BT thin film, SrRuO3 (SRO) bottom electrode, 
and SrTiO3 substrate. The black dot square boxes indicate the selected region of interest for 
high magnitude STEM images. (b) The high magnitude STEM images near the interfaces 
between SRO film and STO substrate (region 1), (c) between BF-BT and SRO films (region 2), 
and (d) between tetragonal phase (T-phase) and flexoelectric layer (region 3). The white 
arrow indicates misfit dislocation that appears to reduce the elastic strain induced by the 
lattice mismatch between the BF-BT thin film and STO substrate, which is evidence of the 
strain relaxation.S2



Fig. S2. Cross-sectional MEP analysis of epitaxial BF-BT thin film.
(a) Cross-sectional MEP image of the BF-BT R-phase layer. (b) Low and (c) high magnitude of 
atomic-mapping images near the straight-line defect in the BF-BT layer.



Fig. S3. Estimation of in-plane strain gradient.
In-plane strain and corresponding strain gradient ( ) of BF-BT thin film along the out-of-∂𝑢𝑦𝑦/∂𝑡

plane [001] direction is estimated using intensity variation of line profile of the STEM image 
in Fig. 1b. The strain gradient of approximately 4 106 m-1 is generated by a gradual  ×  

relaxation of in-plane strain from -3.15% up to 0% within the flexoelectric layer with a 
relaxation length of 6 nm above the critical thickness.



Fig. S4. Relaxor-like behavior of BF-BT thin film.
(a) Dielectric permittivity (left, black) and dissipation factor (right, red) as a function of 
temperature (20-300°C) and frequency (1-1000 kHz). (b) Polarization–electric field hysteresis 
loops measured at a frequency of 10 kHz at room-temperature.



Fig. S5. Hypothesized phase transformation for kinematic simulation.
Schematic illustration of phase transformation confined to the flexoelectric layer. The black 
dot lines indicate the interfaces of the flexoelectric layer.



Fig. S6. Thickness-dependent XRD simulation of phase transformation in flexoelectric 
layer.
(a) Simulated (002) XRD profiles from BF-BT thin film computed with varying thickness 

= 0, 1, 2, 3, 4, 5 nm and (b) = 0, 1, 2, 3, 4, 5 nm. (c) Normalized intensity of Δ𝑡𝑇 ‒ 𝑝ℎ𝑎𝑠𝑒 Δ𝑡𝑅 ‒ 𝑝ℎ𝑎𝑠𝑒

the R- and T-phases corresponding to  and (d) .Δ𝑡𝑇 ‒ 𝑝ℎ𝑎𝑠𝑒 Δ𝑡𝑅 ‒ 𝑝ℎ𝑎𝑠𝑒



Fig. S7. Time dependence of intensity distribution of (002) Bragg reflection of R-phase 
under electric field of 28 MV m-1 for 4 μs.
The time constants associated with the response to applied electric field can be determined 
by using piezoelectric shift of the Bragg reflection. The intensity maximum of R-phase shifts 
over approximately 700 ns during and after the applied electric field, indicating that the 
charging and discharging time constants of the BF-BT capacitor are less than 700 ns. Thus, the 
time interval, defined as 3 μs from the beginning of the electric pulse, is sufficient for the 
detection of electric field dependent XRD profiles to avoid charging and discharging effects of 
the capacitor.



Table S1.
Comparison of ferroelectric and piezoelectric properties of T-phase of BF-BT thin film in this 
study with purely tetragonal phase of Pb(Zr,Ti)O3, BaTiO3, BiFeO3, and BiFeO3-BaTiO3 thin 
films system.

Materials Thickness
(nm)

d33

(pm V-1)
Pr

(μC cm-2) εr Prεr Ref.

Pb(Zr0.2Ti0.8)O3 30 45 105 90 9450 (S3)
BaTiO3 80 21 / / / (S4)
BiFeO3 20 30 / / / (S5)
BiFeO3 15 / 150 / / (S6)
BiFeO3 30 / / 16 / (S7)

0.68BiFeO3-
0.32BaTiO3

300 35 87 74 6438 (S1)

0.67BiFeO3-
0.33BaTiO3

23 351 29 371 10759 This 
work



Table S2.
Atomic scattering factors of Bi, Fe, Ba, Ti, and O.

Atom 𝑓0
𝑗 + 𝑓'

𝑗 𝑓''
𝑗

Bi 78.3690 6.53426
Fe 25.9946 2.23854
Ba 56.0548 6.24546
Ti 22.3908 1.26095
O 8.03533 0.02075



Table S3.
Fractional atomic position based on crystal structures.

Fractional atomic position
atom 𝑢 𝑣 𝑤 Ref.

Bi 0 0 0
Fe 0.5 0.5 0.439
O1 0.5 0.5 -0.17
O2 0 0.5 0.294

BiFeO3 
(P4mm)

O3 0.5 0 0.294

(S8)

Bi 0 0 0
Fe 0 0 0.22056BiFeO3 (R3C)
O 0.44050 0.01711 0.95214

(S9)

Ba 0 0 0
Ti 0.5 0.5 0.5224

O1 0.5 0.5 0.9756
BaTiO3 

(P4mm)
O2 0.5 0 0.4895

(S10)
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