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1 Theoretical analysis of distortion modes and trilinear couplings

In this section, we analyze the symmetry-allowed trilinear invariants involving the distortion modes
present in the monoclinic Pc phase. As discussed in the main text, the high-symmetry 74 /mmm
phase undergoes a symmetry lowering to the monoclinic Pc structure through the condensation of
several lattice modes. A symmetry-adapted mode decomposition of the relaxed monoclinic polar
phase identifies the following active distortion modes:

¢y (X3), B (T5), @ (X7), &7 (X5), P2 (), &, (Xy), Qu (I5). Q)
Clearly, all biquadratic couplings between the different modes are symmetry allowed. However,
symmetry analysis reveals only seven allowed trilinear invariants, listed below in order of increas-

ing importance, the amplitudes of the corresponding coefficients are given in Supplementary Ta-
ble 1:

xT z?

Because the trilinear terms are highly interconnected, with individual modes appearing in multi-
ple invariants, reversing any one participating mode inevitably triggers an avalanche of reversals
among the others so that all trilinear couplings remain simultaneously satisfied. In the main text,
we discussed the specific case in which the out-of-plane polarization is switched by an external
electric field. This process is accompanied by the reversal of the @, and ®; modes, which in turn
induces the switching of P, in order to satisfy all trilinear invariants in the free energy. However, as
already anticipated in the main text, although there are compelling arguments suggesting that this
pathway is the most likely, alternative switching scenarios also exist that simultaneously satisfy
all trilinear invariants. In Supplementary Figure 1, we illustrate the symmetry-allowed switching
pathways that respect all trilinear invariants upon reversing at least one polarization component.
As one can see from Supplementary Figure 1, the first two switching pathways require the si-
multaneous reversal of both polarization components. In these cases, reversing either P, or P,
inevitably forces the other to switch as well, since the involved rotations interlink them. These



Supplementary Fig. 1. Network of symmetry allowed switching paths. Panels a-f show dif-
ferent consistent combinations of reverting modes switching one or more polarization components
and respecting all trilinear couplings. Grey (white) circles indicate switching (preservation) of the
associated mode.

pathways therefore correspond to fully cooperative switching mechanisms in which P,, P,, and
the associated rotational modes invert together.

Alternatively, the remaining pathways illustrate that symmetry also permits the independent
reversal of each polar mode—provided that the antipolar distortion (), and the corresponding rota-
tional modes are reversed simultaneously. In these cases, the necessary trilinear invariants can still
be satisfied without forcing both P, and P, to switch together. Thus, although a fully cooperative
reversal of the two polarization components is possible, symmetry equally allows switching scenar-
i0s in which only one component flips. Determining which of these symmetry-allowed pathways
is most likely to occur in practice requires evaluating their energy cost. It is important to note that
the I'; as well as the antipolar I'; and rotational modes X are bidimensional (2k) in nature. A
rigorous Landau treatment would therefore require two independent components for each of them.
Although the two-dimensional character of the I'; mode is explicitly treated in order to repro-
duce its double-well structure, extending this fully two-dimensional description to all the modes as
well as the trilinear and biquadratic couplings would be computationally prohibitive within DFT.
Therefore, for simplicity, we treated the rotational and antipolar modes as one-dimensional distor-
tions. The double-well structure of the in-plane polar (I';’) mode is, however, described within its
full two-dimensional order-parameter space. In contrast, bilinear and trilinear couplings involving
the in-plane polar mode are evaluated within an effective one-dimensional framework, by project-



ing the mode amplitudes onto its one-dimensional P, subspace. The resulting model, including
all biquadratic and trilinear coefficients, remains illustrative but does not capture the full multidi-
mensional character of the modes and should thus be interpreted with caution (see Supplementary
Table. 1 for the 1D coefficients of the model). The 2D double-well structure for the in-plane polar
mode follows the following functional form,

—1275 - (a* + b*) + 705 - (a* + b*)* — 283.8 - a® - b*

Alternatively, from an experimental standpoint, ptychography allows us to identify which of
the symmetry-allowed switching paths are physically realized. The measurements as shown in Fig.
4 of the main text indicate that the switching is driven by the combined reversal of P, P,, @, ¢_,
i.e. the switching path shown in Fig. 1b.



Table 1: Coefficients in meV per unit cell after normalization of the modes amplitude to 1 in the
relaxed structure.

Coefficients | &
ar- -1660
By 1046
- 1.55
BF; 0.0
oy - -403
o] Xp 254
Qxt -501
o) xi 114
Qxt -1810
5X; 1008
Qx o 0.08
Bx; 0
OéF;r 0.01
51“;' 0

Trory 1
Trort 4
Trort 1
Troxp 447
Yoz x; 164
’}/FS— X;’ 733
Trox; 9
Ty xy 4
Ty xit 9
g xt 12
T x; 0
Rivgen 1
i xit 0
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Ixxg 5
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2 XLD-PEEM Studies

The asymmetry associated with the onset of ferroelectric order in thin films of this kind of mate-
rials leads to a difference at the Ti L3 absorption edges between spectra measured with the x-ray
linear polarization perpendicular and parallel to the ferroelectric polarization!. The angular depen-
dence of the Ti ¢y, /e, intensity ratio follows the expected cos® a behavior characteristic of X-ray
linear dichroism (see Supplementary figure 3), reflecting the projection of the electric-field vector
onto anisotropic TiOg orbitals as shown previously in 2. The differences in amplitude and phase
between regions are commonly associated with distinct orbital anisotropies or ferroelectric domain
orientations. Furthermore, we observe a shift in the positions of the ¢, and e, spectra, and a dif-
ference in this behavior depending on the region of interest analyzed. In crystal-field theory, the
splitting between ¢, and e, orbitals is set by the parameter 10Dq, which decreases or splits under
octahedral distortion.*”” Although BTO is a low-symmetry layered oxide in which ¢,, and e, form
bands rather than discrete levels, our data reveal a measurable angular modulation of the L3 e, —t,
separation. Supplementary Figure 4 shows a trend of closer centers in every ROI, with a steeper
slope in ROIS 2 and 3, indicating a local distortion, enhanced Ti off-centering, or increased Ti—O
hybridization, in agreement with the previous XLD results.

We also studied the O K-edge, shown in Supplementary Figure 5. Other studies reported the
O K-edge energies are strongly material-dependent.® and that the O 1s — 2p-Ti 3d and O 2p-Ti
45sp features shift by several eV due to variations in octahedral distortion or hybridization.”!° In
Bi-containing Aurivillius phases, additional Bi—O hybrid states (Bi 6s/6p—O 2p) further modify
and shift the higher-energy region of the O K edge.!! Notably, we observe systematic energy shifts
when rotating the X-ray polarization from parallel to perpendicular to the surface. This angular
dependence can arise from anisotropic O 2p hybridization with Ti 3d/4sp and Bi 6p states in
the distorted lattice, such difference in polarizations probe distinct subsets of unoccupied states.
Similar polarization-dependent shifts have been reported in angle-resolved soft X-ray studies of
anisotropic oxides.!?
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Supplementary Fig. 2. Incident-angle dependence of the Ti L-edge XAS for different regions
of the BTO film. Light-incident-angle dependence of the Ti L-edge XAS for (a) ROI 1 (experi-
mental data in dashed gray and fit in red tones), (b) ROI 2 (experimental data in dashed gray and fit
in blue tones), and (c¢) ROI 3 (experimental data in dashed gray and fit in purple tones). Every data
has been normalized to the L3 e, peak and an offset of 0.2 has been added to show clearly its angle
dependence. Purple dashed vertical lines have been added as a guide for the eye to note the energy
shift of every peak. (d) shows the contrast XLD PEEM image of the polarized region, showing
ROI 1 and ROI 2 correspond to regions polarized by AFM with +15 V and —15 V, respectively,
whereas ROI 3 represents an unpoled (virgin) area of the BTO film. A more pronounced angular
shift of the ¢y, and e, features is observed in ROI 1 and ROI 2 compared with ROI 3, consistent
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with enhanced anisotropy in the ferroelectrically poled regions.




Table 2: Ti L, 3 fitted peak parameters for ROI 1 as a function of polarization angle «.. Values are

reported as Center (eV) / FWHM (eV) / Maximum Normalized Experimental value.

«a (deg) L3 tog Ls eg Lo tog Lo eg
0 457.56/0.52/0.88 459.56/1.46/0.94 462.96/1.09/0.68 464.95/1.62/1.00
15 457.56/0.52/0.78 459.57/1.53/0.86 462.96/1.17/0.72 464.97/1.72/1.00
30 457.55/0.51/0.83 459.56/1.60/0.86 462.93/1.18/0.71 464.95/1.72/1.00
45 457.50/0.51/0.89 459.50/1.56/0.88 462.90/1.14/0.68 464.89/1.67/1.00
60 457.49/0.48/0.79 459.52/1.55/0.75 462.89/1.14/0.66 464.89/1.71/1.00
75 457.49/0.48/0.89 459.47/1.65/0.83 462.87/1.16/0.67 464.89/1.73/1.00
90 457.49/0.47/0.81 459.46/1.63/0.76 462.86/1.18/0.68 464.88/1.80/1.00

Table 3: Ti L, ; fitted peak parameters for ROI 2 as a function of polarization angle a.. Values are

reported as Center (eV) / FWHM (eV) /Maximum Normalized Experimental value

o (deg)

Lsg tag

Lzeg

Lo tog

Laeg

0
15
30
45
60
75
90

457.55/0.52/0.90
457.55/0.51/0.86
457.53/0.50/0.87
457.49/0.49/0.96
457.47/0.45/0.86
457.48/0.46/0.98
457.48/0.44/0.89

459.59/1.42/0.89
459.60/1.50/0.89
459.58/1.56/0.85
459.51/1.50/0.87
459.583/1.52/0.77
459.47/1.63/0.86
459.47/1.59/0.76

462.95/1.08/0.70
462.95/1.14/0.74
462.92/1.16/0.73
462.88/1.10/0.69
462.87 /1.12/0.69
462.86/1.13/0.69
462.85/1.13/0.68

464.97 /1.63/1.00
464.97 /1.67/1.00
464.95/1.71/1.00
464.88/1.68/1.00
464.89/1.72/1.00
464.88/1.74/1.00
464.87/1.82/1.00
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Supplementary Fig. 3. Angle dependence of Ti L ¢,,/e, orbitals. (a-c) PEEM images be-
longing to division of maximum of ¢5,/e, peaks with a incident polarization angle of 0°, 45° and
90°, respectively. These images show an angle dependence between both ROIs. Color scale bar
in (a) 1s 5 pm (d) Angle dependence of the light polarization used from o =0° parallel to o =90°

perpendicular to the sample surface, proving the in-plane orientation of the ferroelectric domains
in ROI 1 and 2.
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Supplementary Fig. 4. Ti L3 Difference between center of Ti L3 ¢5, and ¢, orbitals. Difference

between the the centers of Ti L3 ¢y, and e, orbitals in the regions of interest 1 (blue), 2 (red) and 3
(purple), suggesting a possible distortion of the 770g octahedra.
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Supplementary Fig. 5. XLLD PEEM of O K-edge in a polarized area. (a) Normalized intensity
with background subtracted of the O K-edge, noting the ¢5, and e, orbitals. Solid dark tones lines
belong to angle 0° of polarization, (parallel to the sample), and dashed light color lines correspond
to 90° (perpendicular to the sample surface). ROI 1 and 2 are colored in red and blue tones,
respectively. An artificial offset of 0.2 has been added between the ROI 1 and 2 for clarity. Dashed
vertical gray lines serve as guides for the eye, placed at the maximum of the peaks. (b) Intensity
difference between the ROI 1 and 2 with a polarization angle of 0°, parallel to the sample surface,
with dark solid green line; and 90°, perpendicular to the sample surface, with a dashed light green
line. (c) XLD, intensity difference between the perpendicular and parallel incidence light, of the
ROI 1 and 2 in solid red and blue lines, respectively. Inset: XLD contrast of PEEM image at the
maximum of the O K-edge ¢,, orbital, the two rectangles in red and blue belong to the ROI 1 and
2, respectively. Light-blue scale bar is 5 pm.
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3 HAADF STEM studies

High-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) fur-
ther corroborates the epitaxial alignment between the [010]/[001] zone axes of the BTO film and
the [110] zone axis of StRuO3/SrTiO3 (Supplementary Fig. 4). High density of 90° ferroelastic
domains is observed within the as-grown BTO film, attributed to the cubic symmetry of the SrTiO3
substrate (Supplementary Fig. 5). Despite the presence of localized stacking faults (Supplementary
Fig. 6), the high crystallinity of the pristine BTO film is demonstrated by the atomic-resolution
images. Collectively, the comprehensive structural analyses by AFM, XRD, and STEM unequiv-
ocally demonstrate that the synthesized BTO thin films possess outstanding crystalline quality,
smooth morphology, and precise epitaxial order. These results establish a robust foundation for
advanced investigations of their functional and ferroelectric properties.

13



SRO [110]

Supplementary Fig. 6. A low magnification STEM image showing the epitaxial alignment of
BTO [010]/[001] zone axes with SRO [110] zone axis.

14



.
LR

DR “an
& .

ST YRR
R

R R R

Supplementary Fig. 7. A high magnification HAADF-STEM image showing the formation of a
90° ferroelastic domain wall between BTO [001] and [010] domains.
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Stacking
faults

Supplementary Fig. 8. Lattice coherent stacking faults within BTO [010] domain, which is likely
originated from atomic stages on the substrate surface.
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