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We present a method using Zernike moments[ | for quanhfymg rota- Angular Correlation Between Two Patches Definition of Reflection Score, Sg
tional and reflectional symmetries in scanning transmission electron mi- e
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demonstrate its utility in unsupervised segmentation of polytypes in
twisted bilayer TaS,, enabling precise differentiation of structural phases
and monitoring transitions induced by electron beam effects.
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croscopy (STEM) |mages[2], aimed at enhancing atomic-scale structural Zernike feature before reflaction (d) |
analysis. This technique is resilient to common imaging noise, making ~ [![!An.@;“-]..] © o
it suitable for low-dose imaging and identifying quantum defects. We e
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] : Quadratic terms
u=[..,C"Cr,...] .
C, ™ = AT cos(mb) + A, sin(mb) :Interaction terms
O = A sin(mf) — A,™ cos(mb)
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Symmetry Quantification: Novel method for quantifying symmetries — wmmmmmmmmmmm s s s s s oo oo oo ’
|n STE M |mageS’ |m prOV| ng Stru Ctu ral ana |yS|S Figure 3. lllustration of reflectional symmetry score Sg. (a) Original HAADF-STEM image patch (F,) and its Zernike feature vector v. (b) Reflected patch
. . . (Pj) and its Zernike vector u’. (c) Similarity score s’ (€) from dot product of v and «’. (d) Reflectional curve s’ (#) for continuous angles 6. (e) Reflectional
Segmentahon ACCU Fa Cy: ACCU rate Segm e ntah onN Of pO |ytypes 1N score Sg is the maximum value of s’ (). (f) Local patches via sliding window technique. (g) First 66 Zernike moments for each patch. (h) Calculation of
. . . . . . . the reflectional curve s’ (6). (i) Visualization of reflection curve. (j) Maximum of s’ (f) defines Sg. (Scale bar: 1 nm)
twisted bilayer TaS,, offering insights into structural phases and their
transitions.

Rotational and reflectional symmetry maps

(@) MoSe; HAADF image (b) Sy (N = 3) map (c) Sn (N = 6) map (d) Sk map
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Representation of patches as Zernike moments
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Zn - Zernike polynomial An - Zernike moment patch size — 72 patch size — 72 patch size — 72
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i (b) Zernike moments (c) Image matrix (d) Zernike matrix i Figure 4. Rotational and reflectional symmetry maps of an experimental monolayer MoSe, HAADF image. (a) depicts the experimental HAADF-STEM
| 9 9 ! image of a monolayer MoSe, with defects and contamination (upper left). (b)-(d) 3-fold, 6-fold, and reflectional symmetry maps calculated from the
i t X606 tXs S“ X060 E experimental image in panel a. (scale bar: 0.5 nm)
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Figure 1. Representation of image patches as Zernike moments. (a) depicts the approximation of an image patch (left) as a linear combination of Zernike
polynomials Z™ with coefficient A", which is called Zernike moment. Zernike moments can be calculated via dot product, as shown from (b) to (d).
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N-fold rotational symmetry score, Sy

Angular Correlation Between Two Patches Definition of N-fold Rotational Score, Sy
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Figure 5. Reflectional symmetry maps delineate phases in twisted bilayer TaS,. (a) Experimental HAADF-STEM image and FFT (power spectrum) of
twisted bilayer TaS,. (b) Multislice simulation images of a-, 5-, and y-TaS, stacking phases. (c) Atomic structures of phases from panel b. (d) 2D PCA
layout of local FFT patterns from reflectional symmetry maps in panel e. (e) Reflectional symmetry map of HAADF-STEM images across time series. (f)

- 2

O0O-0O-000

———————— ————— ——— ———— — ——

OO0OO00 £
£Q

A?O A(64) O (A69)2 S6 Phase segmentation based on reflectional symmetry maps in panel e. (g) Density plots of phases in 2D PCA space, with the same principal components
Al A(65) O (A2 (Pre-determined) S7 as in panel d. (Scale bar: 4 nm)
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Figure 2. lllustration of N-fold rotational symmetry score Sy. (a) Original HAADF-STEM image patch (Py) and its Zernike feature vector v. (b) Rotated

patch (Py) and corresponding Zernike vector w. (c) Similarity score s(6) from dot product of v and w. (d) Series of similarity scores for discrete rotation . . _

angles ©. (e) Mean similarity score defines Sy. (f) Local patches via sliding window technique. (g) First 66 Zernike moments for each patch. (h) [1]  Dan, J. et al., Science Advances 8 (2022), doi:10.1126/sciadv.abk1005 °

Conversion of Zernike moments to single index format. (i) Squaring Zernike features. (j) Si as a linear combination of quadratic terms with coefficients [2] Dan, J. et al., Chinese Physics B (2024), doi:10.1088/1674-1056/ad51f4 mOtI -Iearn
w;n. (Scale bar: 1 nm) [3] GitHub repository — motif-learn: https:/github.com/jiadongdan/motif-learn
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