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Supplementary Text I: Strain-gradient origin of polar vor0ces in t-BL SROs 24 

The periodic misalignment of the atoms in the top and bolom layers can generate 25 
inhomogeneous interlayer interacKons and torsional deformaKon (shear strain) within the 26 
lamce. In principle, the shear strain gradients arisen from inhomogeneous torsion gives rise 27 
to flexoelectric fields, which can serve as pseudo-electric fields, modulaKng polarizaKon and 28 
driving the formaKon of polar vorKces. It is nevertheless legiKmate to quesKon whether (or 29 
how) the flexoelectric effect can sKll effecKvely manipulate topological polarizaKon in the 30 
presence of electric screening from free charge carriers in a metal. To invesKgate flexoelectric 31 
coupling in metallic SRO bilayers, we employed geometric phase analysis (GPA)1 to calculate 32 
the shear and normal strains (Supplementary Figs. S10 and S11) on the lamce structure 33 
observed at STEM-HAADF images (Supplementary Fig. S6). We found that only the shear 34 
strains exhibit a periodic distribuKon that closely follows the moiré palern and highly 35 
correlates with the arrangement of polarizaKon vorKces (Fig. 2 in main text). We then 36 
computed the derivaKves of the shear strain (εxy) along the x-axis and y-axis to extract the 37 
shear strain gradient components (εxy,x and εxy,y) (Supplementary Fig. S10). The corresponding 38 
flexoelectric field2 can be calculated as 39 

                                                    (S1) 40 

where Eflexo is a total flexoelectric field. Ex and Ey are in-plane components.  and are unit 41 

vectors in the x-direcKon and y-direcKon, respecKvely.  is an effecKve flexoelectric 42 

coupling coefficient. According to the above model, the shear strain gradients of εxy,x and εxy,y 43 
can generate pseudo-electric field components in the y-direcKon and x-direcKon, respecKvely, 44 
which in principle can polarize the lamce both verKcally and horizontally. To explore the 45 
coupling between strain gradient and polarizaKon, we superimposed the strain gradient maps 46 
and the measured Ru displacement components (Supplementary Fig. S10). We find that the 47 
strain gradients are distributed in a strip network of alternaKng signs, with the polarizaKon 48 
components poinKng in the same direcKon within each strip region, thus evidencing a direct 49 
correlaKon between the polarizaKon and the direcKon of the strain gradients. The polarizaKon 50 
systemaKcally switches towards the opposite direcKon upon the reversal of the strain 51 
gradients. 52 

On this basis, we reconstructed the total flexoelectric field from the shear strain gradients 53 
using eq. (S1) with a unit flexoelectric coefficient. The normalized flexoelectric field maps are 54 
presented in Main text Figs. 2j-l and Supplementary Fig. S8, superimposed with the toroidal 55 
moment (calculated in a similar way to Q(δRu)). The results show a significant correlaKon 56 
between the flexoelectric fields and measured polarizaKon vorKces, providing evidence of a 57 
flexoelectric (strain gradient) origin for the polar vorKces in metallic twisted bilayers. The 58 
above-established electromechanical coupling provides further insights into the origin of the 59 
observed twist angle-dependent polarizaKon. We compared the shear strains and 60 
corresponding strain gradients within different t-BL SROs, and found that they follow the same 61 
twist-dependence as polarizaKon (Supplementary Fig. S12). The larger polarizaKon at small 62 
angle originates from the more significant lamce distorKon (shear strain) and its localized 63 
inhomogeneity (strain gradient).  64 

( ) ! !( ), ,, eff
x y xyxy xy y xy xE E f e e= = +i jflexoE E E

!
iE !

jE

y
eff
x xyf



   

 

 3  

 

 65 

Supplementary Figure S1. High-resoluKon topographic atomic force microscopy (AFM) 66 
images (2x2 μm2) and corresponding surface roughness (Ra) of a, epitaxial film, b, oxidized 67 
silicon substrate, c, transferred single layer SRO, and d, twisted bilayer SRO.   68 
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 69 

Supplementary Figure S2. a, Fourier-filtered STEM-HAADF (cross-secKon) image of a 70 
transferred 4.8° twisted bilayer. b, Intensity profile along the highlighted arrow in a depicKng 71 
an interlayer distance of 4.97Å, which is approximately one unit cell in magnitude. 72 
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 74 

Supplementary Figure S3. a, Low-magnificaKon HRTEM image of a freestanding single-layer 75 
SRO membrane. b, Corresponding selected area electron diffracKon (SAED) image. c, 76 
Simulated SAED palern of a [100]pc-oriented orthorhombic SRO structure using Recipro 77 
soyware3. The yellow arrows indicate the ½ superlamce diffracKon spots. The experimental 78 
palern matches well with the simulated one, indicaKng orthorhombic characterisKcs of the 79 
freestanding SRO membrane.  80 
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 81 

Supplementary Figure S4. a, Low-magnificaKon annular dark-field (ADF) image focusing on 82 
the bilayer interface of 4.8o twisted bilayer, revealing a conKnuous and well-ordered moiré 83 
palern. b, Magnified view of the region highlighted in a, showing detailed moiré features. 84 
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 86 

Supplementary Figure. S5. a-d, Fast Fourier transform (FFT) patterns corresponding to the 87 
STEM-HAADF images focusing on the bilayer interface in the 3.0ο, 4.8ο, 7.3ο, and 10.4ο twisted 88 
bilayers, respectively. Each FFT pattern exhibits two distinct sets of diffraction spots arising 89 
from the top and bottom lattices. The twist angle is determined based on the relative rotation 90 
(indicated by two yellow lines) between the two sets of diffraction spots. 91 

  92 



   

 

 8  

 

 93 

Supplementary Figure. S6. a-d, Planar-view STEM-HAADF images focusing on the upper 94 
surface of the top layer in the 3.0ο, 4.8ο, 7.3ο, and 10.4ο twisted bilayers, respecKvely. 95 
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 97 

Supplementary Figure S7. a, Planar-view STEM-HAADF images of the 7.3o twisted bilayer 98 
obtained at different focus depths (df), capturing structural variaKons from the bilayer 99 
interface to the upper surface of the top layer. b, Corresponding fast Fourier transform (FFT) 100 
palerns extracted from the STEM-HAADF images. c, Line profiles taken at the [2-20]o 101 
diffracKon spots (indicated by red arrows) in the FFT palerns, illustraKng the evoluKon of 102 
intensity from the bilayer interface to the upper surface. As shown in Fig. c, the intensity of 103 
diffracKon spot arisen from bolom SRO layer vanishes gradually as shiying the focus away 104 
from bilayer interface to upper surface, indicaKng that the STEM-HAADF image focusing on 105 
the upper surface selecKvely captures the lamce structure of the top layer. 106 
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 107 

Supplementary Figure. S8. a, Planar-view STEM-HAADF images focusing on the interface in 108 
the 10.4ο twisted bilayer, showing disKnct moiré palerns. b, Ru displacement maps of the top 109 
layer superimposed with their toroidal moment Q(δRu). The Ru displacements are amplified 110 
by a factor of 120 for clarity. c, Normalized flexoelectric field vector maps induced by shear 111 
strain gradients in the top layer, superimposed with their toroidal moment Q(Eflexo). The yellow 112 
and purple circles indicate the AA- and AB-stacked regions, respecKvely. 113 
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 115 

Supplementary Figure. S9. Planar-view STEM-HAADF images of the 4.8° twisted bilayer 116 
without annealing, focusing on a, the bilayer interface and b, the upper surface of the top 117 
layer, respecKvely. c, Ru displacement map of the top layer superimposed with the toroidal 118 
moment (Q). All Ru displacements are amplified by a factor of 50 (same factor used for the 119 
annealed 4.8° twisted bilayer). The yellow and purple circles in a and c indicate the AA- and 120 
AB-stackings. d, Histograms comparing the magnitude of Ru displacement in annealed and 121 
unannealed samples. As shown in c and d, the Ru displacements in the unannealed samples 122 
are both random and minimal (1.6 pm on average), suggesKng a nonpolarized state similar to 123 
that of SL SRO. 124 
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Supplementary Figure. S10. a, Shear strain (εxy) component map for the top layer in 3.0ο 127 
twisted bilayer. b-c, Corresponding shear strain gradient maps along the x-axis and y-axis, 128 
respecKvely, superimposed with Ru displacement components along the y-axis and x-axis. The 129 
strain gradients (εxy,x and εxy,y) can generate flexoelectric field components in the y-direcKon 130 
and x-direcKon, respecKvely. Same shear strain (gradients) analyses for d-f, the 4.8ο twisted, 131 
g-i, the 7.4ο twisted and j-l, the 10.4o twisted bilayers. The Ru displacement components in b-132 
c, e-f, g-i, and j-l are amplified by a factor of 30, 50, 100, and 120 for clarity, respecKvely.  133 
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 134 

Supplementary Figure S11. a, Normal strain (εxx) along the x-axis and b, normal strain (εyy) 135 
along the y-axis of the top layer in the 3.0o twisted bilayer. Same strain analyses for c-d, the 136 
4.8o twisted, e-f, the 7.3o twisted, and g-h, the 10.4o twisted bilayers. 137 
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 139 

Supplementary Figure S12. Histograms comparing a, the shear strains and b, shear strain 140 
gradients of t-BL SROs. c, Twist angle dependence of the maximum absolute strain and strain 141 
gradient. 142 
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 144 

Supplementary Figure S13. a, Planar-view of constructed 2x2 supercell for the 22.62o twisted 145 
bilayer. The black and red dashed squares denote the supercell and unit cell, respecKvely. b-146 
c, In-plane Ru displacement maps of the top and bolom SRO layers, respecKvely. d-f, Same 147 
analyses for the 28.07o twisted bilayer. All displacements are amplified by a factor of 25 for 148 
clarity. The AA- and AB-stacked regions are marked with yellow and purple circles, respecKvely. 149 
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 151 

Supplementary Figure S14. a, 3D-view of the constructed 2x2 supercell structure for the 0o-152 
stacked bilayer with AA-stacking. b-c, Planar-view of the relaxed lamce of the top layer and 153 
bolom layer, respecKvely. d-f, Same calculaKons for 0o-stacked bilayer with AB-stacking. 154 
IrrespecKve of AA- or AB-stacked configuraKons, the SRO maintains a centrosymmetric 155 
structure without any Ru displacement. 156 
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 158 

Supplementary Figure S15. Electronic density of states (DOS) of a, the polarized 22.62o 159 
twisted bilayer. b-d, Same calculaKons for the polarized 28.07o twisted bilayer, and the 160 
unpolarized 0o-stacked bilayer with AA- and AB-stackings, respecKvely. All results show 161 
nonzero density of states at the Fermi level, primarily contributed by the d-orbital electrons 162 
of Ru atoms, suggesKng that SRO retains its metallic nature in both twisted and un-twisted 163 
bilayers.  164 
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 166 

Supplementary Figure S16. Temperature-dependent resistance curves of SL and BL SROs with 167 
twist angles ranging from 3.2o to 12.8o. The measurements were conducted separately in 168 
heaKng and cooling modes under a temperature range of 35 - 295 K. The heaKng and cooling 169 
curves coincide with each other. Accurately comparing the resistance among t-BL SROs is 170 
challenging due to the difficulty in precisely determining the conducKve area, which is affected 171 
by unavoidable microcracks. 172 
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 174 

Supplementary Figure S17. a, Orthorhombic structure of SrRuO3 used in DFT magneKc 175 
calculaKon. Spin configuraKons of b, ferromagneKc (FM) and c, G-type anKferromagneKc 176 
(AFM) phase.   177 
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