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Supplementary Table 1 | Sample structural information of [(PbTiO3)n/(SrTiO3)8]m 28 

superlattices 29 

n m Total thickness Out-of-plane 

period 

In-plane 

period 

Average lattice 

constant c 

12 23 183.2 nm 8.0 nm 9.1 nm 3.960 Å 

15 19 173.0 nm 9.1 nm 10.4 nm 3.969 Å 

20 16 179.5 nm 11.2 nm 12.6 nm 3.977 Å 

22 14 165.1 nm 11.8 nm 13.6 nm 3.979 Å 

The out-of-plane periods and average c are derived from the XRD measurements 30 

in Supplementary Fig. 1a. The in-plane periods are derived from rocking curve scans 31 

(ω scans) at respective 2θ positions for each film. The total thicknesses are calculated 32 

from out of plane periods and designed number of period cycles m. 33 

 34 

Supplementary Table 2 | Fitted values of the domain component portion and 35 

second-order χ(2) susceptibility tensor 36 

n State χ11/χ26 χ12/χ26 q 

15 Before 0.664 1.520 62.6% 

After 0.078 1.058 29.3% 

22 Before 0.481 1.222 51.6% 

After -0.157 0.968 29.5% 

  37 



Supplementary Note 1 | Extracting domain components using second-order χ(2) 38 

susceptibility tensor fitting 39 

SHG is dependent on the symmetry of the material. We can express the SHG 40 

nonlinear polarization via a second-order nonlinear coefficient tensor as:  41 
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  (S1) 42 

where 𝐸𝑖(𝜑)  is the electric field of the fundamental wave, and 𝑃𝑖(𝜑)  is the 43 

polarization of the SHG wave. For specific symmetries, certain elements in this tensor 44 

are zero, so that the tensor can be simplified with fewer nonzero elements. For m point 45 

group symmetry in dipole wave or flux closure structures, the χ(2) susceptibility tensor 46 

is as follows: 47 

𝜒1 = (
𝜒11 𝜒12 𝜒13 0 𝜒15 0
0 0 0 𝜒24 0 𝜒26
𝜒31 𝜒32 𝜒33 0 𝜒35 0

)  (S2) 48 

𝜒2 = (
0 0 0 0 𝜒24 𝜒26
𝜒12 𝜒11 𝜒13 𝜒15 0 0
𝜒32 𝜒31 𝜒33 𝜒35 0 0

)  (S3) 49 

when the mirror plane is perpendicular to the y-axis or x-axis, respectively. For both 50 

dipole wave and flux closure structures, the mirror plane is parallel to the net 51 

polarization direction. Therefore, χ1 and χ2 correspond to the topological domain 52 

structures with net polarization along the x- and y-axes, noted as the T1 and T2 domains 53 

in the following descriptions for simplicity, which is also shown in Fig. 3d. The 2-fold-54 

4-fold mixture in the SHG originates from the mixture of such a1/a2-like domains, with 55 

2-fold and 4-fold components from domains with different net polarizations. 56 

In the case of normal incidence, the z component of the electric field of incident 57 

light should be zero, and the z component of the nonlinear polarization does not affect 58 

the measured SHG intensity, as the light polarization should be perpendicular to the 59 

propagation direction of the light, which is the z-axis direction. The focusing effect of 60 

incident light is ignored for the relatively low numerical aperture of the focusing lens. 61 

Therefore, the SHG intensity measured under x-out and y-out (α = 0° or 90°, 62 

respectively) conditions as a function of the fundamental wave polarization angle 𝜑 63 



can be given by 𝐼𝑥(𝜑) = |𝑃𝑥(𝜑)|
2 and 𝐼𝑦(𝜑) = |𝑃𝑦(𝜑)|

2
, noting that only Px and Py 64 

contribute to the intensity of light polarized in the xy plane. It follows that 𝐸𝑥(𝜑) =65 

|𝐸| cos 𝜑, 𝐸𝑦(𝜑) = |𝐸| sin𝜑, 𝐸𝑧(𝜑) = 0, where E refers to the total electric field of 66 

the input fundamental wave. According to the measurement geometry, the external 67 

electric field is applied along the y direction. According to Eqs. S1–S3, the measured 68 

SHG intensity can be expressed as: 69 

𝐼𝑥(𝜑)  ∝ 𝑞
2(𝜒11 cos

2 𝜑 + 𝜒12 sin
2𝜑)2 + (1 − 𝑞)2(𝜒26 ∙ 2 cos 𝜑 sin𝜑)

2 (S4) 70 

𝐼𝑦(𝜑)  ∝ (1 − 𝑞)
2(𝜒12 cos

2 𝜑 + 𝜒11 sin
2𝜑)2 + 𝑞2(𝜒26 ∙ 2 cos 𝜑 sin 𝜑)

2 (S5) 71 

where q is the portion of the T1 domain. Only χ11, χ12, and χ26 matter in the measured 72 

SHG intensity according to Eqs. S4 and S5. The q is close to 50% before switching, 73 

which originates from the symmetry of the substrate, where the x- and y-directions are 74 

equivalent. The values of χ11, χ12, χ26 and q are shown in Supplementary Table 2, with 75 

“Before” and “After” corresponding to before and after the switching process, 76 

respectively. The different values of the ratios of χ11, χ12 and χ26 before or after switching 77 

can be attributed to minor structural changes remaining after recovering from the 78 

switching, as described in the main script. 79 

 80 

Supplementary Note 2 | Calculation of dielectric constant from MD simulation 81 

The simulated dielectric constant of the dipole wave and flux closure shown in Fig. 82 

4d,e are calculated from MD simulation with the same model in Fig. 2d,e. The net 83 

polarization of the model is aligned along the y-axis. The superlattice film is considered 84 

as two parts, corresponding to the domains with different net polarization directions. 85 

The first one is the part with net polarization perpendicular to the electric field (T1), 86 

whose proportion in the superlattice decreases as the field is applied. In this process, 87 

the topological polar structure should be unaffected because of its alignment. Therefore, 88 

the dielectric constant of this part is regarded as a constant, which is derived from the 89 

model with no DC electric field and a pulsed electric field along x-axis. The second is 90 

the part with net polarization parallel to the electric field (T2), in which the polarization 91 

evolves as the field is applied. Different calculations with both a varying DC electric 92 

field and a pulsed electric field along the y-axis were undertaken. In all the models 93 

mentioned above, the pulsed electric field is a Gaussian pulse with a full width at half 94 

maximum of ~8.4 ps. Time-resolved polarization evolution is calculated to obtain the 95 

net polarization P along the pulsed electric field direction as a function of time t. By 96 

fast Fourier transform (FFT), the magnitude of changes in net polarization P (that is, its 97 



frequency spectrum) is derived and compared with the magnitude of the excitation pulse 98 

E. Considering the relative dielectric constant εr=ΔP/(ε0 ΔE), by dividing the above 99 

mentioned magnitudes, the dielectric constant for each domain is derived.  100 

The two domains can be considered as capacitors in series or in parallel. In reality, 101 

the dielectric constant of the structure should be between these two values. For 102 

simplicity, we consider the sample as parallel capacitors, as the two domains should be 103 

distributed uniformly. The proportion of the T2 domain is considered to increase linearly 104 

as the DC electric field increases and shares the same maximum proportion with the 105 

measured value derived from the 3D RSM in Fig. 3g and Supplementary Note 1 above, 106 

as the electric field applied in the model is different from that in the experiments 107 

because of the different switching fields. 108 

Note that owing to the larger switching voltage in the model compared with the 109 

experimental results, the electric field applied on the model is larger than that in the 110 

experiments, therefore introducing greater tunability. 111 

 112 

Supplementary Note 3 | Analyzation of domain proportions from X-ray nanobeam 113 

diffraction imaging 114 

The contrast in Supplementary Fig. 8b,f illustrates the distribution of the T1 and T2 115 

topological domains, with the bright regions corresponding to T1 and the dark regions 116 

to T2. These bright regions are shown in yellow zones in Supplementary Fig. 8d,h. The 117 

bright areas in Fig. 1e show the location of a-domains tilted towards one side, also 118 

shown in Supplementary Fig. 8c, occupying 10% of the sample area. The a-domains 119 

tilted towards the other side occupy a similar proportion, contributing a combined total 120 

of 20% of the sample area polarized along the x-axis. The T1 domains constitute 27% 121 

of the n = 12 superlattice, adding up to close to 50% with the tilted a-domain, which 122 

adds up to the total area with net polarization along the x-axis. Overall, tilted a-domains 123 

in all directions occupy 40% of the total area, and the dipole wave occupies the 124 

remaining 60%, among which the T1 and T2 domains are distributed equally.  125 



Supplementary Figure 1 | a, X-ray diffraction 2θ/ω scan of the superlattice samples. 126 

The 0th-order peak of the superlattice is marked in the figure. b, H0L-slice (at Qy = 0 127 

Å-1) X-ray RSM around the LSAT 002 reflection for (PbTiO3)n/(SrTiO3)8 superlattices 128 

with n = 22, 20, 15, and 12. The square mark shows the diffraction of the tilted 129 

ferroelectric a-domains in the n = 12 superlattice. c, Line cuts along the dashed lines 130 

(Qz = 3.21 Å-1) for n = 15 and 12 superlattices in (b), showing in-plane ordering across 131 

the first-order superlattice peaks. The full widths at half maximum of the peaks are 132 

0.015 Å-1 and 0.021 Å-1 for n = 15 and 12 superlattices, respectively. 133 

                     

  



 134 

Supplementary Figure 2 | SHG measurement of (PbTiO3)n/(SrTiO3)8 superlattices 135 

with n = 22. a,b, SHG images outside electrode areas without switching (a) and inside 136 

electrode areas after switching (b) c, SHG polar plots before and after switching. The 137 

intensity after switching is divided by 10 for clarity. Scale bar = 5 μm. 138 

 139 

Supplementary Figure 3 | Synchrotron-based 3D RSM. a, The xy slice of the RSM at 140 

Qz = 4.69 Å-1 in the n = 12 superlattice under no external electric field, displaying 141 

fourfold symmetry on the first- and second-order satellites. b, RSM results of yz and xz 142 

slices at “on” states at 100 V in the n = 12 superlattice. 143 

 

  

                         

 

 

  
   

   

    

    

   

   

    

    



 144 

Supplementary Figure 4 | Dielectric constant modulation at different external fields 145 

in different superlattices. a, Dielectric spectrum of the superlattice in the in-plane 146 

direction, showing the real parts of the dielectric constant at -30 kV cm-1. b, Dielectric 147 

tunability spectra for different superlattices, with n = 15 corresponding to Fig. 4i. c,d, 148 

Tuning of the real part of the dielectric constant under an electric field at 50 GHz (c) 149 

and 100 GHz (d). For n = 12 superlattices at 100 GHz, the tunability decreases but is 150 

still observable. For n = 15 superlattices at 100 GHz, the tunability is still significant. 151 

 152 

Supplementary Figure 5 | Synchrotron RSM of yz and xz slices for n =12, showing 153 

raw diffraction intensities at different voltages. 154 

  

  

         

             

          

          

          

          

           

          

          

           

          

           

           

           



 155 

Supplementary Figure 6 | MD simulation of the polarization evolution for 156 

superlattices with n = 12 upon removal of the in-plane electric field after the switching 157 

process shown in Fig. 2d. The vectors show local polarizations, and the colors show 158 

their directions. 159 

 160 

Supplementary Figure 7 | MD simulation of the dielectric permittivity. a, Pulsed 161 

electric field applied in the model. b, Net polarization Py under different DC voltages. 162 

Smaller changes in the polarization induced by the pulse indicate a lower dielectric 163 

permittivity, which is shown in Fig. 4d. 164 

 165 

 166 

Supplementary Figure 8 | Synchrotron X-ray nanobeam diffraction mapping. a,b, 167 

Diffraction peaks in the n = 12 superlattice (a) and corresponding intensity map (b) of 168 

the marked diffraction peak in (a). c,d, Intensity division analyzed via the Otsu method 169 

in Python, with yellow zones showing higher intensity, from the mapping in Fig. 1e (c) 170 

    

    



and Supplementary Fig. 8b (d). e,f, Diffraction peaks in the n = 15 superlattice (e) and 171 

the corresponding intensity map (f) of the marked diffraction peak in (e). Scale bar = 2 172 

μm. g,h, Intensity division analyzed via the Otsu method in Python, with yellow zones 173 

showing higher intensity, from the mapping in Fig. 1g (g) and Supplementary Fig. 8f 174 

(h).  175 

 176 

 177 

Supplementary Figure 9 | Simulated changes in polarization (ΔP) in PbTiO3 layers 178 

under a sinusoidal electric field of 20 GHz at different time points in a cycle (T = 50 ps) 179 

compared to equilibrium state (t = 0). 180 

                   

           

       

           

          

            

        

            

          


