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Fig. 1. Azimuth and radial phase delay distribution and corresponding amplitude diagram: (a), (b) Phase diagrams for correspond-
ing azimuth angles and radial winding numbers, where brightness indicates radial delay, while color changes represent azimuth vari-
ations; (c) phase changes for azimuth angles 0.5 and 1; (d) phase distribution variations for radial winding numbers 1 and 0.5;
(e) schematic of radial intensity for the same-polarization and cross-polarization components corresponding to Fig. (a), assuming a
fixed azimuth angle of 0.5; (f) schematic of intensity for the two components corresponding to Fig. (b).
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! Fig. 2. Schematic diagram of the rotation-controlled skyrmi-
on superstructure.
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Fig. 3. Schematic of the phase profile of a twist-tunable bilayer moiré metasurface: (a) The calculated phase of the first layer My;
(b)—(e) the complementary phase distributions for the second layer M,, while different rotation angles correspond to the combined
phases with distinct radial distributions shown in (f)—(i).
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Fig. 4. Schematic diagram of the metasurface unit structure, along with its parameter sweep phase map and transmittance:
(a) Schematic diagram and top view of the unit structure, where represents the rotation angle of the unit structure; (b) phase dis-
tribution under x-polarized incidence; (c) dynamic phase distribution calculated based on Fig. (b), with dashed lines indicating re-
gions where the dynamic phase approaches zero (x = 0); (d) transmission rate (T,) distribution under x-polarized incidence; (e) spa-
tial distribution of the difference in transmission rates (| T, — T,|) under x and y-polarized incidence.
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Fig. 5. Single-layer metasurface generates different types and orders of skyrmion topological structures: (a) Bloch-type first-order
skyrmion, o =0:5;, q =1; (b) anti-type first-order skyrmion, g =0:5; g = 1; (c) Bloch-type second-order skyrmion,
g =0:5 g =2; (d) anti-type second-order skyrmion, ¢ =0:5; q = 2.
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Fig. 6. Radially wound higher-order skyrmions: (a)-(c) When the topological charge is q =1, the corresponding radial winding
numbersare oo =1, g =2, g =3 for radial higher-order skyrmions; (d)-(e) when the topological charge is q =2 , the corres-
ponding radial winding numbers are ¢ =1, ¢ =2, g =3 for radial higher-order skyrmions.
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() g =05,q =1 X ,
Fig. 7. Metasurfaces generate other types of topological structures: (a) g =0:25, g =1, a Meron topological state is generated;
(b) g =0:25, g =2, a higher-order Meron topological state is generated; (¢) g =0:5, q =1, the incident light is x-pola-
rized, a bimeron topological structure is generated.
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Fig. 8. Schematic of radial phase delay adjustment in a double-layer metasurface, different rotation angles correspond to different
radial orders: (a) When Dg = 0°, generates ¢ =3 ; (b) when Dg = +180°, generates g =1 ; (c) when Dg = 0°, generates
o =1:5; (d) when Dg = £180°, generates g =0:5.
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Fig. 9. Schematic of skyrmion topological structures: (a) Generation of skyrmions with g =3 ; (b) generation of skyrmions with
o =1 ; (c) generation of skyrmions with g = 1:5; (d) generation of skyrmions with g =0:5.
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Fig. 10. Schematic diagram of skyrmions generated by the three-layer metasurface at that time: (@) g =0:5; (b) g =1:5;
(©) o =2:5;(d) o =3:5.
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Fig. 11. Twist-tunable bilayer moiré metasurface generate skyrmions: (a) Generation of merons when the relative rotation angle
between two metasurface layers is Dg = 2.25° (b) generation of g- =0:5 order skyrmion after increasing the rotation angle to
Dg = 4.5°; (c) generation of g =1 order skyrmion after rotating to angle Dg = 9°; (d) generation of g =2 order skyrmion after

rotating to angle Dg = 18°.
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Fig. 12. Propagation properties and radial flipping properties of skyrmion fields: (a) Evolution curves of Ny with propagation dis-
tance for different types (Bloch/anti type) and different winding numbers gy, below is the evolution of intensity distribution for
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Fig. 13. Frequency-dependent evolution of Stokes vector skyrmions: (a) Frequency-dependent skyrmion number and corresponding

polarization patterns for a single-layer metasurface with g =0:5; q
layer Moire metasurface.
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Fig. 14. Effect of different beam injection conditions on skyrmions: (a)-(e) Changes in skyrmions when the beam waist radius in-

creases from 1 mm to 4 mm; (f), (g) changes when the beam is incident at angles of 5° and 10°, respectively; (h), (i) changes in
skyrmions corresponding to different incident offset distances.
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Fig. 15. Theoretical error intensity diagram. Calculated by comparing the direct rotation of the second-layer metasurface with main-
taining the phase angle of the metasurface rotation without introducing cell rotation error (both in-plane and cross-polarization

component intensities normalized to 1 for calculation): (a)-(c) The error intensity produced by rotating different angles in the same-
polarization component; (d)-(f) the error introduced by rotating different angles in the cross-polarization component.
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Fig. 16. In-plane and cross-polarization component two-dimensional cross-sectional amplitude plots (blue line represents the in-plane
polarization component; orange line represents the cross-polarization component): (a) a = 20, Dg = 18°; (b) a = 40, Dg = 9°;
(c) a =80, Dg = 4.5°.
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Abstract

Optical Stokes vector skyrmions, as novel fully Poincaré spherical vector beams, hold broad application
prospects in optical communication, optical computing, multiplexing, and super-resolution imaging. However,
existing research primarily focuses on the controllable generation of single optical skyrmions, with limited
exploration of continuous modulation of different skyrmion configurations and insufficient investigation into
generation in the terahertz frequency band. This paper proposes a multilayer metasurface that generates higher-
order topological configurations of Stokes vector skyrmions through rotation. For instance, a two-layer structure
enables rotational control of two skyrmion types, while a three-layer design achieves control over four skyrmion
types. A twist-tunable double-layer Moiré metasurface design is simultaneously developed, where the two
metasurface layers are designed with complementary Moiré phases to achieve continuous modulation of the
radial skyrmion order. By synergistically modulating the geometric and dynamic phases of the metasurface, the
topological invariance of free-space propagating skyrmions is preserved while maintaining beam intensity. The
paper presents detailed theoretical analysis and numerical results, which are validated through full-wave
simulation studies. This multilayer metasurface design enables dynamic control of Stokes vector and skyrmion
configurations solely by adjusting the relative rotation
angles between layers, without the need to change o *
incident light or external conditions. This approach ( o
breaks through the limitations of traditional phase \
modulation methods reliant on phase-change materials.

Furthermore, the dual-layer Moiré metasurface design Y.

significantly improves device integration, providing a S \ %

highly integrated and flexible technical approach for \ \ S

realizing multidimensional light field manipulation and s s \
. . . . First metasurface Second metasurface \

long-distance terahertz optical communication systems. .

Keywords: THz metasurfaces, skyrmions, phase modulation, Moiré metasurface

DOI: 10.7498/aps.75.20251463 CSTR: 32037.14.aps.75.20251463

* Project supported by the National Natural Science Foundation of China (Grant Nos. 62375158, 62305196) and the Natural
Science Foundation of Qingdao, China (Grant No. 25-1-1-153-zyyd-jch).

t Corresponding author. E-mail: mahuif@126.com

t Corresponding author. E-mail: sdust__innovation@126.com

t1 Corresponding author. E-mail: sdust_ thz@163.com

050405-16


http://doi.org/10.7498/aps.75.20251463
https://cstr.cn/32037.14.aps.75.20251463
mailto:mahuif@126.com
mailto:mahuif@126.com
mailto:sdust_innovation@126.com
mailto:sdust_innovation@126.com
mailto:sdust_thz@163.com
mailto:sdust_thz@163.com
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http