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Abstract
Topologically protected skyrmion textures of light have garnered significant attention due to
their potential applications in next-generation high-density data storage and logic devices.
However, achieving compact and tunable on-chip skyrmion modes remains a formidable
challenge. In this work, we present a novel approach empowered by birefringent metasurfaces
to generate and manipulate spin-multiplexed photonic skyrmion textures. By encoding
independent phase profiles onto orthogonal spin states, we observe the emergence of
anti-skyrmions and skyrmioniums via Stokes parameter measurements, elucidating their distinct
topological characteristics. This spin-multiplexed metasurface platform not only facilitates
high-dimensional multiplexing but also enables the miniaturization of topological
quasi-particles, offering promising prospects for applications in optical memory, information
processing, and communications.

Keywords: metaphotonic skyrmion, topological light field, multidimensional metasurface,
topological photonics

1. Introduction

Topological photonics introduces a novel degree of freedom
(DoF) distinct from frequency, wavevector, polarization, and
phase [1, 2]. It is inspired by mathematical methods and con-
cepts from topology and geometry to reveal new physics hid-
den within inhomogeneous electromagnetic media or struc-
tured light fields. In periodic microstructures like photonic
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crystals and metamaterials, variations in the periodic potential
well are accompanied by the property of topological protec-
tion, such as unidirectional propagation, immunity to backs-
cattering, and defect states [3, 4]. As a result, photonic topolo-
gical insulators emerge, typically characterized by features in
momentum space and described by topological invariants such
as Chern number, Wilson loop, and Zak phase [5]. Parallelly,
topology is applicable to structured classical or quantum field
distributions in optics and photonics, such as vortex and vector
fields [6, 7], optical knots [8], Möbius strips [9]. Over the past
decade, topological photonics has rapidly evolved, benefiting
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from its more flexible structural designs compared to tradi-
tional electronics, and expanding into other parameter spaces
such as synthetic dimensions [10], non-Hermitian physics
[11], and skyrmion textures [12]. skyrmion textures, observed
in liquid crystal [13] or Bose-Einstein condensate [14], origin-
ating from unified field theories of mesons and baryons inter-
actions, are topologically protected quasi-particle spin struc-
tures with excellent properties like high stability, fast mobility,
and small size, making them promising candidates for solid-
state storage to replace traditional magnetic domains, poten-
tially serving as information carriers for next-generation high-
speed, high-density, low-power, non-volatile magnetic storage
and logic devices [12].

Photonic skyrmion textures could exist depending on dif-
ferent parameters in the spatiotemporal light field [15–17],
evanescent wave [18–21], and momentum space [22, 23].
For spatiotemporal structural light, skyrmion textures can be
described by the Stokes parameters [24–26], necessitating the
generation of vector optical fields with broken symmetries,
typically achieved through spatial light modulators followed
by spatial filtering [15]. However, to further shrink the pixel
of skyrmion texture, simplify the complexity of the optical
system, and increase tunability in multidimensions, an integ-
rated compact nanophotonic device is required. Metasurfaces,
as highly suitable flat devices, have been turned out that it has
great potential in the fields of optical imaging and display [27–
29], structured light generation and manipulation [30–34],
optical micromanipulation [35–37], nonlinear and quantum
optics [38–40], etc.

In this work, we theoretically realize and experimentally
demonstrate spin-multiplexed generation and manipulation of
skyrmions using an exotic spinful metasurface, namely the
Skyr-plate. By exciting spin-up and spin-down states, we gen-
erate anti-skyrmions and skyrmioniums by not only compress-
ing the pixels of skyrmions but also controlling by spin charac-
teristics, allowing high-dimensional multiplexing. This work
represents a significant step forward in combining topological
quasi-particles with metamaterials, advancing the miniaturiz-
ation of skyrmions and providing insights for the development
of future state-of-the-art applications.

2. Result

Figure 1(a) illustrates schematically two types of skyrmion
textures controlled by incident spin states based on the indi-
vidual metasurface. Upon excitation with spin-up, an anti-type
skyrmion is generated, whereas upon switching to spin-down,
anti-type skyrmioniums are observed. Subsequent sections
will provide a detailed explanation of their formation and
experimental principles.

2.1. Formation principle of photonic skyrmion

Based on the classification of skyrmions in different para-
meter spaces, we have generated a far-field pattern based on
the Stokes vector S= (S1, S2, S3), therefore the construction of
customized spatial mode vector beams is essential. Generally,

Figure 1. (a) Schematic illustration of metaphotonic skyrmions.
Anti-type skyrmions and skyrmionium are generated by activating
orthogonal CP states from above and below. (b) Schematic diagram
of α-Si meta-atoms grown on fused quartz. (c) Library of selected
meta-atoms depicting their amplitudes and phase shifts along the
fast and slow axes.

the geometric phase in the circular polarization (CP) basis can
carry a conjugate phase profile. For instance, the spatial mode
of a Q-plate can be expressed as [41]:

Eout = eil0ψ |R⟩L|+ e−il0ψ |L⟩R| (1)

where l0 denotes the topological charge of the vortex beam,
ψ = arctan(y/x) is the azimuthal angle. However, since the
generation of skyrmions requires the breaking of symmetry in
the eigenmodes, it is necessary to introduce an additional refer-
ence phase as an extra DoF of the geometric phase, modifying
equation (1) to [42]:

Eout = eil1ψ
∣∣R⟩⟨L|+ eil2ψ

∣∣L⟩⟨R| (2)

where l1,2 represent unrelated topological charges. Although
J-plate has been demonstrated to achieve independent orbital
angular momentum of light with different topological charges
by illuminating CP bases of a plane wave at the metasur-
face, thereby realizing skyrmion fields under linear polariz-
ation (LP) incidence, they are limited to generating only one
type of skyrmion at a time and lack the capability for multidi-
mensional Multiplexing. Here, we introduce a novel method
to enhance the DoFs in spin states, enabling the generation
of versatile skyrmion textures. This Skyr-plate fundamentally
diverges from the approach of generating skyrmions using J-
plates, allowing for the manipulation of skyrmion textures via
spin control.
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2.2. Metasurface implement

To manipulate the spin states incident on the metasurface,
the construction of composite-phase birefringent meta-atoms
needs to be addressed. In the classical representation, the spin
angular momentum (SAM) of light aligns with the orthogonal
CP states of the wave. Consequently, according to the effective
medium theory, the meta-atoms exhibit a significant contrast
in their refractive indices for orthogonal polarizations. Thus,
the Jones matrix can be employed to describe their complex
transmission properties as follows [42–46]:

J(x,y) = R(θ)

[
Toeiφ o(x,y) 0

0 Teeiφ e(x,y)

]
R(−θ) (3)

where (To, Te) and (φ o, φ e) represent the amplitude of trans-
mission and phase shifts along the ordinary and extraordin-
ary axes of meta-atoms, respectively, and R(θ) is the rota-
tion matrix of the metasurfaces. Here, To = Te phase dif-
ference is defined by δ = φ o−φ e and reference phase shift
φ r = (φ o+φ e)/2 for convenience. The Jones matrix can be
simplified as follows:

J(x,y)

= Teiϕ r(x,y)

(
cos δ2 + icos2θ sin δ2 −isin2θ sin δ2

−isin2θ sin δ2 cos δ2 − icos2θ sin δ2

)
.

(4)

For the incoming CP, the Jones matrix with CP bases
|L⟩=

[
1 −i

]T
/
√
2 and |R⟩=

[
1 i

]T
/
√
2 can be sim-

ultaneously realized as cross-CP and co-CP channels, respect-
ively, therefore, equation (4) can be expressed as follows:

J(x,y) = Teiφ r(x,y) ·

[
cos

(
δ
2

)
isin

(
δ
2

)
e−i2θ

isin
(
δ
2

)
ei2θ cos

(
δ
2

) ]
. (5)

The phase difference δ governs not only the polariza-
tion states of both the incident and transmitted beams but
also the associated phase profiles. By strategically selecting
nanopillars with specific phase differences at various posi-
tions across the metasurface, the independent skyrmions with
distinct spins can be achieved. In our implementation, the
metasurface design is based on an amorphous silicon (α-Si)
film deposited on fused quartz and arranged according to the
geometric shape (L, W, H) and rotation angle (θ) of each
meta-atom at working wavelength λ = 1064 nm, as depic-
ted in figure 1(b). Figures 1(c) and (d) illustrate the chosen
amplitudes and phase shifts of the meta-atoms, respectively,
along with their structural parameters, as determined through
finite-difference time-domain simulations with periodic length
Λ = 600 nm. When δ = π/2, three distinct phase responses
can be controlled for CP, where φ1 = φr, φ2 = φr +2θ, and
φ3 = φr-2θ. Through this approach, we can now employ vec-
tor beams to realize spin-activated skyrmions through their
Stokes fields by setting φr = lrψ and θ = l0ψ/2. To validate
this methodology, we set l0 = 1 and lr = 1, corresponding to
the topological textures of an anti-type skyrmion or skyrmi-
onium. Samples were fabricated using mature fabrication
techniques [47].

Figure 2. (a) The encoded phase profiles projected onto the
Poincaré sphere, the regions of I and II on the Poincaré sphere
represent the CP and LP components of encoded phase profiles,
respectively. (b) The experimental setup, where LP denotes the
linear polarizer, QWP denotes the quarter-wave plate, MS
represents the metasurface, and L1 and L2 are lenses. (c) Optical
microscopy (left, scale bar, 200 µm) and SEM (right, scale bar,
1 µm) characterizations of the sample.

2.3. Experimental demonstration

The experimental setup for measuring the designed Skyr-plate
is illustrated in figure 2(b). The filtered continuous wave (CW)
laser, operating at a wavelength of 1064 nm, passing through
a set of polarizers, is focused by a convex lens, and then enters
the metasurface sample whose optical microscopy and scan-
ning electronic microscopy (SEM) are shown in figure 2(c),
respectively. After transmission through a collection lens and
several optional elements, the image is captured by a CCD
camera. When the incident light is right circularly polarized
(RCP), as encoded in figure 2(a), the output light emerging
from the metasurface contains both left circularly polarized
(LCP) and RCP components. Without performing an addi-
tional polarization filtering process, the interference between
these components generates skyrmions, as shown in figure 3.

Figure 3(a) presents the simulated and experimental res-
ults in real space, while figures 3(b) and (c) display the cor-
responding Stokes parameters that can be measured by the
optional elements, enabling the reconstruction through the
measurement and recording of different polarization states by
follow [15]:

S0 = IH+ IV, S1 = 2IH− S0
S2 = 2ID− S0, S3 = 2IR− S0

(6)

where IH,V,D,R are measured intensity under horizontal, ver-
tical, 45◦ LP and RCP states. The simulated and experimental
results of the skyrmion texture under RCP excitation in Stokes
space are shown in figures 3(d) and (e). Although there are
errors caused by the spherical wave effect provided by the
lens during recording, these do not impact the topological
texture, whose invariant can be calculated using the following
formula [12]:
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Figure 3. Skyrmion with RCP incidence. (a) Transverse pattern and
its corresponding simulations (b) and experimental (c) Stokes
parameter results. (d) and (e) depict the calculated saddle-like
skyrmion textures.

s=
1
4π

¨

Ω

S ·
(
∂S
∂x

× ∂S
∂y

)
dxdy (7)

where S(x, y) represents the vector field to construct a
skyrmion andΩ denotes the region to confine the skyrmion. In
this case, s=−1. Additionally, the right panels of figures 3(d)
and (e), which presents top-view images, distinctly reveal the
saddle-like shape. According to the Poincaré-Hopf theorem,
the topological invariant can be determined similarly [48].
Upon the incidence of LCP light, a skyrmionium is generated
due to φ out = |l= 2⟩ |R⟩+| l= 1⟩|L⟩. The captured images
and the associated S parameters are shown in figures 4(a)–(c).
Unlike a skyrmion, the skyrmionium oscillates radially from
the exterior to the interior as shown in figures 4(d) and (e),
with the center maintaining a saddle shape but its coupled
state connecting two skyrmions with opposite polarities, lead-
ing to s = 0. The tuning parameters of skyrmions are not
solely dependent on the topological charge carried by the spins
but are also influenced by the control of the radial and azi-
muthal parameters of phase profiles. Therefore, our principle
is also applicable to the generation of other spin-multiplexed
skyrmion states.

3. Conclusion

In summary, we propose a metasurface scheme for the genera-
tion of spin-multiplexed skyrmions, representing an innovative
overlap of skyrmions and metaphotonics. This kind of Skyr-
plate not only requires the metasurface to independently
encode the phase with spin states to generate skyrmions but

Figure 4. Skyrmionium with LCP illumination. (a) The recorded
light field with accompanying simulations (b) and experimental (c)
Stokes parameter results. (d) and (e) show the calculated saddle-like
skyrmionium textures.

also demands the designed metasurface can be independ-
ently modulated when changing the excitation. As a res-
ult, skyrmion and skyrmionium are successfully reconstruc-
ted under spin-up and spin-down states, respectively. With a
simple experimental setup and more compact sizes, further
enhance the potential for optical storage. We envision that
through the flexible multidimensional control, more topolo-
gical quasiparticles of light can be generated and manipulated
at metasurfaces [49, 50], promoting their application potential
in interdisciplinary fields.
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