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Abstract: Optical skyrmion lattices play an important role in photonic system design and have poten-
tial applications in optical transmission and storage. In this study, we propose a novel metasurface
approach to calculating the dependence of the multi-beam interference principle and the angular
momentum action in the spin–orbit interaction. The metasurface consists of nanopore structures,
which are used to generate an optical skyrmion lattice. The superposition of optical vortex beams with
circular polarization states is used to evaluate the evolution of the shape of the topological domain
walls of the hexagonal skyrmion lattice. Our results show that the distribution of the skyrmion spin
vector can be controlled by changing the lattice arrangement from triangular to hexagonal shapes.
The distribution of skyrmion number at the microscale is further calculated. Our work has significant
implications for the regulation of the shape of topological domain walls of skyrmion lattices, with
potential applications in polarization sensing, nanopositioning, and super-resolution microimaging.

Keywords: metasurface; optical skyrmion lattices; topological domain walls; skyrmion number

1. Introduction

Skyrmions are field distributions with no standard smooth shape and can be explained
by topological defects in the exotic phases of matter [1], cosmology [2], and the optical field.
Optical skyrmion [3,4], as a type of topological defect, is a topologically protected two-
dimensional and three-component vector field. Since the theory of magnetic skyrmion [5–7]
in Bose–Einstein condensates [8] and liquid crystals [9] was confirmed, they have been
extensively studied in the field of optical information storage due to their flexibility and
low current drive.

Lattice light fields, on the other hand, are special fields with periodic or periodic-type
structures [10] that are widely used in various physics fields. Plasmon metasurfaces [11,12],
as artificial materials developed with artificial intelligence, have the advantage of efficiently
regulating the electromagnetic field wave-front. By controlling the rotation of the structural
unit, the emergent light can be changed, including the phase, amplitude, and polarization
state [13–15]. The combination of the Pancharatnam–Berry phase [16] and other phases in
plasmon metasurfaces provides better flexibility in the light field regulation compared to
reflective liquid-crystal spatial light modulators (LCSLMs). The generation of broadband
achromatic lenses [17] and high numerical aperture objectives [18] using metasurface has
been demonstrated.
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The general method for the shape transformation of optical skyrmions is using polar-
ization singularities and phases [19,20]. However, these methods have limitations in terms
of flexibility in light fields’ phase regulation.

2. Structure Design and Principle Analysis

In this study, we propose a method to generate optical skyrmion lattices by superim-
posing the orbital angular momentum (OAM) of the incident beams. The wave amplitudes
and wavelengths of the incident beams are taken into consideration, and the j-order beam
azimuth angle is calculated.

The wave amplitudes are assumed to be A; the wavelength is λ; the j-order beam
azimuth angle is θj; the topological charge is l; the initial phase is lθj; the x-axis and y-axis

direction unit vectors are, respectively,
→
x and

→
y ; the wave vector size is k = 2π/λ; the

angular coordinate of the complex amplitude field of the interference field is α. The position

vector is
→
r = r

(
cosα

→
x + sinα

→
y
)

, the j-order beam wave vector is
→
k j = k

(
cosθj

→
x + sinθj

→
y
)

,
and the two-dimensional complex amplitude field generated with the N plane wave

interference is UN(r,α). Thus, we can obtain the following result:
→
k j
→
r = −krcos

(
α− θj

)
.

The complex amplitude field of the interference field is described mathematically in polar
coordinates [21]:

U(r, α) = ∑N−1
j=0 A exp

[
i
(→

k j ·
→
r + lθj

)]
(1)

After the Bessel transformation, it is expressed as follows:

exp
[
−ikrcos

(
α− θj

)]
=

n=+∞

∑
n=−∞

(−i)n Jn(kr) exp
[
in
(
α− θj

)]
(2)

Equation (1) can be further expressed as Equation (3):

UN(r, α) = ∑N−1
j=0 ∑n=∞

n=−∞ A exp(ilθj)(−i)n exp
[
in
(
α− θj

)]
Jn(kr) (3)

This shows that the nature of the ideal lattice field generated via multi-beam interfer-
ence depends on the number of interference beams, N, and the initial phase difference of the
adjacent azimuth beam, ∆lθj. Considering Nθj = (2j + 1), Equation (3) can be expanded as
follows:

UN(r,α) =
n=+∞

∑
n=−∞

(−i)n Aexp
(
ilθj
)

JN(kr)


exp

[
in
(
α− π

N
)]

+ exp
[
in
(
α− 3π

N
)]

+ . . .
+ exp

[
in
(

α− (2N−3)π
N

)]
+ exp

[
in
(

α− (2N−1)π
N

)]
 (4)

We can infer that some items offset; thus. Equation (3) can be further expanded

as NA
ϕ=+∞

∑
ϕ=−∞

exp(iNϕα)JNϕ(kr) because N is limited, the degeneracy of N is (0.5N + 1),

(n = Nϕ), and the interference beam can be further reduced to the following equation:

U(r, α) = ∑N−1
j=0 ∑n=∞

n=−∞ A exp(ilθj)(−i)n exp
[
in
(
α− θj

)]
Jn(kr)

= NA ∑
ψ=∞
ψ=−∞ e(iN(ψ+l)α) JNψ(kr)

(5)

In the above equation, JNϕ is Nϕ order Bessel function of the first kind. The superpo-
sition of orbital angular momentum states carrying different topological charges across an
infinite dimensional space is the nature of the multi-beam interference. As far as we know,
this theory is used for the regulation of the morphological generation of skyrmion lattices
for the first time. To design metasurface structures with the coaxial superposition of orbital
angular momentum [22], we used circularly polarized light vertically incident on a metal
surface with an array of rectangular pores. The transmission field beam carries different



Photonics 2023, 10, 1259 3 of 11

topological charges, and horizontal overlap and interference occur on the other side of the
metasurface near the focused field plane. By changing the metasurface pores’ spin, we can
regulate the transverse skyrmion lattice field. The centers of the nanorectangular pores are
specifically distributed on concentric ring bands, and the transmission field of each pore is
calculated. Figure 1 illustrates this set of orthogonal rectangular pores after the incident of
circularly polarized light

√
2
[
1 σi

]T/2. The incident spin component of each transmitted
light field remains constant, the transformed spin component is reversed and carries a
geometric phase factor exp(2iσφn), and the central positions of the two rectangular pores
are specifically distributed on the concentric ring bands. The transmission field E of two
nanorectangular pores can be expressed using Equation (6):

1√
2

[
1 −σi

]T exp(2iσφn) = E1 + exp(iπ)E2 = E1,2 (6)

where E1 is the transmission field of the inner rectangular pores, and E2 is the transmission
field of the outer rectangular pores. The σ parameter is related to the type of circularly
polarized light; σ is 1 when the circularly polarized light is left-handed, and σ is −1 when
the circularly polarized light is right-handed. The transmission phase change is introduced
to ensure that the incident spin component of each transmitted light field remains constant.
The geometric phase depends on the orientation angle size, and the inner and outer band
nanorectangular pores maintain synchronous rotation to ensure the half-wave plate effect.
The metasurface structure is carefully designed to achieve the desired transmission phase
change. We arranged the centers of a set of nanorectangular pores on concentric rings
along a radial distance, and the difference from the distance from the adjacent ring to
the center of the focal field is half of the incident wavelength. The center of a group of
nanorectangular pores is arranged in the same straight line as the center of the concentric
circle; this particular rotational symmetric structure does not affect the half-wave plate
effect. The design scheme of the specific structure of the metasurface is further described in
the simulations presented in subsequent sections.

Here, we define the rotation order of the rectangular pores: Θ is the rotational order
possessed with the different ring bands, which is noted as Θn (n = 1, 2, 3, . . .). In Figure 1b,
φ is the orientation of the inner-ring nanorectangular pore, which is defined by the normal
and horizontal axes of the long edges; the inner-ring orientation is rotated 90◦ clockwise
relative to the orientation of the outer ring and thus generates the Pancharatnam–Berry
geometric phase. We assume that φn = Θnθ + φ0 (n = 1, 2, 3, ...); here, φn is the orientation
angle, which directly determines the phase factor carried with the local linear polarization-
converted spin component exp(2iσφn).
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Figure 1. (a) Metasurface sample, the radius of the initial ring:r1 is 15.5 µm; an array with 12 circles
of rectangular pores; (b) schematic of nanopore structure: each pore with a length of 250 nm and a
width of 90 nm, the wavelength is 632.8 nm, D is the near-half wavelength, and φn is the orientation
angle according to the previous derivation for individual rectangular pores; (c) schematic of the
regulation of topological domain walls of optical skyrmion lattices.

The array of metasurface rectangular pores is distributed on concentric rings, and
each single ring band has 100 groups of rectangular pores distributed on the band. The
rotation order of different ring bands is different, and the rotation order of the same ring
band is constant, so the regulation of multi-beam ipsilateral axial OAM superposition of
metasurface is realized to control the generated skyrmion lattice field. The diffraction field
and the metasurface plane are represented in polar coordinates, and the diffraction focal
length is assumed. According to the Huygens–Fresnel principle [23], the distribution of
diffraction field electric field is E(R, α). The distribution of the diffractive electric field
after circularly polarized light through the metasurface is equal to the superposition of
the diffractive electric field distribution of transparent rectangular pores’ array in each
band. The diffraction field after the superposition of each ring band is focused at a certain
distance behind the metasurface. The distribution of the diffraction field electric field was
calculated, and the transmission field data were collected for further analysis.

The plane structure distribution of the metasurface is also shown with the polar
coordinates E(r, θ). The diffraction focal length is assumed; ň is the sum of the diffraction
fields for each ring band and is equal to the total diffraction as follows:

E(R, α) = ∑N
n=1En(R, α) =

1
jλ ∑N

n=1

∫ 2π

0
En(R, α)

1
ln

K(θ) exp(ikln)rndrdθ (7)

The distance size of the observed plane to the nanorectangular pores is two orders
of magnitude of the aperture size, and the range of the tension angle of any point in the
geometric range of a single nanopore is small under the paraxial approximation, K(θ) ≈ 1.
According to Figure 1, the distance from the center position to the focus position and
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the size of our observation plane is negligible compared to the optical path; this result is
approximated into Equation (8):

ln = (R2 + (ln)
2 − 2Rln cos Ψ)

1/2
, cos Φ =

→
R ·
(→

l n

)
∣∣∣∣→R∣∣∣∣·∣∣∣∣→l n

∣∣∣∣ (8)

and thus the simplified version is obtained, which is expressed in Equation (9):

E(R, α) = 1
jλ ∑N

n=1
∫ 2π

0 En(R, α) 1
ln

K(θ) exp
[

ik
(

R2 + (ln)
2 − 2Rrn cos(α− θ)

) 1
2
]

rndrdθ

= 1
jλň ∑N

n=1
∫ 2π

0 En(R, α) exp
[
ik
(

ln − 2R rn
ln

cos(α− θ)
)]

rndrdθ
(9)

We can further derive Equation (10) from Equation (9):

E(R, α) =
1

jλň
∑N

n=1 exp(iln)2πi2σΘn J2σΘn

(
σkR

rn

ln

)
exp(2iσΘnθ)µ−σ (10)

From the final derivation results, each ring band carries a different topological charge
2σΘn, the multi-superposition of topological states with different topological charges
occurs, and the value of the multi-superposition of topological states can control the
morphological evolution of the topological lattice field.

3. Simulation and Discussions

To verify the methods presented above, numerical simulations were conducted, which
are presented in this section.

3.1. Simulation Setup

We designed a metasurface structure and performed simulations using FDTD software
(FDTD Solutions 2016a). We first excited a 200 nm thick aurum film with a right-handed
circularly polarized light source. We arranged an array with 12 circles of rectangular pores
on the metasurface at a certain rotation order to improve the intensity of the transmission
field and enhance the morphological characteristics of the optical lattice field. Other
parameters of the FDTD scheme were as follows: each pore on the aurum film had a length
of 250 nm and a width of 90 nm; the wavelength was 632.8 nm; and perfect boundary
conditions (PML) were applied in all directions with two-mesh accuracy. We set the 2D
Z-normal frequency domain power monitor to collect the transmission field data at a
distance of 12.2 µm from the bottom of the metasurface. The simulations were recorded
separately as S3, S4, S5, S6. The order of the single-ring band rotation for each sample was
set, respectively, as Θ3, Θ4, Θ5, Θ6; the distribution of the localized surface of each set of
nanorectangular pores was carefully designed considering the transmission phase [24] π,
each sample, and 100 rectangular pores, which were arranged according to the rotation
order. The number of rings was odd and the number of corresponding rings was even,
and the radius of the initial ring r1 was 15.5 µm. In addition, the radius size of the other 11
single rings needs to obey the transmission phase π; thus, the radius recurrence relation is
as follows:

rn =

√
r1

2 +
λ2(n− 1)2

4
+

√
r1

2 + ň2λ(n− 1) (11)

rn+1 =

√
rn2 + λ

√
rn2 + ň2 +

λ2

4
(12)

where n represents a positive odd number of not more than 12, and ň is 12.1 µm. To achieve
the regulation of topological states, the orbital angular momentum of the four samples was
superimposed. According to the radius formula derived from the geometric relationship,
the radius of 12 rings has a strict recursive relationship, and once the initial radius is
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changed, not only will the radius of the other 11 rings change, but the distance between
the radius of the two adjacent rings also changes. Obviously, the recursive relationship is
still satisfied mathematically, but the radius of adjacent rings changes significantly, and
the transmission phase [24] π cannot be strictly maintained, which does not meet the
requirements of our design. We initially set the initial radius to 10 µm, but we could
not obtain the skyrmion lattice we wanted. Then, we tried setting it at 15 µm and 5 µm;
fortunately, we obtained an approximate result at 15 µm. The effect was most significant
under the initial radius setting of 15.2 µm to 15.6 µm. In the actual process of processing
samples, there were certain problems. The date of the initial radius setting (15.5 µm) can be
used to avoid exceeding the testing range due to processing problems.

We obtained the transformation of different forms of topological domain walls, in-
cluding a single skyrmion form (|l|min = 0). We observed the electric field intensity in the
transmission focal field and obtained different forms of topological domain walls, including
triangular, quadrangle, pentagonal, and hexagonal optical skyrmion lattice patterns.

3.2. Dynamical Regulation of the Shape of Topological Domain Walls of Skyrmion Lattice

We observed the image of the x-y plane transmission focused electric field intensity
of each group of samples within a square range of 2 µm. From Figure 2c, we can infer
that each single lattice is a standard hexagonal skyrmion pattern and a hexagonal array
composed of seven bright spots, and each bright spot is a skyrmion of a lattice cell structure.
Interestingly, we obtained topological lattices of various shapes, albeit from a macroscopic
perspective.
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Figure 2. Electric field intensity diagram of the vector light field under spin-orbit action from the
metasurface in the x-y plane: (a) (|∆l| = 3 ) triangular topological domain walls’ optical skyrmion
lattice pattern; (b) (|∆l| = 4) quadrangle topological domain walls’ optical skyrmion lattice pattern;
(c) (|∆l| = 6) hexagonal topological domain walls’ optical skyrmion lattice pattern; (d) (|∆l| = 5)
pentagonal topological domain walls’ optical skyrmion lattice pattern.
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3.3. Fine Structures of the Different Optical Skyrmion Lattice Patterns

However, to provide additional strong evidence that the generation of this method is
skyrmion, we further narrowed down the acquisition region of the simulated field structure
to obtain the spin vector distribution of the individual skyrmion. The set of orbital angular
momentum was also satisfied |∆l| = 6, and other designs were controlled separately as
|∆l| = 3, 4, 5, from different orbital angular momentum superposition states generated
under coaxial; the fine structure had an obvious turn of vector direction between the
generated skyrmion and the adjacent skyrmion structure, which was previously reported
as the skyrmion topological charge fission that generated the topological domain walls.

For the first time, by controlling the orbital angular momentum superposition state,
we were able to control the gradual transition of skyrmion topological domain walls from
a triangle to a hexagonal type. Additionally, in the process, |l|min = 0 is guaranteed;
therefore, the topological domain walls do not change during continuous tuning, that
is, the chiral changes and the topological domain walls morphology of skyrmion on the
local surface are not correlated. This feature is of great significance for controlling the
shape of the skyrmion lattice and the chirality of the skyrmion, making the two regulated
with the discrete difference of the orbital angular momentum states and the peak of the
orbital angular momentum. Figure 3 shows the fine structure of the skyrmion spin vector
distribution in the square area.
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Figure 3. Fine structures of the different optical skyrmion lattice patterns: (a) the distribution of the
spin vector of the triangular optical skyrmion; (b) the distribution of the spin vector of the quadrangle
optical skyrmion; (c) the distribution of the spin vector of the hexagonal optical skyrmion; (d) the
distribution of the spin vector of the pentagonal optical skyrmion.
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We also observed that the fine structure of the skyrmion was perfectly bound within
the polygon boundary. The optical skyrmion field vectors are divided into two types in a
solid-state system: The Néel skyrmion provides cycloidal vector rotation, and the Bloch
skyrmion provides angular vector rotation. Due to the existence of boundary and symmetry
conditions, different skyrmion lattices show different field-vector helical reversal character-
istics, and the anti-skyrmion orientation is observed in tetragonal Heusler materials [25].
In this case, the cylindrical symmetry is broken, and the inverse skyrmion field exhibits
the combinatorial behavior of the cycloid and helical vectors. It is clear that the vector
helix reversal in Figure 3 is in the special direction, and the central position rotates along
the axis cycloid, carrying both skyrmion features of Néel and Bloch types. The vector
direction is obviously inverted at the topological domain walls’ boundary, which is due to
the topological charge fission [20].

3.4. Calculation of the Distribution of Skyrmion Number

To quantitatively investigate the different characteristic skyrmion lattices generated
with this approach, we first used the acquired transmitted electric field as a source to
calculate the skyrmion density [26]:

Ns
→
r =

1
4π

→
e ·
(

∂
→
e

∂x
× ∂

→
e

∂y

)
(13)

Four sets of samples, all corresponding to six rings, were generated, with each loop
explained using the half-wave plate of characteristic periodic arrangement.

According to the spin–orbit interaction, the calculated skyrmion number depends on
the superposition of the spin–orbit interaction, although the intensity of the diffraction field
is significantly lower than the surface plasmon interference field, which does not affect the
topological stability of the hybrid skyrmion. The normalized point diffraction electric field
Stokes vector [27] is as follows:

E = ∑6
i=1

E2i−1
2 − E2i

2

E2i−1
2 + E2i

2 +
2E2i−1E2i

E2i−1
2 + E2i

2 ×

 − sin 2θ sin 2∆lθ
− cos 2θ sin ∆lθ cos δ− sin ∆lθ sin δ
− cos 2θ sin ∆lθ cos δ + sin ∆lθ cos δ

 (14)

Within the two-dimensional plane, Ei is the angular direction with a value ranging
from 0 to 2π, and radials are rn(n = 1, 2, . . . , 12).

Nsk = 1
4π

s
A e ·

[
∂xe× ∂ye

]
dxdy

= ∑6
i=1

1
4π

s
A 4∆l E2i−1E2i [E2i−1∂rE2i−1∂rE2i−1E2i ]

[E2i−1
2+E2i

2]
drdθ

= ∑6
i=1 ∆l

[
E2i−1(r2i−1)

2

E2i−1(r2i−1)
2+E2i(r2i−1)

2 +
E2i−1(r2i)

2

E2i−1(r2i)
2+E2i(r2i)

2

] (15)

From the spin vector pattern, it can be seen that the generated spin vector combines
the characteristics of both Néel and Bloch types’ transverse spin out of the plane and
transverse spin in the plane. This type of skyrmion with two characteristics simultaneously
at a two-dimensional position may appear unconvincing when calculating the number at
the position, but it is not difficult to find the correlation between the calculation formula of
skyrmion and angular momentum. As can be seen in the formula, the skyrmion number
and OAM difference are proportional.

As shown in Figure 4, we used the data of electric field to calculate the distribution of
skyrmion with normalization of the electric field intensity from different lattices and found
that the arrangement of skyrmion in each single lattice was tight in the plane, especially
within a range of angles. This regular arrangement caused other skyrmion lattices to
interact with each other. In addition, the tight arrangement formed a gap band of skyrmion,
shown in blue. These gap parts are related to the red parts. The blue parts represent the
topological domain walls mentioned above, and the connected red parts of the skyrmion
lattice are continuously regulated due to changes within the angular momentum action in
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spin–orbit interaction. The distribution of numerical values is discrete and exhibits a clear
trend of motion.
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skyrmion lattice; (d) the calculated distribution of the skyrmion number of pentagonal optical
skyrmion lattice.

It can be clearly seen in Figure 4 that the distribution of skyrmion numbers in different
lattice shapes is regulated with the angular direction, demonstrating the feasibility of using
the design method considering the orbital angular momentum differences to obtain the
distribution of skyrmions in different topological states. Under the triangle topological
texture, the skyrmion at the space corner position, along with the changing shape of the
skyrmion lattice, correspondingly, present other spatial angle distribution features; the
hexagon optical skyrmion lattice shows six enriched regions, and the quadrangle optical
skyrmion lattice shows four enriched regions. The probability of skyrmion occurrence
outside of these enriched regions is low, and its geometric positional enrichment is evident
in the three domains. These findings further illustrate the advantage of the proposed
method for the generation of optical skyrmion fields, which relies on the orbital angular
momentum; it can complete the topological form’s continuous tuning and proves the
regularity of optical skyrmion number distribution. Due to the stability of the chirality and
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the topological protection, our research has significance in the modern optical information
communication field.

4. Conclusions

In conclusion, we proposed a novel method to dynamically control the optical skyrmion
lattice by superimposing the orbital angular momentum of the incident beams. It is inter-
esting to note that this method is very similar to the interference of multiple beams, and it
can perfectly produce skyrmion lattices. Our method allows for the continuous tuning of
the topological domain walls and the shape of the skyrmion lattice.

From the collected data regarding the electric field vector distribution, it was found
that, in the process of the continuous tuning of optical skyrmion, the chirality of the gener-
ated skyrmion had both the characteristics of the Néel skyrmion cycloid vector rotation and
the characteristics of the Bloch skyrmion angular vector rotation perfectly. We demonstrated
the effectiveness of our method through simulations and calculations of the skyrmion num-
ber. Our method provides a new way of thinking in terms of the control of optical skyrmion
lattices. In the next step, we expect to improve the characteristics of metasurfaces to im-
prove the electric field intensity and reduce the background noise. Furthermore, we hope
to perform the visualization of higher-order skyrmion forms. Our work has significant
implications for the control and regulation of skyrmions in the two-dimensional plane, with
potential applications in polarization sensing [28], nanopositioning [29], super-resolution
microimaging, and optical storage [30].
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