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ABSTRACT: In recent times, the optical-analogous skyrmions,
topological quasiparticles with sophisticated vectorial structures in
light, have received an increasing amount of interest. Here we
propose theortically and experimentally a generalized family of
these, the tunable optical skyrmions, unveiling a new mechanism to
transform between various skyrmionic topologies, including Neél,
Bloch, and antiskyrmion types, via simple parametric tuning. In
addition, a geometric Skyrme−Poincare ́ representation is proposed
to visualize the complete topological evolution of tunable
skyrmions, which we term the skyrmion torus. To generate the
tunable optical skyrmions experimentally, we implemented a digital
hologram system based on a spatial light modulator, the results of
which show great agreement with our theoretical predictions.
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Skyrmions are topologically protected quasiparticles in
high-energy physics and condensed matter with salient

vectorial textures.1,2 This concept was recently identified by
the optics and photonics community as a cutting-edge topic.
Recently, skyrmions were constructed in optical fields as state-
of-the-art optical structures and termed optical skyrmions.3

These were first generated in the electric field of evanescent
waves,3 followed by diverse forms constructed from different
kinds of optical fields, such as spin fields of confined free-space
waves,4,5 Stokes vectors of paraxial vector beams,6,7 magnetic
vectors in propagating light pulses,8 and pseudospins in
photonic crystals.9 The creation of optical skyrmions has
promising advanced applications in fields such as nanoscale
metrology,10 deep-subwavelength microscopy,4 ultrafast vector
imaging,11 and topological Hall devices,9 broadening the
frontier of modern fundamental and applied physics.
The advancement that skyrmions provide is mainly in their

versatile topological textures, providing new degrees of
freedom to shape vectorial fields and encode information.
The skyrmionic configuration can be mapped into real-space
magnetic materials and classified into diverse topologies,12,13

including Neél type,14 Bloch type,15 and antiskyrmion.16

However, control of the diverse topologies of optical
skyrmions is an emerging topic that is still in its infancy. As
the first scheme of optical skyrmions, the evanescent electric
fields on a plasmonic surface can form only Neél-type
skyrmions.3,11 One year ago, a study of plasmonic skyrmions
controlled between the Neél and Bloch types was reported,17

but soon after, such Bloch-type skyrmions were disproved.18,19

The loophole-free observation of Bloch-type optical skyrmions
was reported very recently in optical chiral multilayers.20 For

optical skyrmions in free space, a Bloch-type skyrmion was
proved in the spin field of a tightly focused vortex beam.4 Soon
after, both Neél- and Bloch-type skyrmions were theoretically
presented in Stokes vectors of paraxial vector beams6 and
electric−spin fields in tightly focused vector beams.5 It is also
of great importance to explore intermediate skyrmion-like
states with extended topology, such as intermediate states
between meron (half-charge skyrmion) and skyrmion in
magnets21,22 and light.10,23 However, no experimental results
have been reported for skyrmions with tunable topological
textures in free space. Also, the concept of optical
antiskyrmions has not yet been realized.
In this paper, a closed-form expression is proposed to

characterize a general class of optical skyrmions, where
skyrmions with different textures (Neél, Bloch, and anti-
skyrmion types) can be topologically transformed among each
other via simple parametric tuning. Moreover, a novel
geometrical model, the skyrmion torus, is proposed to
universally map the topological transformations of tunable
optical skyrmions. Importantly, we experimentally generated
the tunable optical skyrmions with all of the topological types
in structured vector beams controlled by a digital hologram
system, showing great agreement with the theoretical
predictions.
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■ THEORY
Topologies of Skyrmions. The topological properties of a

skyrmionic configuration can be characterized by the skyrmion
number, defined as13

∫ ∫π
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where n(x, y) represents the vector field to construct a
skyrmion and σ denotes the region to confine the skyrmion,
which can be infinity (for an isolated skyrmion) or a cell of a
periodic distribution (for skyrmion lattices). The skyrmion
number is an integer that counts how many times the vector
n(x, y) = n(r cos θ, r sin θ) wraps around the unit sphere, as
shown by the mapping in Figure 1a. For mapping to the unit
sphere, the vector can be given by n = (cos α(θ) sin β(r), sin
α(θ) sin β(r), cos β(r)). Also, the skyrmion number can be
separated into two integers:
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in which the polarity q = 1
2
[cos β(r)]r = 0

r = rσ indicates the

direction of the vector [down (up) at the center r = 0 and up
(down) at the boundary r → rσ for q = 1 (q = −1)] and the
vorticity α θ= [ ]

π θ
θ π

=
=m ( )1

2 0
2 controls the distribution of the

transverse field components.24 In the case of a helical
distribution, an initial phase γ should be added: α(θ) = mθ
+ γ. If we consider the transverse vector components at a given
radius (or a given latitude angle β in the unit-sphere
representation), γ reveals the inclined angle of the initial
vector in the circular array (see Figure 1b). For the m = 1
skyrmion, the cases of γ = 0 and γ = π are classified as Neél
type, and the cases of γ = ±π/2 are Bloch type. The case of m
= −1 is antiskyrmion.

Tunable Optical Skyrmions. In order to derive a closed-
form expression that allows tuning between optical skyrmions
with diverse topological textures via simple parameters, we
start with a classical model of the optical skyrmion, which was
also also the first model of an optical skyrmion. In this model,
the skyrmionic vector field n = (nx, ny, nz) is constructed from
the electric field vectors (Ex, Ey, Ez)

T/|E|, in a confined surface
plasmon polariton (SPP) wave:3
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where E0 is a normalized amplitude, k∥ and kz are the
transverse (in-plane) and axial wavenumbers, respectively, r∥ =
(x, y), and θn = (cos θn, sin θn). The physical meaning of eq 3
is the superposition of N standing-wave SPPs along directions
with equally distributed in-plane angles θn (n = 1, 2, ..., N). For
common circular-shaped skyrmions, N should be large enough,
ideally N → ∞. For the case of a skyrmion lattice, N should be
an integer related to the boundary geometry, e.g., N = 3 is set
to simulate a hexagonal skyrmion lattice field with θn = [−π/3,
0, π/3].3 Figure 2a shows simulated results for a skyrmionic
vector distribution that were obtained using eq 3. However, eq
3 can only represent Neél-type skyrmions (lattice). Here we
propose a mathematically generalized form that breaks this
limit:
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Compared with eq 3, eq 4 has two additional parameters, ϕ1
and ϕ2, the control of which can drive the skyrmionic vector
field to cover all three classic types of topologies: Neél type for
ϕ1 = ϕ2 = 0 or ϕ1 = ϕ2 = π, Bloch type for ϕ1 = ϕ2 = π/2 or ϕ1
= ϕ2 = 3/π/2, and antiskyrmion for |ϕ1 − ϕ2| = π. Numerically
simulated results obtained using eq 4 for these three
topological types are shown in Figure 2a−c. In general, ϕ1
and ϕ2 act as the parameters to dynamically tune the
topological textures among the three typical ones.
It is worth noting that the Neél-type texture can

continuously deform into the Bloch-type texture. In general,
the intermediate skyrmions can be interpreted using eq 4 with
ϕ1 = ϕ2 = ϕ ∈ [0, 2π] (ϕ = 0, π for Neél type and ϕ = π/2,
3π/2 for Bloch type). Video S1 shows this evolution, and an
example of an intermediate skyrmion is presented in Figure 2d.
However, it is impossible to deform the antiskyrmion into a
Neél- or Bloch-type skyrmion because they have different
topological protection (opposite vorticity). When the
evolution goes from a Neél-type or Bloch-type skyrmion to
an antiskyrmion, the vector field must meet a boundary state of
a nonskyrmion, an example of which is shown in Figure 2e. In
the nonskyrmion, the transverse component vectors have only
a single 45° orientation, which is why it is not a skyrmion (a

Figure 1. (a) Mapping from a normal skyrmion configuration,
constructed by the colored arrows, to the unit sphere representation.
(b) Some basic cases of the transversely projected vector
(components Ex and Ey) distribution at given radii of the skyrmions
with various values of m and γ.
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skyrmion requires the transverse component to cover the full
azimuth range). Video S2 (Video S3) shows the evolution
from a Bloch (Neél) skyrmion to an antiskyrmion.
The mathematical representation given in eq 4 is correct for

tunable optical skyrmions, but their experimental realization is
still cumbersome. If one were to attempt to use SPPs to
generate tunable skyrmions as described by eq 4, the two
parameters ϕ1 and ϕ2 would induce extreme conditions that
are hard to fulfill, as a stable SPP field requires more rigorous
conditions than a free-space light field.
Importantly, recent advancements have made possible the

successful realization of optical skyrmions of different optical
vector fields in both matter and free space, but these are still
limited to few topological textures.4−6,9 These advancements
allowed us to propose a practical scheme for the generation of
tunable optical skyrmions in free space via the Stokes vectors
of structured vector beams. The Stokes vector s = (s1, s2, s3)
can represent an arbitrary state of polarization as points on the
surface of the unit-radius sphere known as the Poincare ́
sphere.25 In spherical coordinates, the optical field ψ = cos(θ/

2) e−iφ/2R + sin(θ/2) eiφ/2L, where R and L represent right-
handed circularly polarized (RCP) and left-handed circularly
polarized (LCP) eigenstates, respectively, is represented as s =
(cos φ sin θ, sin φ sin θ, cos θ). In order to construct
skyrmions using the Stokes vector, we need to first construct a
vector beam with customized spatial modes of the form,

ψ ψ ψ= +x y x y x yR L( , ) ( , ) ( , )1 2 (5)

The spatial modes ψ1 and ψ2 should have the same form as the
tunable skyrmion, given by eq 4, that is,

ψ θ= [ ] φ−x y x y( , ) cos ( , )/2 e x y
1

i ( , )/2
(6)

ψ θ= [ ] φx y x y( , ) sin ( , )/2 e x y
2

i ( , )/2
(7)

with

θ = [ ]−x y n x y( , ) cos ( , )z
1

(8)

Figure 2. Simulated results for (a1−e1) the 3D vector distributions (nx,ny,nz) and (a2−e2) the transverse component vectors (nx, ny) for (a−d)
tunable optical skyrmions with diverse topological textures of (a) Neél type (ϕ1 = ϕ2 = 0), (b) Bloch type (ϕ1 = ϕ2 = π/2), (c) antiskyrmion (ϕ1 =
0, ϕ2 = π), and (d) an intermediate state (ϕ1 = ϕ2 = π/4) and (e) a nonskyrmion (ϕ1 = 0, ϕ2 = π/2).

Figure 3. (a, b) Intensity (a1, b1) and phase (a2, b2) distributions of (a) ψ1(x, y) and (b) ψ2(x, y) for the case of ϕ1 = ϕ2 = 0. The red dashed lines
mark the effective regions to induce the main topological texture of the optical skyrmion. (c) Skyrmion in a Stokes vector field with the transverse
component inset and (d) the intensity and polarization distributions of the corresponding vector beam. (e, f) Intensity (e1, e2) and phase (f1, f2)
distributions of (e) LG0,0(x, y) and (f) LG0,1(x, y) modes at the beam-waist plane. (g) Skyrmion in a Stokes vector field with the transverse
component inset and (h) the intensity and polarization distributions of the LG-based vector beam.
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where, (nx, ny, nz) is exactly based on the theoretical tunable
skyrmion given by eq 4. We can now tailor vector beams to
realize tunable skyrmions via their Stokes vector fields. As an
example, a numerical simulation of the Neél-type skyrmionic
vector beam, for which ϕ1 = ϕ2 = 0, is shown in Figure 3. The
spatial modes ψ1(x, y) and ψ2(x, y), which are shown in Figure
3a,b, share the same amplitude and phase distributions as the
transverse zeroth- and first-order Bessel modes, respectively. It
should be noted that although they share the same form, ψ1(x,
y) and ψ2(x, y) are derived from surface plasma fields located
on a 2D surface, whereas Bessel beams are propagating beams.
The distributions of the Stokes vectors, intensities, and
polarizations are shown in Figure 3c,d, respectively, where
the central region of a Neél-type skyrmion texture and full
states of polarization can be observed. The simulation results
also show that the effective regions that contribute to the main
hedgehoglike vector texture are the central lobes of the zeroth-
and first-order Bessel modes, as marked by the red dashed lines
in Figure 3a,b, whereas the side lobes of the Bessel beams, far
away from the skyrmion center, contribute to the repeating
radial reversal vector structure, which does not impact the
skyrmion topology. Therefore, we can replace the zeroth- and
first-order Bessel modes by the fundamental Gaussian and first-
order Laguerre−Gaussian (LG) modes, i.e., LG0,0 and LG0,1
(Figure 3e,f). The Stokes vector field of the corresponding LG-
based vector beam given by eq 5 shows a perfect Neél-type
skyrmion, as evinced in Figure 3c,d. It should be noted that in
contrast to the nondiffracting Bessel modes, the LG modes are
diffracting beams; here we observe the skyrmions at the beam-
waist plane of the beams.
Skyrmion Torus and Skyrme−Poincare ́ Model. In this

section we present an elegant graphical model, the skyrmion
torus, to depict the general topological state transformation of
a tunable skyrmion onto a torus. Without loss of generality,
setting ϕ1 = Φ ∈ [0, 2π] and (ϕ2 − ϕ1) = Θ ∈ [−π, π], we can
regard Φ and Ψ as the angles of the toroidal and poloidal
directions, respectively, to map the general topological states of
skyrmions to the corresponding points on a torus, as shown in
Figure 4. For Θ = 0, the skyrmion transforms between the Neél
(Φ = 0, π) and Bloch (Φ = ±π/2) types, which are
represented on the big toroidal circle. The antiskyrmions with
diverse orientations (Θ = ±π) are located on the small toroidal
circle. The two middle toroidal circles at the top and bottom
represent various nonskyrmion states. Any toroidal circle route
represents a skyrmion-number-invariant transformation. Any
poloidal circle route on the torus describes the dynamic tuning
between a Neél or Bloch skyrmion (s = 1) and an antiskyrmion
(s = −1).
The skyrmion torus used to represent skyrmionic texture

evolution has an intriguing relation to the orbital angular
momentum (OAM) Poincare ́ sphere to represent the OAM
evolution of a vortex beam. Using the methods introduced in
the previous section, we can derive the parametric form of the
corresponding vector beam as a function of Φ and Θ:

Ψ = Ψ + [ Θ Ψ + Θ Ψ]− Φ
−

ΦR Lcos( /2) e sin( /2) e0
i /2

1
i /2

1
(10)

where Ψ0 is a zeroth-order Bessel (or fundamental Gaussian)
mode and Ψ±1 are ±1-order Bessel modes (or LG modes)

carrying opposite OAM with ±1 topological charges. The
spatial mode of the LCP component is exactly of the form of a
conventional OAM Poincare ́ sphere,26 driven by the longitude
and latitude angles Φ and Θ, revealing the OAM conversion
between ±1 topological charges. In the OAM Poincare ́ sphere,
when Θ = 0, the scalar mode always represents an OAM with a
single topological charge, independent of the value of Φ. This
is why the OAM evolution is mapped on a sphere and the pure
OAM state is represented on the pole. However, the
skyrmionic vector beam adds a new degree of freedom to
distinguish the Φ-dependent states with different Neél and
Bloch textures when Θ = 0. Thus, the combined skyrmionic
vector texture should be mapped onto a torus. Therefore, the
torus mapping acts as a useful tool to tailor general skyrmionic
topological transformations, akin to the Poincare ́ sphere for
tailoring OAM. Hence, many related applications, such as
spin−orbit conversion, geometric phase transition, encoding,
and communication,25,27,28 are expected to be analogously
studied in optical skyrmions.

■ EXPERIMENT
In order to realize tunable optical skyrmions experimentally,
we implemented a highly stable optical setup capable of
generating arbitrary optical beams with almost any state of
polarization and spatial profile,29 which is shown schematically
in Figure 5. This optical setup uses a spatial light modulator
(SLM) for arbitrary control of the spatial distribution of the
optical field.30 The setup starts with a horizontally polarized
HeNe (632.8 nm) laser beam, collimated and expanded to
fully cover the liquid crystal screen of the SLM. The screen of
the SLM is digitally split into two independent screens, each of
which is addressed with an independent digital hologram that
generates, in the first diffraction order, two independent optical
fields. The holograms are chosen according to the desired
skyrmion as given by eq 10. To better approximate the Bessel
or LG modes, we modulated both the amplitude and phase of
the desired modes using complex amplitude modulation (see
ref 30 for additional details). For example, to generate
skyrmions (Θ = 0), only the second term of the LCP
component is present, i.e., Ψ1. Hence, on one side of the SLM
we encode the mode Ψ0 the (fundamental Gaussian mode)

Figure 4. Skyrmion torus to represent the universal topological
evolution of a tunable optical skyrmion, with special topologies as
points on it: red points, Neél type; green points, Bloch type; blue
points (the poles), antiskyrmion.
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and on the other side the mode Ψ1 (first-order Bessel or LG
mode). An example of the encoded hologram is shown as an
inset in Figure 5. It can also be seen here that each hologram is
superimposed with a linear grating to separate the different
diffraction orders and filter the first diffraction using a
telescope formed by two lenses and a spatial filter located in
the focal plane of the first lens. The two optical fields are then
redirected to a common-path triangular Sagnac interferometer
comprising a polarizing beam splitter (PBS) and two mirrors.
Prior to entering the interferometer, the two beams are rotated
to a diagonal polarization state. In this way, when the two
beams enter the interferometer after traversing the PBS, each
of them is separated into two new beams with orthogonal
linear polarization states (horizontal and vertical) traveling
along opposite optical paths. After a round trip, all four beams
exit the interferometer from the opposite side of the PBS, two
with horizontal polarization and two with vertical. Finally, the
horizontal polarization component of one of the beams is
aligned coaxially with the vertical polarization component of
the other beam. To improve the coaxial superposition, fine-
tuning is performed digitally via the period of the linear
gratings encoded on each digital hologram. Importantly,
optical aberrations produced by the screen of the SLM,
which is not perfectly flat, induce small deviations between the
experimental and theoretical results. Nonetheless, such
aberrations could be removed by adding a correction mask
to the SLM. Such corrections lie beyond the scope of this
article since our purpose is just to demonstrate the concept.
The experimental reconstruction of the optical skyrmions

was achieved through Stokes polarimetry, more specifically,
through the reconstruction of the Stokes parameters S0, S1, S2,
and S3, which were computed from a set of intensity
measurements. To this end, a second stage was build at the
output port of the interferometer, where a series of phase
retarders and a charge-coupled device camera (CCD) allowed
measurement of the required intensities, from which the Stokes
parameters where reconstructed using the relations

= + = −

= − = −

S I I S I S

S I S S I S

2

2 2
0 H V 1 H 0

2 D 0 3 R 0 (11)

where IH, IV, ID, and IR represent the intensities of the
horizontal, vertical, diagonal, and RCP components, respec-
tively. To experimentally measure IH, IV, and ID we passed the
optical field through a linear polarizer set at 0°, 45°, and 95°,
respectively, while the intensity of the IR polarization
component was acquired by passing it simultaneously through
a quarter-wave plate (QWP) at 45° and a linear polarizer at
90° (see ref 31 for further details). Figure 6a shows an example
of the experimental Stokes parameters along with the intensity
profile overlapped with its corresponding polarization dis-
tribution (Figure 6b) for the specific case ϕ1 = ϕ2 = 0. In this
example, the beam center includes a pure RCP state (S3 = 1),
represented by a dark-blue color. This is the case because the
beam is composed of a coaxial superposition of the LCP
fundamental Gaussian mode and the LCP LG mode, which has
a null at its center. Thus, the point in the center of the
composed mode exists as a pure RCP (S3 = +1) state, which
exactly corresponds to a generic C-point.32 The holograms
used in this example are displayed as insets in Figure 5 (digital
hologram) and correspond from left to right to the
fundamental Gaussian mode and the first-order LG mode.
Importantly, all of the topological structures represented on
the torus can be chosen according to eq 10 by simply changing
the holograms displayed on the SLM.
With our digital hologram system, we realized the controlled

generation of Stokes skyrmions with arbitrary topological
textures on the skyrmion torus. Figure 7 shows our
experimentally generated LG-based results for tunable Stokes
skyrmions at typical points of the skyrmion torus, including the
measured intensity and polarization distributions, Stokes
vector fields, and a zoom-in of the central region of the vector
field to clearly distinguish the topological textures. From our
experimental results, we can clearly identify the textures
(hedgehog for Neél-type skyrmion, vortex for Bloch-type
skyrmion, and saddle for antiskyrmion). Importantly, the
vector field shows a small experimental deviation from the
theoretical predictions, but these errors can be tolerated since
we are interested in the 3D topology of the skyrmionic
structure, where no significant deviations are observed. For
verification, we numerically calculated the skyrmion numbers
of our experimental results using eq 1, and the results are noted
in Figure 7. The experimental skyrmion numbers agree well
with the corresponding theoretical predictions: antiskyrmions
for s = −1 and Bloch- and Neel-type skyrmions for s = 1.
Additional experimental results are shown in Videos S4 and S5
for the cases based on LG and Bessel−Gaussian modes.

Figure 5. Schematic representation of the optical setup implemented
to generate tunable optical skyrmions. L1−L4, lenses; PBS, polarizing
beam splitter; SLM: spatial light modulator; HWP, half-wave plate;
QWP, quarter-wave plate; M, mirror; Sf, spatial filter; CCD: charge-
coupled device camera.

Figure 6. Experimentally reconstructed (a) Stokes parameters and (b)
intensity distribution of the vector field overlapped with its
corresponding polarization distribution.
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■ DISCUSSION

Although the generalized tunable optical skyrmion model is
inspired from the case of an SPP electric field and realized
using a Stokes vector field, it is not limited to these cases and
can be freely extendable. Because the new concept of a tunable
skyrmion has a universal mathematical parametrization for a
generalized topology, the vector can refer to other kinds of

optical fields of structured light for further exploration. For
example, we can also use spin vectors in a tightly focused
beam,4,5 electric or magnetic vectors in a propagating
structured pulse,8 and pseudospins in nonlinear media.9 It is
also a exciting direction to create more quasiparticles with
complex topological states beyond skyrmions, such as
skyrmion bags33 and skyrmion tubes34 as well as merons and
bimerons,35−37 into structured light. Even though in this work

Figure 7. Experimental results for tunable Stokes skyrmions with controlled topological textures corresponding to selected points on the skyrmion
torus, as shown in the gray boxes. Each box includes the measured intensity and polarization distribution of the skyrmionic beam, the vector
distribution of the Stokes skyrmions, and the zoom-in plane form of the vector field to clearly distinguish the topological texture. Numerically
calculated skyrmion numbers are noted in the diverse panels correspondingly.

Figure 8. Theoretical results for complex higher-order kπ skyrmions in the Stokes vector field of the mode Ψp,l. The inset of each panel shows the
corresponding transverse component distribution. The first, second, and third rows correspond to the results for vorticity numbers of 1, 2, and 3 for
the parameter used as l = 1, 2, and 3, respectively. The first, second, and third columns correspond to the results for radial twists of 1π, 3π, and 5π
for the parameter used as p = 0, 1, and 2, respectively.
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we used an SLM to generate skyrmionic beams, digital mirror
devices are an alternative means to generate them that present
several advantages over SLMs, such as their high refresh rates,
polarization independence, and low cost.31

The above results show only cases with skyrmion numbers
of ±1. Nonetheless, our model can be easily extended to
higher-order skyrmions with increasingly complex topologies
that are hard to realize with previous optical skyrmions
methods. To this end, we need only to replace the single-
topological-charge vortex mode Ψ± in eq 10 with general LG
modes with both radial and azimuthal indices ψp,l:

ψ ψ ψΨ = + [ Θ + Θ ]− Φ
−

ΦR Lcos( /2) e sin( /2) ep p p, 0,0
i /2

,
i /2

,

(12)

This equation represents more general topological skyrmions
in its Stokes fields. The index p controls the radial multitwist
structure of the skyrmion, i.e., the so-called skyrmionium or kπ
target skyrmion,38 and the index l controls higher vorticity
numbers in the skyrmion, i.e., the structures previously called
higher-order skyrmions.9 A set of results for Neél-type complex
higher-order kπ skyrmions based on eq 12 are shown in Figure
8.
It is worth mentioning that even though the skyrmions

studied in this work share some similarities with full Poincare ́
beams39−42 and their associated polarization singularities,32,43

there are clear differences. Thus, it is worth unveiling the
relationship between the new concept of tunable topological
skyrmions and Poincare ́ beams. For instance, the Neél-to-
Bloch skyrmion corresponds to a Poincare ́ beam with a lemon-
type C-point, whereas an antiskyrmion corresponds to a start-
type C-point. Therefore, it is still interesting to study the
relationship between other kinds of complex skyrmions and
Poincare ́ beams with polarization singularities.
Finally, even though proposing novel techniques for the

generation of diverse topological skyrmions is of great
relevance, another interesting direction would be a study of
novel techniques for the characterization of such structures.
More precisely, for a given skyrmionic beam, it is desired to
precisely quantify its topological state on the skyrmion torus
with coordinates (Φ, Θ). We can anticipate that some recent
advanced measurement methods for vector beams, such as the
state tomography method,44 represent a promising avenue for
this.

■ CONCLUSION

We have proposed an extended family of tunable optical
skyrmions enabling flexible transformations among various
kinds of skyrmionic topological textures. A graphical model,
the skyrmion torus, is proposed to universally represent the
topological evolution of tunable optical skyrmions. We
experimentally generated such tunable optical skyrmions in
Stokes vector fields of customized vector beams from a well-
designed digital hologram system. This is the first known
experimental generation of topology-tunable optical skyrmions
in free space and also the first realization of optical
antiskyrmions. Our methods could easily be extended to
higher-order topologies to provide a new platform for optical
information storage, communication, and cryptography using
skyrmionic topological states of light.
Finally, it has come to our attention that when we were

preparing this article, an independent experiment that explored
optical skyrmions in a vector beam was reported.45 It focused

on a 3D skyrmion structure, while we have focused on the
tunability of 2D skyrmion structures. In contrast to conven-
tional 2D skyrmions (with spin textures confined to a 2D
plane), the 3D skyrmion, as a generalized form, can include
multiple topological textures in multiple transverse planes
upon propagation. Therefore, it is also a meaningful future
direction to improve our approach to control topologically
tunable 3D skyrmions.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphotonics.1c01703.

Video S1: Topology-tunable skyrmion transformed
between Neél- and Bloch-types (MP4)
Video S2: Topology-tunable skyrmion transformed
between Bloch- and Antitypes (MP4)
Video S3: Topology-tunable skyrmion transformed
between Neél- and Antitypes (MP4)
Video S4: Experimental results of topology-tunable
skyrmion controlled on skyrmion torus based on an
LG mode (MP4)
Video S5: Experimental results of topology-tunable
skyrmion controlled on skyrmion torus based on a
Bessel−Gaussian mode (MP4)

■ AUTHOR INFORMATION
Corresponding Authors

Yijie Shen − Optoelectronics Research Centre and Centre for
Photonic Metamaterials, University of Southampton,
Southampton SO17 1BJ, United Kingdom; orcid.org/
0000-0002-6700-9902; Email: y.shen@soton.ac.uk

Carmelo Rosales-Guzmán − Centro de Investigaciones en
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