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The concept of skyrmions, which refers to topologically stable vector textures and was originally
introduced in particle physics, has recently been transferred to various types of fields, including electro-
magnetic ones. Its potential in optics and photonics stimulates the development of sophisticated strategies
for skyrmionic beam shaping, but these are limited to bulky systems, thus hindering the emergence of
practical applications. Here we propose and experimentally report on the realization of compact flat-optics
skyrmion generators based on the spin-orbit interaction of light. Our approach highlights how the use of
unitary wave plates beyond the uniform-retardance condition opens new avenues for the preparation of
topological optical states.
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I. INTRODUCTION

Transporting, processing, and storing information is a
modern challenge that requires the development of ever-
more-efficient, smaller, and robust information carriers. In
this context, since their introduction in particle physics
[1], skyrmions have been endorsed as valuable univer-
sal candidates characterized by their topological stability
and robustness. In particular, skyrmionic magnetization
fields in chiral magnetic media are endowed with a high
level of spatial confinement down to nanometer sizes,
conferring them with high-density solid-state information-
storage capabilities [2–5]. Soft-matter systems also pro-
vide versatile platforms to explore the fundamentals of
creation, manipulation, and transformation of skyrmions,
as is the case for molecular alignment of liquid crys-
tals and magnetization fields of colloidal ferromagnets
by the use of various kinds of external fields (thermal,
electric, magnetic, electromagnetic) [6–10]. It is notewor-
thy that the existence of skyrmionic fields also extends
to waves of differing nature, such as acoustic [11,12],
water [13], and optical [14] waves. In optics, skyrmionic
topological structures can also be considered as promis-
ing information carriers for long-term robust data transfer
with advanced structured-light-beam technologies, in con-
trast to the skyrmions in matter only for local data storage.
In recent years, a wealth of optical skyrmions have been
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experimentally identified since their early observations in
electromagnetic surface waves [15–18]. Many kinds of
free-space skyrmionic optical vector fields have indeed
been studied and experimentally observed [19–25], in par-
ticular, skyrmionic beams constructed from the reduced
Stokes vector,

s = (|Ex|2 − |Ey |2, 2Re(E∗
x Ey), 2Im(E∗

x Ey))

|Ex|2 + |Ey |2 , (1)

which describes the polarization state of a fully polar-
ized paraxial light field propagating along the z axis with
complex electric field E = Exx + Eyy [26]. Such beams
are easily accessible experimentally from a finite set of
intensity-only measurements using standard polarization
optics, which makes them attractive for the advent of opti-
cal information networks overcoming current limitations
[27,28]. However, even though miniaturization efforts
have been reported that use gradient-index lenses [29],
the preparation of such topological vector fields remains
restricted to sophisticated and overall bulky spatial-light-
modulation systems.

Here we introduce a compact, robust, and unitary flat-
optics solution based on anisotropic and inhomogeneous
wave plates to generate free-space Stokes skyrmion beams
from a Gaussian beam. Our approach is generic and is
based on the generation of superpositions of orthogo-
nally polarized Laguerre-Gauss optical modes from uni-
tary transformations of a uniformly polarized incident
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Gaussian beam. See Appendix A for the related construc-
tion of skyrmion beams for the Stokes vector field to which
the present work is restricted.

II. OPTICAL SPIN-ORBIT SKYRMIONICS

We propose using spin-orbit optical wave plates made
of two-dimensional anisotropic media whose optical axis
orientation � and birefringent phase delay � between the
directions of the slow and fast axes vary in space. Such
structured wave plates originate from the work of Bhandari
[30], who proposed the use of half-wave plates, � = π ,
with spatially varying slow-axis orientation �(x, y) so as
to impart an arbitrary spatial distribution of the phase on
an incident circularly polarized beam, which has evolved
into a mature technology for various types of naturally
or artificially anisotropic optical material. By extending
this to arbitrary functions � and �, and arbitrary inci-
dent polarization states, one gets the following unitary
transformation scheme for an arbitrary polarized incident
state [31]:

∑

σ=±1

ασ eσ
�−→
�

∑

σ=±1

ασ
(
cos �2 eσ + i sin �

2 ei2σ�e−σ
)

, (2)

where the complex weighting coefficients satisfy |α−|2 +
|α+|2 = 1, and e± = (x ± iy)/

√
2 refers to the circular-

polarization basis [32].
Regarding the production of superpositions of Laguerre-

Gauss beams, the most-studied cases correspond to
so-called q-plates, which are characterized by uniform
retardance� = π and azimuthally varying optical axis ori-
entation � = qφ, where φ is the usual polar angle in the
x-y plane [33]. According to Eq. (2), q-plates behave as
a uniform half-wave plate stacked with a helical phase
mask, the latter being known to produce superposition of
Laguerre-Gauss beams El,p with azimuthal index l = ±2q
and radial indices p ∈ N [34,35]. Therefore, with the aim
of producing topological textures for the Stokes vector
field, one needs to detune the q-plate to a value � �= π ,
which adds a Gaussian contribution to the output field.
Namely, according to Fig. 1(a), β0,0 �= 0 and β0,p �=0 = 0
for an incident circularly polarized Gaussian beam, while
γ2σq,p �= 0 for all p . This leads to propagation depen-
dent textures {s} as illustrated in Fig. 1(b) for q = 1/2,
� = π/2, and incident circular-polarization state σ = +1,
where numerical simulations in the near-, intermediate-,
and far-field regions are shown. The latter are typically
associated with a Fresnel number F = w2/λz larger than,
on the order of, or smaller than unity, respectively, where
w is the incident beam waist located in the sample plane
that defines z = 0 and λ is the wavelength. Qualitatively,
while a first-order skyrmion builds up in the far field, spin-
orbit wave plates with uniform retardance do not provide
skyrmionic textures exploitable at shorter distances.

(a)

(b)

(c)

FIG. 1. (a) Principle of a spin-orbit skyrmionic wave plate of
integer order n based on the generation of superpositions of cir-
cularly polarized Laguerre-Gauss modes with helicity σ = ±1
and α, β, and γ as weighting coefficients. (b),(c) Numerical
simulations of the Stokes textures {s} versus propagation for
typical values for the Fresnel number F associated with near-
field (F � 1), intermediate-field (F ∼ 1), and far-field (F 	 1)
regions. The color representation chosen for {s} corresponds to
a bijective mapping of any point P lying the Poincaré sphere of
polarization, as illustrated in the rightmost part of the figure. (b)
Detuned-q-plate design defined as � = φ/2 and � = π/2. (c)
Design defined by Eqs. (3) and (4). Simulation parameters are as
follows: incident left-handed-circular-polarization state, w = 1
mm, λ = 500 nm, and F = (10, 1, 0.1). Scale bar 2 mm.

In contrast, nonuniform-retardance designs provide an
answer to this limitation. For the sake of illustration, the
doubly inhomogeneous structure of such spin-orbit wave
plates is chosen as

�(φ) = nφ/2, (3)

�(r) = 2 arcsin
{(

r
√

2/w
)n

exp
[
n

(
1/2 − r2/w2)]} ,

(4)

where n is an integer and r is the distance to the origin on
the x-y plane. Using an incident circularly polarized Gaus-
sian beam with helicity σ , one thus gets a well-defined
Laguerre-Gauss component with opposite helicity [36],
γn,0 �= 0 and γn,p �=0 = 0. The numerical analysis is shown
in Fig. 1(c) for n = 1, which qualitatively highlights a first-
order skyrmion embedded in the central part of the field
whatever the propagation distance, although this is not a
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skyrmonium (see Appendix A). From the preceding quali-
tative analysis, we present in what follows our quantitative
experimental results.

III. RESULTS

A. Wave-plate characterization

The experimental demonstration is performed in the
visible domain for operating wavelength λ0 = 532 nm.
Specifically, we use Laguerre-Gauss modal wave plates
made from nanostructured silica glass and designed for
p = 0 and l = σn with n = (1, 2, 3), as reported in
Ref. [37]. See Refs. [38,39] for a detailed presentation of
the fabrication technology. These wave plates are charac-
terized by Eqs. (3) and (4), and we choose an incident
Gaussian beam with waist radius w = 1.5 mm. The dou-
bly inhomogeneous structure of such wave plates, both
in retardance and in optical axis orientation, is assessed
by polarimetric imaging analysis according to the setup
shown in Fig. 2(a). The principle of the analysis is to
measure the Stokes parameters of the image of the sam-
ple plane. This is done by recording six intensity images
obtained from the projection of the output field Eout on the
polarization states H (horizontal), D (diagonal), V (ver-
tical), A (antidiagonal), L (left-handed circular), and R
(right-handed circular), owing to usual polarization optics.

(a)

(b)

FIG. 2. (a) Experimental setup for full Stokes polarimetric
analysis of the modal plates. Here the supercontinuum laser has
beam-waist radius of 3.6-mm. (b) Optical characterization of the
spin-orbit skyrmionic wave plates of order n = (1, 2, 3) designed
according to Eqs. (3) and (4) with w = 1.5 mm and whose struc-
tural footprint corresponds to a disk of radius R = 3 mm. The
data shown combine the birefringent phase retardation and orien-
tation, where the brightness refers to�/π and the hue color map
refers to �. CP, circular polarizer; F, spectral filter for 633-nm
wavelength; L, imaging lens that conjugates the spin-orbit wave
plate and the CCD camera; PC, polarization controller allowing
us to record the intensity distribution of the output field projected
on an arbitrary polarization state.

This allows the evaluation of s from [26]

s1 = (IH − IV)/(IH + IV), (5)

s2 = (ID − IA)/(ID + IA), (6)

s3 = (IL − IR)/(IL + IR), (7)

where IH = |Eout · x|2, ID = |Eout · (x + y)/
√

2|2, IV =
|Eout · y|2, IA = |Eout · (x − y)/

√
2|2, IL = |Eout · (x − iy)/√

2|2, and IR = |Eout · (x + iy)/
√

2|2.
We chose λprobe = 633 nm as the wavelength of the

circularly polarized probe light with helicity σprobe. This
prevents a phase-wrapping ambiguity since the maximal
birefringent phase delay is π at 532 nm, and hence is less
at 633 nm for the material chosen. The birefringent phase
delay � = (λprobe/λ0)�probe (which implies ignoring the
dispersion of the optical anisotropy) and the orientation
angle � are obtained from the measured reduced Stokes
vector s = (s1, s2, s3) for the probe beam according to
�probe = arccos(σprobes3) and � = (1/2) arctan(s2/s1)−
σprobe(π/4). The reconstructed maps conveying the infor-
mation on both � and � are shown in Fig. 2(b) for n =
(1, 2, 3).

B. Skyrmion detection and analysis

The experimental detection of skyrmions is done at a
wavelength of 532 nm with the use of the setup shown in
Fig. 2(a). We evaluate the output Stokes textures {s} and
the associated Skyrme density

� = 1
4π

s ·
(
∂s
∂x

× ∂s
∂y

)
, (8)

FIG. 3. Experimental and simulated Stokes textures {s} and
Skyrme density � at the output of the skyrmionic wave plate
with n = 1 for χin = ±45◦. The dashed circles refer to the disk
of radius ρ∗ that defines a first-order skyrmion of charge N ∗ = σ

for incident helicity σ .
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which indicates how the Stokes vector field covers the
Poincaré sphere of polarization. This is illustrated in
Fig. 3 for right-handed (χin = −45◦, i.e., σ = −1) and
left-handed (χin = +45◦, i.e., σ = +1) incident circular-
polarization states for n = 1. The experimentally measured
Stokes vector fields (here and in what follows) are obtained
without applying any noise filtering, though renormaliza-
tion of the experimental data according to s → s̄ = s/(s2

1 +
s2

2 + s2
3)

1/2 so as to take into account the nonideally con-
stant norm of s, as shown in Appendix B for n = (1, 2, 3).
In addition, the experimental Skyrme-density maps shown
are obtained by application of a low-pass Fourier
filter.

The experimental results and their comparison with
numerical simulations according to Eqs. (2)–(4) are dis-
played in Fig. 3. This demonstrates the production of
first-order skyrmions with Skyrme number N ∗ = σ in the
central part of the output beam defined as a disk of radius
ρ∗ for an incident circular-polarization state with helicity
σ ; see the dashed circles in Fig. 3. This is quantitatively
assessed according to the definition of the Skyrme number

inside a disk of radius ρ:

N (ρ) =
∫∫

√
x2+y2<ρ

�(x, y)dxdy. (9)

Previous results for incident circular-polarization states
and n = 1 are generalized to an arbitrary incident polar-
ization state and higher-order wave plates with n = 2 and
n = 3; see Fig. 4, which shows the corresponding Stokes
textures and Skyrme densities, and Fig. 5, which displays
N (ρ). These results demonstrate the generation of nth-
order optical skyrmions with Skyrme number N ∗ = σn
in the central part of the output beam. In addition, the
Skyrme number associated with the outer part of the disk
with radius ρ∗ satisfies N (ρ∗) = −N (ρ∗) as N (R) → 0 for
all n.

Furthermore, we analyze how the central optical
skyrmion enclosed in the disk of radius ρ∗ evolves with
the propagation distance; see Fig. 6. This is done by eval-
uating the Stokes texture and the Skyrme-density maps as
a function of the propagation distance z for a circularly

(a)

(b)

FIG. 4. Experimental and simulated (a) Stokes textures {s} and (b) Skyrme density � at the output of the skyrmionic wave plates
with n = (1, 2, 3) as a function of χin at ψin = 45◦. The dashed circles refer to the disk of radius ρ∗ that defines an nth-order skyrmion
of charge N ∗ = σn as quantitatively assessed in Fig. 5.
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FIG. 5. Quantitative assessment of the Skyrme charge over a
disk of radius ρ for n = (1, 2, 3) according to Eq. (9).

polarized incident beam with 1.5-mm waist radius and
evaluating N (ρ) (1) at the output of the skyrmionic wave
plates (z = 0) by using the setup shown in Fig. 2(a), (2)
after finite free-space propagation (z = 1 m) by removing
the imaging lens and placing the camera at distance of 1 m
from the sample, and (3) in the far field (z = ∞) by apply-
ing the Fourier-optics conjugation. The latter is achieved
by placing a lens with focal length f = 200 mm at dis-
tance f from the wave plate and imaging the plane located
at z = 2f by a ×10 microscope objective with numerical
aperture 0.25 so as to properly resolve the Stokes texture
on a camera.

Experimental results are shown in Figs. 6(a) and 6(c) for
right-handed and left-handed incident circular-polarization

states for n = 1. We find that the Skyrme number peaks
at a value that departs only slightly from N = σ what-
ever the propagation distance, from which the radius ρ∗ is
identified. The corresponding experimental and simulated
Stokes texture {s} and Skyrme density of the skyrmion
in the region ρ < ρ∗ are shown in Figs. 6(b) and 6(d),
which support the added value of the use of a spin-orbit
wave plate with nonuniform retardance instead of constant
retardance.

IV. DISCUSSION

It is noteworthy to compare the experimental results
with the simulated results by application of the polar-
ization transformation to the incident field Ein =
E0 exp(−r2/w2)eσ by insertion of Eqs. (3) and (4) into
Eq. (2), and then evaluation numerically of the propa-
gated field using the two-dimensional Fourier propagation
method. The results are shown as the dotted curves in
Figs. 6(a) and 6(c) and exhibit substantial deviation from
the experimental data for z �= 0. Qualitatively, this can be
understood from a nonflat dynamic phase profile �dyn(r)
that results from the fact that the femtosecond-laser pro-
cessing of silica enabling on-demand two-dimensional
spatial profiles of both � and � [38,39] comes at the
expense of average refractive index changes that depend
on the level of the laser-written optical anisotropy [40].
Quantitatively, this can be described with good accu-
racy by one assuming there is a linear radial dependence

(a) (b) (c) (d)

FIG. 6. (a),(c) Experimental (markers) and simulated (curves) N (ρ) at propagation distances z = (0, 1 m, ∞) for n = 1 and χin =
±45◦. ε refers to the ad hoc linear relationship between the birefringent phase retardation and the dynamic phase, �dyn(r) = −ε�(r).
(b),(d) Corresponding experimental and simulated (at ε = 0.65) Stokes textures {s} (main figure) and Skyrme density (inset) inside the
disk of radius ρ∗.
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TABLE I. Experimental and simulated values of N ∗ for ε =
0.65 associated with the results shown in Fig. 6. Only the simu-
lated value at z = 0 is exact and is not subject to discretization
issues.

Experiment Simulation

σ = −1 σ = +1 σ = −1 σ = +1

z = 0 −0.99(7) 0.99(7) −1 1
z = 1 m −0.96(6) 0.97(0) −0.95(0) 0.95(0)
z = ∞ −0.95(1) 0.96(0) −0.97(8) 0.97(8)

with respect to the birefringent phase retardation; namely,
�dyn(r) = −ε�(r). This is illustrated in Figs. 6(a) and 6(c)
for various values of ε; see the gray area. An overall sat-
isfactory description of the experiments is found for ε =
0.65 as shown by the red curve for all z and summarized in
Table I.

Moreover, the spin-orbit nature of the proposed topo-
logical beam-shaping process allows precise vectorial field
shaping by design, which provides a platform for con-
tinuous topological transformations of vector fields. This
is highlighted here by the way the generated polarization
singularities, embedded in the inhomogeneous spatial dis-
tribution of the polarization state, evolve as the incident
polarization state varies from one pole of the Poincaré
sphere to the other (χin = ±45◦) along a meridian (ψin =
const).

Considering fully polarized paraxial fields whose polar-
ization state varies in the x-y plane, we deal here with
two types of generic polarization singularity in the out-
put field that are structurally stable upon perturbation and
propagation [41]. Namely, C points, where the polarization

state is circular (ψout is undefined), and L lines where the
polarization state is linear (the sign of χout, i.e., the hand-
edness of the polarization state, is undefined), and here we
focus on C points. The latter are experimentally identified
as singularities in the real scalar field ψout, while they can
be numerically traced from phase singularities in the com-
plex scalar field � = Eout · Eout [42]. In turn, generic C
points can be characterized by two half-integer topologi-
cal numbers [43]: the signed number of turns of the major
axis of the polarization ellipse along a closed contour con-
taining the C point, m1, and half the topological charge of
the corresponding phase singularity in the field �, m2.

Our results are shown in Fig. 7(a) for the skyrmionic
wave plate with n = 1, while the identification of C
points is illustrated in Figs. 7(b) and 7(c) for χin =
(0◦, ±25◦, ±45◦). We find that the topological transfor-
mation of the optical skyrmion inside the disk of radius
ρ∗ from the Skyrme number N = ±n to N = ∓n along
a meridian on the Poincaré sphere involves the creation
and annihilation of pairs of C points with opposite pairs of
topological numbers ±(m1, m2) at a finite distance from
the z axis, as well as the emergence and disappearance
of C points at infinity. See also the animated evolution
in Video 1 for n = (1, 2, 3), which emphasizes the non-
generic character of on-axis C points for χin = ±45◦ when
n > 1, with the splitting of a nongeneric C point charac-
terized by (m1, m2) = (n/2, ±n/2) into n generic C points
characterized by (m1, m2) = (1/2, ±1/2) as the incident
polarization states depart from being circular.

Beyond its fundamental interest from a singular optics
point of view, such remote control of polarization sin-
gularities in a skyrmionic optical field provides alter-
native means for contactless optical manipulation of

(a) (b)

(c)

FIG. 7. (a) Experimental (markers) and simulated (solid curves) trajectories in the transverse plane of the various C points labeled
Cm1,m2 (see the main text for definitions) as a function of χin for ψin = 45◦ and n = 1. The stars refer to creation and annihilation
events. (b) Experimental maps of the polarization-state azimuth ψout for a few values of χin. (c) Simulated maps of arg(Eout · Eout) for
a few values of χin.
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VIDEO 1. Animated evolution of the simulated map of arg(E ·
E) for the skyrmionic wave plate with n = (1, 2, 3) as a function
of χin for ψin = 45◦.

objects experiencing inhomogeneous force and torque
fields, which is analogous to a recent demonstration using
topological water-wave structures [44].

V. CONCLUSION

Compact and robust single-stage spin-orbit wave plates
producing skyrmionic beams from Gaussian beams have
been proposed. By demonstrating how inhomogeneous
anisotropic media can serve the advent of skyrmionic
photonics, we highlight the advantage to be gained by
extending the usual designs of metasurfaces such as q-
plates [33] and J -plates [45] to spatially varying retar-
dance profiles. In addition, the laser-machining technology
used here, which combines the realization of macroscopic

clear-aperture devices (in this case on the order of centime-
ters) with arbitrary patterns for retardance and orientation
of the optical axis [38,39], makes this a user-friendly
technological approach. Once combined with the possi-
ble generation of polarization-controlled topological fea-
tures, we expect it to be useful for the development of
optical communication protocols [28]. Finally, we empha-
size that the present results are equally applicable to the
near-infrared, thermal infrared, terahertz, and microwave
domains, with many potential applications in nanophoton-
ics, optical communications, and biomedical imaging, to
name a few areas. Beyond classical optics, the present
spin-orbit skyrmionic wave plates could also serve as
novel platforms for quantum optics experiments that have
begun to involve skyrmions [46].
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(a) (b) (e) (f)

(c) (d) (g) (h)

FIG. 8. Representative set of Stokes-vector fields {s} in the x-y plane that correspond to fundamental skyrmions with N = ±1,
where w0 = w(0). The Stokes vectors are colored according to the bijective relationship illustrated in the left part of the figure, which
associates every point on the Poincaré sphere (i.e., every possible Stokes vector) with a hue color that refers to polarization-ellipse
azimuth ψ and a brightness level that refers to the polarization-ellipse ellipticity χ . See Fig. 1 for the color code and Stokes-vector
definition.
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APPENDIX A: STOKES SKYRMIONS FROM
LAGUERRE-GAUSS MODES

Optical skyrmions can be constructed as topological
vector-field structures for the polarization Stokes vector
that uniquely describes a polarization state (here fully
polarized) and to which corresponds a point lying on the
unit Poincaré sphere of polarization. Without lack of gen-
erality, the basic expression for the associated skyrmionic
beams is given, up to an important phase factor, by

E(r) = a1El1,p1(r)eL + a2eiθEl2,p2(r)eR, (A1)

where a1 > 0 and a2 > 0 are amplitude weight coeffi-
cients, r = x x + y y + z z, where x and y are the Cartesian
coordinates in the transverse plane and z is the longitudinal
coordinate, and El,p is the power-normalized Laguerre-
Gauss mode with azimuthal and radial indices l ∈ Z and
p ∈ N, respectively, according to the paraxial expression

of the electric field in the cylindrical coordinate system
(r,φ, z), written as [47]

El,p(r,φ, z) =
√

2p!
π(|l| + p)!

1
w(z)

[
r
√

2
w(z)

]|l|
L|l|

p

(
2r2

w(z)2

)

× exp
[
− r2

w(z)2

]
exp

{
i
[

k0r2z
2(z2 + z2

0)
+ lφ

− (2p + |l| + 1) arctan
(

z
z0

)]}
, (A2)

for a beam propagating towards z > 0 and omitting
the free-space propagation factor exp(−iωt + ik0z). Here,
L|l|

p (x) = ∑p
m=0[(|l| + p)!/(|l| + m)!(p − m)!m!]

(−x)m, with x = 2r2/w(z)2, where w(z)= w0
√

1 + (z/z0)2,
where w0 is the beam waist radius and z0 = k0w2

0/2 is

(a) (b) (c)

(d) (e) (f)

FIG. 9. Representative set of Stokes-vector fields {s} in the x-y plane that correspond to bimerons [(a),(d)], skyrmoniums [(b),(e)],
and second-order skyrmions [(c),(f)], where w0 = w(0). The Stokes vectors are colored according to the bijective relationship illus-
trated in the left part of the figure, which associates every point on the Poincaré sphere (i.e., every possible Stokes vector) with a hue
color that refers to polarization-ellipse azimuth ψ and a brightness level that refers to the polarization-ellipse ellipticity χ . See Fig. 1
for the color code and Stokes-vector definition.
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the Rayleigh distance, where k0 = 2π/λ is the wave vec-
tor in free space and λ is the wavelength, and eL and eR
refer to the circular-polarization basis constructed from
the left-handed-circular-polarization and right-handed-
circular-polarization unit vectors (also labeled e±, respec-
tively, in the main text), and θ is the intermodal phase.

A set of representative skyrmionic textures for the
Stokes vector s is shown in Figs. 8 and 9 for a few combi-
nations of Laguerre-Gauss beams at z = 0 by setting a1 =
a2 = 1. Fundamental skyrmions described by (l1, p1) =
(0, 0) and (l2, p2) = (±1, 0) are respectively characterized
by a Skyrme number, whose definition is given by Eq. (9)
in the limit ρ → ∞ (i.e., considering the whole beam),
N = ±1 whatever θ . For (l1, p1) = (0, 0) and (l2, p2) =
(±1, 0) the intermodal phase θ controls the helicity of the
skyrmion, said to be of the Néel type for θ = (0,π) and of
the Bloch type for θ = ±π/2; see Figs. 8(a) and 8(b). For
(l1, p1) = (0, 0) and (l2, p2) = (−1, 0), θ rotates the texture
only around the z axis; see Figs. 8(c) and 8(d).

Switching the basis (eL, eR) in Eq. (A1) to the basis
(eR, eL) flips the polarity of the skyrmion (i.e., s3 = +1 →
s3 = −1) and the vorticity of the transverse field s⊥ =
(s1, s2), while N is unchanged, as shown in Figs. 8(e)–8(h).
In addition, the use of a basis other than a circular basis
for the Laguerre-Gaussian superposition transforms the
skyrmion at fixed N , as shown in Figs. 9(a) and 9(d), which
correspond to bimerons.

The skyrmion textures can also be confined in a finite
region when constructed from modes with nonzero radial
indices p1 or p2, as shown in Figs. 9(b) and 9(e) for
(l1, p1) = (0, 1) and (l2, p2) = (1, 0) in the circular basis
and that correspond to a skyrmonium associated with
N = 0. Finally, higher-order skyrmions are obtained by
one increasing |l1 − l2|, as shown in Figs. 9(c) and 9(f)
for (l1, p1) = (0, 0) and (l2, p2) = (2, 0) in the circular
basis and that correspond to second-order skyrmions with
N = 2.

FIG. 10. Experimental assessment of the level of deviation
from ideal measurements for which one expects |s| = 1, where
the data shown correspond to |s| = 〈|s|〉 ± std(|s|) over the area
of the spin-orbit wave plates of order n = (1, 2, 3), where ‘std’
refers to standard deviation.

APPENDIX B: DATA PROCESSING OF THE
STOKES-VECTOR MEASUREMENTS

Experimentally, although we deal with fully polar-
ized laser fields, the experimentally measured value |s| =√

s2
1 + s2

2 + s2
3 is not ideally constant; see Fig. 10. There-

fore, processing of the Stokes field to evaluate the Skyrme-
density maps is done once the Stokes field is renormalized
according to s → s̄ = s/|s|.
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