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Skyrmions endowed with topological protection have been extensively investigated in various plat-
forms including magnetics, ferroelectrics and liquid crystals, stimulating applications such as mem-
ories, logic devices and neuromorphic computing. While the optical counterpart has been proposed
and realised recently, the study of optical skyrmions is still in its infancy. Among the unexplored
questions, the investigation of the topology-induced robustness against disorder is of substantial
importance on both fundamental and practical sides but remains elusive. In this letter, we manage
to generate optical skyrmions numerically in real space with different topological features at will,
providing a unique platform to investigate the robustness of various optical skyrmions. A disorder-
induced topological state transition is observed for the first time in a family of optical skyrmions
composed of six classes with different skyrmion numbers. Intriguingly, the optical skyrmions pro-
duced from a vectorial hologram are exceptionally robust against scattering from a random medium,
shedding light on topological photonic devices for the generation and manipulation of robust states
for applications including imaging and communication.

I. INTRODUCTION

Skyrmions, originally proposed by Skyrme in the 1960s
to describe the stability of the constituents of elementary
particles[1], are vortex-like formations of a field that can-
not be eliminated by any smooth transformation. After
first realisations in magnetic systems [2–6], the topology-
otected quasiparticles have been achieved in fundamen-
tally different classical and quantum platforms, ranging
from liquid crystals[7–10], ferroelectrics[11–14] to polari-
ton superfluids [15] and acoustics [16].

Recently, the photonic counterpart of skyrmions has
been first realised in surface plasmon polaritons [17], util-
ising the evanescent electric field to form the desired
topology. Later, optical skyrmions were achieved in a
repertoire of systems based on different vector fields, in-
cluding electric[18] or magnetic[19, 20] fields in real space
and photonic spin/Stokes vectors in artificial space[21–
28]. In analogy with Dzyaloshinskii Moriya interaction
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in magnetic skyrmion [2–6], various types of light mater
interactions, including spin-orbit coupling [21–23], pho-
tonic quantum spin Hall effect [25] and artificial pho-
tonic gauge field [24], were utilised to form vectorial fields
matching the topology of a specific class of skyrmions.
Meanwhile, optical skyrmions free from interaction with
materials can be achieved in free space through the super-
position of structured light [20, 26–29]. Néel and Bloch-
type optical skyrmions have been proposed in the po-
larisation fields [29]. Optical skyrmions with different
topologies have been realised from a digital hologram sys-
tem based on Stokes vector fields in the artificial space
[27], providing flexibility not achieved by the magnetic
counterpart.

In magnetic systems, the non-trivial topology en-
dows skyrmion with unparalleled robustness to perturba-
tion, suggesting a platform for various applications such
as memory, logic devices and neuromorphic computing
[4, 30, 31]. While the robustness of magnetic skyrmions
has been extensively studied [32–45], a systematic investi-
gation of optical skyrmions with the presence of disorder
remains elusive. A comprehensive understanding of ro-
bustness is indispensable for the further progress of opti-
cal skyrmions, aiming at practical applications including
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FIG. 1. (color online). Realisation of the Néel-type skyrmion. (a) Artistic view of a vectorial hologram for creating an optical
skyrmion that is digitised by 3D vectorial fields in real space. Fluctuations in amplitude and phase can be introduced from
the scattering medium. (b) An ideal Néel-type skyrmion (Nsk = 1, ν = 1, h = 0). (c) The realised quasiparticle composed of
vectorial electric field. (d-f) A comparison of the electric field in the symmetric axis. (g-j) The designed amplitude and phase
on the hologram plane, i.e., the bottom plane shown in (a). The amplitude and phase polarised along the x-direction are shown
in g) and h), while the amplitude and phase polarised along the y-direction are shown in i) and j).

imaging, microscopy, communication and encryption[46].

Inspired by recent advances in the manipulation of
three-dimensional (3D) vectorial fields [47–52], we pro-
pose a novel platform for the realisation of arbitrary opti-
cal skyrmions in real space. Quasiparticles with different
skyrmion numbers[53] (Nsk = 1,−1, 12 ,

1
4 ) are achieved

numerically based on the electric field vectors from a vec-
torial hologram. More importantly, we provide a compre-
hensive investigation of the robustness against disorder,
accounting for the imperfection of hologram devices or
light propagation in a scattering medium. To the best of
our knowledge, we report here the first disorder-induced
state transition in optical skyrmions. The state transi-
tion is confirmed as a general phenomenon for a family
of quasiparticles, ranging from anti-skyrmions, skyrmions
to half- and quarter- skyrmions. Surprisingly, the unique
topology of skyrmion endows the optical quasi-particle
with an unprecedented robustness against disorder in
phase, maintaining the nontrivial feature under fluctu-
ations up to 0.7π. Our work not only contributes to
the fundamental physics by offering the first comparison
of the disorder-induced state transition for the skyrmion
family, but also sheds light on practical applications such
as imaging and communications for optical skyrmions
where the random scattering is inevitable.

II. RESULTS

The physical mechanism of using a vectorial hologram
for creating arbitrary optical skyrmions is illustrated in
Fig. 1a. Based on the principle of 3D vectorial holog-
raphy [48], these 3D vectorial fields at given positions in
the image plane can be physically determined from a 2D
vector field distribution in the hologram plane. A 3D
vectorial field is represented by E(α, β) in a spherical co-
ordinate system, where α and β are the azimuthal and

polar angles, respectively (inset of Fig. 1a). We use the
generalised vectorial diffraction theory to evaluate the or-
thogonal electric field components (Ex, Ey, Ez) of a 3D
vectorial field under the tight focusing condition, which
can independently correlate the orthogonal electric field
components of the 3D vectorial field E(α, β) with dif-
ferent azimuthal and radial components of a 2D vector
field in the hologram plane. More details can be found
in Supplementary Material [54].

Utilising the vectorial hologram, we are able to achieve
a 3D electric field texture point by point on the 2D im-
age plane, and produce the desired configuration match-
ing the topology of optical skyrmions. The topological
property of a 2D quasiparticle is characterised by the
skyrmion number defined as

Nsk =
1

4π

∫∫
S

n ·
(
∂n

∂x
× ∂n

∂y

)
dx dy (1)

with the vector field n forming a quasiparticle con-
strained in a 2D region S. A nontrivial skyrmion num-
ber counts the number of winding for vectors going from
centre to boundary. Accompanying the skyrmion num-
ber, the vorticity number (ν) and the helicity number
(h) are introduced for a complete characterisation of a
skyrmion[53]. Three distinct values of (Nsk, ν, h) differen-
tiate a particular class of quasiparticle from the skyrmion
family. More details can be found in Supplementary Ma-
terial [54].

Figures 1b-j summarise the realisation of a Néel-type
skyrmion based on the proposed vectorial hologram. An
ideal Néel-type skyrmion is illustrated in Fig. 1b. The
arrow represents the electric field, and its colour mea-
sures the magnitude of Ez. The quasiparticle has an ax-
isymmetric texture, with the electric field vector rotating
radially from downwards to upwards pointing. Figure
1c shows the 3D electric field realised. Discrete points
from the skyrmion are selected and produced through
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FIG. 2. (color online) Realisation of different classes of optical skyrmions based on vectorial hologram. The first row demon-
strates the ideal textures and the second row shows the realised quasiparticles composed of vectorial electric field. Five classes
are included: (a-b) Bloch-type skyrmion (Nsk = 1, ν = 1, h = π

2
); (c-d) Néel-type anti-skyrmion (Nsk = 1, ν = −1, h = 0); (e-f)

Bloch-type anti-skyrmion (Nsk = 1, ν = −1, h = π
2

); (g-h) Bloch-type half-skyrmion (Nsk = 1
2
, ν = 1, h = π

2
); (i-j) Bloch-type

quarter-skyrmion (Nsk = 1
4
, ν = 1, h = π
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FIG. 3. (color online). A demonstration of disorder intro-
duced in amplitude (a-e) and phase (f-j) on the hologram
plane. The amplitude and phase are selected from the central
region in Fig. 1f and g.

the vectorial hologram. The accuracy is confirmed by
a comparison between the textures in Figure 1b and c
with a negligible difference. We further provide a quan-
titative comparison in Fig. 1d to f, where the electric
fields in three orthogonal directions are shown respec-
tively. The field distribution along the symmetric axis
y is selected, with solid blue lines for an ideal skyrmion
and red crosses for the realised one. The zero helicity
induces no field along x, while both Ey and Ez follow
a sinusoidal-shaped curve. Despite differences between
the target and realisation, the topological feature is well
reproduced. The skyrmion number Nsk is numerically
calculated based on Eq. 1, with region S defined as the
circle with radius of 15 µm. The value of the realised
Néel-type skyrmion is 0.98, close to the ideal value of 1.
To realise the field texture shown in Fig. 1c, we utilise
a vectorial hologram along both x and y polarisations.
The designed amplitude and phase are demonstrated in
Fig. 1g-j.

To demonstrate the versatility of the proposed method,
we realised another five classes of skyrmions with dis-
tinct textures. Figure 2a shows a skyrmion of Bloch-
type with a nonzero helicity h = π

2 . Compared with
Néel-type with the same values of Nsk and ν (Fig. 1a),

it has a chiral feature in the x-y plane. Meanwhile, anti-
skyrmions, quasiparticles with the opposite sign of Nsk,
are shown in Fig. 2c and e. Compared to their coun-
terparts (Fig. 1b and Fig. 2a), the sign of the vorticity
number is reversed from 1 to −1, while the value of h
decides whether it is a Néel- or Bloch-type. In addi-
tion to quasiparticles with integer topological numbers,
we further choose two classes of textures with fractional
skyrmion numbers; the half-skyrmion (or merons) with
Nsk = 1

2 and the quarter-skyrmion with Nsk = 1
4 . The

vector field only rotates a portion of a complete swap
from downwards to upwards when approaching the cen-
tre (Fig. 2g and i). More details can be found in Sup-
plementary Material [54]. All realised electric field tex-
tures (second row of Fig. 2) replicate the desired topol-
ogy (first row of Fig. 2). The perfect match is con-
firmed quantitatively by the calculated (ideal) skyrmion
numbers; 0.99(1) for Bloch-type skyrmion, -0.98(-1) for
Néel-type anti-skyrmion, -0.99(-1) for Bloch-type anti-
skyrmion, 0.504(0.5) for Bloch-type half-skyrmion and
0.247(0.25) for Bloch-type quarter-skyrmion. The calcu-
lated phase and amplitude in the hologram plane for all
five classes can be found in Supplementary Material [54].

With the flexibility to produce a family of skyrmions,
we implement a comprehensive investigation to elucidate
how disorder can impair topological-protected quasipar-
ticles. We introduce two types of disorder in our vectorial
hologram: the fluctuations in phase and amplitude. Cor-
respondingly, the amplitude A(x, y) and phase P (x, y) on
the hologram plane (x, y) can be modelled as:

A(x, y) = A0(x, y) + δAU1(x, y)

P (x, y) = P0(x, y) + δPU2(x, y)
(2)

with A0(x, y) and P0(x, y) the computed amplitude
and phase, U1,2(x, y) independent uniform distributions
within [-1, 1]. The value of δA (δP ) represents a ran-
dom fluctuation in the amplitude (phase), serving as a
measurement of the strength of the disorder. Figure 3
shows the amplitude and phase distributions with vari-
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FIG. 4. (color online). Disorder-induced state transition of
a Néel-type skyrmion. (a) The evolution of the skyrmion
number Nsk as the increment of disorder in phase δP . δA is set
to 0. The insets show the vectorial electric field textures under
different values of δP . (b) The evolution of the skyrmion
number Nsk as the increment of disorder in amplitude δA. δP
is set to 0. The insets show the vectorial electric field textures
under different values of δA. (c) The evolution of the skyrmion
number Nsk when disorder in phase and amplitude coexists.
(d) Demonstration of the textures of vectorial electric field
with hybrid disorder.

ous levels of disorder. Figures 3a-e illustrate the distri-
butions of amplitude with different values of δA, while
Figs. 3f-j show the distributions of phase. The original
amplitude (Figs. 3a) and phase (Figs. 3f) are chosen
from the central part of Fig. 1f and g respectively. For
both amplitude and phase, the increment of the fluctua-
tion obscures the well-defined pattern and consequently
impairs the skyrmions on the image plane.

Figure 4 summarises the robustness of a Néel-
type skyrmion against fluctuations, demonstrating the
disorder-induced state transition. To make a quantitative
analysis, we calculate the skyrmion number Nsk of the
electric vectorial field texture formed on the image plane.
Figure 4a shows the situation with the fluctuation only
in phase. When δA increases from 0 to π, the skyrmion
number experiences a prominent degradation from 1 to
0. The value of 1 represents an ideal skyrmion, while
zero refers to a fully randomised pattern. Interestingly,
we observe strong robustness against phase disorder. The
Nsk maintains its original value when δP < 0.7π, decreas-
ing from 0.98 to 0.92. Further increment of disorder in
phase induces a sharp degradation. The four insets in
Fig. 4a are the electric field distributions under different
values of δP , demonstrating the state transition from a
Néel-type skyrmion to a fully-randomised pattern.

The evolution of the skyrmion with the disorder in
amplitude is shown in Figure 4b with δP=0. Again, we
observe a disorder-induced state. However, the skyrmion

is vulnerable to the disorder in amplitude. Similarly, we
demonstrate the electric field distributions as the insets in
Fig. 4b. The amplitude fluctuation has an intense impact
on the edge of the skyrmion. Large δA randomises the
electric field on the edge and results in the degradation
of Nsk.

We further investigate the case when both the fluc-
tuation in phase and amplitude exist, with the results
summarised in Fig. 4c-d. Figure 4c shows the evolu-
tion of Nsk as the increment of the two different types
of disorder. The colour in the (δP , δA) plane represents
the value of Nsk, unequivocally showing a state transi-
tion from blue (Nsk = 1) to red (Nsk=0) as disorder in-
creases. Topological protection is confirmed by the region
with bluish colour, representing a minor degradation of
the topological number (Nsk > 0.9). We depict the four
textures of the skyrmions when the hybrid disorder ex-
ists. The key features are kept when the value of δA is
small, despite the moderate level of fluctuation in phase.
The increase of δA can rapidly diminish the topological
texture.

We attribute the robustness of the skyrmion to the
unique topology in the hologram plane as shown in Fig.
1g-j. Holes or rings with near-zero values occurs inside
the bright spots from the amplitude distribution, driv-
ing the shape topological nontrivial. Compared with
amplitude-only disorder, the phase-only disorder applied
on the whole x-y plane does not break the ring and
hole topology existing in the amplitude plane, leading
to strong robustness as shown in Fig. 4a-b. More details
can be found in Supplementary Material [54].

We carry out similar systematic analyses for the ro-
bustness of the other five classes of skyrmions. The tran-
sition dynamics share a strong similarity with the Néel-
type case, as shown in Supplementary Material [54]. A
comparison of topological protection among these quasi-
particles can be found in Supplementary Material [54].

In the previous analysis, we treat the disorder in am-
plitude and phase as independent random variables with
uniform distribution, to study the impact separately. For
the sake of practical applications where the amplitude
and phase are intertwined, we further investigate the ran-
domised phase and amplitude from scattering medium.
To provide a comprehensive picture, two types of random
media are included, with permittivity (ε) either varying
discretely (Fig. 5a) or continuously (Fig. 5b). Corre-
spondingly, the disorder in the medium can be controlled
by the permittivity of the scatters (εsca) in discrete ran-
dom medium, or the standard deviation of the permit-
tivity in continuous random medium (∆ε). By solving
the Maxwell’s equations numerically, we obtain the fluc-
tuations of amplitude and phase from the realistic ran-
dom medium. Similarly, the disorder of amplitude and
phase can be applied to the hologram plane to test the
robustness of the optical skyrmions by the evolution of
the topological number Nsk. The results are summarised
in Fig. 5b and e, for all six types of skyrmions. Here, we
use the absolute value of Nsk, so the anti-skyrmions also
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have positive topological numbers. We observe a strong
robustness of skyrmions against the random scattering ei-
ther from homogeneous medium dispersed with scatters
or medium with permittivity fluctuations. In Fig. 5c and
f, we depict the vectorial field of six skyrmions when go-
ing through medium with strong scattering (εsca = 2 and
∆ε = 0.25). In spite of some distortion, the topological
feature is unambiguously preserved. More details can be
found in Supplementary Material [54].

III. DISCUSSION

Taking full advantages of the design flexibility of vec-
torial holograms, we manage to numerically realise ar-
bitrary skyrmions in real space through the topological
texture of the 3D vectorial fields on a two-dimensional
plane. Not limited by the six classes of skyrmions demon-
strated, other quasiparticles in the skyrmions family can
be achieved through our concept, such as biskyrmion,
skyrmioniums, bimeron or even quasiparticles in three-
dimension[53]. The ability to produce quasiparticles in
the same platform endows the possibility for a systemic
comparison of the topological protection among different
types of skyrmions, an important topic not covered pre-
viously neither in optics nor in magnetics. A universal
disorder-induced topological state transition is demon-
strated for all six classes. More importantly, we observe
an unprecedented robustness endowed by the skrymions’
topology against scattering from random medium either
with scatters or continuously varying permittivity.

This discovery may shed light on both fundamental

physics and practical applications, inspiring additional
research in skyrmions and beyond. The robustness com-
parison among skyrmions with different topologies will
be an interesting question in other systems in optics,
magnetics and beyond, guiding the related applications
with a demand for better immunity against imperfec-
tion. Also, the robustness embedded in optical skyrmions
against phase and amplitude fluctuations from a scatter-
ing medium may stimulate a new generation of photonic
devices producing structured light with unique topology.
The immunity against disorder in phase and amplitude
ensures the skyrmion keep its topological feature after
going through a random media with moderate disorder,
offering new possibilities for optical communications and
image.

Meanwhile, the disorder can be modelled as the imper-
fection on the hologram device. In this scenario, a topo-
logical hologram texture is achieved with super robust-
ness against phase fluctuations, with a sharp contrast
with the existing holograms. This may stimulate future
development of topological holograms based on ultrathin
metasurfaces, the latter have recently transformed the
photonic design [56–62].
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Nature Communications 13, 1 (2022).

[20] Y. Shen, Y. Hou, N. Papasimakis, and N. I. Zheludev,
Nature Communications 12, 1 (2021).

[21] L. Du, A. Yang, A. V. Zayats, and X. Yuan, Nature
Physics 15, 650 (2019).

[22] Y. Dai, Z. Zhou, A. Ghosh, R. S. Mong, A. Kubo, C.-B.
Huang, and H. Petek, Nature 588, 616 (2020).

[23] X. Lei, A. Yang, P. Shi, Z. Xie, L. Du, A. V. Zayats, and
X. Yuan, Physical Review Letters 127, 237403 (2021).

[24] M. Król, H. Sigurdsson, K. Rechcińska, P. Oliwa,
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