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Optical skyrmions from metafibers with
subwavelength features

Tiantian He1,2,6, Yuan Meng 1,5,6, Lele Wang1,2, Hongkun Zhong1,2,
Nilo Mata-Cervera 3, Dan Li1,2, Ping Yan 1,2, Qiang Liu1,2, Yijie Shen 3,4 &
Qirong Xiao 1,2

Optical skyrmions are an emerging class of structured light with sophisticated
particle-like topologies with great potential for revolutionizing modern
informatics. However, the current generation of optical skyrmions involves
complex or bulky systems, hindering the development of practical applica-
tions. Here, exploiting the emergent “lab-on-fiber” technology, we demon-
strate the design of a metafiber-integrated photonic skyrmion generator. We
not only successfully generate high-quality optical skyrmions frommetafibers,
but also verify their remarkable properties, such as topology switchability and
topology stability with subwavelength polarization features beyond the dif-
fraction limits. Our flexible fiber-integrated optical skyrmions platform paves
the avenue for future applications of topologically-enhanced remote super-
resolution microscopy and robust information transfer.

Skyrmions, as a kind of topological quasiparticles with sophisticated
spin textures, originated from particle and solid-state physics as
emerged information carriers in local data storage1–4. Following their
magnetic counterparts, skyrmions have recently been constructed in
photonics realm through structured electromagnetic fields, namely
optical skyrmions5. They have emerged as promising candidates to
revolutionize long-range topological information transfers and light-
matter interactions thanks to their abundant intriguing physical
attributes5–7. However, current optical skyrmions generators necessi-
tate either complex or bulk systems hindering further applications,
given the challenges to generate intricate structured light fields with
sophisticated polarization distributions via conventional methods.
The initial optical skyrmions were constructed by harnessing evanes-
cent electromagneticfields via surfaceplasmons8–10. Soonafter, optical
skyrmions with tailored topological properties have also been gener-
ated using free-space optical vector fields in complex spatial light
modulation and interferometer systems11–16. The free-space skyrmionic
beams with spin-orbit coupling and tunable topological textures17–19

showcase unique features such as topological stability20, topological
state transition in disorder media21, structural stability in nonlinear
conversion22 or resilience in free-space propagation23,24, exhibiting
great potential as robust information carriers for next-generation
optical information networks. However, current experimental
demonstrations of such optical skyrmionic beams require the use of
bulky devices such as digital micromirrors and spatial light
modulators12,16, or cascaded integral optical elements25. A compact,
flexible and integrated micro-generator for diverse optical skyrmions,
which is thus highly desired to unlock practical applications, is still
elusive to the best of our knowledge.

As a cornerstone underpinning modern communication systems,
optical fibers26 have been established as the prime choice for long-
distance and high-capacity data transmission27 due to their distinctive
features, such as high aspect ratio, great flexibility, broad bandwidth,
and immunity to electromagnetic interference. Compared to current
systems that generate subwavelength structured light28–30, which
typically have large optics, fiber optics exhibit tremendous potential to
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realize flexible optical device integration with decent miniaturization,
flexibility, and lightweight. Driven by the maturation of “lab-on-fiber”
technology31, the integration of multifunctional nanostructures to
fiber facets has become a hotspot with high degrees of freedom in
design, integration handiness, and versatile functionalities. Current
approaches typically leverage 3D printing32–34 to fabricate the same-
scaled-down structured devices on the fiber tip directly. However, this
strategy suffers the shortcomings of limited processing precision,
restricted numerical aperture (NA)33 and single device functionality32,
rendering them incapable of realizing the desired skyrmion excitation
which demands fine subwavelength structure resolution to enable
intricated light field modulations. In contrast, metasurfaces35–37 con-
sisting of subwavelength nanoscatterers have proven excellent para-
digms to offer precise, powerful, and multi-dimensional control over
the amplitude, phase, and polarization of light, establishing itself as a
remarkable choice to facilitate the miniaturization and creation of
high-dimensional structured light. So far, metadevices have shown
generators of conventional structured light38–40, but have not yet been
applied for topological optical skyrmions.

Here, we report the on-demand generation of various optical
skyrmions via fibers-integrated metadevices to the best of our
knowledge. By judiciously designing the polarization-dependent
metasurface resting on a fiber-tip, two basis beams (one containing
angular momentum) are assigned on two orthogonal polarizations.
The space-polarization inseparability of the beams occurs in the near-
field of fiber facet, inventively exciting the optical skyrmion. In this
paper, a zeroth-order Bessel beam (BB) and a first-order BB with high
NA up to 0.8 in linear polarized states are chosen as demonstrations. It
is worth mentioning that our proposed device can be dynamically
switched between “on” and “off”, i.e. it can be tuned from non-
skyrmion to skyrmion states generation by adjusting the polarization
angle of input light, providing sufficient flexibility for practical appli-
cations. We also verified the topological transformation properties of
the generated skyrmions, confirming remarkable topological

properties from the excited skyrmions. In addition, we experimentally
demonstrate the effective high-quality excitation and modulation of
skyrmions in subwavelength scale, achieving high skyrmion number
up to 0.97, revealing a nearly-full skyrmion map on the Poincaré
sphere. Moreover, the subwavelength polarization features are also
experimentally verified to be down to ∼λ/5 (λ represents light wave-
length), paving the way for future ultrahigh-density and ultrastable
information storage and transfer. Our metafiber skyrmion scheme
significantly increases flexibility and integration, holding great pro-
mise for exploring topological photonics, optical communications,
and super-resolution microscopy.

Results
Concept
Optical skyrmion is a quasiparticle state of light with distinctive
topological vector textures, and it can be constructed by polarization
Stokes vectors of a customized vector beams. A typical class of such
skyrmionic beams11,12,17 can be defined as,

jψi= j‘1ije1i+ e�iΔφj‘2ije2i ð1Þ

where ‘1 and ‘2 represent the orbital angular momentum (OAM)
charge of the scalar vortex beams with two orthogonally polariza-
tion states e1

�� �
and e2

�� �
respectively; they can be either Lagrange-

Gaussian (LG) modes or Bessel modes (here Bessel modes are chosen
in this paper). The construction and properties of optical skyrmions
basedon the circularpolarizations are schematically shown in the inset
box of Fig. 1. By superimposing twomodulated orthogonally polarized
Bessel beams (BBs): zeroth-order BB (J0) and first-order BB (J1) carrying
OAM7, in right-handed and left-handed circular polarizations (RCP and
LCP) respectively, a Stokes skyrmion can be constructed (Fig. 1a). The
resultant spatially-varying vector pattern will fulfill a skyrmion
mapping (Fig. 1b), i.e. the mapping of all polarization states from a
parametric sphere to a localized transversal plane17. To visualize this
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Fig. 1 | The schematic diagramof the skyrmions’ excitation frommetafiber.The
3D intensity (I) and vector distribution of the excitation skyrmion are shown after
exiting the metafiber. Sz: z-component of Stokes vector, PSF: polarization-
maintaining single-mode fiber, λ: light wavelength. Inset: a The construction prin-
ciple of skyrmion, composed by zeroth-order Bessel Beam and first-order Bessel

Beam under orthogonal left circular polarization (LCP) and right circular polar-
ization (RCP). b–d The properties of the excited skyrmion. b The elliptical polar-
ization distribution with underneath electric field intensity. c Hue-colored Stokes
polarization distribution. d Hue-lightness (HL)-colored unit Stokes Poincaré
sphere.
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mapping, we utilize hue-lightness (HL) colors to label states of
polarization: Each polarization state corresponds to a point on the
Poincaré sphere and is represented by a unit normal Stokes vector (Sx,
Sy, Sz) at the surface of the sphere, called Stokes vector, which
embodies physical properties for polarized light. Lightness color (from
black to white) is applied to represent the longitudinal component Sz
(from −1 to 1 or down to up; represent the preponderance of RCP light
over LCP light) and use hue color to visualize the azimuth of transverse
(Sx, Sy) components. Thus, the skyrmions can be identified by the HL-
colored map of corresponding vector fields. For instance, in the HL
mapof the Bessel-based skyrmionic vector beam (Fig. 1c), there is a full
HL color area at the center region, which shows a stereographic
mapping to the Poincaré sphere (Fig. 1d). A perfect Stokes skyrmion
will cover the full polarization states,meaning a full coverage of Stokes
Poincaré sphere.

The schematic diagram of the metafiber-based skyrmion gen-
erators is illustrated in Fig. 1, consisting of a polarization-maintaining
single-mode fiber (PSF), an expansion section, and a single-layer
metasurface on the fiber-tip. The metasurface is designed to inde-
pendently modulate the phase of the two orthogonal polarized lights
when passing through the meta-tips. Hence, the BBs are tightly
focused and inseparably entangled to generate a Stokes skyrmion in
subwavelength scale, enabling a robust propagation within a non-
diffracting distance in free space. The intensity profile and Stokes
vector distribution of thewhole light profile are shown in right-bottom
panels of Fig. 1, and a corresponding hedgehog-like Stokes vector
configuration is illustrated (enlarged), whichpoints up anddown in the
center and the edge of the confinement region of the localized
skyrmion.

Simulation and manipulation of skyrmions
To construct optical skyrmions, two different scalar beams should be
judiciously modulated on orthogonally polarized basis, one of which
carries OAM. The polarization basis can be chosen as, for instance, the
horizontal (x) and vertical (y) linear polarizations, as well as the RCP
and LCP bases. The change on the polarization basis will only change
the polarization texture, but not affect the topological properties and
the skyrmion number. In this study, two orthogonal linearly polarized
states are chosen as basis. We demonstrated to modulate the J0 in the
x-pol and the J1 in the y-pol to excite a Stokes skyrmion. The J0 can be
approximately generated by printing an axicon phase profile on a
plane wave, and introducing a vortex phase into J0 yields the vortex BB
J1. A metalens phase profile is added on the metasurface for compen-
sating the spherical phase distribution of the light source after the
expansion section. The metasurface is made of silicon nanoantennas
on top of quartz substrate, with a lattice period of 700 nm for each
meta-unit. The lateral size of the Si antennas ranges from 250 nm to
550nm to ensure a full 2π phase coverage. The propagation phase
concept is used for the design of dual-BBs in orthogonal polarizations.
By a specific design of metasurface, dual-order BBs under linear
polarizations are achieved (The design strategy of metasurface is
detailed in Supplementary Note 1). Detailed description of the
expanding section is also elaborated in Supplementary Note 2.

Theoretically, the transverse intensity profiles of the BBs remain
constant as the propagation distance z increases showing non-
diffracting feature41. However, ideal BBs require an infinite aperture as
well as infinite power, making it not practically possible to excite ideal
BBs using infinite sized optical devices. Real devices with finite aper-
ture limit the non-diffracting behavior of quasi-BBs to a certain finite
distance as proven in previous works41. For the topological quasi-par-
ticles, skyrmion with smaller size will lead to higher information sto-
rage density. Therefore, BBs41 with NA up to 0.8 are chosen here to
exploit the potential of sub-wavelength skyrmion generation in
metafibers. A longitudinal intensity profiles of J0 and J1 are illustrated in
the first row of Fig. 2a. The intensity and phase profiles at the

transverse plane highlighted with the dashed white lines are shown in
thebottom tworows of Fig. 2a. The left two columns correspond to the
ideal profiles and the third and fourth correspond to the simulated
ones, showing an excellent consistency. We use rigorous full-vector
simulation with finite-difference time-domain method and the long-
itudinal electric field components are rigorously considered.When the
light beam J0 is superposed with J1 in orthogonal linear polarizations, a
Stokes skyrmion beam with bimeron texture is achieved.

The continuous modulation is a crucial property of the device,
which not only facilitates a deeper comprehension of topological
transformations, but also substantially elevates the degree of inte-
gration in specific applications like multilevel information encoding.
The modulation of our proposed metafiber is shown in Fig. 2b–d. On
the one hand, by tuning the polarization angle of the source, switching
between non-skyrmion and skyrmion can be achieved, similar to the
changing between non-OAM and OAM states. To clearly demonstrate
this continuous transformation, a quantitative curve is presented in
Fig. 2c. The absolute value of the angle between source polarization
direction and x-axis is defined as θ in degrees. The power is calculated
by integrating the intensity over the entire transverse cross-section.
The total power of the source Pt remains unchanged in this transfor-
mation. The pink and green lines represent the power in x and y
polarization respectively, with the intensity profiles embedded in
Fig. 2c for different input polarization angles 0°, 30°, 45°, 60°, and 90°.
It is evident that the power of the J0 progressively diminishes as the
polarization angle increases, whereas J1 steadily increases, due to the
near-unity transmission of the metasurface for any polarization input.
The trend can be quantitatively fitted as Px, input = Pt × cos

2 θð Þ and
Py, input =Pt × sin

2 θð Þ. Thus the polarization distributions of the super-
imposed beams - skyrmions change with θ. Stokes vector distributions
of typical output skyrmion states after a quarter wave plate (QWP) are
shown in Fig. 2b. The vector shows a skyrmion distribution with a
vortex texture around the center when θ=45°, while the vectors
exhibit uniformpolarization states in θ=0° or 90°. On the other hand,
the skyrmionic vector textures can transform smoothly without
changing the topological features. In order to verify this property, we
introduce a QWP to change different quasiparticles’ textures. Typical
vector distributions are shown in Fig. 2d. Specifically, a Bloch-bimeron
texture is achieved by linear polarizations modulation in our design,
and the bloch-skyrmion texture can be obtained by introducing aQWP
with the fast axis at 45° with respect to the x-axis (corresponding to
transform linear polarization basis into circular polarization basis).
When the fast axis of the QWP aligns with the x-axis, the vector dis-
tribution of the bimeron type remains and exhibits a texture com-
posed of two half-merons with opposite polarities. By rotating the
QWP from 0° to 45°, the intermediate states appear.

The Poincaré Sphere provides a graphical visualization of the
Stokes vector, allowing a clearer representation of the modulated
vector transformations. The coordinate axes of the Poincaré sphere
are normalized (Sx, Sy, Sz) (detailed in Supplementary Note 3). The
skyrmion number (Nsk) here characterizes the similarity to the perfect
skyrmion8,30,42, as well as the quality of resemblance of the generated
beam with ideal skyrmions (detailed in Methods). For the polarization
angle regulation, the skyrmion maps on the Poincaré sphere are
plotted in Fig. 2e, with the polarization angle θ and the source electric
field polarization directions also labeled. When the polarization angle
is 0°, the points on the Poincaré sphere are very sparse, and the sky-
rmion number is only 0.06, showing a non-skyrmion state. As the
polarization angle increases, the vector distributions gradually spread
until they fully cover the Poincaré sphere. When the polarization angle
is equal to 45°, the Poincaré sphere is covered all over the sphere and
contains a full HL color, demonstrating a perfect skyrmion with a
skyrmion number of 0.99. In addition, our proposed device can gen-
erate a high quality skyrmion for input polarization angles between
20°−80°, which means that the topological fields can be generated
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without the need of very precise adjustments, making it valuable for
practical applications. Meanwhile, the texture transformations can
also be characterized by means of the Poincaré sphere. The skyrmion
densities and corresponding skyrmion numbers along with θ are also
plotted in SupplementaryNote 3. The interconversion of skyrmion and
bimeron textures can be realized by QWP, which also corresponds to a
coordinates transformation on the Poincaré sphere. To take a special
case, when the angle between the fast-axis of a QWP and the x-axis is
45°, the polarization distributions are transformed and different, but
the topology as well as the skyrmion number are not affected, since
this transform corresponds to the change of coordinate system of the
Poincaré sphere [from (Sx, Sy, Sz) to (Sz, Sx, Sy); detailed in Methods].
The regulation of the skyrmion texture as well as the bimeron texture
with detailed θ are discussed in Supplementary Note 4. Besides, our
proposed design also has a favorablebroadband characteristic beyond
200nm and a good non-diffraction property (discussed in Supple-
mentary Note 5).

Furthermore, skyrmions with various textures are also extended
to generate using our proposed scheme.With horizontal/vertical (H/V)
polarization basis, the resulting beams are composed by two merons,
referred to as bimeron states. Introducing aQWPconvertsH/V into R/L

(right/left circular), and the bimeron states are transformed into the
skyrmion states. The intensity, polarization and vector distributions of
some typical textures are illustrated in Fig. 3, with the bimerons and
skyrmions displayed in the upper and lower rows of Fig. 3 respectively.
According to Eq. (1), for the case of ‘1 = 0, ‘2 = 1, whenΔφ = 0 andπ, the
vector fieldpresents a hedgehog texture (vectors oriented in the radial
direction), named Néel-I and Néel-II textures respectively. When
θ =π=2, a vortex texture (vectors oriented in the azimuthal direction)
is obtained, named Bloch texture, which is chosen for experimental
demonstration. When the Δφ varies in the ranges ½0,π=2� and ½π=2,π�,
intermediate textures appear. On the other hand, by setting
‘1 = 0, ‘2 = � 1, a saddle texture (namely anti-type) is realized. More-
over, high order skyrmions and other textures such as skyrmioniums
and bimeroniums can also be generated by increasing the topological
charge ‘ of the BB.

Experimental results
The metasurface is manufactured by standard electron beam litho-
graphy (EBL) and lift-off process (Supplementary Note 6). The meta-
structures are then carefully attached to the fiber facet26,43 to enable
good beam irradiation on the metasurface, ensuring sufficient light
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Fig. 2 | Metafiber design for generating tunable optical skyrmions. a Ideal and
simulated light field distributions of the skyrmion with components J0 and J1 in
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the third and fourth are simulated profiles. The intensity profiles in the longitudinal
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respect to the polarization angle. The intensity profiles of J0 and J1 of different
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manipulation of topological transformation between different quasiparticles via
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wave modulation (see Methods). Analysis of errors in fabrication
procedures and experimental processes are elaborated in Supple-
mentary Note 7. A physical picture of the integrated device and an
oblique scanning electron microscope (SEM) of the local metasurface
are depicted in Fig. 4a, with a detailed chart inserted. To validate the
properties of the excited skyrmion, the complex amplitudes of the
light field in x and y polarization are required. Therefore, the experi-
mental setup is built (detailed inMethods and Supplementary Note 8),
including an amplified light path and an coherent parallel light path.
Then, the intensities of the interference light fields and the plane fields
are recorded. Consequently, through the phase recovery method
(Supplementary Note 9), the complex amplitudes of the object fields
under two orthogonal linear polarizations are obtained, as shown in
the bottom of Fig. 4b, while the upper row represents simulation
results. The experimental x-polarized intensity distribution shows a
dark-red central spot surrounded by a white ring corresponding to the
first zero, and the phase is nearly uniform in the beam’s central region.
The y-polarized intensity pattern has a typical doughnut shape with a
white dot in the center surrounded by a dark-red ring, while the
resulting helical phasefront presents a point singularity in the central
region, showing a good agreement between the experimental results
and the simulations.

By mapping J0 in the polarization state |H〉 and J1 in |V〉, the
bimeron state is realized. Afterwards, introducing the half wave plate
to convert the polarization basis of J0 as |R〉 and J1 as |L〉, the skyrmion
states can be realized as well. The stokes polarization distributions of
the skyrmion and bimeron states are shown on the left and right sides
of Fig. 4c, respectively. From the lower left corner, skyrmion’s stokes
polarization distribution shows a white central region, indicating left-
handed circular polarization, surrounded by a black circle represent-
ing right-handed circular polarization. A colored ring appearing

between the black and white regions reveals the coverage of all the
intermediate polarization states in the Poincaré sphere, and the colors
change counterclockwise according to hue color spectrum. On the
other hand, the stokes polarization distributionof the bimeron state in
the right corner exhibits white and black regions on the left and right
sides, with varying colors in the middle, showing two merons with
opposite polarity. Additionally, the skyrmion density and polarization
distribution of the realized skyrmion texture are shown in Fig. 4d. The
corresponding Stokes parameters distributions are shown in Supple-
mentary Note 10. After the calculation of the topological properties as
detailed in Methods, the skyrmion number in the experiment is 0.97,
which is absolutely close to the value in the simulations (0.99), proving
the generation of a high quality skyrmion from the metafiber. The
polarization distribution of bimeron texture is also attached to Sup-
plementary Note 11. The Poincaré Spheres of skyrmion and bimeron in
experiments are illustrated in Supplementary Note 12.

Furthermore, subwavelength feature of the polarization Stokes
parameters is also realized inour proposedmeta-skyrmion generators.
The direction of the electromagnetic, which defines the polarization
and local photonic spin state of light, is not directly subject to con-
ventional light intensity spot, and can vary atmuch smaller scales9. The
variation of longitudinal stokes parameter Sz with spatial position
illustrates how the polarization state of light changes throughout the
space. The stokes vector distributions of the skyrmion and bimeron
states of experiments are inserted in Fig. 4e, and the corresponding Sz
curves along the red arrows are also illustrated. The simulated and
experimental results are orange and ink-green, with the original data
presented with increased transparency and its absolute value plotted
without transparency. The polarization inversion width is defined as
the distance between two points where the normalized Stokes para-
meter Sz changes sign and reaches half its maximum value9, indicating
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the scale of the coverage of half the Poincaré sphere (from the upper-
half parallel to the lower-half parallel). It can be seen that both sky-
rmion and bimeron reverse the polarization states with fine sub-
wavelength features of λ/5.1 and λ/4.6 respectively, which are smaller
to the diffraction limit. Therefore, in agreement with our theoretical
proposal, we experimentally verify the subwavelength polarization
feature of the generated Stokes topological fields, which can be of
great importance for applications where miniaturization and integra-
tion is required. Good agreement is observed between simulated and
experimental skyrmion textures, with very small discrepancies due to
errors in device fabrication and the measurement of the electric field
(discussed in Supplementary Note 13).

Discussion
In conclusion, we have demonstrated the very compact and flexible
generators of optical skyrmions using metafibers. An efficient and
simple scheme is proposed to excite skyrmion in free space by judi-
ciously designing the metafiber. The metasurface is endowed by two
beams in orthogonally polarized states independently, one of which
carries OAM. Either Bessel mode or LG mode can be chosen as the
basis. We choose the zeroth-order BB and the first-order BB as beam
basis for demonstration. By tuning the polarization angle of source, a
flexible continuum modulation between the skyrmion and non-
skyrmion states is realized. The transformation of textures between
the skyrmion and bimeron quasiparticle states is also verified by
introducing a QWP placed after the metafiber. We also experimentally
demonstrate the metafiber and validate the quality of the excited

skyrmions, exhibiting a high skyrmion number up to 0.97. By using a
polarizer and a QWP in free space, the non-skyrmion, skyrmion and
bimeron states are all realized. It is worth mentioning that the sub-
wavelength polarization feature of Stokes skyrmions is initially pro-
posed and experimentally verified. Compared to previous methods of
spins9 and magnetic fields14, our proposed scheme can be detected
easier and has ability to propagate to farfieldwith excellent diffraction
resilience, which can be extended more broadly to kinds of applica-
tions, such as optical tweezers, optical communication, etc. In addi-
tion, our device demonstrates remarkable stability to generate high
quality skyrmions in a broad range of input polarization angles. In
general OAM generations, the light field with tight focus suffers from
deformation41, disturbing the quality of the generated OAM beams. In
our proposed devices, in contrast, the Stokes skyrmion with tight
focus shows an robust topological feature over appreciable propaga-
tion distancewith a near-unity skyrmion number. Our schema can also
be further enhanced to exploremore free-space propagation-invariant
skyrmions44 in the future.

In brief, a very promising direction is emerging for controlling
more topological states beyond classical light in fiber-integrated meta-
devices, with ultrasmall volume and subwavelength feature to achieve
ultra-high density information encoding. The metafiber design could
also be extended for generating more diversified and topological qua-
siparticle states by superimposing sophisticated beams, for instance the
higher-order skyrmions, multiskyrmions, and 3D hopfions. Besides, the
device size and processing time of metafiber can be further reduced
through direct processing in the fiber facet38,45, which is the trend
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Fig. 4 | Experimental results. a The physical picture of the whole device (upper).
The SEM of the whole metasurface (lower) and the top view of local metasurface
(inset). b The complex amplitude profiles of the simulation (upper) and experi-
mental results (lower). Scale bar: 0.5μm. c The Stokes polarization distributions of
skyrmion (left) and bimeron (right) of the simulation (upper) and experiment

(lower), respectively. The colormap is in the middle. d The skyrmion density and
polarization distribution of the skyrmion state in experiments. Scale bar: 0.5μm.
Nsk: skyrmion numbers. ρsk: skyrmion density. e The normalized Stokes parameter
and its absolute value versus x of skyrmion (left) and bimeron (right) states,
inserted with the vector distributions of experiment results. λ: light wavelength.

Article https://doi.org/10.1038/s41467-024-54207-z

Nature Communications |        (2024) 15:10141 6

www.nature.com/naturecommunications


in the future. To enhance the compactness of the device, the polarizer
can be replaced by performing polarization control in the all-fiber
source or by introducing additional meta-lenses. Moreover, to realize a
minimized device for tuning multi-textures, the QWP can also be opti-
mized by using a rotating metasurface46, or one-layer metasurface by
combining phase change materials47,48, two-dimensional materials49, or
liquid crystals50, which can be the next step of future research. There-
fore, the proposed of the metafiber skyrmion generator can strongly
impact the development of next-generation information technologies.
Given the versatility of meta-structures, various optical skyrmions can
be further generated in this metafiber platform. The current fiber
communication networks can be upgraded into metafiber networks
where skyrmions are promising information carriers for larger-capacity
information transfers. In addition, in contrast to conventional light
waves, optical skyrmions can provide unconditional stability and resi-
lience protected by their topologies against perturbations of disorders
or turbulence in information channels, promising their usage of
upgrading ultra-robust communication networks.

Methods
Metafiber fabrication
The metasurfaces were manufactured using the following pro-
cessing procedure (the flow chart is shown in Supplementary
Note 6). First, a 900 nm thick amorphous silicon is grown on a
quartz substrate using Electron Beam Physical Vapor Deposition
(EB-PVD). Then, the amorphous silicon layer is precisely etched
using EBL to create the required structure, which includes a lattice
period of 700 nm and antenna dimensions ranging from 250 nm to
550 nm. After etching, a chromium (Cr) layer is deposited on the
amorphous silicon surface using Physical Vapor Deposition (PVD)
technology, followed by a carefully designed lift-off process to
remove excess chromium. Finally, the target metasurface is
achieved through inductively coupled plasma (ICP) etching and
the removal of the Cr layer. Meanwhile, the PSF (PM1550-HP) is
attached to a fiber holder for stability, with the cross sections
polished flat together. Then the glue is dripped between the fiber
and the metasurface. For precise alignment of them, a homemade
amplified light system is constructed to achieve a magnification of
100×. The thickness of the glue is precisely controlled by the
micromotorized displacement stage. Finally, the proposed device
can be obtained by curing the adhesive with a UV lamp.

Experiment setup
A homemade optical measurement system is constructed to observe
the performance of the metafiber skyrmion’s generator, including an
amplified light path and a coherent light path. The diagram of the
experimental setup is shown in Supplementary Note 9. A homemade
fiber laser operates at a wavelength of 1550nm and outputs a power of
0–300mW.Through apolarization beam splitter (PBS), lightswith two
polarizations are directed into the PSF of the light field amplification
path and the coherent light path, respectively. The polarization con-
troller attached to the laser output controls the intensity of light from
the laser output to the two pathways. In the amplification path, one
end output of PBS couples with metafiber to excite the skyrmions. As
the lateral output spotof the skyrmions is on the sub-micron scale, and
the size of a single pixel of the CCD (charge-coupled device, CinCam
CMOS-1201) is 5.2μm×5.2μm, a 100 × near-infrared objective lens is
required for magnification. The objective lens is fixed on a motorized
micrometer translation stage tomove accurately. The polarizer is used
to separate the light of different polarizations. In the coherent light
path, the fiber is attached to a collimating mirror and light turns
through a reflector. The size of light after collimation is a little bigger
than the size of themetasurface. Then, the light from two light paths is
merged through the beam splitter and interferes. The interference

light fields in x and y polarizations could be obtained by setting the
directions of the two polarizers the same for x and y, respectively.

Characterizing topology of skyrmions
Topological properties of a skyrmionic configuration can be char-
acterized by the skyrmion number14:

Nsk =
1
4π

Z Z
σ
ρskdxdy ð2Þ

where the skyrmion density is given by:

ρsk =S � ∂S
∂x

×
∂S
∂y

� �
ð3Þ

where S x, yð Þ= ½Sx x, yð Þ, Sy x, yð Þ, Sz x, yð Þ� (S2x + S2y + S2z = 1) represents the
3D Stokes vector to construct a skyrmion and σ is the region con-
sidered to confine the skyrmion. The skyrmion number is an integer
counting how many times the vector S x, yð Þ= Sðrcosθ, rsinθÞ wraps
around the parametric unit sphere, i.e. the Poincaré sphere. For map-
ping to the unit sphere, the vector can be given by
S= ½cosα θð Þ sin β rð Þ, sinα θð Þ sinβ rð Þ, cosβðrÞ�. The skyrmion number
can be separated into two integers: the polarity, p= 1

2 cosβ rð Þ½ �r = rσr =0 ,
means that the vector direction is down (up) at center r =0 and up
(down) at the boundary r ! rσ for p = 1 (p =�1), and the vorticity,
m= 1

2π α θð Þ½ �θ= 2πθ=0 , controls distribution of the transverse field compo-
nents. In the case of a helical distribution, an initial phase γ should be
added, α θð Þ=mθ+ γ. For continuous regulation, the Jones matrix
expression for a quarter-wave film rotated at θ is given by
1� i cos 2θ �i sin 2θ

i sin 2θ 1 + i cos 2θ

� �
. It is a unitary matrix, meaning that the

QWP can be regarded as a rotation of the coordinate. Mathematically,
the skyrmion number has been proven to be independent of the
orthogonal coordinate system used23. From a topological point of
view, this transformation is a smoothdeformationand canbe regarded
as mapping the parametric sphere from different positions, which
does not affect the topology as well as the skyrmion number.

Data availability
All the technical details for producing the figures are provided in the
supplementary information. The relevant data supporting this study
are available from the corresponding authors Q.X. and Y.S. under
request.

References
1. Bogdanov, A. N. & Panagopoulos, C. Physical foundations andbasic

properties of magnetic skyrmions. Nat. Rev. Phys. 2, 492–498
(2020).

2. Bernevig, B. A., Felser, C. & Beidenkopf, H. Progress and prospects
in magnetic topological materials. Nature 603, 41–51 (2022).

3. Han, L. et al. High-density switchable skyrmion-like polar nanodo-
mains integrated on silicon. Nature 603, 63–67 (2022).

4. Chen, S. et al. All-electrical skyrmionic magnetic tunnel junction.
Nature 627, 522–527 (2024).

5. Shen, Y. et al. Optical skyrmions and other topological quasi-
particles of light. Nat. Photonics 18, 15–25 (2024).

6. Wan, Z.,Wang,H., Liu, Q., Fu, X. & Shen, Y. Ultra-degree-of-freedom
structured light for ultracapacity information carriers. ACS Photo-
nics 10, 2149–2164 (2023).

7. He,C., Shen, Y. & Forbes, A. Towards higher-dimensional structured
light. Light. Sci. Appl. 11, 205 (2022).

8. Tsesses, S. et al. Optical skyrmion lattice in evanescent electro-
magnetic fields. Science 361, 993–996 (2018).

Article https://doi.org/10.1038/s41467-024-54207-z

Nature Communications |        (2024) 15:10141 7

www.nature.com/naturecommunications


9. Du, L., Yang, A., Zayats, A. V. & Yuan, X. Deep-subwavelength fea-
tures of photonic skyrmions in a confined electromagnetic field
with orbital angular momentum. Nat. Phys. 15, 650–654 (2019).

10. Dai, Y. et al. Plasmonic topological quasiparticle on the nanometre
and femtosecond scales. Nature 588, 616–619 (2020).

11. Gao, S. et al. Paraxial skyrmionic beams. Phys. Rev. Appl. 102,
053513 (2020).

12. Shen, Y.,Martínez, E. C. & Rosales-Guzmán, C. Generation of optical
skyrmions with tunable topological textures. ACS Photonics 9,
296–303 (2022).

13. Gutiérrez-Cuevas, R. & Pisanty, E. Optical polarization skyrmionic
fields in free space. J. Opt. 23, 024004 (2021).

14. Shen, Y., Hou, Y., Papasimakis, N. & Zheludev, N. I. Supertoroidal
light pulses as electromagnetic skyrmions propagating in free
space. Nat. Commun. 12, 5891 (2021).

15. Zdagkas, A. et al. Observation of toroidal pulses of light. Nat. Pho-
tonics 16, 523–528 (2022).

16. Sugic, D. et al. Particle-like topologies in light. Nat. Commun. 12,
6785 (2021).

17. Shen, Y. Topological bimeronic beams. Opt. Lett. 46, 3737–3740
(2021).

18. Teng, H., Zhong, J., Chen, J., Lei, X. & Zhan, Q. Physical conversion
and superposition of optical skyrmion topologies. Photonics Res. 11,
2042–2053 (2023).

19. Zeng, Y., Yu, Y., Shen, X., Chen, J. & Zhan, Q. Tightly focused optical
skyrmions and merons formed by electric-field vectors with pre-
scribed characteristics. Nanophotonics 13, 251–261 (2024).

20. Nape, I. et al. Revealing the invarianceof vectorial structured light in
complex media. Nat. Photonics 16, 538–546 (2022).

21. Liu, C., Zhang, S., Maier, S. A. & Ren, H. Disorder-induced topolo-
gical state transition in the optical Skyrmion family. Phys. Rev. Lett.
129, 267401 (2022).

22. Wu, H.-J. et al. Conformal frequency conversion for arbitrary vec-
torial structured light. Optica 9, 187–196 (2022).

23. Ornelas, P., Nape, I., de Mello Koch, R. & Forbes, A. Non-local sky-
rmions as topologically resilient quantum entangled states of light.
Nat. Photonics 18, 258–266 (2024).

24. Wang, R. et al. Observation of resilient propagation and free-space
skyrmions in toroidal electromagnetic pulses. Appl. Phys. Rev. 11,
031411 (2024).

25. Shen, Y. et al. Topologically controlled multiskyrmions in photonic
gradient-index lenses. Phys. Rev. Appl. 21, 024025 (2024).

26. Meng, Y. et al. Optical meta-waveguides for integrated photonics
and beyond. Light.: Sci. Appl. 10, 235 (2021).

27. Liu, Z. et al. Fiber-integrated all-optical signal processing device for
storage and computing. ACS Photonics 10, 3531–3540 (2023).

28. Zhang, X. et al. Photonic spin-orbit coupling induced by deep-
subwavelength structured light. Phys. Rev. A 109, 023522 (2024).

29. Zhang, X. et al. On-demand subwavelength-scale light
sculpting using nanometric holograms. Laser Photonics Rev.
17, 2300527 (2023).

30. Davis, T. J. et al. Ultrafast vector imaging of plasmonic skyrmion
dynamics with deep subwavelength resolution. Science 368,
eaba6415 (2020).

31. Xiong, Y. & Xu, F. Multifunctional integration on optical fiber tips:
challenges and opportunities. Adv. Photonics 2, 064001 (2020).

32. Gissibl, T., Thiele, S., Herkommer, A. & Giessen, H. Two-photon
direct laser writing of ultracompact multi-lens objectives. Nat.
Photonics 10, 554–560 (2016).

33. Reddy, I. V. A. K., Bertoncini, A. & Liberale, C. 3D-printed fiber-
based zeroth- and high-order Bessel beam generator. Optica
9, 645–651 (2022).

34. Lightman, S., Porat, O., Hurvitz, G. & Gvishi, R. Vortex-Bessel beam
generation by 3D direct printing of an integrated multi-optical
element on a fiber tip. Opt. Lett. 47, 5248–5251 (2022).

35. Xie, Y. Y. et al. Metasurface-integrated vertical cavity surface-
emitting lasers for programmable directional lasing emissions.Nat.
Nanotechnol. 15, 125–130 (2020).

36. Ren, H. et al. An achromatic metafiber for focusing and imaging
across the entire telecommunication range. Nat. Commun. 13,
4183 (2022).

37. Kim, G. et al. Metasurface-driven full-space structured light for
three-dimensional imaging. Nat. Commun. 13, 5920 (2022).

38. Li, C. et al. Metafiber transforming arbitrarily structured light. Nat.
Commun. 14, 7222 (2023).

39. Dorrah, A. H. & Capasso, F. Tunable structured light with flat optics.
Science 376, eabi6860 (2022).

40. Ji, J. et al. High-dimensional Poincaré beams generated through
cascaded metasurfaces for high-security optical encryption. Pho-
toniX 5, 13 (2024).

41. Chen, W. T. et al. Generation of wavelength-independent sub-
wavelength Bessel beams using metasurfaces. Light Sci. Appl. 6,
e16259–e16259 (2017).

42. Vernon, A. J., Kille, A., Rodríguez-Fortuño, F. J. & Afanasev, A. Non-
diffracting polarization features around far-field zeros of electro-
magnetic radiation. Optica 11, 120–127 (2024).

43. Principe, M. et al. Optical fiber meta-tips. Light. Sci. Appl. 6,
e16226–e16226 (2017).

44. Singh, K., Ornelas, P., Dudley, A. & Forbes, A. Synthetic spin
dynamics with Bessel-Gaussian optical skyrmions. Opt. Express 31,
15289–15300 (2023).

45. Kim, M. et al. Multilayer all-polymermetasurface stacked on optical
fiber via sequential micro-punching process. Nanophotonics 12,
2359–2369 (2023).

46. Wei, Q. et al. Rotational multiplexing method based on cas-
caded metasurface holography. Adv. Optical Mater. 10,
2102166 (2022).

47. Zhong, H. et al. Efficient polarization-insensitive quasi-BIC
modulation by VO2 thin films. Opt. Express 32,
5862–5873 (2024).

48. Chu, C. H. et al. Active dielectric metasurface based on
phase-change medium. Laser Photonics Rev. 10, 986–994 (2016).

49. Meng, Y. et al. Photonic van der Waals integration from 2D
materials to 3D nanomembranes. Nat. Rev. Mater. 8, 498–517
(2023).

50. Hu, Y. et al. Electrically tunable multifunctional polarization-
dependent metasurfaces Iintegrated with liquid crystals in the
visible region. Nano Lett. 21, 4554–4562 (2021).

Acknowledgements
Q.X. acknowledges the funding through National Natural Science
Foundation of China (62122040, 62075113). Y.S. acknowledges the
support of Nanyang Technological University Start Up Grant, Singapore
Ministry of Education (MOE) AcRF Tier 1 grant (RG157/23), MoE AcRF Tier
1 Thematic grant (RT11/23), and Imperial-Nanyang Technological Uni-
versity Collaboration Fund (INCF-2024-007).

Author contributions
T.H., Y.M., Y.S. and Q.X. conceived the idea. T.H. and Y.M. designed
and numerically simulated the metasurface. T.H. performed the
experiments with input from Y.M. and L.W. T.H., Y.M., Y.S. and Q.X.
discussed the experimental design and analyzed the data. T.H.,
Y.M., and Y.S. prepared the manuscript with input from H.Z.,
N.M.C., D.L., P.Y. and Q.L. All authors discussed the results and
contributed to revising the final manuscript. Q.X. and Y.S. super-
vised the project.

Competing interests
The authors declare no competing interests.

Article https://doi.org/10.1038/s41467-024-54207-z

Nature Communications |        (2024) 15:10141 8

www.nature.com/naturecommunications


Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-024-54207-z.

Correspondence and requests for materials should be addressed to
Yijie Shen or Qirong Xiao.

Peer review information Nature Communications thanks Haoran Ren
and the other, anonymous, reviewer(s) for their contribution to the peer
review of this work. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2024

Article https://doi.org/10.1038/s41467-024-54207-z

Nature Communications |        (2024) 15:10141 9

https://doi.org/10.1038/s41467-024-54207-z
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications

	Optical skyrmions from metafibers with subwavelength features
	Results
	Concept
	Simulation and manipulation of skyrmions
	Experimental results

	Discussion
	Methods
	Metafiber fabrication
	Experiment setup
	Characterizing topology of skyrmions

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




