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ABSTRACT

The ability of structured light to mimic exotic topological skyrmion textures encountered in high-energy physics, cosmology, magnetic mate-
rials, and superfluids has recently received considerable attention. Despite their promise as mechanisms for data encoding and storage, there
has been a lack of studies addressing the transfer and storage of the topology of optical skyrmions to matter. Here, we demonstrate a high-
fidelity mapping of skyrmion topology from a laser beam onto a gas of cold atoms, where it is detected in its new non-propagating form.
Within the spatial overlap of the beam and atom cloud, the skyrmion topological charge is preserved, with a reduction from Q ~ 0.91 to
Q ~ 0.84, mainly due to the beam width exceeding the sample size. Our work potentially opens novel avenues for topological photonic state
storage and the analysis of more complex structured light topologies.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0249504
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I. INTRODUCTION

Structured light' of spatially varying polarization patterns, as
a field of topological photonics, has recently garnered significant
interest. In paraxial optics, the polarization of a light beam is com-
monly described by Stokes vectors. A monotonically varying Stokes
vector, covering all orientations over the beam’s cross-sectional area,
can be represented as a two-dimensional skyrmion texture.” * These
“baby-skyrmions” are non-singular, localized topological objects
that take a uniform asymptotic value sufficiently far from the cen-
ter of the structure. They are lower-dimensional analogs of three-
dimensional skyrmions, originally introduced in nuclear physics’*
and later studied in superfluids,” " elementary particle physics,
and cosmology.'® Owing to their easier experimental accessibil-
ity and recognized applications, two-dimensional skyrmions are
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generally better known. In superfluid liquid *He, they are also
known as Anderson-Toulouse-Chechetkin'"'* and Mermin-Ho'
vortices. In magnetic materials,”””' they hold great promise for
data storage and spintronics, and they have been prepared in
exciton—-polariton structures.””” " Analogous skyrmions have also
been theoretically studied”” ** and experimentally observed™ ' in
atomic Bose-Einstein condensates.

Although skyrmions in optical fields* are a more recent sub-
ject, they have already been intensively studied theoretically™’*
and demonstrated in laboratory experiments, both in evanescent
fields""™** and in free space.””* " Skyrmions are valuable for
exploring fundamental aspects of topological photonics and struc-
tured light and hold potential applications in metrology and imaging
techniques,'""* as well as in optical communication and informa-

tion storage.”"* A key element for many of these applications is the
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high-fidelity mapping of skyrmion topology from optical fields to
matter, its storage, processing, and retrieval. However, experimen-
tal studies addressing these processes have been notably absent. In
fact, there has been an almost complete lack of even reports on
the interaction of optical skyrmions with matter, with the notable
exception of a recent study addressing the imprinting of surface
relief structures of polarization patterns on an azopolymer film."
This method, however, only imprints rippled marks of the polar-
ization structures on the material surface without transferring the
topological properties of the skyrmion.

In this work, we prepare a topological skyrmion texture in
a laser beam and measure its topological charge. This optical
skyrmion is then made to interact with atomic matter. By leverag-
ing the well-established technology of imprinting optical vortices in
Laguerre-Gaussian (LG) laser beams onto atomic vortices in atom
clouds,” ** we demonstrate a high-fidelity mapping of skyrmion
topology onto matter, enabling it to be detected in its new form of
an atomic pseudospin excitation. Transfer of skyrmions and hop-
fions from light to atoms was recently analyzed theoretically in Ref.
35 via internal level transitions. In our approach, we take an alter-
native route, achieving state transfer through adiabatic passage in
a dark state. This mechanism is analogous to electromagnetically-
induced transparency, which has been successfully employed to slow
and store light.”* *° The topological charge density within the matter
is determined by detecting the atomic dark state population and pro-
jecting onto the diabatic state. By integrating the measured charge
density, we obtain a topological charge Q ~ 0.84 in the atomic case.
This value is slightly reduced compared to the original Q ~ 0.91
observed in the optical skyrmion, primarily due to the chosen laser
beam width being significantly larger than the atom cloud. Within
the spatial overlap region, the integrated topological charge is effec-
tively transferred, while the different coupling strengths associated
with the light polarization lead to a slight spatial stretching of the
skyrmion texture.

Il. RESULTS

Mathematically, we represent a baby-skyrmion as a non-
singular topological texture on a plane determined by a pseudospin.
This pseudospin assumes a uniform constant value along some
closed path that encloses the origin and, for a full integer-winding
skyrmion, points in every direction somewhere within the region
enclosed by the path. The entire region defined by the path can be
considered analogous to a unit sphere $%, with the spin directions
characterized by topologically non-trivial $> - $* mappings. The
topological charge, which counts how many times the object wraps
over §°, is given by

7 8m ik 87‘]' 81’](’

Q= 1

where S is the spin vector at spatial coordinates r, &y represents
the completely antisymmetric Levi-Civita tensor, and d(); is an area
element of a surface . that covers the texture.

For a light field E = [ER,EL]T, with two normalized transverse
polarization components Er and Ej, this parameterization is com-
monly employed by the Stokes vector S.”” The Stokes vector is
defined by its components S; = E'o/E in terms of the Pauli matrices
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0j, and it takes values on the S* Poincaré sphere. Field configura-
tions that satisfy Q = 1—indicating a Stokes vector that wraps over
the Poincaré sphere exactly once—correspond to Poincaré beams™
that can be generated by a superposition of a Gaussian and an LG
beam,”

E(r) = Upo(r)ér + Uro(r)ér. (2)

Here, Uj,(r) are the LG modes with azimuthal quantum number [
and radial quantum number p.

In Fig. 1, we present the experimentally measured pseudospin
profile of the Stokes vectors for the propagating light field along the
beam’s transverse direction before interaction with the atomic sam-
ple. Since our focus is on transferring the topological properties of
the skyrmion to matter rather than on skyrmion light propagation,
we did not attempt to demonstrate the stability of solution (2) during
propagation.” The optical skyrmion topology is depicted by illustrat-
ing the Stokes vectors both on a 2D plane at a cross section of the
laser field and on a sphere. Compactification on a sphere is achieved
by defining a closed path on the plane along which the Stokes vec-
tor maintains a constant angle between the radial and vertical (z)
axes. From the experimental data, we determine the largest such path
that allows integration of the skyrmion topological charge and find
that it corresponds to an angle of 0.887 [see the solid-black curve
in Fig. 1(a)]. The region outlined by this path then serves to deter-
mine a compactification region for the skyrmion topology and is
projected onto the sphere, with the points along the path represent-
ing the north pole. The Stokes vector wraps over the Poincaré sphere
almost entirely once, giving a topological charge Q ~ 0.91 in Eq. (1).

Here, we demonstrate how this topological skyrmion in a light
field is mapped onto an atomic excitation and subsequently detected
in this new form. We represent the topological skyrmion texture in
matter in terms of the pseudospin vector S = ¥T 6, defined by the
normalized spinor ¥ = [y, y2]" of two atomic components, y, and
y,. The spinor is described by a complex ratio y,/y, = tan (8/2)e™
or in terms of the pseudospin components

Y1 = cos (ﬁ/z)e_i“/z, Y2 = sin ([3/2)ei“/2. (3)

To simplify the analysis, we initially consider an infinite xy plane
of an atomic gas. In this setup, the spherical angles (0<f <,

Y [pm]

X [pm]

FIG. 1. Experimentally measured topological optical skyrmion texture in a laser
beam. (a) Skyrmion texture represented by the Stokes vectors on the cross-
sectional plane of the laser beam. The solid-black curve determines the path along
which the Stokes vector maintains a constant angle of 0.887 between the radial
and vertical axes. (b) The region outlined by this path is mapped to a sphere to
determine the S — S? mapping of the skyrmion topology. The structure within
the outlined region corresponds to a topological charge value Q ~ 0.91.
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0 < a < 27r) describe a Poincaré sphere that is wrapped over exactly
once when we identify a mapping between the Poincaré sphere coor-
dinates and the polar coordinates on the plane, where the radius
p =tan(f/2) and the azimuthal angle ¢ = a. The non-trivial topol-
ogy of this configuration is captured by writing Q = [dxdy.2 (r)
in Eq. (1) in terms of the topological charge density 2 (r). For
the unit vector Z normal to the plane, this parameterization yields
2 =1%-(VaxV cos f8),” integrating to Q = 1. More generally, the
topological charge density can be expressed as 2 =2-(V xJ),
where the current density for light components Eg 1 reads”***’

_ 1 Im(EﬁVER +E2VEL)
2

, “)

with the analogous expression for matter obtained by interchanging
Er1 <> y,,. Here, ] represents the gauge potential for the effective
magnetic field.”” In the analogous 3D particle-like skyrmions, the
topological charge density translates into the linking number density
of J,” similar to the Chern-Simons term for magnetic helicity.”

Given the initial state Wy = [1,0], the required unitary trans-
formation to achieve the state in Eq. (3) is represented by ¥ = U¥,,
where

U= e—ia/Zeiﬁfra/Z _ e—ia/Zei arctan (p)[)»a’ (5)

for coordinates p = (x,,0)/(x* +y*)"/* on the plane. To gener-
ate such a transformation by the optical skyrmion field, we con-
sider a gas of cold 87-strontium atoms (see Appendix A) within a
A-scheme, as shown in Fig. 2(a). The transferred skyrmion within
matter is determined by the pseudospin components of two Zee-
man ground states y, = |1) and y, = |2). The coupling is induced
through the excited level |3), where the LG E; and Gaussian Eg
beams, with orthogonal circular polarizations &, and ég, respectively,
drive the |1) — |3) and |2) — |3) transitions. The strength of the
coupling is characterized by the Rabi frequencies Qp = y, ;E/hand
Qr = p, ,Er /1, where #;5 denote the dipole matrix elements.
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We enable the interaction between the optical skyrmion and
matter through an adiabatic passage into a dark state.”® This method
is based on resonant interactions, unlike off-resonance imprinting
of LG beams,”””” and can be employed in storing vortices on atomic
ensembles.®’ The experimental study of off-resonance imprinting’”
was extended in Ref. 61 to report the creation of an atomic skyrmion.
However, due to a misinterpretation of the F = 2 spin manifold, the
prepared object did not represent a skyrmion® but rather a singular
spin-2 vortex.®’

In the dark state passage, the initial state v, adiabatically
follows the dark state,

ID) = — sin (8/2)¢*/*[1) + cos (6/2)e " |2). (6)

Comparing this with Eq. (3) demonstrates that if the incident field
E exhibits the skyrmion profile of Eq. (3), wrapping once over
the Poincaré sphere, then the topological texture in Eq. (6) rep-
resents the same structure if we identify Eg < v, and E; < V5
with the dark state mixing angle tan(6/2) = tan(6,/2) = |E;/Eg|
and the relative phase ¢ = ¢, = arg(Er/ER) corresponding to the
order-parameter coordinates on a Poincaré sphere. In our scenario,
however, the imbalance in the atom-light coupling strength results
in a slightly adjusted tan (6/2) = tan (65/2) = |Q1/Qr|, causing the
detected skyrmion in matter to appear slightly skewed compared
with the original optical skyrmion. In addition, we ensure that all
the atoms are illuminated by choosing the beam width significantly
larger than the radius of the atom cloud. Nevertheless, as shown
below, the portion of the skyrmion that overlaps with the atom
cloud is effectively transferred to matter and revealed in atomic
measurements.

A schematic of the experiment is shown in Fig. 2(b). To gener-
ate the optical skyrmion, a Gaussian beam is split into two orthogo-
nal polarization components, with one component transformed into
an LG beam using a spatial light modulator (see Appendix B). The
two polarization components are then recombined to create a beam

FIG. 2. Experimental setup. (a) The
atomic-level structure corresponds to
Cloud a A-scheme, with two ground states
and one excited state. The Gaussian
and Laguerre-Gaussian (LG) beams
have opposite circular polarization and
are resonant with the |2) — |3) and
[1) — |3) transitions, respectively. (b)
Schematic of the experimental appa-
ratus. The LG beam (orange) is pro-
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o
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duced employing a spatial light modula-
tor (SLM) and overlapped with a Gaus-

sian beam (red) of orthogonal linear
polarization through a polarizing beam
splitter (PBS). Both beams pass through
a quarter wave plate (QWP) to acquire
the desired polarizations. State-sensitive
shadow imaging is performed with a res-
onant beam (light red) at an angle of
16° to extract the spatial profiles of the
ground-state populations.
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exhibiting the desired transverse skyrmion pattern. This beam is
directed into the cold-atom cloud (1/e*-waist p,_ ~ 107(3) ym) and
resonantly coupled to the atomic transitions. The atomic skyrmion
properties are extracted from the state populations measured after
various interaction sequences with optical beams (see Appendix B).

In the dark state adiabatic passage of the optical skyrmion
to matter, the atoms are initially optically pumped into the |1)
state. The Gaussian beam on the |2) — |3) transition is subsequently
turned on, followed by an adiabatic ramp of the LG beam on the
|1) — |3) transition. This process adiabatically connects the initial
|1) state to the dark state of Eq. (6). By assuming that the atoms are
in the dark state of Eq. (6), we then determine from the measure-
ment data the unknown parameters 6 and ¢, subsequently referred
to as 0, and ¢, (see Appendix B). The resulting profiles are shown in
Figs. 3(a) and 3(b).

The pseudospin texture of the transferred skyrmion is shown
in Fig. 3(c) on the xy plane, along with its compactified ver-
sion on a sphere [Fig. 3(d)]. We also display the Poincaré sphere
representation, illustrating how the Stokes vectors cover most
of the order-parameter space [Fig. 3(e)], defined by the angles
(0<0,<m0<¢,<2m) in Eq. (6). Integrating the topological
charge from the experimental data according to Eq. (1) yields
Q ~0.84.

In Fig. 4, we show radially averaged relative phases and
azimuthally averaged mixing angles, representing the Poincaré
sphere spherical angles for the different scenarios of Eq. (6), when
the optical and matter skyrmions are determined within the same
spatial region. Given the imbalance in the atom-light coupling
strengths between the Gaussian and LG beams (see Appendix A),
an ideal transfer of topology would yield ¢, = ¢, and 0, = 6, as
explained previously. The former equality is experimentally well-
verified, while some mismatches are observed in the latter, likely due
to residual aberrations in our imaging system.

@

)

50 pm (b) 50 pm
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FIG. 4. Efficiency of the topological skyrmion transfer from light to matter. (a) Radi-
ally averaged spin azimuthal angle (¢,) (blue circles) for the atomic and (¢,)
(orange squares) for the optical skyrmion, as a function of the azimuthal coordinate
¢ [see definitions in and around Eq. (6)]. The error bars represent the standard
deviation of the spin azimuthal angle using radial sampling. (b) Azimuthally aver-
aged mixing angle (6, ) (blue circles) for the atomic and (6,) (orange squares) for
the optical skyrmion, as a function of the radial coordinate p. The error bars rep-
resent the standard deviation of the mixing angle using azimuthal sampling. The
unbalanced light-matter coupling strength results in a corrected ideal transferred
mixing angle (65) (green triangles), with an algebraic dependence on (6,) (see
Appendix A).

FIG. 3. Dark state reconstruction and
skyrmion in matter. (a) Spatial profile
of the dark state mixing angle 6, and
(b) azimuthal angle ¢, [see Eq. (6)],
extracted from state-population mea-
surements. Images on panels (a) and
(b) are averaged over 100 experimental
runs (see Appendix B). (c) Pseudospin
texture of the transferred skyrmion on
the xy plane, determined by the atomic
dark state population and coherence.
The curve determines the path along
which the spin vector maintains a con-
stant angle of 0.8 between the radial
and vertical axes. (d) The region outlined
by this path is mapped onto a sphere,
analogous to the optical skyrmion in
Fig. 1. (e) Mapping of the spin texture on
the S? order-parameter space, as deter-
mined by the Poincaré sphere, nearly
wraps over the entire sphere, resulting in
the topological charge Q ~ 0.84.
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I1l. DISCUSSION

We demonstrated that topological optical skyrmion textures
can be effectively mapped onto matter by leveraging well-established
methods for imprinting optical vortices of LG beams onto atomic
vortices.”’ > Due to the smaller spatial region of the atom cloud, the
spin vector orientation between the radial and vertical axes at the
edge of the cloud maintains a smaller value of 0.87 than in the optical
skyrmion. When integrating over the same spatial area, the optical
skyrmion’s topological charge is 0.84, which decreases to 0.80 when
accounting for the imbalance in atom-light coupling strength. This
value is in reasonable agreement with the atomic skyrmion’s topo-
logical charge of 0.84, with the remaining discrepancy likely due to
systematic errors, such as aberrations in our imaging system.

Mapping skyrmion topology onto matter and detecting it
through atomic measurements open up possibilities for topological
data encoding and storage. Future work could extend this approach
to skyrmion laser pulses, leveraging existing technologies for storing
and releasing entire pulses within an atomic cloud.”*”’ In addi-
tion, our approach offers improved detection and analysis of more
complex topologies in structured light. This is particularly relevant
because the traditional description of paraxial light waves in terms
of the Stokes vectors on a Poincaré sphere is incomplete; it discards
the variation in the total electromagnetic phase of vibration.””” At
optical frequencies, the spatial profile of this phase is challenging
to measure due to rapid oscillations™ and is typically overlooked
in the topological analyses. However, this phase variation leads to
an optical hypersphere description and the emergence of genuinely
3D topologies. The most dramatic examples are full 3D particle-
like skyrmions and hopfions,”””” analogous to knotted solitons of
the Skyrme-Faddeev model in high-energy physics.”"* Such con-
structions based on links and knots are related to fundamental
ideas proposed by Kelvin, who suggested them as building blocks of
atomic particles.”” In the context of electromagnetic fields, they have
been suggested even as models of ball lightning.”*"” Once trans-
ferred to atomic media, the detection of these structures no longer
faces similar challenges as in the optical case.'”
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APPENDIX A: ATOMIC SAMPLE

The optical skyrmion is coupled to a cold 87-strontium gas
at a temperature of 6.9(3) uK, using the |'So,F =9/2) —» [Py,
F=9/2) hyperfine transition of the intercombination line at
689 nm.* The gas contains 4.2(3) x 10° atoms, within a 1/e*-width
p.=107(3) um of a quasi-Gaussian shape. A A-scheme con-
nects the Zeeman ground states y, = [1) = |m = 9/2) and v, = 2)
= |m = 5/2) to the excited state |3) = |m = 7/2). The LG and Gaus-
sian beam polarizations and frequencies are set to couple to the |1)
— |3) and |2) — |3) transitions, respectively. The Clebsch-Gordan

coefficients C; = —/18/99 and C, = 1/32/99, associated with the
atom-light coupling strengths of these transitions, differ, result-
ing in unbalanced dipole matrix elements y,; = Ciy, where u
denotes the reduced dipole moment. This imbalance affects the
radial mixing angle 6,, yielding the corrected value 6, such that
tan (65/2)/ tan (8,/2) = (18/32)"/ in Fig. 4(b).

The skyrmion lifetime in this experiment is mainly limited by
the thermal motion of the atoms, which scrambles the topological
structure. The lifetime can be estimated to be on the order of 7 ~ d/,
where ¥ ~ 2.5 cm 5" is the thermal speed and d =~ 5 um is the typical
size of the topological structure, leading to 7 ~ 200 us. For applica-
tions with long storage times, significantly longer skyrmion lifetimes
can be achieved with atomic Bose-Einstein condensates (in rotation,
only limited by the condensate lifetime of up to tens of seconds) or
in optical lattice potentials that freeze the atomic motion.

APPENDIX B: MEASUREMENTS OF OPTICAL
AND ATOMIC AMPLITUDE AND PHASE PROFILES

An optical skyrmion is represented by a Poincaré beam,’® gen-
erated by a superposition of a Gaussian and an LG beam with
orthogonal polarizations.”" To produce the LG beam, a Gaussian
beam is first split into two orthogonal polarization components.
One component is transformed into an LG beam using a phase
mask imprinted on a spatial light modulator, employing a digital-
hologram method.”” To measure the relative phase profile of the

10, 046113-5
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Gaussian and the LG beams, we use a polarizer to project the polar-
ization of each beam. The resulting interference pattern is detected
on a CCD camera.

To characterize the atomic skyrmion, the populations of
states |1) and |2) are detected using spin-sensitive shadow imaging
techniques.”' More precisely, the |1) population profile is measured
with a circularly polarized probe beam resonantly tuned to the |'S,
F=9/2,m=9/2) - |°P,F=11/2,m = 11/2) transition. Subse-
quently, the |2) population profile is measured by tuning the probe
beam to the |'So,F=9/2,m=5/2) > |’P,F=11/2,m=7/2)
transition. The 6, mixing angle profile is extracted from population
measurements following the adiabatic transfer of the optical
skyrmion to the atomic ensemble. The relative phase ¢, is extracted
after the transfer by switching off the LG beam and simultaneously
turning on an equally polarized co-propagating plane wave that
addresses the same transition. If the relative local phase between the
two beams is zero with equal field amplitude, the atoms remain in
the dark state defined by Eq. (6). Otherwise, a fraction of the |1) and
|2) populations will be excited to state |3), leading to an asymmetric
profile from which ¢, can be extracted.

As beams follow different optical paths before being recom-
bined, their relative phase is not stable, resulting in shot-to-shot
random variations. However, the relative phase, with a coherence
time of about 10 ms, does not significantly vary during the short
interrogation time of about 100 ys (duty cycle ~0.01%). If an image,
obtained after each run, contains phase information, it is fitted and
properly reoriented to avoid phase blurring during the summation
of the images. The latter is used to improve the signal-to-noise ratio.
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