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Abstract 

Optical skyrmions, particle-like topological textures of light with resilience to perturbation, hold great promise 
for next-generation robust information carriers. Recent advances have enabled their efficient generation and modula-
tion in both classical and quantum regimes via artificial nanostructures with certain topological landscapes. However, 
existing studies are largely confined to (quasi)monochromatic domain, because the resonance-based linear and non-
linear light-matter interactions are constrained by narrowband response and strong spectral dispersion. Therefore, 
the exploration of coloured and white light skyrmions is virtually zero, blocking their extension to broadband infor-
mation technologies. Here, we present an ultra-compact micro-generator that generates ultra-broadband coloured 
skyrmions from a natural ferroelectric spherulite crystal through the combined action of the photonic spin-orbital 
coupling and optical focusing. This approach circumvents the resonance effects intrinsic to artificially nanostruc-
tured optical systems. The resulting polychromatic skyrmions cover the entire visible spectral range and can propa-
gate over an appreciable distance in free space. Their topological textures can be continually modulated by tuning 
the polarization of the incident beam, enabling switching among multiple topologies, such as skyrmions, biskyrmions, 
and quadrumerons. Furthermore, we reported the experimental evidence of spontaneous parametric down conver-
sion process occurring within the ferroelectric spherulite, which implies the possibility to generate the correlated 
topological quantum states in further research. These distinctive features will revolutionize modern informatic appli-
cations spanning optical communication, data storage, and topological photonic devices.

1  Introduction
Skyrmions, with promising topological stability, describe 
specific particle-like topological spin textures of physi-
cal fields [1]. Classical and notable physical systems with 
skyrmions configurations are liquid crystals [2–4], fer-
roelectric [5–7] or magnetic domains [8, 9], quantum 
Hall systems [10], and Bose–Einstein condensates [11], 
etc., which show great potentials in empowering high 
information storage capacities [12–15], but are generally 
localized in matter, which challenges information trans-
fer capacities. In comparison, optical skyrmions with fly-
ing and topological stability merits [16–19] are emerging, 
as promising candidate towards data transfer over a long 
distance [16, 20–22]. The pioneering work in generat-
ing optical skyrmions started from the electric field of 
local evanescent waves [23] and the spin field in confined 
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surface plasmon polaritons [24]. Later, optical skyrmi-
ons are extended to the free space and to more diverse 
configurations [20, 25–27], including Stokes vectors 
[28–30], magnetic vectors [31], pseudospins [32], energy 
flows [33], crossing from classical to quantum regime [28, 
34]. The intense studies on optical skyrmions are valu-
able for both fundamental researches [35–37], especially 
the topological photonics and structured light regarding 
to the topological features and potential applications in 
displacement sensing [38], magnetic domain imaging 
[39, 40], integer arithmetic [41], optical communication, 
and information storage, where the wideband capability 
of the skyrmions generation is essential. Although recent 
advances have enabled their efficient generation and 
modulation in classical and quantum regimes, all opti-
cal skyrmions demonstrated so far are largely limited in 
monochromatic or narrowband domains. To date, the 
direct generation of polychromatic coloured wideband 
skyrmions in the entire visible spectrum has not yet been 
experimentally achieved, blocking their extension to 
broadband information technologies.

To unlock broadband skyrmion-based informatics, 
another vital concern in the practice is the realization of 
ultra-compact integrated skyrmion generators on chip, 
rather than the constructed optical setups on an opti-
cal table in lab (see the optical path using spatial light 
modulators [42, 43]). Recently, the development of inte-
grated generators for optical skyrmions, e.g. the meta-
surfaces [44], microrings [30], photonic crystal slabs 
[45], extended q-plate [46], and microcavity [28], has 
motivated the emerging practical informatics applica-
tions [20]. At present, such schemes operate solely for 
monochromatic skyrmionic beams. This restriction 
arises from resonance-based linear and nonlinear light-
matter interactions in existing skyrmion optical systems, 
which exhibit pronounced spectral dispersion [47]. On 
the other hand, the devices require the micro-nano opti-
cal elements consisted of fine but sophisticated nano-
structures, which, however, are always challenged by 
fine nanofabrication techniques of high cost. The simul-
taneous breakdown of the bandwidth barrier and nano-
fabrication constraint in optical skyrmion generation 
therefore demands a paradigm shift that circumvents the 
resonance effects intrinsic to artificial nanostructured 
optical systems by co-designing innovative integrated 
photonic devices alongside their material realization.

Here, we demonstrate the robust on-chip micro-gen-
eration of coloured optical skyrmions across the entire 
visible spectrum through a non-resonance optical sys-
tem, that is using a ferroelectric spherulite with inherent 
circular anisotropy and dome-shaped geometry, which 
can be obtained through crystallization. By leveraging 
spin-orbital (SO) coupling [48] and focusing effects of 

the spherulite, the Stokes vectors featuring skyrmionic 
topologies including skyrmions, biskyrmions, and quad-
rumerons can be generated through the superposition 
of beams in orthogonal polarizations while with certain 
spin or orbital angular momentum (SAM or OAM) spa-
tial distribution in the entire visible range. The generated 
skyrmions are shown to maintain a stable propagation 
of 7 Rayleigh lengths in free space. Moreover, the vortex 
ferroelectric domain in the spherulite breaks the symme-
try in polarity and thus enables the natural second-order 
nonlinearity, which are used to generate photon pairs 
in a spontaneous parametric down-conversion (SPDC) 
process [49–52] and thus promises the potential skyr-
mion entangling. Our work provides a powerful photonic 
platform for manipulating topological photon states in 
the wide spectral range across the classical and quantum 
regimes and sheds light on the skyrmions based technol-
ogies by driving breakthroughs in broadband information 
transfer and high-dimensional classical and quantum 
communications [53].

2 � Results
2.1 � Design principles
A spherulite refers to the material featuring circular crys-
talline structure, and thus usually exhibits circular anisot-
ropy in optics. In our work, the ferroelectric spherulite is 
comprised of polar molecules arranged in an azimuthal 
way, as shown in Fig. 1a. This molecular dipole configu-
ration forms through a thermally driven self-assembly 
process, governed by the minimization of the system’s 
free energy, which involves the interplay of elastic energy, 
surface anchoring, and polar electric field coupling [54]. 
This bottom-up process ensures molecular-level uni-
formity in light-matter interactions. Under the scanning 
electron microscope, the spherulite material is in a dome 
shape located on a glass substrate. The uniaxial anisot-
ropy of the polar molecules makes the entire spherulite 
exhibits the circular anisotropy described by: nr and nθ, 
representing the refractive indices along radial and azi-
muthal orientations. Such a spherulite can bring in both 
the spin-orbital angular momentum coupling due to the 
special anisotropy and a focusing functionality, ultimately 
generating a beam with skyrmionic topology in Stokes 
vector polarization.

Assuming a Gaussian beam with right circular polari-
zation (RCP) is incident on the spherulite from the sub-
strate side, as shown in Fig. 1a. At the periphery region of 
the dome structure, the thickness is negligible and thus 
the beam passing through this region can be considered 
as no change in polarization but just bent to the foci due 
to the parabolic-like transmission phase distribution (Fig. 
S1). Detailed intensity evolution along the propagating 
direction can be found in Fig. S9. At the central region, 
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the thickness together with the circular anisotropy may 
result in a strong polarization modulation due to the 
phase delay ∆φ between the radial and azimuthal E field 
components (Fig. S1). Once the phase delay is π, the spin 
of the incident beam is flipped and meanwhile OAMs are 
loaded, resulting in a left circular polarization (LCP) of 
topological charge −2. Such a transformed optical vortex 
beam is also focused to the same foci, whose singularity 
is filled by the RCP from the periphery region (Fig. S2 
and S9). Such a synthesized beam fulfills the condition of 
constructing a skyrmionic beam, which is the superposi-
tion of the two beams of orthogonal polarization states 
(|e1�, |e2�) , as expressed in Eq. (1) [55]:

in which l1 and l2 indicate the carried OAM, namely the 
topological charges. In our case, (|e1�, |e2�) denote the 
left and right circular polarization, respectively, and l1 = 

(1)|ψ� = |l1�|e1� + e−i△ϕ |l2�|e2�

−2, l2 = 0 represent the superposition of LG0,−2 and LG0,0 
modes, which generates polarization states that span the 
entire Poincaré sphere. We visualized the polarization 
textures of the generated skyrmions using normalized 
Stokes vectors in 2D, as shown in Fig. 1b. The Stokes vec-
tor fields cover the Poincaré sphere twice, satisfying the 
condition for a Skyrme number of Nsk = −2. Through the 
same way, an LCP beam can be used to generate a skyr-
mion with Nsk = 2, as explained in Fig. S1. 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 
plane.

The dispersion of the spherulite is rather weak, and 
thus a relatively fix ∆n = 0.102 ± 0.008 in the whole vis-
ible range, as shown in Fig. S10 in supplementary infor-
mation. Therefore, white skyrmions can be generated 
by one single spherulite under a circularly polarized 
white light illumination.

Fig. 1  Conceptual schematic of white light skyrmions generation from a single dome-shaped ferroelectric spherulite. a Generation schematics 
of white light skyrmions from one single ferroelectric spherulite. The dome-shaped spherulite was consisted of azimuthally oriented rodlike polar 
molecules of the uniaxial anisotropy, showing the rotation symmetry in both geometry and optical properties. The input beam of RCP experienced 
SO coupling and was subsequently focused by the dome-shaped ferroelectric spherulite to form Stokes skyrmionic topologies in the far field. 
In the case of white light incidence, skyrmionic topologies were formed at each wavelength, taking red skyrmions, green skyrmions, and blue 
skyrmions as examples. Inset: scanning electron microscope image of the fabricated spherulite. The scalebar of the scanning electron microscope 
image is 5 μm. b Texture and synthesis of white light optical skyrmions. The LCP with LG0,-2 mode and RCP with LG0,0 mode were robustly formed 
in the far field due to the SO coupling effects in the case of RCP incidence. Mapping such Stokes distribution to a Poincaré sphere, it exhibits 
the topological feature of a quasi-particle. In the bottom panel in b, the colour (lightness) represents the phase (intensity) of the complex fields 
of the LCP and RCP. In a and the top panel of b, the hue of the vector arrows represents different in-plane components of the Stokes vectors, 
and the lightness of the vector arrows corresponds to out-of-plane components of the Stokes vectors. Amp., amplitude
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2.2 � White light skyrmions generation
As we have discussed above, in principle, the generation 
of the LCP vortex beam of topological charge −2 requires 
a very strict thickness under the certain anisotropy, so 
that the spherulite can bring in the right phase delay. 
In reality, such a system has a very strong tolerance. To 
explore this, we calculate Nsk of the polychromatic skyr-
mions generated from different geometric scales through 
numerical simulations. Due to the crystallization and the 
surface tension, all the spherulites, despite different radii, 
have the same contact angle of 35°, which means that the 
height h of the dome is locked with the radius r, deter-
mined by the relation h = r[csc(θ)− cot(θ)] = 0.31r . 
The calculated results are shown in Fig. 2b, which shows 
that in a relatively wide range of the spherulite size in 
radius, the generated skyrmion number |Nsk| is larger 
than 1.9, close to the ideal case of 2, under the illumina-
tion of either LCP or RCP. By converting the r into h, we 
find that if the effective phase delay at the central part 
of the spherulite is π ± 0.13π, a high quality of skyrmion 
with |Nsk| > 1.9 can also be accomplished at each wave-
length in the visible range, which in turn implies the 
robustness of the skyrmion.

According to Fig.  2b, a spherulite with a radius of 
7  μm can be used to generate skyrmion textures of 

|Nsk| > 1.9 throughout the visible spectrum simultane-
ously. To test this, we fabricate the spherulite on such 
a size specially. The optical measurement set-up that 
can extract Stokes components (S1, S2, S3) of the beam 
at the focal spot after the spherulite is presented in Fig. 
S3. The source is a supercontinuum laser that enables 
us to perform the measurement in the spectrum rang-
ing from 450–785 nm. As shown in Fig. 2c, the Stokes 
polarization distribution of the generated skyrmions at 
each wavelength maintains a high consistency. Espe-
cially, the extracted Stokes components (S1, S2, S3) at 
the two ends in the visible spectrum (450 nm, 750 nm) 
are shown in Fig. 2d, e. Other measurement results can 
be found in Fig. S4 and Fig. S7. The skyrmion numbers 
|Nsk| calculated based on these experimental results are 
all larger than 1.9 and show excellent agreement with 
analytical calculations, which demonstrates the high 
tolerance on material’s dispersion and thus the feasibil-
ity of generating white light skyrmions.

2.3 � Longitudinal evolution of skyrmions
The longitudinal propagation behavior is related to the 
focusing ability of the spherulite. To explore this, we per-
form a ray tracing measurement on the beam at 530 nm 
out of the spherulite, by capturing its intensity profile as 
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Fig. 2  Wideband generation of Stokes skyrmions. a Schematics of a dome-shaped ferroelectric spherulite with the constant contact angle of 35°, 
the radius of r, and the central height of h. b Simulated results of the variation of Skyrme numbers respect to different radii of the spherulite 
and different wavelengths within 450–785 nm. The dashed boundary area shows the parameter space where |Nsk| is larger than 1.9. The preferred 
radius is also noted using an arrow to allow the |Nsk| > 1.9 from 450–785 nm. c Experimental results of the Skyrme numbers at different wavelengths 
tested from a single spherulite whose structural footprint corresponds to the radius of 7 μm, as pointed in b. Inset: Stokes skyrmion textures 
at different wavelengths. d Left top: intensity and polarization textures at 450 nm. Left bottom: polarization states rendered on the unit Poincaré 
sphere. Right: extracted Stokes components in the experiment and simulation. e Left top: intensity and polarization textures at 750 nm. Left bottom: 
polarization states rendered on the unit Poincaré sphere. Right: extracted Stokes components in the experiment and simulation. The detailed Stokes 
skyrmions analysis at other representative wavelengths can be found in supplementary information
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well as the Stokes polarization distributions across the 
cross-section of the beam with a step of 1 μm along its 
propagation direction and the results are shown in Fig. 3. 
As we have discussed above, a skyrmion is formed by the 
overlap of the two beams LG0,0 and LG0,2, which should 
occur around the focal spot due to the convex shape of 
the spherulite. Therefore, before the foci, the skyrmion 
has not yet well prepared and the Nsk is deviated from the 
ideal number of 2. Approaching to the focal spot, Nsk is 
quite close to 2. The theoretical numerical aperture (NA) 
is around 0.4, which enables a rather long depth of focus, 
and thus a long propagation of the skyrmion. Despite 
longitudinal polarization evolution and divergence dur-
ing free-space propagation, the skyrmion textures exhibit 
high topological stability, with the nearly designed skyr-
mion number (|Nsk| > 1.9) at a distance of 28 μm, about 
7 Rayleigh lengths (Fig. 3) that we can measure. At even 
further distance, the topological feature of the skyrmion 
should be still well maintained, however, the beam’s 
intensity is quite weak due to the divergence. Theoreti-
cally, the beam can maintain its skyrmionic topology to 
infinite. The polarization textures at the cross-section 
along the propagation are also studied and the results 
are shown in Fig. S6, which shows the robust topologi-
cal feature over appreciable propagation distance. Such  
excellent stability in the topological feature as well as the 
diffraction resilience implies the potential applications in 
optical tweezers or on-chip optical communication.

2.4 � Tunability of the topological textures
Next, we expanded the family of optical quasiparticles 
from the fundamental skyrmion to its counterparts with 
more diverse topological textures, synthesized with other 
orthogonal configurations, with a more general form of 
Eq. (2) [46, 55–57]:

where the parameters αLn and αRn are functions of r and θ 
, which can further adjust the Stokes vectors topology in 
space [55, 58]. According to Eq. (2), topological quasipar-
ticles of different types can be obtained through spheru-
lites by taking its advantage of circular anisotropy.

Specifically, for the incident polarization at the pole 
in the Poincaré sphere (see Fig. 4a), the Stokes texture 
is in a skyrmionic configuration. By utilizing a linear 
polarized beam as the incidence, polarization states 
are maintained along the North (N)–South (S) and East 
(E)–West (W) directions since the polarization is either 
parallel or normal to the local optical axis (OA), show-
ing a red cross at the Stokes polarization distribution. 
Along the Northeast (NE)–Southwest (SW) and the 
Northwest (NW)–Southeast (SE) directions, the angles 
between the polarization and the local OA is ± 45°. At 
the region that is roughly r/2 away from the center, a 
π/2 phase difference could be induced between the 
local Ex and Ey, enabling the LCP or RCP, indicated by 
the black and white spots at the Stokes polarization 

(2)|ψ� =
∑
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distribution. Further away from the center, the thick-
ness of the spherulite is decreasing, and thus elliptical 
polarizations are induced with different ellipticity, as 

indicated by the rainbow colour surrounded each black 
or white spots. Overall, a quadrumeron configuration 
emerges.
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Fig. 4  Tuning Stokes vector textures by controlling the incident polarization. a Simulation results of the optical Stokes vector textures generated 
from different polarization incidences in the Poincaré sphere. b Stokes vector textures of the experimentally generated representative optical 
topological quasiparticles, including quadrumeron, biskyrmion, and skyrmion
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Even if the incident polarization is elliptical, which is 
relatively uncertain compared to the linear or circular 
cases, due to the circular anisotropy of the spherulite 
that contains OA of all orientations, along the azimuthal 
direction, one can always find the right orientation that 
can fully cancel the phase delay between Ex and Ey, which 
converts the incident elliptical polarization into the pure 
linear polarization. At other orientations where phase 
delay is well compensated so that the elliptical polariza-
tion transferred into the circular polarizations. However, 
due to the elliptical property, these featured polarizations 
can only appear twice along one circle on the spheru-
lite and thus induce biskyrmion topologies at the Stokes 
polarization distribution. The experimental results are 
in good agreement with the simulations, as shown in 
Fig.  4b. It is noticeable that the Stokes vectors in the 
experiment are relatively rotated compared with simu-
lations, which could be associated with the longitudinal 
polarization evolution effect when the beam is propagat-
ing in free space. Nevertheless, the generated topologies 
are still well protected and  merely determined by the 
polarization state of the incident beam.

2.5 � Exploration of the parametric photon pair generation
Besides the optical anisotropy in a linear optical realm 
resulted by the azimuthally arranged molecules, the fer-
roelectric feature from the vortex polarity order also 
endows intriguing second-order nonlinear optical 
responses. The previous study has demonstrated that this 
material possesses a relatively high second-order nonlin-
ear coefficient [59, 60], as calibrated through the process 
of broadband second-harmonic generation (SHG). Once 
SPDC, the reverse process of SHG is observed, implying 
that the ferroelectric spherulite structure could enable 
skyrmion applications in the quantum regime [61]. 
Unlike the direct generation of on-demand single-photon 
skyrmions [28], SPDC produces photon pairs [62], 
thereby allowing the realization of skyrmions in the form 
of either heralded single photons or entangled photon 
pairs [63, 64]. The nonlinear optical characterizations are 
based on a back-reflection setup, and the spherulite is 
prepared on a SiO2/Ag/SiO2 substrate, where the inter-
mediate Ag layer is used as the reflection layer for the sig-
nal collection, as shown in Fig.  5. To minimize 
fluorescence effects, a continuous-wave pump laser with 
a wavelength of 785 nm is employed, yielding SPDC pho-
ton pairs at approximately 1570  nm. Superconducting 
nanowire single-photon detectors (SPSNDs), together 

Fig. 5  SPDC and SHG characterizations of the ferroelectric spherulite. a Left panel: illustration of the optical setup for SPDC experiment 
of the ferroelectric spherulite. The pump beam is from a continuous-wave laser with the central wavelength at 785 nm. FC, fiber coupler; BS, 
beam splitter; DM, dichroic mirror; SNSPD, superconducting nanowire single-photon detector; Time Tagger, streaming time-to-digital converter. 
Middle panel: the ferroelectric spherulite sample for SPDC tests is formed on a SiO2/Ag/SiO2 layered substrate. Right panel: illustration of the SPDC 
process, in which a high-energy pump photon with the frequency of ωp converts into a pair of low-energy photons consisting of a signal photon 
and an idler photon. b Normalized second-order correlation functions measured from the sample under different pump powers. c Dependence 
of the photon-pair coincidence rate on pump power. d Dependence of normalized second-order correlation function at zero-time delay on pump 
power. e Dependence of SHG intensity on pump power
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with low-jitter streaming time-to-digital converters, are 
employed to record the arrival times of the infrared pho-
tons in the Hanbury Brown–Twiss second-order interfer-
ence experiment. The normalized second-order 
correlation functions g(2)(τ) measured from the sample 
under different pump powers are presented in Fig.  5b. 
The value of g(2)(0) decreases with increasing pump 
power, since both photon-pair generation and back-
ground scale linearly with pump power, leading to a 
reduced ratio of photon-pair coincidences to random 
coincidences. After correcting for dark counts, Fig.  5c 
shows a linear dependence of photon-pair coincidences 
on the pump power, while Fig.  5d illustrates that g(2)(0) 
decreases with pump power following a relation of 
g (2)(0) = a

p + 1 . In contrast, the SHG signal power 
exhibits a quadratic dependence on the pump power, as 
shown in Fig. 5e. The above results indicate that the fer-
roelectric spherulite is a promising SPDC sources with 
ultracompact and integrable potentials towards chip-
based photonic quantum circuits. Despite that the cur-
rent evidence is insufficient to confirm that the detected 
SPDC photons correspond to quantum skyrmions, it 
implies that the fusion of the capabilities in generating 
photon-pairs and white light skyrmions by using a single 
ferroelectric spherulite may stimulate the research on the 
robust generation of quantum skyrmions in a compact 
platform.

3 � Discussions
This work demonstrates a new paradigm for generating 
optical skyrmions via nanostructured ferroelectric spher-
ulites through self-assembly, with the core advantage of 
circumventing the reliance on resonance-based photonic 
systems, namely, artificial nanostructures that require 
complex and costly nanofabrication techniques. Our 
proposed photonic platform achieves significant break-
throughs in two key dimensions: unprecedented opera-
tional bandwidth and flexible tunability. Together, these 
features open up new possibilities for structured photon-
ics and its applications.

The most significant and well-supported contribu-
tion of this work is its ultra-broadband capability. The 
experimental results clearly show that a single spheru-
lite can efficiently generate topologically stable skyrmi-
ons across the entire visible spectrum (450–785  nm). 
This property fundamentally overcomes the narrow-
band limitations inherent to current mainstream 
technologies, such as metasurfaces and microcavity res-
onators [30, 44], which are confined to monochromatic 
operation. Consequently, our platform is intrinsically 
compatible with modern optical communication tech-
nologies like wavelength-division multiplexing (WDM) 
and mode-division multiplexing (MDM) [65–69]. This 

offers a compelling prospect for developing high-capac-
ity, short-range wireless optical interconnects, such as 
chip-to-chip communication [70].

In the realm of optical manipulation, the beams with 
complex topological textures generated by our device 
also inspire new research directions. Although direct 
optomechanical experiments lie outside the scope of 
this study, the ability to generate micron-scale light 
fields with controllable spin/orbital angular momen-
tum and multi-wavelength coding in a compact plat-
form could open new avenues for future on-chip optical 
micromanipulation research, for instance, by using 
structured light to apply controlled optical forces and 
torques [71–73]. In our system, the skyrmion density is 
governed by the spatial scale of the polarization modu-
lation set by the spherulite structure and illumination 
conditions. Adjusting this scale could, in principle, 
modify the skyrmion density while maintaining the 
topology.

In addition to its linear topological structuring capa-
bilities, the unique vortex polarization domain order of 
this ferroelectric material underpins a second-order non-
linear optical response. We have clearly confirmed that 
correlated photon pair generation is detected from the 
spherulite through the SPDC process. Although the non-
linear process, together with the reflection-based design, 
may render the photon-pair states complex, the tunable 
topologies make it feasible to engineer target states [74]. 
Therefore, the significance of generating photon pairs 
goes beyond being a fundamental property of ferroelec-
tric spherulites; the results may stimulate the research on 
the topological photon states generation at the quantum 
level. Future work could focus on the direct generation 
and observation of correlated skyrmion pairs.

In comparison with metasurface platforms, it is worth 
noting that, although metasurfaces have enabled achro-
matic devices such as metalenses and vortex generators, 
the achromatic generation of optical Skyrmions would 
be considerably more demanding. Optical Skyrmions 
require intricate spatial distributions of phase, amplitude, 
and polarization, imposing substantially higher design 
complexity than conventional wavefront shaping devices. 
Moreover, metasurfaces typically rely on sophisticated 
micro-nano fabrication processes. The discrete nano-
structures that compose the metasurface may introduce 
scattering losses and reduced efficiency, particularly in 
broadband operation. In contrast, the spherulite-based 
approach provides a naturally continuous anisotropic 
medium, offering a feasible route toward broadband ach-
romatic Skyrmion generation.

In conclusion, we have realized an ultra-broadband, 
tunable optical skyrmion micro-generator using a nano-
structured ferroelectric spherulite through crystalization, 
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which overcomes the bandwidth constraints inherent to 
resonance-based linear and nonlinear light-matter inter-
actions in artificially nanostructured optical systems. 
Derived from the intrinsic topological landscape of the 
ferroelectric spherulite, our on-chip photonic platform 
exploits the synergy between photonic SO coupling and 
optical focusing, enabling versatile modulation of optical 
quasiparticles. This work not only demonstrates excep-
tional optical performances but, more fundamentally, 
represents a paradigm shift in philosophy, from relying 
on complex, top-down nano-fabricated artificial struc-
tures to harnessing elegant, bottom-up self-assembly 
processes to create functional photonic devices. Based 
on such a scheme, it is likely to realize an array of skyr-
mions with high orders by using arrayed spherulites, in 
both spatial and temporal domains. We believe that this 
platform, with its potential for high-performance and 
multifunctional integration, will profoundly impact the 
development of next-generation information technolo-
gies, particularly in the fields of high-dimensional classi-
cal and quantum communications.

4 � Methods
4.1 � Fabrication of dome‑shaped spherulite structure
We dissolved the molecular powder in dichloromethane 
(2 wt.%) and spin-coated it onto a glass substrate to form 
a film. Subsequently, the sample was annealed at 130 °C 
for 5  min using a heating stage (MTI-250). This step 
resulted in complete melting of the sample and full vola-
tilization of the dichloromethane solvent. After natural 
cooling to room temperature, a dome-shaped spherulite 
formed. We utilized a SiO2/Ag/SiO2 multilayered struc-
ture as the substrate for the SPDC characterizations.

4.2 � Diffraction simulation
The diffraction processes were simulated using MAT-
LAB. The waist of the input Gaussian beam was matched 
to the radius of the spherulite. The spherulite was 
assigned a contact angle of 35°, based on experimental 
characterization. The incident beam was circularly polar-
ized with a uniform phase distribution. Upon propaga-
tion through the dome-shaped spherulite, a circularly 
polarized state with the reversed handedness emerged, 
resulting from SO coupling. This SO coupling induces a 
redistribution of both the phase and intensity between 
the LCP and RCP components.

We calculated the polarization distribution in the 
far field using diffraction integral theory under parax-
ial approximation (Eq.  (3–5)). We further deduced the 
Stokes parameters (Eq.  (6–8)) and Skyrme numbers Nsk 
(Eq. (9)) [8].

4.3 � Full wave simulation
The Stokes textures near the focal plane were simulated 
using COMSOL Multiphysics 6.1. In the simulation 
model, the spherulite was assigned a contact angle of 35°, 
consistent with experimental observations, and a radius 
of 4.5λ, where λ is the wavelength. The incident beam 
was configured to exhibit varying polarization elliptici-
ties (see Fig. 4). At the center of the spherulite, the height 
of the spherulite corresponds to a π phase retardation 
between the radial and azimuthal polarizations.

4.4 � Experimental test of skyrmion texture
The laser source is from a supercontinuum laser (NKT 
Photonics, SuperK FIU-15) paired with a bandwidth 
adjustable acousto-optic filter (NKT Photonics, SuperK 
Varia) to tune the wavelength from 450 to 785 nm. The 
laser was modulated by a linear polarizer and a continu-
ously variable wave plate (SBC-VIS, Thorlabs) to obtain 
any polarization sates. The incident beam was focused 
by a 20× objective (NA 0.4, Olympus) to control the 
waist at the radius scale of the as-tested spherulite. The 
dome-shaped spherulite, as a microlens, further focus the 
incident beam. To collect the optical field near the focal 
plane of the spherulite, a 40× objective (NA 0.65, Olym-
pus) was used, equipped with a high precision electric 
translation stage (DDS100, Thorlabs) and a camera in 
the far field. A pair of waveplate (SAHWP05M-700 or 
SAQWP05M-1700, Thorlabs) and polarizing beam split-
ter (GCC-402103, Daheng Optics) before the camera 

(3)
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were mounted to extract the left circular (L), right cir-
cular (R), horizontal (H), vertical (V), diagonal (D), and 
anti-diagonal (A) polarization components. Based on 
the L, R, H, V, D, and A polarization distribution, Stokes 
parameters of S1, S2, and S3 were deduced (Eq. (10–12)).

4.5 � Experimental test of SPDC and SHG
For the SPDC experiment, the micro-photoluminescence 
setup was based on a confocal microscope equipped with 
a 3D nanopositioner (Physik Instrumente, P-611.3S) for 
raster scanning of the sample. Excitation and collection 
were performed through a single microscope objective 
(OLYMPUS, LCPLN 100× IR) with a numerical aper-
ture of 0.85. A continuous-wave laser emitting at 785 nm 
was used for excitation. The laser beam was first filtered 
by a 1000  nm short-pass filter (Thorlabs, FESH1000) to 
suppress residual spectral components below 1000  nm 
before passing through a dichroic long-pass beamsplit-
ter (Thorlabs, DMLP1000R). The generated SPDC signal 
was filtered by a 1400  nm long-pass filter, coupled into 
a G652D single-mode fiber, and then directed to a wide-
band beamsplitter that distributed the signal to SNSPDs 
(Single Quantum). The detected photon timing signals 
were analyzed using a low-jitter, streaming time-to-digi-
tal converter (Swabian Instruments, Time Tagger Ultra). 
The time window for the second-order correlation meas-
urement was set to 50 ps.

For the SHG experiment, the fundamental wave light 
source (1570  nm, 35  fs) with a 1  kHz repetition rate is 
from a femtosecond optical parametric amplifier (OPerA 
Solo Integrated OPA, Coherent) for femtosecond laser 
(Astrella, Coherent) with 800 nm central wavelength. The 
incident fundamental wave was focused onto the spheru-
lite sample by a 10× objective (PLN10X, NA 0.25, Olym-
pus). The intensity of the incident fundamental wave 
was recorded by a power meter (PM100D, Thorlabs) 
equipped with a detector head (S132C, Thorlabs). The 
generated second-harmonic was filtered by a short-pass 
filter (FESH0950, Thorlabs). The second-harmonic detec-
tion was carried using a spectrometer (HR2000 + ES, 
Ocean Optics).

(10)S1 =
(IH − IV )

(IH + IV )

(11)S2 =
(ID − IA)

(ID + IA)

(12)S3 =
(IL − IR)

(IL + IR)
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