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E N G I N E E R I N G  

Observation of phononic skyrmions based on hybrid 
spin of elastic waves 
Liyun Cao1*, Sheng Wan1, Yi Zeng1, Yifan Zhu1,2, Badreddine Assouar1* 

Skyrmions with topologically stable configuration have shown a promising route toward high-density magnetic 
and photonic information processing due to their defect-immune and low-driven energy. Here, we experimen-
tally report and observe the existence of phononic skyrmions as new topological structures formed by the three- 
dimensional hybrid spin of elastic waves. We demonstrate that the frequency-independent spin configuration 
leads to ultra-broadband feature of phononic skyrmions, which can be produced in any solid structure, includ-
ing chip-scale ones. We further experimentally show the excellent robustness of the flexibly movable phononic 
skyrmion lattices against local defects of disorder, sharp corners, and even rectangular holes. Our research 
opens a vibrant horizon toward an unprecedented way for elastic wave manipulation and structuration by 
spin configuration and offers a promising lever for alternative phononic technologies, including information 
processing, biomedical testing, and wave engineering. 
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INTRODUCTION 
Skyrmion, a topologically stable three-component vector field, was 
initially developed in elementary particles and has since been dem-
onstrated in condensed matter systems (1) and helimagnetic mate-
rials (2–4). The skyrmions, characterized by a real-space nontrivial 
topological number, were considered a promising route toward 
high-density magnetic materials for information storage and trans-
fer (5–8) due to their defect-immune and low-driven energy (9, 10). 
These topological skyrmions have been recently extended to pho-
tonics (11–15) based on dynamic electromagnetic fields with 
surface plasmons polaritons (11, 12) and spin-orbit coupling in 
the evanescent fields (13, 14). This shows a promising horizon 
(11–14) for robust photonic information processing, sensing, and 
lasing. More recently, acoustic skyrmion lattices were also observed 
in the air by the dynamic acoustic velocity fields (16, 17). However, 
the nontrivial skyrmion configurations have so far remained un-
tapped for elastic phonons, classically known as elastic waves in 
solids (18–21), due to their more sophisticated polarization states. 

Elastic phonons are an excellent platform for carrying and pro-
cessing information because of their unique advantages, including 
orders of magnitude lower phononic wavelength in comparison 
with photonic systems (19, 22), scalability toward integrated 
devices (23), anti-jamming capability (24) (negligible cross-talk 
between devices and with the environment), and extremely low 
losses (22). The development of phonon physics has advanced the 
technology in high signal-to-noise information processing (22, 25, 
26), high-sensitive remote sensing (18), and intense wave-matter in-
teraction for future quantum networks (27–32). Thus, in actual 
solid carriers with ubiquitous defects, realizing a new topological 
robust mode, i.e., phononic skyrmion, could lead to transformative 
phononic applications, especially in a generally concise 

configuration that can be scaled accordingly for future chip-scale 
technologies. 

Elastic waves describe the basic dynamic principle of the defor-
mation [i.e., the three-dimensional (3D) displacement field u] of 
solids in a periodic form (33, 34), reflecting the properties from clas-
sical solid motion to lattice oscillation in a quantum field. Helm-
holtz theorem unveiled that u can be decomposed into curl-free 
longitudinal waves uL and divergence-free transverse waves uT. A 
large variety of research has shown that transverse waves (i.e., 
optical waves) have spin characteristics (35–37), which support 
the nontrivial Berry phase and quantum spin Hall effect (38). Re-
cently, the hybrid spin induced by mixed transverse-longitudinal 
waves, which is responsible for abnormal phenomena beyond 
pure transverse waves and longitudinal waves (i.e., acoustic 
waves), has been uncovered in the elastic phononic system (39). 
The hybrid spin can inspire strong spin-momentum locking of 
the elastic edge modes. However, the trivial topological invariant 
of the latter is not robust against defects (40). Here, we construct 
a new nontrivial topological structure of ultra-broadband phononic 
skyrmion based on the 3D hybrid spin of elastic waves. It should be 
pointed out that the formation of phononic and photonic sky-
rmions comes from different spin textures, with the latter being 
based on transverse wave spin. 

RESULTS 
Formation of phononic skyrmions by intrinsic hybrid spins 
The elastic spin can arise from the hybridization between transverse 
and longitudinal waves in an elastic interface. The interface can be a 
free surface of a plate-like structure supporting the classical Lamb 
waves, or a free surface of a semi-infinite (for wavelength) bulk 
structure supporting the Rayleigh surface waves. The hybrid spin 
can also exist in an infinite isotropic bulk space without interfaces 
based on two-wave interference (39). 

To make the structure compact, we have built the phononic sky-
rmion system in a thinplate model supporting the hybrid spin of the 
Lamb wave arising from the hybridization between the longitudinal 
wave and the transverse wave in the upper and lower plate interfaces. 
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The 3D hybrid spin field of plane Lamb waves can be expressed by 
the axial (out-of-plane) and transverse (in-plane) field components 

uz ¼ azðzÞe� iðk�t�r� ωtÞ

uk ¼
akðzÞ�k
jkj e� i k�t�rþπ

2� ωtð Þ ; ð1Þ

where az and a∥ are real amplitude components (detailed deriva-
tions can be found in text S1). k is the Lamb wave vector. The r 
and k are the position and direction vectors, respectively. The 
motion of any particle (r, z) in the 3D plate obeys an elliptical 
spin trajectory of Re2ðuzÞ

az 2 þ
jReðukÞj

2

ak2 ¼ 1 (Fig. 1E), whose geometry is 
determined by the polarization ϑ = a∥/az (Fig. 1G). The larger the 
polarization, the closer the elliptical trajectory is to a circle one. In 
particular, the lowest-order antisymmetric Lamb wave (A0-mode 
wave) approximates the flexural wave (33). The corresponding 
spin angular momentum 
Sp ¼ � ɛ ρω

2 j Imðuk�uz � uz
�ukÞ j� � zkρωaz

2ɛ is linearly distribu-
ted along with the plate thickness (along the range of −d < z < d in 
Fig. 1F), and ε is a unit vector perpendicular to the plane formed by 
the z axis and the direction vector k. The sign of Sp is tightly corre-
lated with the sign of k at z = d, demonstrating the spin-momentum 
locking of the Lamb wave, which is analogous to the optical case (38, 
41). We find that nonresonant pillared resonators (shown in the il-
lustration of Fig. 1F) can linearly amplify Sp of the hosting plate due 
to the continuous rotation geometry (see experimental vector field 
of 3D time-resolved spin in movie S1). This opens up a new degree 

of freedom in tuning spin texture (more details in text S4). As 
shown in Fig. 1F, Sp of the Lamb wave is linearly amplified along 
the range of d < z < d + l by the pillared resonator with the 
height of l. 

To produce the phononic skyrmions, we have designed a hexag-
onal metaplate with pillared resonators (Fig. 1C) and excited three 
pairs of counterpropagating plane Lamb waves with hybrid spins 
along with the directions of θ = 0o, 60o, and −60o, as shown in 
Fig. 1A. The corresponding wave number of these exciting plane 
waves can be presented by six points in the momentum space (the 
lower right corner of Fig. 1A). The interference of these wavefields 
constructs the 3D skyrmion lattice configuration of the real wave-
field u ¼ ðux uy uzÞ, which is expressed by (detailed derivations can 
be found in text S5) 

u ¼
X

θ¼� π
3;0;

π
3

akðzÞ � k
j k j

sinðktrÞ; azðzÞ � cosðktrÞ
� �

cosðϕ0 þ ωtÞ ð2Þ

The corresponding axial and transverse field components in a 
2D x-y plane (Fig. 1D), calculated by uz and 

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðuxÞ
2
þ ðuyÞ

2
q

, re-
spectively, show the skyrmion lattice with the hexagonal symmetry 
feature. The lattice constant as = λ/ sin (π/3) is determined by the 
Lamb wave wavelength λ = 2π/k. The axial field of the lattice varies 
progressively from the central “up (down)” state to the edge “down 
(up)” state. The zero-amplitude point of the transverse field at the 
center of each lattice corresponds to the polarization singularity, 

Fig. 1. Formation of phononic skyrmions. (A) Interference of three pairs of counterpropagating plane Lamb waves with hybrid spins construct the phononic skyrmion 
lattice in a hexagonal elastic metaplate. (B) Enlarged view of the local vector field. (C) The metaplate with periodically pillared resonators. (D) Theoretical axial (out-of- 
plane) uz and transverse ∣u∥∣ (in-plane) fields of the skyrmion lattices. (E) Axial uz and transverse u∥ fields have a phase difference of π/2, creating a spiral spin geometry 
with an elliptical trajectory. The inset is a spin vector field at the plane formed by the z axis and χ axis (same as the direction vectors k). (F) Inset shows a unit structure with 
sixfold rotational symmetry, including an oscillating nonresonant pillared resonator on the hosting plate with a thickness of h. The resonator with the height of l (here 
l = h/2 = d = 0.5 mm at the frequency of 8 kHz) can linearly amplify spin angular momentum Sp and the polarization ϑ = a∥/az along the z axis (−d < z < 2d ). The coordinate 
origin is on the neutral plane of the hosting plate. The S0 and ϑ0 are the spin angular momentum magnitude and the polarization on the plate surface (i.e., z = d ). (G) 
Elliptical spin trajectories of different particles along the plate thickness. 
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one typical feature of topological defects. The nontrivial real-space 
topology configuration can be characterized by the skyrmion 
number S ¼ 1

4π

ÐÐ

Asdxdy, where s = n ⋅ (∂xn × ∂yn) is skyrmion 
number density and n ¼ u= j u j is the 3D unit vector field. Area 
A covers one single lattice in the x-y plane. For such a lattice in 
Fig. 1D, the calculated skyrmion number S = 1 confirms the non-
trivial topology, leading to the robustness of the skyrmion field. 

Ultra-broadband and tunable characteristics of phononic 
skyrmions 
For classical waves, constructed photonic (11) or acoustic (16) Néel- 
type skyrmions, with the former based on transverse waves and the 
latter based on longitudinal waves, require an evanescent wavefield 
to create the 3D wavefields. Once their carrier structure is designed, 
these skyrmions have a limited bandwidth because the evanescent 
waves in the near field can only be visualized in a narrow frequency 
band. Here, the phononic skyrmions have an ultra-broadband topo-
logical robustness feature due to the frequency-independent 3D 
hybrid spin texture of the elastic wave (A0-mode wave). 

The horizontal solid blue line in Fig. 2A shows that the theoret-
ical skyrmion number of the A0-mode wave in the plate structure 
(l = 0; see the unit cell model in the illustration of Fig. 2A) is always 
equal to one in the wide frequency band below the first-order cutoff 
frequency-thickness product fh < fc1h = cT

2/cL (see details in text 
S2), where cT and cL are the wave velocities of the bulk transverse 
and longitudinal waves, respectively. The solid blue line means 
that the perfect phononic skyrmion field can be constructed as 

long as the frequency fh is less than fc1h = 0.52 MHz ⋅ mm (viz. 
the theoretical frequency band is 0 < f < 0.52 MHz, here h = 1 
mm). A smaller thickness h leads to a wider frequency band. For 
example, reducing the plate thickness h of 1 mm to 10 μm will in-
crease the frequency band to 0 < f < 52 MHz according to the scaling 
law. When the fh is greater than fc1h, it will introduce the first-order 
antisymmetric Lamb wave (A1-mode wave) (see the band-like dis-
persions in Fig. 2B) to disturb the perfect skyrmion field. The im-
perfect skyrmion configuration, annihilated by a small-amplitude 
A1-mode wave, also has robustness due to the nontrivial topology. 
We point out that the skyrmion number of A0-mode waves on the 
hosting plate modulated by periodic pillared resonators is still equal 
to one in a wide frequency band below the resonance cutoff fre-
quency frh (see details in fig. S5). 

The skyrmion number density contrast δ = (smax + smin)/(smax − 
smin) is a parameter that provides a quantitative index of the spatial 
confinement of the skyrmion density (11). The solid magenta line of 
Fig. 2A shows that the frequency-thickness product fh can tune δ of 
the plate structure (l = 0; see the unit cell model in the illustration of 
Fig. 2A). The physical nature of the tunable characteristic is that as 
the fh increases, the polarization ϑ (shown in Fig. 2B) of the excited 
spin trajectory increases. The latter determines the skyrmion texture 
with a small δ due to the geometrical property. For point I with a 
small fh in Fig. 2A, the corresponding ϑ approaches 0, i.e., the spin 
trajectory approximates an up-and-down oscillation. This leads to 
bubble-type skyrmions with clear domain walls separated between 
two specific field states (the vector field in Fig. 2D). Note that 

Fig. 2. Ultra-broadband and tunable characteristics of phononic skyrmions. (A) Skyrmion number S (solid blue line) for an elastic plate as a function of the frequency- 
thickness product fh. The solid and dotted magenta lines indicate the skyrmion number density contrast δ of the wavefields in the top plane of elastic structures without 
and with pillared resonators, respectively. The two illustrations are unit cell models with sixfold rotational symmetry, a plate with thickness of h = 1 mm, and a pillar 
resonator with height of l = d on the plate top. (B and C) Top subfigures are the polarization ϑ of the wavefields in the top plane of elastic structures without and with 
pillared resonators. The bottom subfigures are band-like dispersions in the ΓM direction. The lattice constant of the unit cell model is a0 = 4h. (D to F) Vector fields (color 
bar for the amplitude of its axial field). (G to I) Theoretical skyrmion number density profile obtained from the theoretical calculations. The unit cell models for profiles in 
(G) to (I) are consistent with those indicted by solid and dotted magenta lines in (A). 
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despite the dominance of the axial field, the skyrmion number is 
still one because the nonzero transverse field always exists because 
of the geometry property. For point II with a large fh in Fig. 2A, the 
large ϑ degenerates the domain walls and converts the bubble-type 
skyrmions to the Néel-type–like skyrmions (the theoretical vector 
field in Fig. 2E). The corresponding skyrmion number density pro-
files are shown in Fig. 2 (G and H). 

The pillared resonator acts as a new degree of freedom capable of 
linearly increasing the polarization of the spin trajectory while 
maintaining the spin configuration (movie S2 and see details in 
text S4). Therefore, by introducing pillared resonators, the wave-
fields at the top plane of pillared resonators can keep the skyrmion 
configurations while the δ decreases (the dotted magenta line of 
Fig. 2A). This can be realized if the excitation frequency is below 
the resonance cutoff frequency frh = 0.18 MHz ⋅ mm (marked in 
the band-like dispersions in Fig. 2C) (42) to hold the wavefield sym-
metry. Figure 2 (F and I) shows the theoretical vector field and sky-
rmion number density profile at the top plane of pillared resonators 
where the actual wavefield exists only at the region of the pillar po-
sition. This wavefield configuration is also robust because of the 
nontrivial topology of the coupled wavefield in the hosting plate. 
These topological pillared resonators can couple well with the 
fluid through their bending vibrations. The fluid-solid coupling 
leads to a nontrivial acoustic skyrmion field in fluids, which has 
the same ultra-broadband and tunable characteristics as the pho-
nonic skyrmion field (see details in fig. S7). This new mechanism 
of generating the acoustic skyrmion break through the narrow- 
band property of the acoustic skyrmion (16) constructed by evanes-
cent waves. 

Observation of elastic phononic skyrmions 
We have used a 3D printer to fabricate a hexagonal-symmetry meta-
plate with pillared resonators, as shown in Fig. 3A. Single-side pie-
zoelectric patch arrays excite three pairs of counterpropagating 
plane Lamb waves. We have used Polytec scanning laser vibrometer 
(PSV-500) to measure the dynamic displacement field. Without loss 
of generality, we have measured the wavefield in the frequency range 
from 6 to 9 kHz. Theoretically, perfect skyrmion wavefields can be 
measured at any frequency below the cutoff frequency of Lamb 
waves when the structure size is large enough. Before measuring 
the skyrmion wavefield, we first only turn on one piezoelectric 
patch array (i.e., 1# array in Fig. 3A) to excite a plane A0-mode 
wave. The band-like experimental dispersions were obtained by 
Fourier transforming the scanned (z component) displacement 
field. The numerical ones were obtained by full-wave simulations. 
One can observe a good agreement between the experimental and 
simulated dispersions (colors and lines, respectively, in Fig. 3B). 
The dominance of the A0-mode wave indicates that the symmetry 
Lamb modes (S0) from slight mode conversion by the pillared res-
onators or imperfect exciting can be neglected, which ensures the 
wavefield symmetry. 

For all the measured frequencies, we have calculated the sky-
rmion numbers by the measured wavefields of the central lattices 
based on eq. S41. These experimental results, shown in Fig. 3C, 
have good agreement with the theoretical ones, which confirms 
the broadband characteristic of the phononic skyrmions. Taking 
an example of skyrmion configuration in 8 kHz, we have shown 
the experimental axial (out-of-plane) and transverse (in-plane) dis-
placement fields in Fig. 3 (D and E), respectively. One can see good 

agreement between the theoretical and experimental results, espe-
cially for the central skyrmion lattice. The slight distortion for the 
six other skyrmion lattices around the central one is mainly due to 
the fact that the excited nearfields are imperfect plane waves in our 
compact structure. Figure 3F illustrates the 2D fast Fourier trans-
form (FFT) of the experimental displacement field in Fig. 3D, 
which shows a clear hexagonal symmetry map. 

The measured 3D time-resolved Néel-type skyrmion vector field 
is shown in movie S3. We have extracted the skyrmion number as a 
function of the time delay in Fig. 3G for two cycles of the skyrmion 
wavefield. The skyrmion wavefield emanates from the interference 
of hybrid spin wavefields. The wavefield interference forms standing 
wavefields. Because the up-and-down oscillation of the standing 
wavefield reverses the vector direction of the 3D wavefield, mea-
sured S are 1 and −1 in the first and second half of the wave 
cycle, respectively, which is consistent with the theoretical ones (cal-
culated from an analytical model shown in text S5). Note that the 
measured S is far from 1 and −1 in the middle of a cycle because, at 
these moments, the skyrmion wavefield displacement approaches 0 
because of oscillation of the standing wavefield, which amplifies the 
error brought by the imperfect symmetry of the attached excitation 
source and measurement noise. For the moment (delay time τ = 
22.064 ms) of maximum axial displacement of the skyrmion wave-
field, the snapshot of movie S3 exhibits a distinct Néel-type sky-
rmion configuration in the 3D space, as shown in Fig. 3H. The 
vector fields at the 2D bottom plane of the hosting plate (bubble- 
type skyrmion) and the top plane of pillared resonators (Néel- 
type–like skyrmion) are shown in Fig. 3 (J and I), respectively. 
The transition of the different skyrmion types in the geometric 
space demonstrates that the pillared resonators can contribute to 
constructing 3D skyrmion configurations. 

Robustness of phononic skyrmions 
The nontrivial topological phononic skyrmion lattice leads to the 
robustness of wavefield texture against defects. As shown in  
Fig. 4A, we have introduced defects into the reference structure (il-
lustrated in Fig. 3A) by removing and disorderly arranging the pil-
lared resonators near the structure center, marked as structure 
I. The defect location can be in any region of the structure, including 
its center (see details in fig. S9). These defects lead to wave scattering 
and distorting the wavefield. However, the measured wavefield of 
structure I (Fig. 4D) demonstrates that the skyrmion lattice is 
hardly affected by these defects, compared with that of the reference 
structure (i.e., the one in Fig. 4F). To go further, we have introduced 
a strong defect into the structure by drilling a rectangular hole with 
sharp corners, as shown in Fig. 4B, marked as structure II. We have 
experimentally observed that the skyrmion lattices in structure II 
(Fig. 4E) are only slightly affected by the rectangular hole defect, 
except for the wavefield enhancement observed around the defect, 
which is due to the stress concentration (43, 44). In addition, we 
have experimentally calculated the skyrmion numbers for the 
central skyrmion lattices in structures I and II, marked as cases 
C1 and C2, respectively. These experimental results shown in 
Fig. 4C indicate very small changes in the skyrmion numbers com-
pared with that of the reference structure (case C3), which confirms 
that the phononic skyrmions are robust against the defects. The sky-
rmion number does not change with local perturbations because 
the latter do not affect the global C6 symmetry, which leads to the 
stability of the skyrmion field. 

Cao et al., Sci. Adv. 9, eadf3652 (2023) 17 February 2023                                                                                                                                                          4 of 8  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  
D

ow
nloaded from

 https://w
w

w
.science.org on M

ay 23, 2023



The phononic skyrmion lattices are created from the spin field 
interference of excited plane Lamb waves in the hexagonal-symme-
try metaplate. According to the coordinate transformation in the 
geometric space, the topological wavefield can be flexibly moved 
by tuning the phase of the three pairs of excitation sources, even 
in the presence of defects. To move the skyrmion lattice by Δr = 
(Δx, Δy), we can tune the phase of three pairs of excitation 
sources by Δϕθ¼� π

3;0;
π
3
¼ k � Δr � tðθÞ. For one simplest case of shift-

ing leftward λ, i.e., Δr = (λ,0), the modulated phases are 
ðΔϕθ¼� π=3 Δϕθ¼0 Δϕθ¼π=3Þ ¼ ðπ 0 πÞ. Therefore, we only 
need to tune the phase of excitation sources in the directions of θ 
= − π/3 and θ = π/3 by π. Figure 4 (G to I) shows the measured 
shifting of wavefields in Fig. 4 (D to F), marked as cases from C4 
to C6, respectively. Their experimentally calculated skyrmion 
numbers, as shown in Fig. 4C, all approach one. This confirms 
that the phase of excitation sources is an effective degree of 
freedom to manipulate the topological skyrmion configuration, 
even in the presence of defects. 

DISCUSSION 
We have theoretically and experimentally demonstrated and ob-
served the formation of ultra-broadband phononic skyrmions 
based on the 3D hybrid spin of elastic waves. The phononic sky-
rmion provides an unprecedented topological phononic structure, 
which has robustness against local defects of disorder, sharp 
corners, and even rectangular holes due to the nontrivial topology. 
The phononic skyrmion, with high robustness and ultra-band-
width, could pave a new path for high-speed and topological pho-
nonic information processing technologies. The 3D hybrid spin 
states also open new pathways for topological phonons manipula-
tion and may facilitate the exploration of new topological orders. 

Our research opens possibilities to realize novel topological pho-
nonic materials in different scales from macro to microstructures. 
Although our reported experimental results here concern frequen-
cies around 8 kHz, the dimensionless dispersions shown in fig. S2 
allow our established skyrmion configuration to be readily scaled to 
higher frequencies (see constructed phononic skyrmion field on a 
silicon chip at a frequency of 1.5 MHz in fig. S12). For example, 

Fig. 3. Observation of phononic skyrmions. (A) Experimental metaplate. (B) Experimental and simulated band-like dispersions (colors and lines, respectively). (C) 
Experimental and theoretical skyrmion number in the whole measure frequency range. (D and E) Axial and transverse displacement fields in 8 kHz. (F) 2D fast 
Fourier transform of the measured axial displacement field. (G) Experimental and theoretical skyrmion number as a function of time delay for two cycles of the skyrmion 
lattice in 8 kHz. T = 0.125 ms is one cycle. (H) Snapshot of movie S3 for the experimental Néel-type skyrmion vector field in the 3D space. The image beneath the vectors 
shows the vertical component of the wavefield. (I) Vector fields at the 2D top plane of pillared resonators (Néel-type–like skyrmion). (J) Vector fields at the bottom plane of 
the hosting plate (bubble-type skyrmion). 
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reducing the plate thickness h of 1 mm in our model to 100 nm 
(chip-scale level) and maintaining the same magnitude order of ma-
terial parameters will raise operating frequencies to near 80 MHz, 
which could be used for high-frequency signal-processing chip- 
scale (20) technology based on the topological phononic materials. 
The latter can overcome the difficulty of sensitivity of the conven-
tional chip-scale technology to defects in high frequencies. 

The phononic skyrmion can be created in any elastic wave 
system with a large impedance-mismatch solid-solid interface, 
solid-gas interface, or solid-liquid interface. The reason is that the 
longitudinal and transverse waves will hybrid at these interfaces to 
form the elastic spin field (33), allowing linearly tuning its Sp by pil-
lared resonators. The tunable spin fields can be used to construct the 
tunable phononic skyrmion configuration. Especially for the solid- 
liquid interface, phononic skyrmions constructed on the solid 
structure can induce skyrmions in fluids through strong fluid- 
solid coupling, which promotes the excitation and interaction of 
wavefield information in multiple fields. This fluid-solid coupling 
also paves the way toward skyrmion lattices “on demand” for 
matter systems in fluids [e.g., cell manipulation in microfluidics 
(45), acoustofluidic pump (46), and biomedical testing (47)]. 

Last, efficient transduction between elastic and electromagnetic 
waves can be achieved using piezoelectric coupling with microwaves 
(48–50) and optomechanical coupling with light (51). These 

couplings between different physical fields may give rise to a 
high–degree-of-freedom topological skyrmion system and facilitate 
an advanced integrated information platform of interdisciplinary 
physics among electronics, photonics, and phononics. 

MATERIALS AND METHODS 
Structure fabrication and materials 
Our established paradigm for generating and manipulating pho-
nonic skyrmions is universal and applicable to almost all solid ma-
terials. Here, we have chosen a 3D printer to fabricate our 
structures. 3D printing allows us to easily fabricate phonon struc-
tures with any geometry, providing an excellent platform for explor-
ing and verifying the physics of phonons. The printed metaplate is 
shown in Fig. 3A. The thickness of the hosting plate below pillar 
resonators is h = 1 mm. The height and radius of pillar resonators 
are 3h and h, respectively. All unit cell models in Figs. 3 and 4 are the 
same and required to be sixfold rotational symmetry (similar to the 
one in the illustration of Fig. 1F) due to the symmetry of the pho-
nonic skyrmion lattices. The lattice constant of the unit cell model is 
a0 = 4h. The 3D printed material is polylactic acid (PLA). Its mate-
rial parameters were tested in our previous work (42). Young’s 
modulus, Poisson’s ratio, and the density are EPLA = 3.44 GPa, 
υPLA = 0.35, and ρPLA = 1086.3 kg/m3, respectively. The material 

Fig. 4. Robustness of phononic skyrmions. (A) Structure with the defects of removing (see the solid line box) and disorderly arranging (see the dashed line box) pillars, 
i.e., structure I. (B) Structure with a rectangular hole, i.e., structure II. (C) Experimental skyrmion numbers for cases from C1 to C6. (D to F) Experimental axial wavefields at 
the center of structure I, structure II, and reference structure without defects, respectively, marked as cases from C1 to C3. (G to I) Experimental wavefields for cases from C1 

to C3 are shifted leftward by λ, respectively, marked as cases from C4 to C6. The dotted red line intersection is the midpoint of the central lattice before it shifts. The 
distance between the dotted yellow line intersection and the red one is λ. 
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of all the studied models in this work is PLA, except as noted in 
particular. 

Experiments 
The lead-zirconate-titanate patch arrays (SMPL7W8T02412WL) 
are driven by a signal generator (Tektronix, AFG3022C) to excite 
plane lamb waves. The PSV-500 scanning head records the displace-
ments of all measurement points in the far field. An ensemble 
average with 20 samples is used at every measurement point to 
ensure signal quality. For the measured 3D time-resolved vector 
field shown in movies S1 to S4, the excitation signal is a 50-cycle 
tone burst wt = A0[1 − cos (2πfct/50)] sin (2πfct), where fc = 8 
kHz is the central frequency. The sampling frequency in the time 
domain is set as 125 kHz, and the measure resolution is 8 μs. The 
images are processed to create vector representations of the wave-
field, which, in turn, are combined in a time sequence to create a 
movie of the time development of the wavefield vectors. 

Numerical simulations 
The full-wave simulations were implemented by the commercial 
software COMSOL Multiphysics with the solid mechanics module 
and acoustic-solid interaction module based on the finite element 
method. An eigenfrequency study was used to simulate the band- 
like dispersion. The largest mesh element size was set lower than 
1/12 of the lowest wavelength, and finer meshes were applied at 
the region with pillars. The parameters of the simulated structures 
are consistent with those of the experimental structures. 
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This PDF file includes: 
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References 

Other Supplementary Material for this  
manuscript includes the following: 
Movies S1 to S4 

REFERENCES AND NOTES  
1. U. Al Khawaja, H. Stoof,  Skyrmions in a ferromagnetic Bose–Einstein condensate. Nature 

411,  918–920 (2001).  

2. S. Mühlbauer, B. Binz, F. Jonietz, C. Pfleiderer, A. Rosch, A. Neubauer, R. Georgii, P. Böni, 
Skyrmion lattice in a chiral magnet. Science  323,  915–919 (2009).  

3. X. Z. Yu, Y. Onose, N. Kanazawa, J. H. Park, J. H. Han, Y. Matsui, N. Nagaosa, Y. Tokura,  Real- 
space observation of a two-dimensional skyrmion crystal. Nature  465,  901–904 (2010).  

4. U. K. Rößler, A. N. Bogdanov, C. Pfleiderer,  Spontaneous skyrmion ground states in mag-
netic metals. Nature  442,  797–801 (2006).  

5. N. Romming, C. Hanneken, M. Menzel, J. E. Bickel, B. Wolter, K. V. Bergmann, A. Kubetzka, 
R. Wiesendanger,  Writing and deleting single magnetic skyrmions. Science  341, 
636–639 (2013).  

6. D. Maccariello, W. Legrand, N. Reyren, K. Garcia, K. Bouzehouane, S. Collin, V. Cros, A. Fert, 
Electrical detection of single magnetic skyrmions in metallic multilayers at room temper-
ature. Nat. Nanotechnol.  13,  233–237 (2018).  

7. J. Sampaio, V. Cros, S. Rohart, A. Thiaville, A. Fert,  Nucleation, stability and current-induced 
motion of isolated magnetic skyrmions in nanostructures. Nat. Nanotechnol.  8, 
839–844 (2013).  

8. S. Heinze, K. Von Bergmann, M. Menzel, J. Brede, A. Kubetzka, R. Wiesendanger, 
G. Bihlmayer, S. Blügel,  Spontaneous atomic-scale magnetic skyrmion lattice in two di-
mensions. Nat. Phys.  7,  713–718 (2011).  

9. A. Fert, N. Reyren, V. Cros,  Magnetic skyrmions: Advances in physics and potential appli-
cations. Nat. Rev. Mater.  2,  17031 (2017). 

10. N. Nagaosa, Y. Tokura,  Topological properties and dynamics of magnetic skyrmions. Nat. 
Nanotechnol.  8,  899–911 (2013). 

11. S. Tsesses, E. Ostrovsky, K. Cohen, B. Gjonaj, N. H. Lindner, G. Bartal,  Optical skyrmion lattice 
in evanescent electromagnetic fields. Science  361,  993–996 (2018). 

12. T. J. Davis, D. Janoschka, P. Dreher, B. Frank, F.-J. M. z. Heringdorf, H. Giessen,  Ultrafast 
vector imaging of plasmonic skyrmion dynamics with deep subwavelength resolution. 
Science  368,  eaba6415 (2020). 

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

14. X. Lei, A. Yang, P. Shi, Z. Xie, L. Du, A. V. Zayats, X. Yuan,  Photonic spin lattices: Symmetry 
constraints for skyrmion and meron topologies. Phys. Rev. Lett.  127,  237403 (2021). 

15. S. Gao, F. C. Speirits, F. Castellucci, S. Franke-Arnold, S. M. Barnett, J. B. Götte,  Paraxial 
skyrmionic beams. Phys. Rev. A  102,  053513 (2020). 

16. H. Ge, X.-Y. Xu, L. Liu, R. Xu, Z.-K. Lin, S.-Y. Yu, M. Bao, J.-H. Jiang, M.-H. Lu, Y.-F. Chen, 
Observation of acoustic skyrmions. Phys. Rev. Lett.  127,  144502 (2021). 

17. R. D. Muelas-Hurtado, K. Volke-Sepúlveda, J. L. Ealo, F. Nori, M. A. Alonso, K. Y. Bliokh, 
E. Brasselet,  Observation of polarization singularities and topological textures in sound 
waves. Phys. Rev. Lett.  129,  204301 (2022). 

18. A. Khelif, A. Adibi, Phononic Crystals (Springer, 2015). 

19. S. H. Mousavi, A. B. Khanikaev, Z. Wang,  Topologically protected elastic waves in phononic 
metamaterials. Nat. Commun.  6,  8682 (2015). 

20. J. Cha, K. W. Kim, C. Daraio,  Experimental realization of on-chip topological nanoelectro-
mechanical metamaterials. Nature  564,  229–233 (2018). 

21. M. Yan, J. Lu, F. Li, W. Deng, X. Huang, J. Ma, Z. Liu,  On-chip valley topological materials for 
elastic wave manipulation. Nat. Mater.  17,  993–998 (2018). 

22. S.-Y. Yu, C. He, Z. Wang, F.-K. Liu, X.-C. Sun, Z. Li, H.-Z. Lu, M.-H. Lu, X.-P. Liu, Y.-F. Chen,  Elastic 
pseudospin transport for integratable topological phononic circuits. Nat. Commun.  9, 
3072 (2018). 

23. R. H. Olsson III, I. El-Kady,  Microfabricated phononic crystal devices and applications. Meas. 
Sci. Technol.  20,  012002 (2008). 

24. K.-y. Hashimoto, K.-Y. Hashimoto, Surface Acoustic Wave Devices in Telecommunications 
(Springer, 2000), vol. 116. 

25. H. Shin, J. A. Cox, R. Jarecki, A. Starbuck, Z. Wang, P. T. Rakich,  Control of coherent infor-
mation via on-chip photonic–phononic emitter–receivers. Nat. Commun.  6,  6427 (2015). 

26. C. Campbell, Surface Acoustic Wave Devices and their Signal Processing Applications (Aca-
demic Press, 1989). 

27. B. Vermersch, P.-O. Guimond, H. Pichler, P. Zoller,  Quantum state transfer via noisy pho-
tonic and phononic waveguides. Phys. Rev. Lett.  118,  133601 (2017). 

28. M. Forsch, R. Stockill, A. Wallucks, I. Marinković, C. Gärtner, R. A. Norte, F. van Otten, A. Fiore, 
K. Srinivasan, S. Gröblacher,  Microwave-to-optics conversion using a mechanical oscillator 
in its quantum ground state. Nat. Phys.  16,  69–74 (2020). 

29. K. J. Satzinger, Y. Zhong, H.-S. Chang, G. A. Peairs, A. Bienfait, M.-H. Chou, A. Cleland, 
C. R. Conner, É. Dumur, J. Grebel, I. Gutierrez, B. H. November, R. G. Povey, S. J. Whiteley, 
D. D. Awschalom, D. I. Schuster, A. N. Cleland,  Quantum control of surface acoustic-wave 
phonons. Nature  563,  661–665 (2018). 

30. P. Arrangoiz-Arriola, E. A. Wollack, Z. Wang, M. Pechal, W. Jiang, T. P. McKenna, J. D. Witmer, 
R. Van Laer, A. H. Safavi-Naeini,  Resolving the energy levels of a nanomechanical oscillator. 
Nature  571,  537–540 (2019). 

31. A. Bienfait, K. J. Satzinger, Y. P. Zhong, H.-S. Chang, M.-H. Chou, C. R. Conner, É. Dumur, 
J. Grebel, G. A. Peairs, R. G. Povey, A. N. Cleland,  Phonon-mediated quantum state transfer 
and remote qubit entanglement. Science  364,  368–371 (2019). 

32. S. J. Whiteley, G. Wolfowicz, C. P. Anderson, A. Bourassa, H. Ma, M. Ye, G. Koolstra, 
K. J. Satzinger, M. V. Holt, F. J. Heremans, A. N. Cleland, D. I. Schuster, G. Galli, 
D. D. Awschalom,  Spin–phonon interactions in silicon carbide addressed by Gaussian 
acoustics. Nat. Phys.  15,  490–495 (2019). 

33. J. L. Rose, Ultrasonic Guided Waves in Solid Media (Cambridge Univ. Press, 2014). 

34. H.-W. Dong, S.-D. Zhao, Y.-S. Wang, C. Zhang,  Topology optimization of anisotropic 
broadband double-negative elastic metamaterials. J. Mech. Phys. Solids  105,  54–80 (2017). 

35. L. Peng, L. Duan, K. Wang, F. Gao, L. Zhang, G. Wang, Y. Yang, H. Chen, S. Zhang,  Transverse 
photon spin of bulk electromagnetic waves in bianisotropic media. Nat. Photonics  13, 
878–882 (2019). 

36. K. Y. Bliokh, F. J. Rodríguez-Fortuño, F. Nori, A. V. Zayats,  Spin–orbit interactions of light. Nat. 
Photonics  9,  796–808 (2015). 

37. K. Y. Bliokh, F. Nori,  Transverse and longitudinal angular momenta of light. Phys. Rep.  592, 
1–38 (2015). 

38. K. Y. Bliokh, D. Smirnova, F. Nori,  Quantum spin Hall effect of light. Science  348, 
1448–1451 (2015). 

Cao et al., Sci. Adv. 9, eadf3652 (2023) 17 February 2023                                                                                                                                                          7 of 8  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  
D

ow
nloaded from

 https://w
w

w
.science.org on M

ay 23, 2023



39. Y. Long, J. Ren, H. Chen,  Intrinsic spin of elastic waves. Proc. Natl. Acad. Sci.  115, 
9951–9955 (2018). 

40. W. Yuan, C. Yang, D. Zhang, Y. Long, Y. Pan, Z. Zhong, H. Chen, J. Zhao, J. Ren,  Observation 
of elastic spin with chiral meta-sources. Nat. Commun.  12,  6954 (2021). 

41. P. Shi, L. Du, C. Li, A. V. Zayats, X. Yuan,  Transverse spin dynamics in structured electro-
magnetic guided waves. Proc. Natl. Acad. Sci. U.S.A.  118,  e2018816118 (2021). 

42. L. Cao, Y. Zhu, Y. Xu, S.-W. Fan, Z. Yang, B. Assouar,  Elastic bound state in the continuum 
with perfect mode conversion. J. Mech. Phys. Solids  154,  104502 (2021). 

43. A. Nobili, E. Radi, A. Vellender,  Diffraction of antiplane shear waves and stress concen-
tration in a cracked couple stress elastic material with micro inertia. J. Mech. Phys. Solids 
124,  663–680 (2019). 

44. L. S. D. Morley,  A modification of the Rayleigh-Ritz method for stress concentration 
problems in elastostatics. J. Mech. Phys. Solids  17,  73–82 (1969). 

45. S. Yang, Z. Tian, Z. Wang, J. Rufo, P. Li, J. Mai, J. Xia, H. Bachman, P.-H. Huang, M. Wu, C. Chen, 
L. P. Lee, T. J. Huang,  Harmonic acoustics for dynamic and selective particle manipulation. 
Nat. Mater.  21,  540–546 (2022). 

46. S. P. Zhang, J. Lata, C. Chen, J. Mai, F. Guo, Z. Tian, L. Ren, Z. Mao, P.-H. Huang, P. Li, S. Yang, 
T. J. Huang,  Digital acoustofluidics enables contactless and programmable liquid handling. 
Nat. Commun.  9,  2928 (2018). 

47. E. K. Sackmann, A. L. Fulton, D. J. Beebe,  The present and future role of microfluidics in 
biomedical research. Nature  507,  181–189 (2014). 

48. W. Fu, Z. Shen, Y. Xu, C.-L. Zou, R. Cheng, X. Han, H. X. Tang,  Phononic integrated circuitry 
and spin–orbit interaction of phonons. Nat. Commun.  10,  2743 (2019). 

49. L. Shao, D. Zhu, M. Colangelo, D. Lee, N. Sinclair, Y. Hu, P. T. Rakich, K. Lai, K. K. Berggren, 
M. Lončar,  Electrical control of surface acoustic waves. Nat. Electron.  5,  348–355 (2022). 

50. S. A. Tadesse, M. Li,  Sub-optical wavelength acoustic wave modulation of integrated 
photonic resonators at microwave frequencies. Nat. Commun.  5,  5402 (2014). 

51. K. Fang, M. H. Matheny, X. Luan, O. Painter,  Optical transduction and routing of microwave 
phonons in cavity-optomechanical circuits. Nat. Photonics  10,  489–496 (2016). 

52. K. F. Graff, Wave Motion in Elastic Solids (Oxford Univ. Press, 1975). 

53. K. Y. Bliokh,  Elastic spin and orbital angular momenta. Phys. Rev. Lett.  129,  204303 (2022). 

54. B. Göbel, I. Mertig, O. A. Tretiakov,  Beyond skyrmions: Review and perspectives of alter-
native magnetic quasiparticles. Phys. Rep.  895,  1–28 (2021). 

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

56. P. Shi, X. Lei, Q. Zhang, H. Li, L. Du, X. Yuan,  Intrinsic spin-momentum dynamics of surface 
electromagnetic waves in dispersive interfaces. Phys. Rev. Lett.  128,  213904 (2022). 

Acknowledgments: We acknowledge Ming-Hui Lu for fruitful discussions. Funding: This work 
was supported by the Air Force Office of Scientific Research under award number FA9550-18-1- 
7021 and la Région Grand Est and Institut Carnot ICEEL. Author contributions: 
Conceptualization: B.A. and L.C. Methodology: L.C. and B.A. Experiments: L.C. and S.W. Data 
analysis: All authors. Supervision: B.A. Writing—original draft: L.C. and B.A. Writing—review and 
editing: L.C. and B.A. Competing interests: The authors declare that they have no competing 
interests. Data and materials availability: All data needed to evaluate the conclusions in the 
paper are present in the paper and/or the Supplementary Materials.  

Submitted 17 October 2022 
Accepted 18 January 2023 
Published 17 February 2023 
10.1126/sciadv.adf3652 

Cao et al., Sci. Adv. 9, eadf3652 (2023) 17 February 2023                                                                                                                                                          8 of 8  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  
D

ow
nloaded from

 https://w
w

w
.science.org on M

ay 23, 2023



Use of this article is subject to the Terms of service

Science Advances (ISSN ) is published by the American Association for the Advancement of Science. 1200 New York Avenue NW,
Washington, DC 20005. The title Science Advances is a registered trademark of AAAS.
Copyright © 2023 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of Science. No claim
to original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial License 4.0 (CC BY-NC).

Observation of phononic skyrmions based on hybrid spin of elastic waves
Liyun Cao, Sheng Wan, Yi Zeng, Yifan Zhu, and Badreddine Assouar

Sci. Adv., 9 (7), eadf3652. 
DOI: 10.1126/sciadv.adf3652

View the article online
https://www.science.org/doi/10.1126/sciadv.adf3652
Permissions
https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org on M
ay 23, 2023

https://www.science.org/content/page/terms-service

	INTRODUCTION
	RESULTS
	Formation of phononic skyrmions by intrinsic hybridspins
	Ultra-broadband and tunable characteristics of phononic skyrmions
	Observation of elastic phononic skyrmions
	Robustness of phononic skyrmions

	DISCUSSION
	MATERIALS AND METHODS
	Structure fabrication and materials
	Experiments
	Numerical simulations

	Supplementary Materials
	This PDF file includes:
	Other Supplementary Material for this &break /;manuscript includes the following:

	REFERENCES AND NOTES
	Acknowledgments

