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ABSTRACT

Recently, acoustic skyrmions have been explored by tailoring velocity vectorial near-field distributions based on the interference of multiple
spoof surface acoustic waves, providing new dimensions for advanced sound information processing, transport, and data storage. Here, we
theoretically investigate and experimentally demonstrate that a deep-subwavelength spiral metastructure can also generate the acoustic sky-
rmion configuration. Analyzing the resonant response of the metastructure and observing the spatial profile of the velocity field, we find that
the localized skyrmionic modes correspond to eigenmodes of the spiral structure. Thus, the skyrmionic modes do not require carefully tai-
lored external excitation condition and they have multiple resonating frequencies unlike the single skyrmionic mode realized by the interfer-
ence of multiple waves. We also demonstrate that the topological protected skyrmions supported by the subwavelength metastructure is
robust against structure deformations and existence of structure defects. The real-space acoustic skyrmion topology may open new avenues
for designing ultra-compact and robust acoustic devices, such as acoustic sensors, acoustic tweezers, and acoustic antennas.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0131777

Skyrmions are topologically protected quasiparticles, which was
first proposed in nuclear physics by the British physicist Skyrme in
1962 to describe the interactions of pions." Since then, the concept of
skyrmions, the topological stability of the vectorial field configuration
characterized by a topological integer number (called skyrmion num-
ber), has been considered in many subjects, such as nucleons,”
Bose—Einstein condensates,” liquid crystals,‘;’(’ and magnetic materi-
als.”'” Particularly, in magnetic materials, skyrmion has grown into a
large research field and sprout various derivatives according to differ-
ent topological textures beyond the elementary skyrmion, such as Néel
type, Bloch type, anti-type, and higher-order Néel-type, even nested
multiple skyrmions such as skyrmionium, bimeron, and bimero-
nium'' """ Rich and varied textures of skyrmion modes offer large tun-
able degrees of freedom for promising applications in advanced
information processing, high-density data storage, and transfer.'®"”
Light as an important information carrier has an urgent need for
manipulating the vectorial textures of magnetic and electric fields. For
this purpose, by constructing the evanescent electromagnetic field dis-
tribution in the especially shaped surface-plasmonic polariton struc-
ture,”” ** the skyrmionics topological protected ~quasiparticle
properties are emulated by the three-dimensional electric vector struc-
ture first in optical waves. Subsequently, various vectorial fields are
constructed to realize optical skyrmions for offering new dimension to

manipulate light-information processing, such as electric and magnetic
vectors,” spin,””***> and synthesized pseudospin vectors.”” Very
recently, a familiar subwavelength space-coiling metastructure, which
intrinsically supports the localized spoof plasmon skyrmionic modes,
is also proposed to build arbitrarily shaped skyrmionic textures with
multifrequency bands.””*”

It is well known that electromagnetic waves are vectorial field and
logically construct the optical skyrmions. However, acoustic waves
have long been recognized as spinless scalar waves. Until recently, this
traditional view is updated, and the acoustic spin defined by the rota-
tion of local velocity vector is observed in the interference of two acous-
tic waves propagating perpendicularly in free space or in the
evanescent field of a guide mode traveling along a metamaterial wave-
guide.”” * The proposal of acoustic spin concept gives the opportunity
to discuss the acoustic skyrmions. In this context, a hexagonal acoustic
metasurface is designed to trap surface acoustic waves and form sky-
rmion lattice patterns for the dynamic acoustic velocity fields.”* The
topological robustness of the acoustic skyrmion lattice against disorders
also be practical demonstrated by using the acoustic velocity sensing
technique. However, based on the surface wave interference approach,
the acoustic skyrmions not only have stringent requirement for exter-
nal excitation conditions and lattice structure symmetry but also have
the limitations of single-mode skyrmions at a given frequency.
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In this work, we theoretically investigate and experimentally
demonstrate the acoustic skyrmions configuration by using an
Archimedes spiral structure with a subwavelength scale. Analyzing the
resonant response of the metastructure and observing the spatial pro-
file of the velocity field, we can observe the skyrmionic modes formed
by the acoustic velocity field on the surface of the structure corre-
sponding to the radial multi-orders resonant eigenmodes of the spiral
structure. Unlike the interference-based approach, the skyrmions can
be roused by both near field and far field. Furthermore, we also dem-
onstrate that the topological protected skyrmions supported by the
subwavelength metastructure is robust against structure deformations
and existence of structure defects. The robust vectorial field topologies
are preserved for the structure is continuously deformed in arbitrary
shapes to build arbitrarily shaped skyrmionic textures. The real-space
acoustic skyrmion topology may open new avenues for designing
ultra-compact and advanced acoustic vectorial devices to manipulating
of acoustic waves with flexible and robust acoustic structures.

We implement the acoustic skyrmionic modes using a spiral
structure based on an Archimedean spiral line shape, the schematic
diagram of the structure is shown in Fig. 1(a). The Archimedean spiral
can be expressed in polar coordinates as p(6), 0 is the helix angle, and
p is the radius of the helix at that angle. The total angle of the spiral
winding is 27n and the radius changes from r to r + nd. Therefore,
the polar equation of the Archimedean spiral can be expressed as
p(0) =7+ b0 and b =4 is the spiral growth rate. The structure
details are as follows: gap width a = 1.45mm, spiral pitch
d = 2.45 mm, outer radius R = 50 mm and inner radius r = 1 mm,
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wall thickness of 1 mm, height h = 50 mm, and spiral rotation number
n = (R —r)/d. We can calculate the total length of the Archimedean
spiral by the formula for the arc length of the curve in polar coordi-

nates: L = [ \/p2(0) + (%2d0 = [ \/ (r + b0)* + b2d0; using

the designed structural parameters, the total length can be obtained as
L = 3205.19 mm.

For starter, Fig. 1(b) shows the pressure and velocity distributions
supported on the well-designed spiral structure for the lowest order
skyrmionic mode m = 1, where the order number m describes the
flipped number of velocity vectors along the radial direction. The col-
ors in the structure mark the pressure field distributions, while the
color vectors above the structure represent the configuration of the
velocity fields. It can be seen from the vector orientation that the veloc-
ity field vector is directed upward at the center p = 0 (p marks the
radial direction coordinate), while with the increase in the radius, the
direction of the velocity field gradually flips and is finally directed
downward at a structure edge. In order to insight the origin of sky-
rmions, we investigate the resonance response of the spiral structure in
a two-dimensional case for an incident plane acoustic wave. In this
model, the spiral structure is equivalent to a half-truncated waveguide
with one end closed and one end opened, using the formula for the arc
length of the curve in polar coordinates, we can get the effective wave-
guide length as | = 3079.94 mm. For the half-truncated waveguide,
the  Fabry-Pérot (FP) resonating condition gives that
'17"‘ + (m —1)A,, = 21, where m = 1,2, 3, .... Therefore, the resonant

wavelength of the m — th order mode is 4, = 5-2-5. We depict the

Max

-Max

FIG. 1. Schematic structure and simulation results of the skyrmionic mode formed by the acoustic velocity field. (a) Schematic diagram of the structure, where R and r are the
outer and inner radii, respectively, d is the spiral pitch, a is the gap width, n is the number of turns, and h is the structure height. (b) Simulation diagram of the skyrmionic mode
formed by the acoustic velocity field, the direction of the acoustic velocity field is shown by the conical arrow in (c) Theoretical calculations and simulations of resonant

responses in two-dimensional structures.

Appl. Phys. Lett. 122, 022201 (2023); doi: 10.1063/5.0131777
Published under an exclusive license by AIP Publishing

122, 022201-2


https://scitation.org/journal/apl

Applied Physics Letters ARTICLE

resonance modes in the two-dimensional case in Fig. 1(c), where the
normalized variable kI = 271/, as a function of mode index m. We
can see that the nearly isometric resonant modes, whose resonating
frequency predicted by the FP resonating condition agrees well with
the simulation results, can be seen that its resonant frequency is only
determined by the effective waveguide length and mode number.

As mentioned earlier, we have given a demo for the lowest order
skyrmionic mode and discuss the formation mechanism of resonating
modes. Next, we will discuss the multi-order skyrmionic modes sup-
ported by the designed structure and their topological property.
Figures 2(a)-2(c) show their acoustic velocity field distributions of the
first-, second-, and third-order modes corresponded to resonating fre-
quencies of 2720, 2981, and 3112 Hz at the surface of the structure [as
shown in Fig. 1(a)]. Topological property of skyrmion modes is an
important feature different to the trivial localized resonating modes in
acoustic labyrinthic structures.””* The topological property can be
described by skyrmion number S, which be expressed by

1 N o N
S= Ejjdxdyn - (0c1 x O,i). (1)

In our model, the velocity field distributions ¥ can define the
acoustic skyrmion number according to Eq. (1), where
ii = Re(V)/|Re(¥) ’ The velocity field vectors can be represented as
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the distribution unwrapped from a sphere parametrized by longitude
o and latitude f5, which are the functions of the velocity along the
radial flip angle ¢ and the radius p, respectively. The corresponding
schematic diagram is shown in Figs. 2(a)-2(c). Thus, the skyrmion
number can be expressed by the following equation:

S— <; L sin ﬂ(p)dp) (2172: L“dtxd(q()/))d90>. 2)

Then, the skyrmionic number can divide into the polarity part
P =73 [cosf(p)] jj;ﬁ, vorticity part M = 3~ [o(¢)) Z;f,“, and a(¢)
= m¢ for Néel-type skyrmionic modes. Figures 2(d)-2(f) show the
schematic diagram of the velocity field distributions of the first three
modes and their corresponding radial sound pressure field distribu-
tion. We can find that the velocity field direction flipped times are 1, 2,
and 3 for the first three skyrmionic modes along the radial direction.
According to Eq. (2), it can be concluded that the total number of sky-
rmion corresponding to odd twists of the velocity field along the radial
direction is S = 1 and even twists is S = 0 as shown in Figs. 2(g)-2(i).
It is well known that the skyrmionic modes are topologically pro-
tected against the structure deformation and existence of structure
defects. Here, we constructed an elliptical shape and a square shape, as
shown in Figs. 3(a) and 3(b), respectively, and the two kinds of spiral
structures can also maintain good stability when the geometry changes
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FIG. 2. Multiple order modes of skyrmion formed by acoustic velocity fields and skyrmionic numbers. (a)—(c) Acoustic velocity field distributions of the first-, second-, and the
third-order modes, respectively. (d)—(f) Schematic diagram of the sound pressure field and the distribution of the sound velocity field in the cross section of the structure for cor-
responded modes. (g)—(i) The total skyrmion number of related modes along the radial directonare S =1, S=0, S= 1.
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FIG. 3. Skyrmionic modes of spiral structures with deformation/defects and their topological properties. (a) and (b) Skyrmionic modes generate on the surface of the oval and
square spiral structures. (c)-(e) The second-order skyrmionic modes for the cavity-type defects are at the center, middle, and edge of the structure, respectively. (f) The Q fac-

tor of the first six skyrmionic modes with/without defects and with/without losses.

and can also form skyrmionic modes and does not affect its velocity
field vector distribution. Furthermore, to verify the robustness of the
skyrmionic mode of the acoustic velocity field, we place defects at the
center, middle position, and edge of the structure in different direc-
tions by tailoring cavity-type defects, as shown in the schematic dia-
gram of the structure in Figs. 3(c)-3(e), where the defects disrupt the
continuity of the slits in the structure. From the simulation results in
Figs. 3(c)-3(e), the defects have less effect on the skyrmionium modes,
only a small perturbation in the acoustic velocity field near the defects,
and the overall skyrmionium mode is still very obvious, indicating that
the structure is robust to the perturbation of the defects. A structure
with height h =50 mm and R = 50 mm is selected for the main study,
and we also calculate the structure for different heights and radii.
When the radius (or height) of the structure is constant, its eigenfre-
quency decreases with the increase in height (or radius) (see the sup-
plementary material for details). An important application of
skyrmion is the storage of information. The quality factor (Q factor) as
an important physical quantity to evaluate the performance of the
storage devices; thus, we also calculated the Q factor of this spiral
structure at different orders with and without defects as shown in Fig.
3(f), respectively. The Q factor’*® is  calculated as
Q = Re(w)/[—2Im(w)]. We can find that the Q factor increase with
the increase in the mode index. Particularly, the Q factors of the struc-
ture with defects are consistent with the value of the perfect structure.
In order to better understand the structural properties, we have stud-
ied the influence of thermal viscosity. The topological protection prop-
erties allow the formation of a skyrmionic-like mode, but the quality
factor is much lower compared to the normal mode due to the high
losses as shown in Fig. 3(f).

To observe the acoustic skyrmion phenomenon in the experi-
ment, we first implemented the acoustic skyrmionic modes using the
simulation software COMSOL Multiphysics with a pressure acoustic
module, as shown in Figs. 4(b) and 4(c). Under the pressure acoustic
frequency domain module, we place a point source at a distance of
10 cm from the edge of the structure along the x-axis direction and
excite the first- and the second-order skyrmionic modes at 2720 and
2980 Hz, respectively. We fabricated the sample using 3D printing
according to the structure in the simulation, as shown in the inset
of Fig. 4(d), we generated a sine wave signal with incident frequency
f = 2720 Hz by a signal generator (AFG1022, Tektronix) and then
amplified it with a power amplifier (CPA2400, SinoCinetech) to drive
a loudspeaker and excite the experimental sample along the x-axis
direction, then measured its sound pressure distribution along the
diameter on the sample surface, as shown in the blue area of Fig. 4(d).
Meanwhile, we also give the sound pressure magnitude and distribu-
tion of the simulation results along the diameter, as shown in the red
area in Fig. 4(d), the reason for the cylindrical distribution of the
sound pressure field is that the pressure field mainly distribute in the
slit of the structure. The measured and simulated sound pressure dis-
tributions of the sample at 2980 Hz are shown in Fig. 4(f). Then,
we can obtain the magnitude and direction of the corresponded
sound velocity fields using measured sound pressure field distribution
by v = ﬁv p (here, wand p, are the angular frequency and mass
density of air). The simulated and experimental results of sound veloc-
ity field distribution along the blue dashed line of sample [inset of
Fig. 4(d)] are shown in Figs. 4(e) and 4(g) for the first- and second-
order skyrmionic modes. We can find that the experimental result
(blue arrows) agrees well with the simulated result (red arrows).
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FIG. 4. Experimental measurement of the cross-sectional sound pressure field distributions and their sound velocity field distributions. (a) Photographs of the experimental
setup. (b) and (c) The first- and second-order skyrmionic modes at frequency f = 2720Hz and f = 2980Hz in numerical simulation excited by a small acoustic source. (d)
and (f) Simulated (red) and experimentally measured (blue) cross-sectional sound pressure field distribution along the blue dashed line on the surface of sample as shown as
an inset for the first- and second-order skyrmionic modes. (e) and (g) Cross-sectional acoustic velocity field distributions for simulation (red arrows) and experiment (blue

arrows) for the two skyrmionic modes, respectively.

In order to verify the stability of the structure under different
deformations, we also performed frequency domain simulations and
experimental measurement for the square structure. Figures 5(b), 5(d),
and 5(e) describe the skyrmionic modes formed by the excitation of the
square structure in the frequency domain, and the acoustic pressure
field and velocity field distribution by the experimental measurement at
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2770 Hz are agree well with the simulated results. Also, we implemented
the skyrmionium mode at resonating frequency 3010 Hz, as shown in
Figs. 5(c), 5(f), and 5(g). These experimental results indicate that the
skyrmionic modes are robust to the deformation of the structure.

In this work, we use this Archimedean spiral structure to realize
the localized acoustic skyrmionic modes by manipulating the acoustic
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FIG. 5. Simulation and experimental results of the square structure. (a) Photographs of the experimental setup. (b) and (c) The first- and second-order skyrmionic modes at fre-
quency f = 2770Hz and f = 3010Hz in numerical simulation excited by a small acoustic source. (d) and (f) Simulated (red) and experimentally measured (blue) cross-
sectional sound pressure field distribution along the blue dashed line on the surface of sample as shown as an inset for the first- and second-order skyrmionic modes. (e) and
(9) Cross-sectional acoustic velocity field distributions for simulation (red arrows) and experiment (blue arrows) for the two skyrmionic modes, respectively.
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velocity field distributions. These localized skyrmion velocity fields
profiles correspond to eigenmodes of the spiral structure. Thus, the
skyrmionic modes do not require carefully tailored external excitation
condition comparing with the interference-based approach of sky-
rmionic lattice. Furthermore, the subwavelength structure can support
multiple skyrmionic eigenmodes with different frequencies unlike the
single skyrmionic mode realized in phononic crystals. We also demon-
strate that the topological protected skyrmions supported by the sub-
wavelength metastructure is robust against structure deformations and
existence of structure defects. These rich physical properties of acoustic
localized skyrmionic modes offer the possibility of their future use in
the control of tiny particles and the storage of acoustic information.

See the supplementary material for the influence of structure
parameters on the skyrmionic modes.
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