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ABSTRACT

Skyrmions with stable vector field configurations have produced various derivatives with various topological textures, such as the N�eel type,
Bloch type, anti-type, and higher-order N�eel type. Here, we theoretically and experimentally demonstrate that the vector field configuration
of N�eel-type skyrmionic modes can be locally manipulated using gradient grooves in a deep-subwavelength three-dimensional multilayer
cylindrical structure. We experimentally observe that the skyrmionic modes can be contracted or expanded to manipulate the distribution of
the velocity vectors by tuning the groove depth gradient along the structural radius, which is robust against structural deformations and
defects. This type of controllable acoustic skyrmion provides new dimensions for advanced sound information processing, transportation,
and data storage in compact structures.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0145611

Skyrmions are a class of topological quasiparticles with stable
three-dimensional (3D) vector-field configurations in the two-
dimensional (2D) plane. Since the concept of skyrmions was proposed
in the 1960s,1 it has attracted considerable interest in different fields,
such as Bose–Einstein condensation,2,3 liquid crystals,4,5 and magnetic
materials.6–9 Particularly, magnetic skyrmions in magnetic materials
have been a high-profile research direction and have sprouted various
derivatives with different topological textures, such as the N�eel type,10

Bloch type,11 anti-type and higher-order N�eel type,12,13 even nested
multiple skyrmions, such as skyrmionium,14 bimeron, and bimero-
nium.15,16 These skyrmion derivatives have potential applications in
magnetic information storage and processing devices. Recently, sky-
rmions with stable topological properties have attracted considerable
research interest in various fields, such as electromagnetic waves,17,18

acoustic waves,19 and elastic waves.20 Electromagnetic waves, as vec-
toral fields, including electric and magnetic vectoral components, gen-
erate various skyrmionic modes for optical information storage and
processing. For example, a specially shaped surface plasmonic struc-
ture was designed to manipulate evanescent electromagnetic field dis-
tribution to form optical skyrmions.21–23 By comparing with the

abundant magnetic skyrmionic derivatives, various optical skyrmions
have recently been constructed using different optical materials, such
as optical spin skyrmions with an Archimedean geometric structure,24

optical spin-meron lattices,25 optical half-skyrmions generated in a
liquid-crystal-filled cavity,26 and optical Stokes skyrmions with tunable
topological textures.27 Recently, localized spoof plasmonic skyrmionic
modes have been proposed, supported by a familiar subwavelength
space-coiling metastructure, which are inherent eigenmodes leading to
multifrequency bands.28,29

It is well known that polarization is an inherent property of vec-
tor waves, which is routinely used for transverse waves, such as electro-
magnetic waves or elastic shear waves. Acoustic waves as longitudinal
waves have long been recognized as spinless scalar waves. Recently,
structured vector acoustic fields with polarization properties have been
observed with interference between multiple propagated acoustic
waves with different wave vectors in free space30 or in the evanescent
field of a guide mode traveling along a metamaterial waveguide.31 In
this context, acoustic skyrmion configurations can be created by con-
trolling the velocity-field distributions. Based on this, an acoustic
metasurface with hexagonal symmetry was proposed to control the
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velocity field in acoustic waves to realize the skyrmion lattice mode,19

which was also demonstrated to be controllable and robust. However,
because this lattice structure requires a high degree of symmetry, it has
strict requirements for external excitation. Furthermore, a skyrmionic
lattice with a large area makes it difficult to manipulate the localized
distribution of skyrmionic modes. However, the localized manipula-
tion of velocity vectoral fields plays a very important role in controlling
acoustic information storage and processing.

In this study, we propose a deep-subwavelength 3D concentric
multilayer cylindrical structure with a gradient groove depth to manip-
ulate the distribution of spoof acoustic surface skyrmionic modes. By
eigenmode analysis and simulation, we observed that spoof acoustic
surface waves (SASWs) propagated along the radial direction and inter-
ference induced skyrmionic modes. When tailoring the homogeneous
grooves to gradient grooves, the surface waves become inhomogeneous,
and the velocity vectoral distributions contract and expand along the
radial direction. The experimental results agreed well with our theoreti-
cal analysis and numerical simulations. Furthermore, we demonstrated
that the manipulated skyrmionic modes are topologically protected
against structural deformation and defects. Controllable skyrmionic
modes may provide an alternative approach for locally manipulating
the vectoral field distributions in acoustic systems for acoustic informa-
tion processing and storage.

We implemented acoustic skyrmionic modes using a 3D concen-
tric cylinder; a schematic diagram of the structure is shown in Fig. 1(a).
The structure details are an outside radius R ¼ 5 cm, wall thickness
b ¼ 0:1 cm, period d ¼ 0:25 cm, groove width a ¼ d � b ¼ 0:15 cm,
structure height H ¼ 5 cm, and the number of channels N ¼ 20. For a
better illustration of the internal structural details, we present a cross-
sectional view on the right side of Fig. 1(a). The substrates below the
grooves of the structure are indicated by the green region, and the

height of the upper groove is indicated by hn. To design the gradient
groove depth expediently, we set two adjacent grooves with the same
height, hn ¼ hnþ1, (n¼ 1, 3, 5, …, N-1). The gradient difference Dh in
the gradient structure along the radial direction was Dh ¼ hn � hnþ2.
We designed three different types of structures according to the varia-
tion of the gradient difference Dh. As shown on the right side of Fig.
1(a), when the gradient difference Dh > 0, the green regions become
high along the radial direction from the center of the structure to
the edge, which is referred to as a concave-type structure. We refer to
structures with the gradient difference Dh ¼ 0 and gradient difference
Dh < 0 as flat-type and convex-type structures, respectively.

In Fig. 1(b), as an example, we show the distribution of the acous-
tic pressure and velocity fields in the first-order N�eel-type skyrmionic
mode for a flat structure. The colors in the structure represent the
pressure field distribution, whereas the arrows above the structure rep-
resent the acoustic velocity field vectors distributed on the structure
surface. We observe that its acoustic velocity field vector gradually flips
from the central “up” state to edge “down” state along the radius direc-
tion, which is in accordance with the characteristics of the N�eel-type
skyrmions.

For the period corrugations along the radial direction, it is well
known that the spoof acoustic surface waves are formed and propa-
gated along the radius. The inward and outward spoof acoustic surface
waves (SASWs) mutually interfere to induce a standing wave when
the Fabry–P�erot (FP) resonating condition is satisfied,32,33 which can
be expressed as

kSASWR ¼ mpþ c m ¼ 1; 2; 3…ð Þ; (1)

where kSASW is the wave vector of the spoof acoustic surface waves, R
is the outside radius of the structure, m is a positive integer indicating
the order of the resonant mode, and c is the induced phase shift due to
the partial reflection at the edge and center of the structure. The spoof
acoustic surface waves have the following dispersion relationship:

kSASW ¼
x
c

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ a

d

� �2

tan
x
c
hn

� �2

;

s
(2)

where x ¼ 2pf is the angular frequency. The reflection phase c at
both terminations can be approximately experimentally retrieved from
the measured resonant frequency and dispersion relation.34 For
instance, the measured resonant frequency of the first-order sky-
rmionic mode for the flat-type structure is f1 ¼ 1660Hz, then
kSASWR ¼ 1:495p, the reflection phase can be derived as c ¼ 0:495p.
Using a similar method, we derived the eigen-frequencies of the first
nine order skyrmionic modes, as shown in Fig. 1(c). The theoretical
results (red line) agree with the simulated results (black line) by full-
wave simulation based on the commercial software COMSOL
Multiphysics with a pressure acoustic module.

Next, we discuss the manipulation of the velocity vector distribu-
tion of the skyrmionic modes by tailoring the gradient of the groove
depth along the radial direction. It is well known that the topological
properties of the skyrmion modes can be characterized by the sky-
rmion number S:

S ¼ 1
4p

ð ð
n
* � @n

*

@x
� @n

*

@y

 !
dxdy; (3)

FIG. 1. Schematic structure and simulation results of skyrmionic mode formed by
the acoustic velocity field. (a) Left: Schematic diagram of structural unit with struc-
tural parameters: outside radius R. Right: Schematic diagram of the section of the
structure: the bottom filled part is shown in green, groove height of the channel hn,
channel period d, and wall thickness b, structure height H. (b) Simulation diagram
of the skyrmionic mode formed by the acoustic velocity field; the direction of the
acoustic velocity field is shown by the arrow. (c) Theoretical calculations and simu-
lations for the frequency of the skyrmionic modes with different mode index.
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where n
* ¼ Reðv*Þ

Reðv*Þj j. In our structure, the acoustic skyrmion number S

is represented by the acoustic velocity field v
*

using Eq. (3). The 2D
velocity field vectors represent the vector distribution on a 3D parame-
terized sphere by longitude a and latitude b. The mapping relation is
shown in Fig. 2(a); here, the 3D coordinated system is (r; h; u),
whereas the 2D coordinated system is (q; u). The colored arrows rep-
resent the velocity vectors distributed on the 2D plane and 3D sphere
to present the mapping relation. Therefore, the skyrmion number S
can be deduced as

S ¼ 1
2

ðR
0
sinb qð Þdq

 !
1
2p

ð2p
0

da uð Þ
du

du

 !
¼ p �m; (4)

where p ¼ 1
2 cosb qð Þ
� �

jq¼Rq¼0 defining the polarity, m ¼ 1
2p a uð Þ½ �ju¼2pu¼0

defining the vorticity. b qð Þ ¼ p� hðqÞ, a uð Þ ¼ mu for the N�eel-
type skyrmion. In fact, we can maintain the polarity p ¼ 1 (i.e., the
velocity vectoral arrow at the structure center is upward and down-
ward at the structure edge) while the arrow flip position and distribu-
tion can be manipulated by the gradient structures. For the flat-type

FIG. 2. First-order modes of skyrmion formed by acoustic velocity fields and their theoretical models in different structures. (a) Mapping relations of 3D parametric sphere in
2D velocity vector field. (b) Relation between bðqÞ and q for the three structural types. (c)–(e) Velocity vector distributions in concave-, flat-, and convex-type structures.

FIG. 3. Skyrmionic modes of structures
with deformation/defects. First-order sky-
rmionic modes generated on the surface
of the gradient ellipse structures (a), the
gradient square structures (b), and the
gradient cylinder structures with the cavity-
type defects (c).
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structure, the standing wave is a homogenous distribution along the
radial direction; the flip point at q ¼ R=2, and the line relation
between b and q is b ¼ p

R q as shown by the black line of Fig. 2(b).
However, when we tune the groove depth to a concave structure, the
deeper grooves have larger wave vectors of the spoof acoustic surface
waves, according to Eq. (2) and a stronger confined capability to
induce a contracted pattern. The velocity vectors drastically rotate the
direction at 0 < q < l1R and gently rotate the direction at
l1R < q < R, where l1 < 0:5. The relation between b and q is section-
alized as shown by the red lines of Fig. 2(b). Inversely, if the gradient
structure is designed as a convex-type structure, the structure edge has
a stronger confined capability, and the flip point will be expanded to
q ¼ l2R (l2 > 0:5). The sectionalized relation is indicated by the blue
lines. The parameters l1 and l2 depend on the gradient magnitude Dh.

To demonstrate the manipulation of the skyrmionic modes, Figs.
2(c)–2(e) present the distribution of the first-order N�eel-type skyrmions
parameterized spheres at the first row for concave-type (Dh ¼ 0:1cm),

flat-type (Dh ¼ 0:0cm), and convex-type (Dh ¼ �0:1cm) structures.
The second row corresponds to the mapped velocity vectoral distribu-
tions for the three structures on the (x, y) plane, and the third row
shows the velocity vectoral distributions for the three structures on the
(x, z) plane for convenient observation. It is not difficult to observe that
the flipped locations of the arrows are gradually extrapolated from con-
cave- to convex-type structures. Observing the parameterized spheres,
we deduced that the center of the vectoral arrows distributed on the
sphere surface moved up from left to right. These simulation results
agree with the discussion in Fig. 2(b). Furthermore, we demonstrate
that the degrees of contraction and expansion depend on the gradient
degree Dh in Fig. S1 in the supplementary material. A larger gradient
degree has a stronger contraction or expansion capability. We also pre-
sent the high-order skyrmionic mode distributions for the three types
of structures in Fig. S2 in the supplementary material.

One unique feature of skyrmionic modes is their inherent topo-
logical characteristics. When the geometry deforms, the underlying

FIG. 4. Experimental measurement of
cross-sectional sound pressure field distri-
butions and their sound velocity field distri-
butions. (a) Schematic diagram of the
experimental setup. (b) Five equal-length
toothpicks. (c)–(e) From left to right:
Samples of concave-type structure, flat-
type structure, and convex-type structure
schematically shown in order. The first-
order skyrmionic modes excitation fre-
quency f ¼ 1635 Hz, f ¼ 1660 Hz; and
f ¼ 1635 Hz. (f)–(h) Simulated (red) and
experimentally measured (blue) cross-
sectional sound field distributions on the
surface of the sound pressure field for the
three structures in the first-order modes,
respectively. (i)–(k) Cross-sectional sound
velocity field distributions along the red
line on the three sample structures for
simulated (red arrow) and experimental
(blue arrow) first-order skyrmionic modes.
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skyrmion-field configuration adapts to the new geometry without
affecting the topological junctions. Thus, we transformed the concen-
tric circular structure into elliptical and square structures, as shown in
Figs. 3(a) and 3(b), respectively. We found that the first-order sky-
rmionic mode was robust to structural distortions. Particularly, the
localized manipulations of the velocity field distribution in the ellipti-
cal and square structures were similar to those in a circular structure.
Furthermore, we also investigated the influence of the defects intro-
duced in the isometric concentric circles on the robustness of the sky-
rmionic mode. We introduced six cavity-type defects in the middle of
the concentric circles to disrupt the continuity of their structures. As
shown in Fig. 3(c), the first-order skyrmionic modes do not produce
large variations compared with the perfect structure for the concave,
flat, and convex structures. For high-order skyrmionic modes, the
same topological properties are observed in Fig. S3 in the supplemen-
tary material. These results demonstrate that controllable skyrmionic
modes are robust against structural deformation and defects.

We theoretically analyzed and numerically demonstrated that the
spoof localized acoustic surface skyrmionic mode distributions could
be freely manipulated on the structural surface. Next, we experimen-
tally observed the velocity vectoral distributions on the surface of the
three different types of structures. As shown in Fig. 4(a), we placed the
loudspeaker as the point source in front of the sample with 20 cm. To
begin the experiment, the sound signal generated in the signal genera-
tor (AFG1022, Tektronix) was amplified in a power amplifier
(CPA2400, SinoCinetech) to drive the loudspeaker, and measure the
sound pressure at each groove surface along the radial direction of the
sample, as indicated by the red dashed line. Figures 4(c)–4(e) show
samples with concave, flat, and convex structures, respectively. To
clearly show the inner gradient structures, we inserted five equal-
length toothpicks [Fig. 4(b)] along the radial direction into the three
structures. The structure type was indicated by the height of the five
toothpicks on the outside of the structure. Figures 4(f)–4(h) show the
pressure field distributions of the three structures obtained by experi-
mental measurement (blue area) and simulation (red area) along the
structure diameter. The experimental results agree well with the simu-
lated pressure field distributions. Particularly, we found that the nodes
of the pressure field were extrapolated along the radial direction from
the concave- to convex-type structure. Next, we took the measured
sound pressure field distribution to obtain the corresponding acoustic
velocity field vector via v

* ¼ 1
ixq0
rp, where x and q0 are the angular

frequency and density of air, respectively. Figures 4(i)–4(k) show the
experimentally measured (blue arrows) and simulated (red arrows)
sound velocity field vectors for the three structures in the first-order
skyrmionic modes. The experimental results indicated that the sky-
rmion modes of the acoustic velocity field can be manipulated with
the variation of Dh in gradient structures.

In summary, we theoretically proposed and experimentally
demonstrated localized controllable spoof localized acoustic surface
skyrmionic modes based on deep subwavelength localized gradient
structures. We found that the line relation between the latitude and
radius was broken, and the velocity vectoral distributions become
inhomogeneous when gradient groove depths were introduced into
the structure. The distributions of the skyrmionic modes can be con-
tracted and expanded depending on the degree of the structural gra-
dient. Furthermore, the topological properties of manipulated
localized acoustic skyrmionic modes were demonstrated by

introducing geometric deformations and defects. Similar structures
can be designed with multilayer metallic rings in the microwave
range to obtain similar results for optical skyrmions. The tunability
and stability of acoustic skyrmionic modes in gradient structures
make them promising for rich applications, such as the manipula-
tion of tiny particles and the storage and processing of acoustic
information.

See the supplementary material for the effect of structure on sky-
rmionic modes at different gradient difference Dh; the high-order sky-
rmionic modes distributions on the three kind structures; and
topological properties of higher-order skyrmionic modes for structure
deformation and defects.
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