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We propose and experimentally demonstrate a mechanism for focusing two-dimensional (2D) vortex
for airborne sound beyond diffraction limit on an ultrathin structured surface in free space. A simple
design of unit cell is presented as a practical implementation, which is capable of exciting evanescent
wave and modulating its propagation phase over full 0-to-27 range. By analytically deriving the disper-
sion relationship and desired azimuthal distribution of effective parameters, we elucidate how to guide the
propagation of excited evanescent waves in the vicinity of an unbounded surface decorated with designed
structures and focus such surface vortex within a target region despite its compactness and nonaxisymme-
try. The effectiveness of our mechanism is demonstrated numerically and experimentally via production
and confinement of 2D vortex on a square surface at subwavelength spatial resolution. We anticipate our
methodology with no need of a 2D system, bulky device size, geometric symmetry, active elements, or
complicated phased array to offer new possibilities for the miniaturization and integration of planar vortex
devices and may promote their on-chip applications in various fields such as by significantly boosting the

information density and manipulation precision.
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I. INTRODUCTION

Vortex beams carrying orbital angular momentum
(OAM) have recently attracted rapidly growing interests
due to their fundamental significance in wave physics as
well as promising potential in diverse applications such as
wave-matter interaction [1—6]. A particularly useful exam-
ple is vortices in two-dimensional (2D) systems where the
alternative dimension provided by OAM offers the pos-
sibility for manipulating tiny objects and encoding and
decoding information, and plays a key role in application
of on-chip platforms in various fields ranging from bio-
physics to acoustofluidics to photonics [7—13]. In compar-
ison to conventional methods relying on numerous active
sources that need to be individually addressed to modulate
the wave field inside a closed circular region, the recent
emergence of artificially engineered structures provides a
simple and low-cost solution for the 2D vortex production.
But their application potential in practice would have to
be hindered by the dependence on an innately 2D system,
which needs to be realized by imposing reflective boundary
conditions such as with parallel waveguides or liquid-filled
microcavities, leading to dramatically increased device
size, fabrication difficulty, and mismatch to background
medium [14-18].
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Furthermore, the spatial resolution of the generated vor-
tex, which is closely related to the information density and
manipulation precision, is subject to the diffraction limit.
In electromagnetics, plasmonic vortices referring to sur-
face plasmon polaritons (SPPs) have provided an efficient
way to generate OAM mode beyond this limit, which can
be implemented with the aid of pragmatically designed
structures such as Archimedean spirals [19,20] and nanos-
tructures [21,22]. Although the manipulation of acoustic
waves at subwavelength scale has been demonstrated to
be possible by using gradient-index structures [23-27],
twisting of acoustic linear momentum to form an OAM-
carrying vortex is difficult to achieve by slowly modulating
the spatial distribution of acoustical parameters. Despite
the need for the high precision and capacity of various
acoustical applications such as particle manipulation and
information transfer [28-30], it remains challenging to
overcome these limits and produce 2D acoustic vortex with
spatial resolution higher than wavelength due to the lack of
a direct acoustical analog of SPPs.

In this paper, we propose a mechanism for generat-
ing and focusing 2D acoustic vortex for airborne sound
beyond the diffraction limit on an unbounded surface dec-
orated with ultrathin structures in free space. As a practical
implementation, a simple design of double-layered reso-
nant element (DLRE) with subwavelength physical size is
presented, which enables arbitrary and abrupt modulation
of transmitted phase of the evanescent wave during its
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propagation. By analytically calculating the dispersion
relation for the designed unit cell, we derive the desired
azimuthal distribution of effective acoustical parameters
for producing an evanescent field with a dark spot and
phase singularity at its center, representing a strong con-
finement of OAM information within the target region
with nonaxisymmetric geometry and subwavelength spa-
tial resolution. We numerically and experimentally verify
the effectiveness of our scheme via several distinctive
examples of generating 2D subwavelength acoustic vor-
tices of desired order within a square region as illuminated
by simple plane waves.

II. PRODUCTION OF ACOUSTIC EVANESCENT
VORTEX

Figure 1 schematically illustrates our proposed mech-
anism of producing and confining 2D acoustic vortex
beyond diffraction limit on an unbounded structured sur-
face by exciting evanescent wave and modulating its
propagation phase. As a type of surface acoustic mode car-
rying OAM, the evanescent vortex in infinite cylindrical
coordinate (7, 6, z) can be expressed as

p(1,0,2) = poJu (k) r)e™ e*i?, (1)

where k,, and k, refer to the in-plane and out-of-plane
wave-vector components, respectively; p is the pressure
amplitude and J,,(k/,r) is a mth-order Bessel function of
first kind with m being the topological charge. Since such
surface vortices should be evanescent along the vertical
direction, k, is an imaginary number and thus k,, could
be much larger than the wave vector % in free space. In
order to quantitatively characterize the resolution of the

FIG. 1. Schematic of generating and focusing 2D acoustic vor-
tex on an unbounded surface decorated with ultrathin structures
whose bottom layer excites and guides the evanescent plane
waves along its surface and top layer provides an abrupt phase
shift based on our derived formula.

focused dark spot of such evanescent vortices, we intro-
duce a parameter of resolution R, defined as the ratio of
mainlobe size of 2D vortex in free space to that of sur-
face vortex, i.e., R = x; /x|, where x; and x| are the first
zeros of the mth-order Bessel function in two systems [viz.,
Im(kox1) = Jp(ky/x'y) = 0]. Considering kox; = k/;x}, R
can be expressed as R = k;,/ky, which suggests that the
resolution depends on the dispersion relationship of the
excited acoustic evanescent wave, as discussed later. Ben-
efitting from the near-field and high-spatial-frequency fea-
ture of evanescent wave, our mechanism eliminates the
dependence on a 2D system and may open up the pos-
sibility for generating acoustic evanescent vortex at sub-
wavelength scale. Thus, the excitation and modulation
of acoustic evanescent waves play a pivotal role for the
realization of such a subwavelength 2D vortex. To date,
however, evanescent-wave-based modulations (e.g., sub-
wavelength sound focusing) usually rely on gradient-index
structures with bulky size, limited refractive index, and
complicated fabrication, which are difficult to find direct
application in the generation of surface vortex [23].

II1. DESIGN OF DLRE

Here we propose a structure design of DLRE with
hitherto inaccessible functionality of guiding evanescent
wave effectively while tuning propagation phase abruptly
to solve the above difficulties. Then by rationally assem-
bling such building blocks of DLRE to an ultrathin
surface with desired acoustical parameters, we imple-
ment our mechanism for producing 2D surface vortex, as
shown later. We first analyze the dispersion relationship of
acoustic evanescent wave guided by the bottom layer of
DLRE, i.e., the planar surface periodically decorated with
Helmholtz-like subwavelength resonators, as depicted in
Fig. 2(a). Solid material for subwavelength resonators is
chosen as acrylonitrile-butadiene-styrene (ABS) with den-
sity p = 1180 kg/m? and sound speed ¢ = 2700 m/s, which
can be regarded as acoustically rigid due to the huge con-
trast between the acoustic impedances of solid and air [31].
The thickness of solid and the lattice constant are =1 and
a =20 mm, respectively. The height and opening width
of resonator are 7 = 7.5 and w =7 mm, respectively. Then
the pressure and normal velocity of acoustic surface wave
propagating on the structured surface are written as

p= poeflkl|zei(kxx7wt)’

; 2

vy = —- L op _ _’V‘L|poe—|kuzei(kxx—wt)’ @
iwp, 0z wpPqg

where p,, is the air density, ¢ is time, £, is the wave vector
in the x direction, and w is the angular frequency. Thus the
acoustic impedance at surface z =0, defined as Z;, can be
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FIG. 2. (a) Prototype of a planar surface periodically decorated with Helmholtz-like subwavelength resonators (photo). Inset: the

section view of unit cell. (b) Theoretical and simulated dispersion curve of acoustic evanescent wave with the air dispersion line
(denoted by the blue dashed line). (¢) The resolution R predicted by Eq. (6) versus frequency and structural parameter 7. The white
dashed line represents the cut-off frequency of evanescent wave mode. (d) Field distribution of evanescent wave in the x-z plane for
a frequency of 3200 Hz. (e) Normalized amplitude profiles along x direction [black dashed line in (d)] in the cases with and without

dissipation.

expressed as

p| _ iwp

Un |;=0 |kJ_| '

)

From another perspective of structure, due to the sub-
wavelength scale, the effective surface impedance of three-
dimensional (3D) resonators with acoustic mass Myg and
capacitance Cyr can be regarded as lumped parameters
and can be expressed as [32,33]

7 = i( !
y @Chr

By applying an impedance continuity condition on the
structure’s top surface, i.e., Z; = Z;, we can derive the dis-
persion relationship of supported evanescent wave mode,
as follows:

— a)MHR> a. 4)

1 (Paca)* @

2 2 4
(g — w?)” Mira

kics = o’ + : (%)

where ¢, is sound speed of air in free space and wyg is
resonance frequency of the 3D resonators, respectively.
We calculate the dispersion curve of the evanescent waves
by using Eq. (5) and plot the result in Fig. 2(b) for an
intuitive illustration. Band structure of unit cell calculated
by the finite-element method (FEM) is also provided for
comparison, which agrees well with the theoretical results.
Throughout this paper, we use commercial software COM-
SOL Multiphysics for the calculation of band structure and
the following simulations. As observed, when frequency
increases, the dispersion curve starts to deviate from the
background line (blue dashed line) and tends to be flat near
the edge of the first Brillouin zone, which indicates the
excitation of large &, and corresponding imaginary wave
number &k, in the vertical direction. It is worth mention-
ing that the angular dependence of wave vector and the
effect of thermal and viscous losses become obvious as the
frequency approaches the boundary of the Brillouin zone,
resulting in the noncircular equifrequency contours and
undesired energy dissipation. In our design, therefore, for
ensuring isotropy approximation for k,, and keeping high
efficiency of the system, we choose the working frequency
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slightly away from the band edge. In this case, by substitut-
ing k, into R one can also obtain the analytical expression
of resolution of supported evanescent vortex

1 (PuCa)*@?

2 2 3
(Whg — 0" Miga

R= |1+ (6)

Obviously Eq. (6) enables a fast and precise prediction of
the resolution and information density of OAM. Figure
2(c) depicts the typical theoretical results of resolution R
versus the structural parameter # and frequency analytically
calculated from Eq. (6). Next, we numerically simulate
the field distribution above the structure in the x-z plane
at a particular frequency point A(0.26, 3200 Hz) in Fig.
2(b). In contrast to conventional surface acoustic waves
that propagate under the surface of solid medium, in our
mechanism the produced spoof surface wave is propa-
gating on the upper surface of the structure with rapidly
decaying in the vertical direction while taking no account
of the sound field below the structured surface, as shown
in Fig. 2(d). It is noteworthy that at this frequency the
thickness of designed 3D resonators is nearly 15 times
smaller than the corresponding wavelength, revealing the
advantage of our design over traditional corrugated or
perforated structures in terms of downscaled device size
(by an order of magnitude) [34-36]. We also simulate
the one-dimensional normalized amplitude profiles along
the x direction [marked by the black dashed line in Fig.
2(d)] for lossless and lossy models and plot the results
in Fig. 2(e). The good agreement between the two curves
suggests that our compact and ultrathin design can keep
a high efficiency without suffering dramatically from the
energy dissipation, which occurs commonly in the process
of device miniaturization.

Equation (1) suggests that the phase on the incident
boundary should depend linearly on the azimuth angle
for the purpose of focusing incident acoustic evanescent
wave to OAM-carrying vortex beam. However, although
the propagation phase and dispersion characteristic can be
engineered via a spatial gradient of structural parameters,
the bulky size of gradient-index structure and undesired
coupled resonance between adjacent units will make it
difficult, if not impossible, to realize the required phase
profile, as mentioned above.

Hence, in our design of DLRE, the 3D subwavelength
resonator array is topped by another component compris-
ing a series of side-loaded acoustic Helmholtz resonators
(HRs), which enables modulating the propagation phase
arbitrarily while keeping a subwavelength physical dimen-
sion and addresses the above challenges. Figures 3(a)
and 3(b) show the illustrative diagram and top view of
our designed DLRE, respectively. In such a design, the
evanescent wave propagating on the surface of the bottom
resonator array will interact effectively with side-loaded
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FIG. 3. (a) Illustrative diagram and (b) top view of the
proposed DLRE. The structural parameters are chosen as
H =125 mm, W=40 mm, and d=1.5 mm, respectively. (c)
Simulated transmission and (d) phase shift provided by an indi-
vidual unit cell as a function of / with (red lines) and without
(blue lines) dissipation. (e) Simulated sound transmission above
individual elements for an equally increased phase shift with a
step of 277/5. Black dashed lines and arrows denote the crests of
transmitted waves and incident direction of evanescent waves,
respectively.

resonators of superstructure since the eigenfrequencies of
two such resonators are designed to be identical, which
introduces a large yet controllable phase delay to transmit-
ted wave. Although mode transformation from evanescent
to propagating may occur due to the fact that the designed
side-loaded HRs cover the openings of the bottom res-
onators, the in-plane component dominates for the wave
vector of propagation mode confined inside each unit cell
and will not couple to out-of-plane mode after leaving the
superstructure thanks to the deep-subwavelength transver-
sal size of unit cell. On the other hand, the impedance
mismatch due to the abrupt changes of the acoustic path’s
cross section can be significantly compensated by the
introduced straight constricted pipe in the superstructure.
Besides, the height H of superstructure is elaborately
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designed to ensure sufficiently strong interaction with inci-
dent evanescent wave while avoiding oversize structure.
Furthermore, the scheme enables independent design of
each DLRE for tailoring its acoustical response, due to
the rigid wall of side-loaded resonators that ensures spatial
isolation of evanescent wave between adjacent unit cells.
We carry out numerical simulations to retrieve the acoustic
response of an individual DLRE and plot the typical results
of the transmission coefficient and phase shift as a function
of single parameter / in Figs. 3(c) and 3(d) with and with-
out dissipation taken into consideration. The results show
that such DLRE can freely modulate the propagation phase
of evanescent wave within the full 27 range while keeping
a high transmission efficiency despite the subwavelength
dimension in all directions and the presence of thermo-
viscous dissipation, as demanded in our mechanism. For
clearer illustration we also simulate the 3D acoustic pres-
sure distribution above single DLRE produced by different
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FIG. 4.

structural parameter / and plot the typical results in Fig.
3(e), which shows the desired phase shift with the change
of [ but no appreciable leaking effect. Note that the maxi-
mum thickness of the designed DLRE still did not exceed
one fifth of the wavelength, which ensures the compactness
and ultrathin profile of the resulting device.

IV. NUMERICAL SIMULATIONS

Next we use numerical simulations to verify the effec-
tiveness of our scheme to focus 2D subwavelength acous-
tic vortex beyond diffraction limit on an unbounded non-
axisymmetrical surface decorated with designed DLREs.
For simplicity without loss of generality, here we use 40
DLREs to assemble an ultrathin square surface with side
length of 20 cm as depicted in Fig. 4(a). Such an ele-
ment number could keep relatively high spatial resolution

z=2cm (0.182)

z=1cm (0.091)

Amplitude
1

(e

N

Normalized amplitude

0.0 R : -
210 =5 0 5 10

x (cm)

(a) Schematic illustration of the structured surface consisting of 40 DLREs with a square geometry. Yellow lines denote

the line sources. (b) Discrete phase shift predicted by Eq. (7) and corresponding parameter / provided by unit cells for generating
first-order 2D vortex. (c) Simulated amplitude and phase distributions in the x-y plane for z=0, 1, and 2 cm. (d) Simulated 2D
amplitude distribution in the x-z plane. (e) Normalized pressure amplitude profile along x direction [marked by the dashed line in (d)]
in comparison with the theoretical first-order Bessel profile in free space in air.
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and eliminate possible spatial aliasing effect while avoid-
ing complicated fabrication. Four identical line sources are
placed at the fringes of structured surface [marked by the
yellow lines in Fig. 4(a)]. When this device works, the bot-
tom layer excites and guides the evanescent plane wave at
subwavelength scale, and the top-layer enclosure provides
an abrupt phase shift and modulates this square boundary
precisely for twisting incident linear momentum to in-
plane OAM. By mapping this physical square boundary to
an illusional circle boundary with an additional phase A,

@ m=0

Amplitude

FIG. 5.

we can theoretically derive the ideal continuous phase pro-
file on the square boundary S(r, 6) for generating mth-order
2D vortex

o(r,0) =ml + Ap =mb + kyr, (7)

where in-plane wave vector k;, equals 81 rad/m in our
design. For generation of 2D surface vortex with a partic-
ular topological charge of m =1, the discrete phase-shift
profile theoretically predicted by Eq. (7) and correspond-
ing values of [ are illustrated in Fig. 4(b). Figure 4(c)

Phase

Simulated normalized amplitude and phase distributions in the x-y plane at z=1 cm and 2D normalized amplitude

distribution in the x-z plane with topological charge (a) m =0, (b) 2, and (c) 4.
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shows the simulated acoustic pressure amplitude and phase
distributions of the produced vortex in the x-y plane for
three particular values of z=0, 1, and 2 cm, respectively.
We can obviously observe that our scheme gives rise to
the first-order vortex beam with typical characteristics of
donut-shaped amplitude and spiral phase. Besides effec-
tive production of nonaliased vortex beam extending to
the whole square enclosure, the relative amplitude of gen-
erated vortex decays rapidly away from the structured
surface, which indicates the high-efficiency generation and
confinement of 2D acoustic vortex with our unbounded
ultrathin structured surface. Furthermore, from the phase
distributions in three parallel planes in Fig. 4(c) one can
also observe the irrotational phase distribution along the z
direction, which is a significant feature that differentiates
the 2D vortices of our interest from their 3D counterparts
propagating in vertical direction. For a clearer illustration
we simulate the 2D acoustic pressure distribution in a ver-
tical plane of x-z direction and the corresponding result in
Fig. 4(d) shows that most of the energy of this 2D vor-
tex beam is focused and confined in the vicinity of our
designed surface, as expected. This breaks through the tra-
ditional restriction that the generation of 2D vortices has
to rely on a 2D system confined by two indispensable
reflective boundaries (e.g., acoustic hard or soft bound-
ary) thanks to the preservation of near-field information
carried by the evanescent vortex in unbounded 2D sys-
tem. Then for exhibiting the subwavelength feature of the
surface vortex, we plot the simulated normalized pressure

Amplitude

amplitude distribution along the x direction [marked by
white dashed line in Fig. 4(d)] and compare it with a
theoretical first-order Bessel profile in free space. Figure
4(e) shows that our mechanism produces the desired high-
efficiency focus of 2D vortex carrying first-order OAM
beyond diffraction limit, as evidence by the remarkably
compressed first-order Bessel profile in comparison to that
in free space in air. Based on this profile we can numer-
ically calculate the value of the resolution R to be 1.421,
which agrees quite well with the predicted value 1.428
[point A in Fig. 2(c)]. The realization of 2D evanescent
vortex beyond diffraction limit significantly boosts the
information density and spatial pressure gradient, which is
highly desirable for practical applications such as OAM-
based communication and acoustic tweezer. For revealing
the generality of our mechanism, we also use numerical
simulations to demonstrate the capacity of our scheme
to generate evanescent Bessel beams with other different
orders. Figures 5(a)-5(c) show the simulated normalized
amplitude and phase distributions of generated evanescent
vortex with three particular topological charges m =0, 2,
and 4 in the x-y plane at z=1 cm as well as 2D normal-
ized amplitude distribution in the x-z plane, which exhibits
the desired whole-area 2D Bessel patterns and near-field
energy distributions for all three m. The slight energy leak-
ages in z direction arise from the non-100% transmission
and mode transformation efficiency of DLREs. Notice that
for suppressing the spatial aliasing effect the number of
elements and topological charge of generated vortex are

FIG. 6. Photographs of the 3D
printed sample of designed sur-
face and experimental setup from
(a) front view and (b) top view.
White dashed lines denote the
line sources and origin 0(0,0,0)
is located at the center of
structured surface. (c) Measured
sound amplitude and (d) phase
distributions of 10 x 10 cm?
square region in the x-y plane
at z=1 cm [marked by blue
line in (b)]. (¢) 2D measured
sound amplitude distribution of
10 x 10 cm? square region in the
vertical y-z plane at x=0 cm
[marked by the blue line in (a)].
The measurements are taken at
every 2/3 cm in all three direc-
tions.

014015-7



LIU, LIANG, and CHENG

PHYS. REV. APPLIED 15, 014015 (2021)

limited by condition N > e Ry /A + m [12,14], where Ry
and A are the radius of the distortion-free vortex and acous-
tic wavelength in the background medium, respectively,
calling for more unit cells for producing 2D vortex with
higher orders.

V. EXPERIMENTAL MEASUREMENTS

The experimental measurement for generating first-
order surface vortex is performed in an anechoic chamber,
which can be regarded as an infinite free space for airborne
sound. Figures 6(a) and 6(b) show the photos of the exper-
imental setup and structured surface sample fabricated by
3D printing. We linearly assemble four 2-in. loudspeakers
as the line source emitting a monochromatic plane wave
of 3200 Hz. Four such line sources are synchronously
driven by a multifunctional signal generator to guarantee
the identical initial phase. The sound fields are measured
by two 1/4-in. free-field microphones (Briiel & Kejr type-
4961) with one fixed as a reference signal while the other
one is mounted on a 3D stepping motor to scan the tar-
get region point by point. By using the software PULSE
Labshop, we obtain the cross spectrum of the two sig-
nals and thereby retrieve the sound phase and amplitude.
We first measure 2D sound amplitude and phase distribu-
tions of a 10 x 10 cm? square region in the x-y plane at
z=1 cm [marked by blue line in Fig. 6(b)] and plot the
experimental results in Figs. 6(c) and 6(d). The amplitude
distribution in the vertical y-z plane at x =0 cm [marked
by blue line in Fig. 6(a)] is also scanned and the corre-
sponding result is shown in Fig. 6(e). It can be clearly
observed that the experimental results agree well with the
simulation results with both showing null center, azimuthal
dependence of phase, and exponential decay of intensity
with z, validating the effectiveness of our mechanism for
focusing 2D acoustic vortex beyond diffraction limit on the
designed ultrathin structured surface. The slight distortion
may stem from the imperfect fabrication and alignments
of experimental sample. Although in the current study we
demonstrate only a simple case of a square-shaped region
surrounded by four line sources, it is apparent our pro-
posed mechanism is general and has no dependence on the
source type or the geometry of the target region, ensur-
ing the application potential in more complicated practical
environments.

VI. DISCUSSION

In conclusion, we propose to focus acoustic vortex
beyond diffraction limit on an ultrathin structured sur-
face by exciting and modulating the acoustic evanescent
wave. As a practical implementation, we design a unit
cell of DLRE to realize the arbitrary phase manipula-
tion of evanescent wave in a subwavelength spatial scale.
We theoretically derive the dispersion relationship of the

supported evanescent wave and the desired azimuthal dis-
tribution of effective acoustical parameters needed for
precise generation of evanescent vortex with target order.
The performance of our mechanism is demonstrated via
numerical simulation and experimental measurement by
producing and focusing 2D vortices of desired order within
a square region at subwavelength spatial resolution. Taking
full advantage of the evanescent wave, our methodology
with no need of a 2D system, bulky device size, geometric
symmetry, active elements, or complicated phased array
opens an avenue for the miniaturization and integration
of planar vortex devices, with far-reaching implications in
many diverse fields such as on-chip particle manipulation
and information processing.
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