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Mimicking surface plasmons in acoustics at low frequency
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Extraordinary optical transmissions through metallic films with arrays of subwavelength holes have attracted
much attention in the past few years, and surface plasmons are accepted as the key factor in their origin. Further
studies showed that the abilities of surface plasmons can also be extended to achieve light collimation. Here,
we show that collective surface oscillation can also occur in acoustics, and different from previous reports, we
demonstrate that extraordinary acoustic transmissions and sound collimation can be achieved when the wavelength
is much longer than the characteristic length of the sample. The excitation and detection approaches of the acoustic
surface oscillation are also presented. Our findings should open up prospects for acoustic applications, and many
exotic optical phenomena related to surface plasmons can be anticipated with their counterparts in acoustics.
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I. INTRODUCTION

Surface plasmons (SPs) are the coherent electron oscil-
lations that exist at the interface between two materials,
where the real part of the dielectric function changes sign
across the interface. First predicted by Ritchie [1], SPs have
been studied for almost 60 years. SPs are of interest to
scientists in multiple fields, ranging from physicists, chemists,
and materials scientists to biologists due to their unique
properties and potential applications in many fields, such
as electromagnetic wave manipulation [2,3], particles or cell
trapping and transport [4–7], molecular detection [8,9], and
biological sensing [10]. It is reported that SPs can result
in Raman signal enhancement [11,12], extraordinary optical
transmission [13,14], light beaming [15], SP lasers [16,17],
nondiffracting SP beams [18,19], quantum plasmonics [20],
and acoustoplasmonic control [21], showing the unlimited
potential and wide application of SPs. Among all the progress
related to SPs, the discoveries of extraordinary optical
transmission [13,14] and light collimation [15] stand out
as the notable landmarks in the progress of the research
of SPs. Although SPs are accepted as one of the most
important factors in the physical origins of extraordinary
optical transmissions and light collimation, there are still
debates on whether the SPs play a positive or a negative role
on extraordinary optical transmission [22,23]. However, all of
the exotic phenomena and wide applications proposed above
are unique to electromagnetic waves. Acoustic waves, as a
more common wave phenomenon in nature, do not support
these properties due to the lack of collective surface oscilla-
tions in acoustics.

By analogy, extraordinary acoustic transmission phenom-
ena have been reported recently [24–27], but their origin
is attributed to either Fabry-Perot resonance in the slits or
coherent diffraction induced by the periodicity [28–31]. The
possibility of using excitation of structure-induced acoustic
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surface waves in a perfectly rigid body to achieve sound colli-
mation has also been discussed [32–35]. Theory studies show
that the dispersion curves of the surface waves caused by the
grooves’ structure is similar to the SP dispersion relationship
[34]; then the spoof surface acoustic waves induced by the
grooves’ structure were used to realize acoustic imaging and
focusing [36,37]. Although there are a lot of reports about
extraordinary acoustic transmission and sound collimation
realized by acoustic gratings’ and grooves’ structures, all
these phenomena were achieved when the wavelengths were
near the period of the structures [24–35]. This is because
compared with the periodicity of the structure, the relatively
low weight of these acoustic surface waves cannot affect
extraordinary acoustic transmission and sound collimation
when the wavelength is much longer than the period of the
decorated structures [33], which limits the miniaturization
of acoustic devices in practical applications. How to achieve
these phenomena when the wavelength is much larger than the
period of the structure remains unanswered.

In this paper, we present the realization of extraordi-
nary acoustic transmission and sound collimation when the
wavelength is much longer than the period length of the
sample. The samples, based on decorated periodical Helmholtz
resonators (HRs) on the output side of hard plates, strongly
couple the incident wave into acoustic surface waves that
mimic SPs. The HRs, behaving like free electrons in the
metallic surface, oscillate collectively on the surface of the
plate. These imitation SPs, readily controllable on all length
scales in order to design with almost arbitrary dispersion,
significantly enhance the transmission efficiency and improve
the collimation effect.

II. EXTRAORDINARY ACOUSTIC TRANSMISSION

A rectangular acoustic grating with very narrow apertures is
shown in Fig. 1(a). Different from the acoustic grating reported
in Ref. [26], we decorated four HRs on each of the rectangular
body. The thickness of the grating was 10 mm. The width of
the aperture was 1 mm. The period of the HRs was 6 mm. The
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FIG. 1. (Color) (a) Schematic diagram of the structure to realize extraordinary acoustic transmission. The structure is an acoustic grating
decorated with four HRs on each rectangular body. (b) Normalized-to-area transmittance versus wavelength for a normal incident acoustic
plane wave propagating in air and impinging in the grating. (c) Acoustic pressure distribution when extraordinary acoustic transmission occurs.
(d) Details of the normalized-to-area transmittance when the wavelength is near 27 mm. (e) Details of the normalized-to-area-transmittance
when the wavelength is near 59 mm.

length and width of the neck of the HRs were both 1 mm. The
length and width of the cavity of the HRs were 6 and 5 mm,
respectively. The lattice constant of the grating was 26 mm
(each period covering four HRs and a narrow aperture). The
blue line in Fig. 1(b) shows the calculated normalized-to-area
transmittance versus wavelength for an incident acoustic
planar wave impinging at the sample. A transmission peak can
be found when the wavelength is 26.6 mm. This transmission
peak is the same as that reported in Ref. [26] and results
from the coupling between the diffractive waves excited on
the surface and the Fabry-Perot resonant modes inside the
apertures [28–31]. We also calculated the normalized-to-area
transmittance of the grating sample without HRs, as shown by
the red line in Fig. 1(b), and a transmission peak was also found
at a wavelength of 26.9 mm. The occurrences of these two
peaks are not surprising because their wavelengths are near the

lattice constant of the grating (26 mm). Surprisingly, we found
a transmission peak at a wavelength of 58.9 mm for the sample
with HRs (blue line), and this wavelength was much larger
than any characteristic length involved in the sample, such as
the lattice constant of the grating (26 mm), the thickness of
the grating (10 mm), and the period of the HRs (6 mm). But
for the sample without HRs (red line), no other transmission
peaks are found, so the extraordinary acoustic transmission
for the sample with HRs cannot be attributed to the coupling
between the diffractive waves and the Fabry-Perot resonant
modes, which would be related to the width of the interlayer
and the coherent diffraction of the periodic lattices. The
enlarged normalized-to-area transmittances are also shown
in Figs. 1(d) and 1(e) for details. Figure 1(c) presents the
calculated acoustic pressure distributions at a wavelength of
58.9 mm. Strong surface waves are localized on the surface
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FIG. 2. (Color) (a) Schematic diagram of the structure to realize
sound beam collimation when the transmission slit is much smaller
than the wavelength. (b) Sound intensity distribution when collima-
tion beam occurs.

of the grating on the output side, similar to SPs at a metallic
surface.

III. BEAMING SOUND

The system achieving acoustic beam collimation is a hard-
plate-structured system consisting of a single slit surrounded
by finite periodic two-dimensional HRs and rectangular
gratings on the output side [Fig. 2(a)]. The lattice constant
of the rectangular gratings is 27 mm. The length and the width
of the rectangular gratings are 3 and 2 mm, respectively. The
width of the center slit is 2 mm and the thickness of the plate
is 25 mm. The parameters of the HRs are the same as those
in Fig. 1(a). At a wavelength of 59.5 mm, a well-collimated
beam is achieved, as shown in Fig. 2(b). The collimated beam
reported in Refs. [32–34] is achieved when the wavelength is
near the lattice constant of the gratings, and these collimated
beams have strong side lobes. Different from previous works,
the collimated beam reported herein was achieved when the
wavelength was much larger than any characteristic length
involved in the sample, and the collimated beam obtained
is nearly without side lobes. Also, strong surface waves are
localized on the surface of the plate on the output side
[Fig. 2(b)].

IV. ACOUSTIC COLLECTIVE SURFACE OSCILLATIONS

Both of the above two structures induce strong acoustic
surface waves on the surface of the plates on the output side. In
this paragraph, we would like to find the mechanisms behind
the extraordinary acoustic transmission and the collimation
effect. The first question that needs to be answered is whether

FIG. 3. (Color) (a) A series of periodic HRs cascaded together in
order to excite acoustic collective surface oscillation. (b) Dispersion
curve of the collective surface oscillation.

the strong acoustic surface waves are caused by the decorated
two-dimensional HRs. In order to eliminate the influence of
the period [i.e., periodic apertures in Fig. 1(a) or rectangular
gratings in Fig. 2(a)], we would like to consider the acoustic
surface waves caused by periodic two-dimensional HRs
decorated on a rigid body [Fig. 3(a)]. On the subwavelength
scale, the effective impedance of the boundary can be regarded
as homogeneous and can be expressed as [38]

Z′
s = i

(
1

ωCHR
− ωMHR

)
d, (1)

where CHR and MHR are the acoustic capacitance and the
acoustic mass of the two-dimensional HRs, respectively; d

is the lattice constant of the HRs; i = √−1; and ω is the
angular frequency. The resonance frequency of the HRs can
be inferred as ωHR = 1√

CHRMHR
. Assuming the acoustic pressure

of the acoustic surface wave caused by the HRs to be

p = Ae−γyei(kxx−ωt), (2)

where x and y are Cartesian coordinates, t is time, A is the
amplitude of the surface wave, kx is the wave number in the x

direction, and γ implies the decay of the surface wave along
the y direction and satisfies

γ 2 = k2
x − ω2

c2
a

, (3)

where ca is the speed of the free space wave in air. According
to the momentum conservation equation, ∂p

∂y
− iωρavy = 0,

we can obtain the expression of the particle velocity in the y

direction.

vy = iγ

ωρa

Ae−γyei(kxx−ωt), (4)
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where ρa is the air density. The relationship between the
acoustic pressure (p) and normal particle velocity (vn) at the
boundary is governed by the effective impedance, given as

Z′
s = p

vn

∣∣∣∣
y=0

. (5)

Noticing vn = −vy at the boundary (y = 0) and substitut-
ing Eqs. (1), (2), and (4) into Eq. (5), we obtain

iωρa

γ
= i

(
1

ωCHR
− ωMHR

)
d. (6)

This equation and Eq. (3) imply a dispersion relationship
of the surface wave above the decorated rigid body,

k2
xc

2
a = ω2 + 1(

ω2
HR − ω2

)2

(ρaca)2ω4

M2
HRd2

, (7)

which is very similar to the typical SP dispersion relationship
[39]. Figure 3(b) shows a sketch of the dispersion as a function
of kxd/π . It can be noticed that the surface mode approaches
the light line asymptotically at low frequency, and the field
associated with the mode expands into the free space. At large
kx , the frequency of the mode approaches ωHR. Please note
that very different from the acoustic surface wave caused by
the grooves’ structure [34], in our structure, the frequency to
realize kx → ∞ is decreased a lot (2d/λ ≈ 0.17), which can
be utilized to realize device miniaturization.

To understand the collective surface oscillations caused by
HRs, we first review the origin of SPs. The fact that metals
support the collective oscillation of electrons bound to the
surface is the result of free electrons that behave like a plasma

with a dielectric function ε = 1 − ω2
p

ω2 , which is negative below
the plasma frequency, ωp [1]. Free electrons and restoring
forces are the two dominant factors. The oscillation of free
electrons can be regarded as the oscillation of pistons near the
equilibrium position. In acoustics, the air columns in the neck
of the HRs can be regarded as the pistons that oscillate near the
equilibrium position. The cavities of the HRs are responsible
for providing the restoring forces, so the collective surface
oscillations are realized in acoustics with a strong dispersion
relation, which is almost the same as that of SPs when the
frequency is below the resonance frequency of the HRs.

V. MECHANISM OF ACOUSTIC TRANSMISSION
AND COLLIMATION

To understand the mechanism of extraordinary acoustic
transmission realized by the acoustic grating with HRs
[Fig. 1(a)], we first repeat the mechanism of extraordinary
acoustic transmission realized by the acoustic grating without
HRs [26]: When the wavelength is near the period of the
rectangular acoustic grating, evanescent high-order modes
are greatly excited, which induces an additional acoustical
reactance. This reactance greatly changes the effective thick-
ness of the grating, which results in extraordinary acoustic
transmission [30,31]. However, because their acoustic grating
is without HRs, high-order modes cannot be excited when
the wavelength is much larger than the period of the grating.
So extraordinary acoustic transmission cannot be achieved at

FIG. 4. (Color) (a) A hard plate consists of a single slit sur-
rounded by finite periodically two-dimensional HRs. (b) Acoustic
pressure distribution in the output side of the plate when the frequency
is below the resonance frequency of the HRs. Here, the frequency is
5762 Hz.

very low frequency. In our structure, the two-dimensional HRs
can stimulate collective surface oscillations on the surface of
the plate on the output side when the wavelength is much
larger than the period of the grating, which acts as high-order
modes, so we can understand why the extraordinary acoustic
transmission phenomenon can be achieved.

In order to find the mechanism of the sound beam colli-
mation effect, we should consider the factors of the periodic
HRs and the rectangular gratings in the hard-plate-structured
system [Fig. 2(a)], separately. First, we would like to remove
the rectangular gratings of the system and retain the periodic
HRs and the single slit of the system. The sample is shown in
Fig. 4(a). The thickness of the plate, the width of the center
slit, and the parameters of the HRs are the same as those in
Fig. 2(a). A normal incident acoustic plane wave propagates
in air and impinges at the single slit. After traveling through
the plate, the incident acoustic wave strongly couples into the
collective surface oscillations and travels along the surface of
the plate in the output side, as shown in Fig. 4(b). Owing to
the fact that the width of the slit is much smaller than the
wavelength, the output side of the slit can be considered as a
point source. Its Green’s function is [38]

G(x,y) = i

4π

∫ ∞

−∞

kyZ
′
s

kyZ′ + ωρa

ei(kxx+ky |y|)

ky

dkx. (8)

Here, kx and ky are the wave-vector components in the x and
y directions, respectively, satisfying ky = i

√
k2
x − k2, where k

is the wave number in air. For a point source in infinite space,
its plane-wave expansion form is

G(x,y) = i

4π

∫ ∞

−∞

ei(kxx+ky |y|)

ky

dkx. (9)

Compared with Eq. (9), Eq. (8) is multiplied by one more
factor, kyZ

′

kyZ′
s+ωρα

. This factor tailors the scale of each kx owing
to the introduction of HRs. This factor turns out to be infinitely
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large when

kyZ
′
s + ωρα = 0. (10)

This mode (kx) is the main mode for the wave transmitting
through the plate. Notice the effective impedance of the surface
of the plate in the output side is Z′

s = i( 1
ωCHR

− ωMHR)d.
Substituting the formula into Eq. (10), we obtain the dispersion
relationship of the main traveling mode in the output side of
the plate:

k2
xc

2
a = ω2 + 1(

ω2
HR − ω2

)2

(ρaca)2ω4

M2
HRd2

. (11)

This is the same as Eq. (7), which implies that the
main traveling mode on the output side of the plate is the
collective surface oscillations. This can be regarded as a
method to stimulate acoustic collective surface oscillations,
which corresponds to the near-field excitation of SPs in optics
[40].

The rectangular gratings act as antennae to couple the
collective surface oscillations to a radiation wave at a specific
wavelength, which results in the collimation effect. The
matching condition in the x direction is kout sin θ = kCSO ±
nG, where θ is the transmitting angle; kCSO and G are the
momentum of the collective surface oscillations caused by HRs
and the momentum of the rectangular gratings, respectively.

When kCSO = nG which implies the transmitting angle θ = 0,
the collimation beam is realized.

VI. DISCUSSION

To verify the existence of the acoustic collective surface
oscillations, we constructed a rigid plate decorated with
periodic two-dimensional HRs. The period of the HRs was
6 mm. The parameters of the HRs are the same as those
in Fig. 1(a). Because the dispersion curve of the collective
surface oscillations is always located at the right side of
the light line and the wave vector of the collective surface
oscillations is larger than the wave vector in air, the collective
surface oscillations cannot be stimulated by an illuminating
plane wave on the decorated plate with any incident angle.
In optics, optical gratings are used to couple the incident
wave into the surface mode and stimulate SPs [41]. Inspired
by this approach, we used acoustic gratings to stimulate
collective surface oscillations. Eight rectangular gratings were
introduced to the left side of the surface of the decorated plate,
as shown in Fig. 5(a). The lattice constant of the rectangular
gratings was 36 mm, therefore covering six HRs in each
period. The length and width of the gratings were 4 and
2 mm, respectively. The details of the decorated plate and
the rectangular gratings are also shown in Fig. 5(a). The
introduction of the rectangular gratings corresponds to adding

FIG. 5. (Color) (a) Schematic diagram of the structure to excite and detect the collective surface oscillation. The structure is a rigid plate
decorated with periodic HRs on its surface and several rectangular gratings on both sides. (b) Acoustic pressure distribution when matching
condition is not satisfied. Here the frequency is 5500 Hz. (c) Acoustic pressure distribution when matching condition is satisfied. Here the
frequency is 5448 Hz. (d) Acoustic pressure amplitude distribution at y = 0.3 m when the matching condition is satisfied.
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extra momentum to the incident wave. For an incident wave
with wave vector ki and incident angle θ . If the matching
condition, ki sin θ + nG = kx , is satisfied then the incident
wave can be greatly coupled into surface modes and the
collective surface oscillation is stimulated. Here, G is the
amplitude of the introduced reciprocal lattice vector induced
by the rectangular gratings and n is an integer. Otherwise,
the incident wave is reflected according to the reflection
law. Since there are no fluorescent molecules in acoustics,
the best way to detect the collective surface oscillation is
to scatter it and radiate the surface wave to the far field.
We introduced eight rectangular gratings to the right side
of the surface of the decorated plate, as shown in Fig. 5(a).
Reversed progress will take place to couple the collective
surface oscillation into a radiation wave when the matching
condition, kr sin θ = kx − nG, is satisfied. Here, kr is the wave
vector of the radiation wave. In Fig. 5(a), the black arrow
indicates the incident acoustic wave. If the matching condition
is not satisfied, the incident wave is reflected as shown by
the red arrow. When the matching condition is satisfied, the
incident wave is largely coupled into the collective surface
oscillation and travels along the surface of the plate before
meeting the rectangular gratings on the right side, as shown
by the green horizontal arrow. When the traveling collective
surface oscillation meets the rectangular gratings on the right
side, it will be coupled into the radiation wave, which can
be detected at the far field, as shown by the green slanted
arrow. Figure 5(b) presents the simulation results when the
matching condition is not satisfied. The frequency here is
5500 Hz (the wavelength is 62.4 mm) and the incident angle
is 40◦. The incident and reflected wave meet the reflection
law and no collective surface oscillation is stimulated. When
the frequency is 5448 Hz (the wavelength is 63.0 mm),
however, the reflected wave is greatly decreased, as shown
in Fig. 5(c). It is obvious that a strong collective surface
oscillation is stimulated and that it is well confined on the
surface of the plate. When the traveling collective surface

oscillation meets the right rectangular gratings, it is radiated
to the far field. If we regard the radiation wave caused by
the right rectangular gratings as another kind of reflected
wave, then in this situation, the incidence point and the
reflection point maintain their distance. It is worth noticing
that this distance is arbitrary. Figure 5(d) presents the acoustic
pressure amplitude at y = 0.3 m. For the 5500-Hz incident
wave, the profiles of the incident wave and the reflected wave
are close. But for the 5448-Hz incident wave, the profiles
of the incident wave and the reflected wave keep a long
distance because of the stimulation of the collective surface
oscillation.

VII. CONCLUSION

In conclusion, we have proposed two acoustic examples of
the collective surface oscillation on the surface of hard plates,
mimicking SPs in the optical case. Unlike well-known acoustic
surface waves such as Rayleigh waves and structure-induced
acoustic surface waves, the imitation SPs in acoustics are
closely analogous to SPs in optics in that they show almost the
same dispersion curve at low frequency. The surface collective
oscillations found in this study can anticipate many exotic
acoustical phenomena, similar to those found in the optical
case related to SPs.
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