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We show that by placing a metal plate next to a two-dimensional phononic crystal, acoustic waves can
tunnel through the combined structure at a specific frequency that lies inside the band gap of the phononic
crystal. The enhanced transmission is attributed to the coupling of the input waves with the acoustically
resonant states created between the metal plate and the phononic crystal. Experiments are in excellent
agreement with the theoretical predictions.
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There is a growing interest in acoustic wave propagation
in periodic composites known as phononic crystals (PCs)
[1–10]. Great progress has already been made in under-
standing the nature of wave propagation in PCs, such as
band gap formation [1–5], negative refraction [6–9], di-
rectional radiation [10], and so on. Extensive PC applica-
tions have also been anticipated, for example, in sound
insulations and acoustic filters, wave guides, etc. Surface
modes and their relevant phenomena have always been an
important issue in the study of PCs. On the one hand, band
gaps for surface waves can be achieved by creating peri-
odic patterns on the surface of solid materials [11–13]; on
the other hand, acoustic wave transmission can be en-
hanced by surface modes in the band gap of a layered
structure, composed of two components with very small
impedance mismatch, interfaced to a medium of high
impedance. The surface modes in the latter case are not
true surface waves, but resonant surface states (RSSs)
created at the interface [14]. In this Letter, we report a
novel observation of enhanced acoustic wave tunneling in
a structure consisting of a two-dimensional (2D) PC ac-
companied by one or two metal plate(s), placed in water.
The PC is a periodic array of steel cylinders. The calculated
transmission spectra based on the layered multiple scatter-
ing theory (LMST) [15–19] show excellent agreement
with the experiment. It is further shown that the enhanced
tunneling is due to the coupling of the input acoustic waves
with the RSSs localized at the interface(s) of the PC and the
metal plate(s). This is a first experimental demonstration of
acoustic wave tunneling through PC in the band-gap re-
gime, through coupling with resonant surface states.

The experimental setup is based on the well-known
ultrasonic transmission technique [8,20]. Figure 1 gives a
schematic picture showing the position of the sample with
respect to the generating transducer and the receiving
transducer. Both the generating and receiving transducers

have a diameter of 25 mm and a central frequency of
0.5 MHz. The entire assembly is immersed in a water
tank. A pulser or receiver generator (Panametrics model
5900PR) produces a short-duration pulse with a width of
200 �s. The generating transducer is placed far away from
the sample to yield an input pulse approximating a plane
wave. The input pulse is determined by measuring its
amplitude and phase in water without the sample in place.
By Fourier-transforming the transmitted and input signals,
the amplitude A�f� and the phase ��f� (f denotes fre-
quency) for the transmitted and input waves are obtained.
The transmission coefficient is defined by jT�f�j �
Atr�f�=Ain�f�, where Atr�f� and Ain�f� are the amplitudes
for the transmitted and the input waves, respectively, at
frequency f. The phase information can be used to calcu-
late the band structure, the phase and/or group velocities,
and the directional density of states.

Theoretical calculations for transmission and field dis-
tribution are based on the LMST approach [18,19]. Within
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FIG. 1. Schematic representation of the experimental setup.
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the framework of LMST, a PC is regarded as a stacking of
layers, periodically arranged along the surface normal.
Within each layer the scatters are arranged periodically
in accordance with the crystal structure. Since the spherical
or cylindrical wave expansions for the field are used in
LMST, LMST is ideally suited to calculating the trans-
mission, reflection, and the field distribution for a PC slab
consisting of spherical or cylindrical scatterers. In particu-
lar, LMST can also easily handle a structure composed of a
PC slab accompanied by plates [15,17] placed parallel to
the layers.

The 2D PC we used in the experiment consists of an
array of solid steel cylinders in a square lattice with a
lattice constant a � 1:5 mm. The steel cylinders have a
diameter of 1.0 mm. To reveal the effect of the resonant
interfacial mode introduced by placing a steel plate on the
PC surface, measurements of the acoustic wave transmis-
sion were performed for four samples: (a) a steel plate
alone, (b) a PC slab alone, (c) a PC slab accompanied by a
steel plate on the bottom surface, and (d) a PC slab sand-
wiched by two steel plates. For all the samples, the PC slab
has a thickness of four layers and the steel plate has a
thickness of 0.5 mm. The measured results are presented in
Figs. 2(a)–2(d), with the corresponding samples schemati-
cally shown in the insets. For sample (a), a steel plate
alone, the transmission spectrum is typical for acoustic
wave transmission through a thin plate. Since the wave-
length is much larger than the plate thickness, there is no
Fabry-Perot resonance in the frequency region of interest.
For sample (b), a PC slab alone, a frequency gap extending
from 0.323 to 0.654 MHz can be clearly observed in the
transmission spectrum. Theory prediction by the LMST
approach shows excellent agreement with the experiment.
For sample (c), a PC slab accompanied by a steel plate on

the bottom surface, an enhanced tunneling transmission
peak, with amplitude about 0.65, appears at 0.46 MHz that
is in the frequency gap of the PC. This feature was also
predicted by theory when the steel plate is taken into
account. By comparing the transmission spectra of a steel
plate alone and a PC slab alone, it is straightforward to
deduce that the peak arises from the interaction between
the steel plate and the PC slab. To know more about the
nature of the peak, one more steel plate was introduced on
the top surface of the PC slab [sample (d)]. A splitting of
the transmission peak is observed. Calculation based on the
LMST approach once again confirms the experimental
observation. The splitting of the peak reminds us of the
coupling between the two resonant states. We conclude
that there exist RSSs at the interface of the PC slab and the
steel plate. For a single interface, the RSSs at the single
interface, by coupling with the incident waves, give rise to
the single (resonant) tunneling peak in the gap. For double
interfaces, the coupling of the RSSs at two individual
interfaces results in the splitting of the peak.

To have further insight into the tunneling peak arising
from the RSSs, the dependencies of the tunneling peak on
the separation between the steel plate and the PC slab, on
the thickness of the steel plate, and on the thickness of the
PC slab are investigated. Figures 3(a1), 3(a2), and 3(a3)
show the transmission spectra for a PC slab accompanied
by a steel plate on the bottom [see the inset in Fig. 2(c)]
with separation between the steel plate and the PC slab
being 0.1, 0.3, and 0.6 mm, respectively. It can be seen that
the tunneling peak moves to lower frequencies with in-
creasing separation. This feature can be easily understood
because the RSSs are closely related to the interface struc-
ture. With a further increase in separation, the peak finally
moves out of the band gap, indicating the disappearance of
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FIG. 2 (color online). Transmission
spectra of acoustic waves through (a) a
steel plate alone, (b) a PC slab alone,
(c) a PC slab accompanied by a steel
plate on the bottom, and (d) a PC slab
sandwiched by two steel plates. Solid
squares denote experimental data; open
circles denote theory predictions. The
insets give schematic representations of
corresponding sample configurations.
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the RSSs. Figures 3(b1), 3(b2), and 3(b3) give the trans-
mission spectra for a similar structure as above, but with
varying steel plate thicknesses of 0.5, 0.8, and 1.5 mm. It
shows the tunneling peak to be hardly influenced by the
metal plate thickness. This feature can be understood if the
RSSs are tightly bound in the water area between the steel
plate and the PC slab, hence hardly influenced by the steel
plate thickness. Figures 3(c1), 3(c2), and 3(c3) show the
transmission spectra for PC slabs sandwiched by two steel
plates on top and on bottom [see the inset of Fig. 2(d)] with
varying slab thicknesses: 4, 6, and 8 layers. We see that
with increasing PC thickness the two split tunneling peaks
merged into one peak, indicating the disappearance of
coupling between the RSSs at the two individual
interfaces.

To demonstrate the existence of the RSSs, we have
calculated the directional density of states (DDOS) along
the surface normal of the sample shown in the inset of
Fig. 2(c). The DDOS is proportional to dk=d!, where ! is
the angular frequency and k the wave number. As the phase
shift � of a wave through a sample is proportional to the
wave number in the sample, the DDOS is thus proportional
to d�=d!. With a plane wave incident onto the sample, the
transmitted waves, with the amplitude and the phase shift
�, can be calculated with the LMST method. The DDOS

thus can be obtained by calculating d�=d!. Figure 4
shows the DDOS obtained by this method. We observe a
very high DDOS at 0.46 MHz, which is a direct evidence of
the RSSs with a high density of states. To have a more
direct demonstration of the RSSs, we also calculate the
field distribution throughout the sample subject to an inci-
dent plane wave at frequency 0.46 MHz, by using the
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FIG. 4. Calculated DDOS (in arbitrary unit) along the surface
normal direction of the sample shown in the inset of Fig. 2(c).
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FIG. 3 (color online). Transmission spectra of (a) a PC slab accompanied by a steel plate on the bottom but with different slab-plate
separations: (a1) 0.1 mm, (a2) 0.3 mm, (a3) 0.6 mm; (b) a PC slab accompanied by a steel plate on bottom, but with different plate
thickness: (b1) 0.5 mm, (b2) 0.8 mm, (b3) 1.5 mm; (c) a PC slab sandwiched by two steel plates on top and on bottom, but with
different PC slab thickness: (c1) 4 layers, (c2) 6 layers, (c3) 8 layers. Again, solid squares denote experimental data while open circles
denote theory.
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LMST method. As shown in Fig. 5(a), there is a very strong
field distribution at the interface between the steel plate
and the PC slab, which is direct evidence for the RSSs. In
contrast, in Fig. 5(b) we show the field distribution
throughout the sample subject to an incident wave with
frequency 0.55 MHz, out of the frequency of the RSSs. It
can be seen that the field distribution at the interface at this
frequency is much weaker, indicating the absence of RSSs.

In conclusion, acoustic wave resonant tunneling through
a PC slab accompanied by metal plates within the fre-
quency gap of the PC is demonstrated both experimentally
and theoretically. It is found that resonant tunneling can be
attributed to the coupling of the incident waves with the
resonant surface states at the interface of the PC slab and
the steel plate. From all the evidence, a very simple physi-
cal picture emerges for the RSS—it is due to the total
reflection of the PC (in the gap frequency regime) on the

one side, and the near-total reflection of the metal plate on
the other. When the metal plate surface coincides with the
nodal plane of the standing wave that results from the
incident and the totally reflected wave from the PC, a
resonant surface state emerges. It follows from this physi-
cal interpretation that surface guided modes are potentially
possible. Studies in pursuit of these interesting modes are
currently in progress.
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FIG. 5 (color online). Calculated displacement field distribu-
tion throughout the sample shown in the inset of Fig. 2(c),
subject to an incident plane wave of frequency (a) 0.46 MHz,
the frequency of the resonant surface states, (b) 0.55 MHz, out of
the frequency of the RSSs. From left to right, are shown water,
steel plate, and PC slab of four layers (the steel cylinders in the
PC have clear boundaries), as marked by the vertical dashed
lines. The axes are in units of a, the lattice constant of the PC.
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