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We report the observation of acoustic Bloch oscillations at megahertz frequency in a two-dimensional
phononic crystal. By creating periodically arrayed cavities with a decreasing gradient in width along one
direction in the phononic crystal, acoustic Wannier-Stark ladders are created in the frequency domain. The
oscillatory motion of an incident Gaussian pulse inside the sample is demonstrated by both simulation and
experiment.
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An electron in a periodic potential �a crystal� subjected to
an external field is first accelerated and then slowed down
until it reaches the top of the energy band or the Brillouin
zone boundary, where it reverses direction. In real space, the
electron keeps moving back and forth, oscillating in a local-
ized area. This phenomenon is well known as �electronic�
Bloch oscillations �EBOs�, and the corresponding electronic
states are the Wannier-Stark ladder �WSL� states �1,2�. But
an electron in a crystal always experiences scattering from
the imperfections of the crystal, and even Zener tunneling
when an external field is applied, and these dephasing effects
usually have a characteristic time shorter than the oscillatory
period h /eFd, where e is the electronic charge, F is the ap-
plied electric field, and d is the lattice constant. Therefore it
is not easy to observe EBOs in a conventional crystal. Until
now, EBOs have been observed only in semiconductor su-
perlattices �3,4�, thanks to the bigger lattice constant d of
superlattices, which results in an oscillatory period smaller
than the dephasing time. Recently, there is growing interest
in Bloch oscillations for photons in photonic crystals or
phonons in phononic crystals �5–7�. Because an electric field
has no effect on photons and phonons, different methods are
used to incline the photonic or phononic bands in these in-
vestigations. The typical method is to introduce periodic
cavities along one direction in the photonic or phononic crys-
tal by allowing the cavities to have a gradient in cavity width
or in the refractive index of the cavity material. Optical
Bloch oscillations have been realized both in theory and in
experiment in one-dimensional optical superlattices with
cavities of refractive index gradient along the growth direc-
tion �5,6�. Phonon Bloch oscillation and Raman spectra of
phononic WSL states have been described in nanosized
multilayer structures based on phonon cavities of increasing
thickness �7�; on a larger scale, WSLs and Bloch oscillations
for elastic or acoustic waves have also been demonstrated in
one-dimensional structures �8,9�. In addition, it was pre-
dicted that acoustic Bloch oscillations �ABOs� should be ob-
served in two-dimensional phononic crystals made of rigid
cylinders in water �10�.

In this paper, we demonstrate that acoustic Bloch oscilla-
tions can be truly realized in two-dimensional phononic crys-
tals made of steel cylinders in water. By introducing periodi-
cal arrayed cavities into the phononic crystal, and allowing
the cavities to have a gradient in width along the translating
direction, minibands are created in the band gap of the
phononic crystal and inclined along this direction. Both the
theoretical and experimental transmission spectra of the
structure show clearly the feature of acoustic WSLs, indicat-
ing that it was possible for ABOs to be established inside the
phononic crystal. Time-resolved ABOs are demonstrated by
numerical simulations based on the multiple-scattering
theory �MST�, and confirmed by the agreement of the calcu-
lation and the measurement for time-resolved transmission
spectra. This is also a demonstration of ABOs in phononic
crystals with dimension higher than 1.

The phononic crystal we use consists of a square array of
steel cylinders in water, with four cavities created along the
�-X direction �z direction� as schematically shown in Fig.
1�a�. The lattice constant of the base phononic crystal is a
=1.7 mm and the radius of the steel cylinders is R
=0.5 mm. Without the cavities, the �base� phononic crystal
has a band structure as shown in Fig. 1�b�, calculated with
the MST method �11�. A band gap extending from
0.34 to 0.52 MHz can be clearly seen along the �-X direc-
tion. With the cavities �of width 2a�, the superlattice in Fig.
1�a� has a band structure as shown in Fig. 1�c�. Since the
translation period �5a� of the superlattice is five times bigger
than the original phononic crystal along this direction; the
Brillouin zone of the superlattice along this direction is five
times smaller. We observe that there are two minibands in the
original gap region, with frequency ranging from
0.36 to 0.39 MHz and from 0.48 to 0.51 MHz, respectively,
which are the result of the coupling of cavity modes �12–17�.
The coupling of cavity modes supplies a passage to the
acoustic waves; as a result, mini pass bands emerge. These
minibands are essential for realizing ABOs, because they
may easily be inclined along the cavities’ translation direc-
tion by tuning the properties of the cavities. The simplest
way to incline the minibands is to supply a width gradient to
the cavities along the translation direction. For this purpose,
beginning from cavity W1 �see Fig. 1�a��, we gradually re-
duce the cavity width di �i=1,2 ,3� with a decrement �
=0.12a. In this way, the four cavities from W0 to W3 would
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have a new width di �i=0,1 ,2 ,3� being 2a, 1.88a, 1.76a,
and 1.64a in sequence. Since the minibands come from the
coupling of the cavity modes, the central frequency of the
minibands is thus governed by the cavity modes, which have
frequencies approximately inversely proportional to the cav-
ity width. Hence the central frequency of the minibands can
be written down as f �1/d, where d is the cavity width. The
decrease of the cavity widths along the z direction means an
increase of the central frequency of the minibands, i.e., f i
�1/di=1/ �d0− i��, so that the minibands are inclined up
along this direction. Therefore, the inclination of the mini-
bands in this way is generally not linear with the position
along the z direction, unless the decrement � is very small.
When � is very small, �f = f i+1− f i�1/� is uniform along the
z direction, such that for each infinite periodic structure with
cavities of a given width di �i=0,1 ,2 ,3�, the two minibands
have frequency ranges. The inclination of the two minibands
along the z direction for this sample is given in Fig. 2�a�,
similar to the cases in photonic crystals �5,6�. With the
sample prepared, we measure the transmission spectra based
on the well-known ultrasonic transmission technique �18,19�.
In the experiment, the sample is placed between a generating
transducer and a detecting transducer, and the entire assem-
bly is immersed in a water tank. A pulser-receiver generator

�Panametrics model 5800PR� produces a short-duration
pulse. 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. The pulses
transmitted through the sample are detected by an immersion
transducer. Both the generating transducer and the detective
transducer have the central frequency of 0.5 MHz and the
diameter of 25.4 mm. In Fig. 2�b�, we show the measured
transmission spectra with open circles. In order to compare
with theory, we also show in this figure the calculated trans-
mission spectra obtained with the MST method �20� as de-
noted with solid circles. The pass bands and band gaps can
be clearly identified in the spectra, and the theory and the
experiment show an overall agreement. The magnitude dis-
crepancy of the transmissions in theory and experiment
mainly comes from the absorption existing in the system.
Since several cavities are involved, the cavity mode reso-
nances �which are just the cause of the minibands� make
absorption more remarkable. In spite of the discrepancy in
the magnitude of the transmission coefficients, the most im-
portant features relevant to the ABOs are well preserved in
both the calculated and measured transmission spectra,
which are the oscillations in the spectral region correspond-
ing to two tilted minibands. Each peak in each miniband
corresponds to a single WSL state, which is the frequency
domain counterpart of a time-resolved ABO. Therefore, it is
expected that within the frequency of the minibands, it
should be possible to observe ABOs in the time domain.

To demonstrate the ABOs in the time domain, we launch
a Gaussian pulse into the sample. The Gaussian pulse is de-
scribed by g�f�=exp�−4���f − f0� /��2�, with the central fre-
quency f0=0.52 MHz located in the upper miniband, and �
=0.05 MHz. In response to the incident pulse, the time and
spatial variations of the displacement field u�z , t� inside the
sample can be calculated according to the scattering state
method as �21�

u�z,t� = 1/2��
−�

�

u�z, f�g�f�exp�− i2�ft�df , �1�

where u�z , f� is the displacement field distribution for each
frequency, which can be obtained by the MST method. Fig-
ure 3 shows the simulation result, where the oscillatory mo-
tion of the pulse is clearly observed in real time. We see that
at t=0 the pulse enters the structure at the surface z=0, then
tunnels through the forbidden band, and finally starts to os-
cillate within the inclined miniband inside the sample with a
regular period. The period can roughly be estimated as
70 	s.

Since it is difficult to measure the field distribution inside
the sample �the say nothing of the temporal field distribu-
tion�, it is hard to experimentally demonstrate an ABO in the
same way as in the simulation. Since the ABO inside the
sample affects the time-resolved transmission or reflection
spectra, the ABO can be alternatively demonstrated by mea-
suring the time-resolved transmission or reflection spectra.
According to the scattering state method, the time-resolved
transmission coefficients can be calculated from

FIG. 1. �a� Two-dimensional phononic crystal with four cavities,
designed to demonstrate ABOs; the base phononic crystal consist-
ing of a square array of steel cylinders in water. �b� Band structure
of the base phononic crystal without the cavities. �c� Band structure
along the z direction for the superlattice shown in �a�, the cavities
having a width of d=2a; two minibands denoted by MB1 and MB2
are induced by the cavities in the �-X directional gap. kz is in units
of � /5a.
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T�t� = 1/2��
−�

�

T�f�g�f�exp�− i2�ft�df , �2�

where T�f� is the transmission coefficient for frequency f ,
which can be obtained by the MST method. To measure the
time-resolved transmission spectrum corresponding to the
simulated ABO, a pair of plane transducers is used as de-
scribed in the transmission measurement, which has a central
frequency of 0.5 MHz and a frequency width of about
0.3 MHz. The incident pulse signal of the transducer is
shown in the inset of Fig. 4�a�. By measuring the time-
resolved transmission spectrum of the whole pulse and filter-
ing it to a frequency window that just covers four Wannier-
Stark states in the corresponding upper miniband, we obtain

the desired time-resolved transmission spectrum as shown in
Fig. 4�a�. Within the time range of the measurement, three
oscillatory cycles are clearly observed. For comparison, we
show in Fig. 4�b� the calculated time-resolved transmission
coefficient with a Gaussian incident pulse. We see that there
is a rather good agreement between the simulation and the
experiment. An oscillating period of 70 	s for the ABO can
be obtained from the two time-resolved spectra, in agreement
with the rough estimation from the real time simulation
above.

In conclusion, we investigated acoustic Bloch oscillations
in a two-dimensional phononic crystal. By creating periodi-
cally arrayed cavities with decreasing gradient in width
along one direction in the phononic crystal, acoustic
Wannier-Stark ladders were established in the structure. The
numerical simulation clearly shows acoustic Bloch oscilla-
tion inside the sample when a Gaussian pulse with central
frequency close to the Wannier-Stark ladders is incident into
the sample. The measured time-resolved transmission spec-
trum has good agreement with the calculation; both show the
acoustic Bloch oscillation having a period of 70 	s.
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FIG. 2. �a� Two minibands �dark regions� across the sample,
tilted by the gradient of the cavity width. White regions stand for
gaps. �b� Corresponding calculated �solid circles� and measured
�open circles� transmission spectra of the sample. The peaks in the
frequency region of each miniband can be clearly seen, which cor-
respond to the WSLs. The arrows indicate the experimental peaks.

FIG. 3. Field distribution across the sample along the z axis �see
Fig. 1�a�� varying with time, for reference, the sample is schemati-
cally drawn on the top. A change from dark to bright corresponds to
an increase of intensity. The ABO in the time domain is clearly
seen.

FIG. 4. Time-resolved transmission spectra of the sample in
arbitrary units, showing three oscillating cycles, the oscillation pe-
riod of the ABO is 70 	s. �a� Experiment and �b� calculation. The
incident pulse signal of the transducer is shown in the inset of �a�.
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