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Refraction control of acoustic waves in a square-rod-constructed tunable sonic crystal
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A two-dimensional square-rod-based tunable sonic crystal was constructed by 1.6 mm-wide steel square
rods in air with a lattice constant of 2.5 mm to operate in an ultrasonic regime. By means of simply rotating
square rods, the scattering sections, corresponding to different geometric factors of the sonic crystal, have been
changed to manipulate the refraction from positive to negative, and thus produce a tunable acoustic superlens.
These results show an effective method to control wave propagations in not only sonic crystals, but also other

periodic structures, such as light in photonic crystals and water propagation in periodic rods.
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Wave refraction has been a subject of considerable inter-
est. In the common sense, refractions are always positive.
Negative refraction of light, however, was first theoretically
predicted in left-handed materials (LHM) with both permit-
tivity and permeability simultaneously negative' and experi-
mentally observed in two-dimensional (2D) LHM by an ar-
ray of split-ring resonators and wires.””’ Besides LHM,
photonic crystals were also proposed, by analyzing PCs by
equi-frequency surfaces (EFS),%!! to realize the negative re-
fraction in both microwave and infrared regions, which re-
sulted from intense multiple scatterings instead of double
negative permittivity and permeability. Based on negative
refractions, a kind of flat lens was also proposed and estab-
lished as a superlens to make use of both evanescent waves
and propagating waves to produce a real image beyond the
diffraction limit.''=!> Now, like photonic crystals, negative
refraction has gone into acoustics in sonic crystals and other
classical waves, also leading to a superlensing effect.!®-20

It is highly desired to obtain some degrees of tunability in
wave refractions. Light refractions could be modulated from
positive to negative by altering photonic crystals’ permittiv-
ity or (and) permeability with applied fields.?'?*> But it is
difficult to change analogous parameters, such as the density
and modulus in sonic crystals. Can acoustic refractions be
tuned from positive to negative? And how large can the
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tuning range of acoustic refraction reach? In this paper, we
will attempt to address these questions in a square-rod-
constructed  sonic  crystal (SRSC) by geometric
adjustments.?>>> To our knowledge, the refraction control is
discussed in acoustics and the acoustic tunable superlens is
experimentally constructed for the first time, whose very
large tuning range will allow great potential applications in
light, sound, and liquid wave propagations. In the present
experiment, a 2D SRSC was constructed, in which the lattice
constant is a=2.5 mm and the width of the rods is 1.6 mm,
resulting in a filling fraction of approximately 41%.%°

For the noncircular-structure-based sonic crystal, the mul-
tiple scattering method is difficult to be used to calculate the
band structure if not impossible. But plane wave expansion
method could be well applied to solve this problem.?*-2° Es-
pecially in the giant impedance mismatch system like our
sonic crystal consisting of air and steel, the sound almost
does not penetrate steel cylinders and hence the propagation
is confined and predominant only in the air so that only
longitude waves are considered in the sonic crystal because
there is no shear acoustic wave propagating in air.>’ For the
SRSC of square rods of rotational angle 6 (see the inset of

Fig. 1), the geometric factor I(é), used to expand every pa-
rameter including ﬁr), ’ﬁ and u(r) in the plane wave expan-
sion, is defined as follows Refs. 23-25:

FIG. 1. (Color online) Theoretical demonstra-
tion of tunable acoustic negative refraction in
SRSC. (a) and (b) are band structures of the
SRSC with 6=0° and 6=45°, respectively. The
shaded region in (b) denotes the all angle nega-
tive refraction region with the surface normal of
I'-M direction. (c) is EFSs in k space of air
(solid) and SRSC with both #=0° (dashed) and
6=45° (dotted) at 42 kHz; v, is the group veloc-
ity in the acoustic crystal.
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FIG. 2. (Color online) The de-
pendence of tunable refraction on
frequencies for the incident angle
of 45° with (a) #=0° and (b) 6
=45°, respectively. (al) and (bl)
are the average acoustic transmis-
sion intensity versus frequency
(kHz) and angle for the SRSC.
The refraction was considered
negative refraction (NR) or posi-
tive refraction (PR) if the maxi-
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b2 mum transmission intensity is de-
tected at the up or under side of
the surface normal, respectively.
The average intensity scale varies
. from O to 1. (a2) and (b2) are
comparisons of experimental mea-
surements (dots) and theoretical
simulations (line) of refractive
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and F is the filling fraction. Since the filling fraction in our
SRSC is only 41%, 6 could be rotated from 0° to 45°, and
extremely demonstrate its tunablity. There is only a little
difference in band structures and refraction angles (less than
1%) between the rotation angle @ and —6. In this paper, we
only show the results of # from 0° to 45°, which can effec-
tively reveal that our refraction controllable scheme is also
available for # from 0° to —45° since the configuration of
6=45° is totally identical to that of §=—-45°.

The propagation of acoustic waves in sonic crystals is an
accumulated effect of multiple scatterings, so it is very sen-
sitive to the scattering section in one unit cell. The scattering
section is the effective scattering area of the sonic crystal,
which is introduced in Eq. (1) of the geometric factor using

G, (cost9 sin 0>(Gx)

G, “\-sin@ cos 0/\G,/
So corresponding to different rotational angles 6, the scatter-
ing sections to acoustic waves in one unit cell are different
due to the geometric differences, analog to the case in x-ray
scatterings by crystals. Hence, the total effect of multiple
scatterings in the SRSC based on the Bloch symmetry will
be dramatically changed by rotating the square rods. The
SRSCs band structures are calculated with 289 plane waves
as shown in Fig. 1. The acoustic band gaps are enlarged
gradually by increasing the rotational angle € from 0° to 45°.

angles versus frequencies.
41 42 43 “

Frequency (kHz)

For the larger rotational angle, the lowest acoustic band is
decreased and compressed, corresponding to more intense
anisotropy that could be easily understood through the EFSs
shown in Fig. 1(c) where the frequency is 42 kHz. The an-
isotropy of wave propagation is determined by the curvature
of EFS. The more dramatic modification of the EFS corre-
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FIG. 3. (Color online) Tunability of the SRSC with rotational
angles 6. (a) is the comparison of measured (dots) and calculated
(line) angles of refraction versus rotational angles 6 at 42 kHz for
the incident angle of 45°, demonstrating a tunability for a single
beam. (b) is the control of AANR, exhibiting an imaging tunability
with a tunable acoustic superlens. AANR occurs only when its up-
per limit (solid) is higher than its lower limit (dashed).
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sponds to the greater anisotropy. With increasing 6, the scat-
tering section in one unit will be enlarged as the geometric
factor increases, which leads to dramatic modifications of
SRSCs EFS and the anisotropy of wave propagation. In com-
parison with 6=0°, the scattering section is enlarged by a
factor of V2 when 6=45° so that the anisotropy of EFS is
effectively enhanced.

The anisotropy of EFS determines the propagation and
refraction of acoustic waves in SRSC. Due to the sensitivity
of anisotropy to the rotational angle 6, the wave refraction
also varies with 6. From Fig. 1(c), with the surface normal of
SRSC along I'-M direction ([1, 1] in real space), it is obvious
that the great anisotropy at larger rotational angles such as
0=45° produces negative refraction, while the refraction is
positive when the rotational angles are smaller such as 6
=0°. So with the supposed parameter of SRSC, rotating 6
from 0° to 45° will effectively manipulate the refraction from
positive to negative. And the larger the rotational angle 6, the
greater the negative refraction angle.

To verify the analysis of the refraction of acoustic waves,
a scanning transmission measurement of spatial distributions
covering frequencies from 37 to 43 kHz was carried out by
various rotational angles with the incidence of 45°. The ex-
perimental setup is the same as our previous paper.'® The
dependence of refraction on frequencies is shown in Fig. 2
with (a) for the rotational angle of 0° and (b) for 45°, respec-
tively. For better contrast, the data are represented in terms of
the average transmission intensity. For the case of #=0°
shown in Fig. 2(a), the center of the outgoing Gaussian beam
is always shifted to the top and positive refraction is ob-
served. For the case of §=45° shown in Fig. 2(b), however,

FIG. 4. (Color online) Tunable superlensing
effect of the SRSC at 35 kHz. (a) has no image
without AANR and (b) is a good image with
AANR.

due to the large anisotropy, negative refraction could be ob-
served at higher frequencies above 39 kHz, corresponding to
the beam center shifting downward. Notice that the refractive
angle is dependent on frequencies. Refractive directions with
frequencies were also calculated as shown in Figs. 2(a) and
2(b). In the range of scanning frequency from 37 to 43 kHz,
the experimental measurements agreed well with the theoret-
ical calculations. At the same frequency, the refractive angle
with #=45° is always more negative than that with §=0°. So
refractions could be expected to control from positive to
negative by rotating the 6 from 0° to 45°, a result of the
enhancement of the anisotropy.

These observations of different refractions in the cases of
6=0° and #=45° could be well understood by examining the
acoustic anisotropic EFS. The corresponding acoustic EFS
and its curvature determine the direction of acoustic refrac-
tion in SRSC. It is well known that the negative refraction is
easier to establish when the anisotropy of EFS is more in-
tense. With rotating 6 from 0° to 45°, the scattering sections
become larger and the SRSCs EFSs are easier to convex
around the M point, corresponding to the more intense an-
isotropy, so that refractions will change from positive to
negative. We also carried out experiments with #=15° and
30° to verify our analysis. The results also agreed well with
the theoretically calculated relation between the refraction
and rotational angle 6 shown in Fig. 3(a). The larger 6 results
in the greater curvature of EFS, and leads to the bigger nega-
tive refractive angle. If the frequency is higher, EFSs will
change more dramatically so that the refraction’s manipula-
tion is more obvious and the scanning range is wider.

Based on negative refractions, a kind of flat lens was also
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proposed and established as a superlens to make use of both
evanescent waves and propagating waves to produce a real
image beyond the diffraction limit."'='72% To further study
the effect of the tunable negative refraction, we also calcu-
lated the range of the all angle negative refraction (AANR),
shown in Fig. 3(b). It is well known that the upper limit of
AANR is the frequency with a refractive angle —90° for the
incident angle of 90°, while the lower limit is the negative
refraction starting frequency for the incident angle very close
to 0°.° With 6 changing from 0° to 45°, however, the lowest
band of SRSC is effectively decreased and compressed, re-
sulting in an intense anisotropy. Like negative refraction,
AANR is also easily realized by intense anisotropy so that
AANR appears at §=27° and enlarges with rotating 6 to 45°.
A tunable acoustic superlens can be constructed by SRSC
through such a tunable effect of AANR. When 6 is smaller,
the minor anisotropy will allow good transmission of acous-
tic waves, while when 6 is larger, the intense anisotropy will
create a real image of the acoustic source due to AANR. Of
course, waves could also be tuned in the band gap so that
they may not transmit. In addition, the tunable effect will be
more obvious with a higher filling fraction.?*

An imaging experiment similar to that in Ref. 17 was
performed with two different 6 of 0° and 45° at 35 kHz, as
shown in Fig. 4. To get a point source, the area with most of
the emitting transducer was blocked and only left a hole at
the center with a diameter of 8 mm (a little bit less than the
wavelength). This point source was placed 5 mm in the front
of SRSC. By using a 1/4 inch receiver (Briiel & Kjer com-
pany, Denmark), all field distributions behind SRSC were
measured as shown in Fig. 4. Obviously, a good image was
recorded when 0=45° [Fig. 4(b)] but no image when 6=0°
was recorded [Fig. 4(a)], which is in a good agreement with
the theoretical calculation. Wave propagation in the sonic
crystal is a kind of multiscattering so that the field pattern is
also the accumulation of all scatterings due to the Huygens
principle. Hence, some interference patterns occur if waves
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from different directions satisfy the condition for interfer-
ence. On the other hand, due to the size of our receiver,
which is not much less than the wavelength (but it is very
difficult to get a very small transducer within the range of
tens of kHz), the resolution of our imaging system is not as
good as the theoretical expectation. Ideally, it is possible to
get a subwavelength resolution because of the existence of
negative refractions.!!-17-20

In summary, we have experimentally constructed a 2D
tunable SRSC with square rods, which results in effective
modifications of band structures, then EFS and anisotropy of
wave propagations by rotational angles. In this effect, rotat-
ing all square rods could change the scattering section in one
unit cell, and then manipulate the refraction of the acoustic
waves from positive to negative. Based on this tunability, a
tunable acoustic AANR superlens could be proposed by
SRSC with different rotational angles. The refraction control
could also be tuned to a desired frequency range by adjusting
the lattice constant and constructing materials of the SRSC,
for example, with immersing our structure into liquids such
as water.

The tunability we established in SRSC could be applied to
control not only the refractions but other features of wave
propagations, such as resonant transmission by a defect of
sonic crystals. Rotating a rod or an array of rods can easily
produce a point defect or a line defect, and even multiple
point or line defects. And this idea on SRSC could also be
effectively used in the propagation of light, liquid, and other
waves, which will lead to great potential in ultrasonics, pho-
toelectronics and so on.
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