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1. Introduction

Diodes play an essential and important role in controlling current flow in the electric
circuits. The rectification mechanisms utilize thermo electrons in vacuum tubes and the
difference in energy band structures between p - n junctions of semiconductors. Ever since
the advent of nanotechnology, efforts were made to realize a nano diode, and rectification of
current is achieved by using geometric effects on electron scattering by asymmetric
scatterers.(Song et al., 1998; Fleischmann & Geisel, 2002; Linke et al., 1998). In contrast, the
rectification mechanism of acoustic waves is not established, and then rectification
mechanisms of acoustic waves attract much attention from both theoretical (Liang et al.,
2009) and experimental viewpoints (Chang et al., 2006).

Recent theoretical work proposed a rectification mechanism of acoustic waves utilizing
mode conversion of acoustic waves owing to elastic anharmonicity in the constituent
materials (Liang et al., 2009), and then the efficiency of rectification of the proposed model
depends on the amplitude of acoustic waves. In addition, there is difficulty in finding
suitable materials for fabricating the system.

We have proposed a rectification mechanism for acoustic waves (Krishnan et al.,
2007;Shirota et al., 2007) based on geometric effects on scattering of acoustic waves by
asymmetric scatterers, and have confirmed, with numerical simulations, the rectification
effects of acoustic waves for bulk acoustic waves (Krishnan et al., 2007; Shirota et al., 2007),
and Rayleigh waves in the surface (Tanaka et al., n.d.). In this chapter, we review the
rectification mechanism, and illustrate the capability of rectification for bulk acoustic waves,
and Rayleigh waves, respectively. Surface acoustic waves (SAWs) are exploited in a variety
of devices, and then the proposed rectification mechanism is expected to provide novel
functions to the acoustic wave devices.

The chapter is organized as follows; we introduce a model of rectifier for acoustic waves,
and provide the methodology in §2. The numerical results for bulk transverse and
longitudinal waves and Rayleigh waves in the surface are given in §3. A summary and
future prospects are given in §4.

2. Model and methodology

The acoustic wave rectifier to be discussed consists of an elastically isotropic material
containing a one-dimensional array of isosceles-triangular holes with summit angle o in the
y direction, whose axis is in the z direction as shown in Fig. 1(a). The distance between the
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Fig. 1. (a) Schematic view of our model that shows the rectification effect for acoustic waves.
(b) z-polarized transverse acoustic wave reflection from isosceles-triangular holes drilled in
an elastically isotropic material. The triangles are separated by the same distance as the base,
and are aligned in the y direction. The thick arrows indicate the directions (I) and (II) of
incident waves. The thin arrows show reflection and transmission of waves in the very short
wavelength limit, where the diffraction is ignored.

neighboring triangles is the same as the base length a of the triangles (thus the periodicity in
the y direction is D = 2a). The holes are left empty in order to get strong reflection of acoustic
waves.

Rectification for acoustic waves with very short wavelength in this system is apparent.
Considering case (I) that acoustic rays propagate from the left region toward a matrix with
equilateral-triangular holes (a = 7/3) of periodically aligned in the y direction as shown in
Fig. 1(b), one half of them are scattered backward, and the rest passes between the
scatterers. The resultant transmission rate becomes 0.5. On the other hand, the transmission
rate becomes 1 for case (II) where the rays impinge on the summits of the triangular voids
from the right region, since the rays reflected from the surface are transmitted to the left
region through the passes between the holes. Thus the acoustic waves are rectified in the
very short wavelength limit.

The prediction by the ray-acoustics cannot be immediately applied to the wave propagation
at finite wavelength because of decay in the geometric effects and of interference effects. The
waves peculiar to the geometry of scatterers decay near the scatterers and only the
azimuthally symmetric waves propagate in the asymptotic field as a cylindrical wave in a
two-dimensional (2D) system or a spherical wave in a 3D one. Thus the rectification seems
impossible for finite wavelength, however, the present system works as a rectifier for
acoustic waves as shown below.
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Here we consider acoustic waves propagating through an array of triangular holes drilled in
an isotropic material. In this case the equations of motion governing the displacement
vectors u(r, t) are given by

p(x)iii(r,t) =0,0; (r,t) (i=1,2,3) (1)

oji (r,t) = Cijmn (x)anum (r,t) ()

where r = (x, z) = (x,, z) and the summation convention over repeated indices is assumed in
Egs. (1) and (2). p(x) and cijun (x) are the position-dependent mass density and elastic
stiffness tensor of the system, and oj (r, t) is the stress tensor. Furthermore, we need to
impose proper boundary conditions for SAWs. SAWs should satisfy the stress-free
boundary condition at the surface z =0, or

=0 (i=1,2,3). 3)

o-i3|2:0 = Ci3mnanum|Z:0
Solving the equations with finite-difference time-domain (FDTD) method numerically, we
can obtain the time evolutions of displacement vectors u(r, f) and stress tensors o (r, t) at
each point in the system. To calculate the transmission rate through the periodic array of
triangle holes, we define the acoustic Poynting vector Ji (v, f) = —u; (r, t)gj(t, t) from the
continuity of energy flow. In terms of the Fourier components of the displacement u (r,®)
and the stress tensor &ij (r,®), the energy flow at frequency win the x direction at the
position x is expressed by

J(x,0) = -4z [Im| wil;(x,0)6, (x, @) ldydz. 4)

Hence we can determine the transmission rate T (@) by the ratio of the element of the
acoustic Poynting vector in the x direction ], (xp,®) to that in the absence of scatterers
1°(xp, @), which is given by
] (xp, @)
T ((()) = AE—/ (5)
Jx (xp, a))
where xp is the detecting position which is on the right side of the scatterers for case (I) and

on the left side of the scatterers for case (II). We introduce an efficiency 7(w) to quantify
rectification by

1@ - Ty(@)
1) T @) Ty(o)

where Trand Ty are the transmission rates for cases (I) and (II), respectively.

)

3. Numerical results

3.1 Bulk acoustic waves

In the section we illustrate the rectifying effects of bulk acoustic waves propagating in the x-
direction. Because of the homogeneity in the z direction, the governing equations (1) and (2)
are decoupled into two independent sets; one is expressed by
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where the acoustic wave is z-polarized transverse wave, referred to as single mode. Another
is the acoustic waves termed mixed modes with polarization in the x - y plane, which obey

0%u, (x,t) _ 0oy, (x,1) .\ 00, (x,t)
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ou, (x,t ou, (x,t
0y (%) ~Cop () 2] 2 et)
Y
ou, (x,t) ou,(x,t)
axy(x,t)=C44(x)[ a(y ), 24l ]

The mixed modes consist of longitudinal and transverse waves due to the scattering by the
triangular voids since the mode conversion between the longitudinal and transverse waves
takes place for scattering.

3.1.1 Single mode

Figure 2 shows the transmission rates versus frequency in the case of equilateral-triangular
holes (a = 7/3) and isosceles-triangular holes (a = 27/9) for two opposite incident directions
(I) and (II). For both types of triangular holes, there is not noticeable difference in the
transmission rates between the two incident directions at low frequency; an/v; < 7z On the
other hand, we find remarkable dependence in the transmission rates on the incident
directions at an/v; > 7. Above the threshold frequency ana/v: = 7, the transmission rate for
(I) is approximately T = 0.5 that is the same as the magnitude predicted from the ray-
acoustics, showing small dips in magnitude at the multiples of the threshold frequency. The
transmission rate for (II) is larger than that for (I), and also shows periodic dips in
magnitude with the same period as (I). The obvious difference in the transmission rates
above the threshold frequency between (I) and (II) indicates that the rectification occurs at
the wavelength comparable to the dimension of scatterers, i. e. 2/4>1/2 due to the linear
dispersion relation w= kv =27v;/ A. Although the periodic dips, which appear when an/v;=
nr(n=1,2,3,...), are common to both the equilateral- and isosceles-triangular holes, the
latter system has advantageous properties for rectification of acoustic waves; the
transmission rates for (II) of o= 27/9 are larger than those for o = 7/3. This indicates that
the rectification is enhanced with decreasing «.
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Fig. 2. Transmission rate versus frequency. The dashed and solid lines indicate the transmission
rate for o = 7/3 and 27/9, respectively. Each case of (I) and (II) is bundled with an ellipse.

Within the ray acoustics approximation, the transmission rate of (II) is expected to be 1 for
a< /3 and 0.5 for &> 7/2, and varies as T = (1/2) + cosa for 7/3 < a < z/2. On the other
hand, the transmission rate of (I) becomes 0.5, independent of «. For finite wavelength, the
transmission rate changes with o as shown in Fig. 2, showing a larger transmission rate at
a =27/9 than that at @ = 7/3. From the results, we expect that the rectification effects decay
with increasing «. To investigate the angle dependence, we examine the change in the
transmission rates for variation of a. Generating a wave packet having a Gaussian spectral
distribution of central frequency ac = (57/2)(vi/a) with Aw= (7/2)(v:/a), we evaluate the
transmission rate for the wave packet, defining

”wc +ijx (xp, @) deodydz

wc—Aw

i ”wc e 19(xp, @) deodydz .

- —Aw

)

Figure 3 plots the transmission rates defined by Eq. (7) versus a. The difference in the
transmission rates decreases with increasing a. However, the rectification effects survive for
a> n/2. We also find that the transmission for (I) is slightly larger than 0.5. We can regard
these deviations from the predictions based on the ray acoustics as diffraction effects.

The threshold frequency for the rectification and the periodic change in the transmission
rate originate from the interference effects. Because of the periodic structure in the y-
direction, the wavenumber in the y direction is discretized in unit of ”7”, so that the
dispersion relation of the acoustic waves becomes subband structure given by

2
o=k =0, /kg{”—”j , ®)
a

where 7 is an integer. Figure 4 shows the dispersion relation of single mode for the summit
angle a = z/3 together with the corresponding transmission rate. When the incident waves
with k, = 0 are elastically scattered, the waves are transited to the waves with finite k,.
However, below the threshold frequency wma/ vy, there is no waves with finite k,, so that the
incident waves in the x-direction are scattered only forward or backward, even if the waves
are scattered from the legs of triangles, resulting in the transmission rates independent of
the incident-wave directions.
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Fig. 3. Transmission rate defined by Eq. (7) versus the summit angle ¢. The thick dashed and
solid lines indicate the transmission rate for cases (I) and (II), respectively. The thin solid
lines indicate the transmission rates for (I) and (II) based on the ray acoustics.
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Fig. 4. (a) Transmission rate versus frequency for single modes through single-array of
triangular holes with a = z/3. The labels (I) and (II), designated by red and blue solid line,
respectively, indicate the incident direction of acoustic waves. The vertical dashed lines
indicate the positions of nzw;/a, wheren =1, 2, . . . where v;are the velocity of transverse
waves. (b) Dispersion relation of single modes within the empty-lattice approximation.

Redirection of the incident waves for scattering occurs only in the frequency region above
the threshold frequency. Since each dispersion relation of the waves with finite k, becomes
minimum at k, = 0, the density of states diverges, resulting in remarkable scattering into the
waves with finite k, and k, = 0 when the frequency matches the subband bottoms. The
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geometry of the scatterers enhances or suppresses the redirection depending on the incident
directions of the wave. Hence, the rectification occurs only above the threshold frequency
and the dips in the transmission rates take place.

3.1.2 Mixed mode

The transmission rates versus frequency for mixed modes are shown in Fig. 5, when the
longitudinal waves are transmitted. We assumed the matrix made of tungsten, whose the
mass density pand the elastic stiffness tensors Ci1, Cas are 19.317g cm-3 and 5.326x10"2dyn
cm-2, 1.631 x 10"2dyn cm-2, respectively. The velocities of bulk longitudinal and transverse
waves are ;= 5.25 x 10°cm s-!and ;= 2.906 x 10°cm s-1. (Kittel, 2004)

The red and blue solid lines indicate two different incident directions (I) and (I),
respectively. The two transmission rates agree for an/v; < 7, and we can see the difference
between the transmissions for an/v; > 7, although it is not as large as that for the single
modes, manifesting rectification of the mixed modes. Unlike the single modes, we can see
two kinds of periodic changes in transmission rates above an/v: = 7 one is periodic
modulation with period Aan/v;= 7, indicated by the black dashed vertical lines, and another
is periodic variations with period Aan/v;= 7 % v;/v;~ 1.807 7, indicated by the green ones. In
addition, some aperiodic dips in the transmission rate indicated by the arrows appear above
on/vr= 7 These dips shift when the shape of the triangular hole changes. Very interestingly
there is no rectification in high frequency regions (ai/v; > 13) because, for the waves
impinging on the summit, the mode conversion from longitudinal waves to transverse ones
is strongly caused and the scattered transverse waves return to the incident direction.

3.2 Surface acoustic waves

Figure 6(a) shows the frequency dependences of the transmission rates for SAWs with the
incident-wave directions (I) and (II) which are denoted by red and blue solid lines,
respectively. For numerical evaluation, the matrix is assumed to be polycrystalline silicon
regarded as an isotropic medium, where the mass density pand the stiffness tensors Ci1, Cy4
are 2.33g cm-3 and 1.884 x 10"?dyn cm-2, 0.680 x 10"2dyn cm-2, respectively. (Tamura, 1985)
Then the velocities of bulk longitudinal and transverse waves are v;= 8.99 x 10°cm s-1 and v;
= 540 x 10°cm s-1, respectively. The equation for the velocity of a Rayleigh wave in an
isotropic medium with a surface is given by

2 2
56—8§4+8§2[3—20—;J—16( —v—;]=0, )

&

where &= vr/v; (vris the velocity of Rayleigh wave). (Graff, 1991) Solving Eq. (9), we obtain
&= 0.914. A wave packet with z-polarized vector is used as an incident wave in order to
excite SAWs in the system. Below the threshold frequency corresponding to the wavelength
of SAWs equivalent to the periodicity of the array, both the transmission rates are coincident
because the waves with long wavelength cannot recognize the geometrical difference.
However, above the threshold frequency, the transmission rate shows obvious rectification of
SAWs as well as periodic dips with respect to frequency, resulting from the strong interference
effects of scattered SAWs. We also find the periodic structure of the transmission rate of case
(II) is more pronounced than that of case (I) because the former makes the mode conversion
more accessible than the latter due to the geometry of the scatterers.
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Fig. 5. Transmission rate versus frequency for mixed modes through single-array of
triangular holes with a = z/3. (I) and (II), designated by red and blue solid line, respectively,
indicate the incident direction of acoustic waves. The vertical black dashed lines (as shown
in Fig. 4) and green ones indicate the positions of nzv;/a and nwv;/a, where v;and v;are the
velocity of longitudinal and transverse waves, respectively, and n is a positive integer (n =1,
2,3, ...). The arrows indicate the dips whose positions depend on the geometry of
triangular holes such as the summit angle « and the length of base a.

27 47 6m 81 107

30

Fig. 6. (a) Transmission rate versus frequency for SAWs through single-array of triangular
holes with a = z/3. The labels (I) and (II), designated by red and blue solid line,
respectively, indicate the incident directions of SAWSs. The vertical dashed lines indicate the
positions of 2nézv;/D, wheren =1, 2, . . . where & = vr/v; (vr and v; are the velocity of
Rayleigh and transverse waves, respectively). (b) Dispersion relation of SAWs within the
framework of empty-lattice approximation.

Figure 6(b) shows the dispersion relation of SAWs within the framework of empty-lattice
approximation to reveal the origin of the periodic dips in Fig. 6(a). Within the empty-lattice
approximation the subband structures due to the periodicity of the y direction appear in the
dispersion relation, which are given by
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@zg\/(kxp)z +(27n)?, (n=0,41,%2,--.). (10)

Uy

The dispersion relation can be obtained by replacing the wavevector k in the dispersion

2
relation of Rayleigh waves @ =vyk by \/ k2 + (ky +27n / D) where 27m/D is the reciprocal

lattice vector in the y direction. The dips in Fig. 6(a) correspond to the band edges of the
subband structure, manifesting that the periodic dips in the transmission are due to the
Bragg reflection of SAWs in the y direction. It should be noted that the shift of the band
edges for the SAWs is modified by a factor of &£ as much as that for bulk transverse waves.
Figure 7 shows the efficiency for the rectification of SAWs which is denoted by black solid
line. The thin blue lines indicate the efficiency for bulk transverse waves as reference. The
efficiency for SAWs is lower than that for bulk waves because of the mode conversion from
SAWs to bulk waves due to the triangular scatterers.

Figure 8 (a) shows the transmission rate versus frequency for shear horizontal (SH) modes
through the single-array of triangular holes. For excitation of SH waves in the system, we
use a wave packet with y-polarization vector as an incident wave. The threshold frequency
above which the rectifying effect occurs becomes exactly 27v;/D where v;is the velocity of
SH waves. Above the threshold frequency, the transmission rates exhibit dips periodically at
multiples of the threshold frequency due to the same mechanism as the SAWs and bulk
waves. However, the SH waves are inefficient compared to the SAWs as shown in Fig. 8(b).
The inversions between the transmissions of cases (I) and (II) occur around @D /v;~18.

4. Summary and future prospects

We proposed an acoustic-wave rectifier and numerically demonstrated the rectification
effects on bulk waves as well as SAWs above the threshold frequencies. The rectification
mechanism is due to the geometric effects of the asymmetric scatterers on acoustic wave
scattering, which is enhanced by interference among the scattered waves. The threshold
frequency for the rectification results from the periodic arrangement of scatterers. Hence, it
is possible to tune the rectifier by adjusting the position of the scatterers. The findings of this
work can be applied not only to sound waves in solids or liquids but also to optical waves,
leading to new devices in wave engineering.
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Fig. 7. Efficiency for the rectification of SAWs (a = z/3). The solid black and thin blue lines
indicate the efficiencies for SAWs and bulk single modes (T), respectively. The efficiency of
the SAW rectifiers is slightly lower than that of the bulk single mode.
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Fig. 8. (a) Transmission rate versus frequency for SH modes through single-array of triangular
holes with a = 7/3. The labels, (I) and (II), designated by red and blue solid line, respectively,
indicate the incident direction of acoustic waves. (b) Efficiency for the rectification of SH
waves.
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