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Abstract: We investigated the strength of acousto-optical (AO) interaction in one-dimensional fish-
bone silicon nanobeam computationally. The structure can generate phononic and photonic band
gaps simultaneously. We use defect cavity optical mode and slow light mode to interact with acoustic
defect modes. The AO coupling rates are obtained by adding the optical frequency shifts, which
result from photo-elastic effect and moving-boundary effect disturbances. The AO coupling rates
are strongly dependent on the overlap of acoustic and optical mode distribution. The strength of
AO interaction can be enhanced by choosing certain acoustic defect modes that are formed by the
stretching of wings and that overlap significantly with optical fields.

Keywords: nanophotonics and photonic crystals; acousto—optical devices; optomechanics

1. Introduction

In the past decades, metamaterials have been extensively used in several kinds of
devices in quantum computations [1,2]. The spatial distributions of physical parameters
in these artificial materials give them the ability to produce entanglement of quantum
states [3,4]. These structures with the capability of manipulating electromagnetic waves and
acoustic waves by building periodic dispersion relations and forming forbidden frequency
band gaps are called photonic crystals (PtC) and phononic crystals (PnC) respectively. When
optical or acoustic waves incident to a PtC or PnC, respectively, and the wave frequencies
fall within the forbidden band gap, they cannot penetrate into the periodic structure. Based
on the features of forbidden band gaps, optical cavities and acoustic cavities can be formed
by introducing spatial defects in PtC or PnC and producing high-quality factors [5–9]. As
early as 2009, Eichenfield M. et al. [10] demonstrated that 1D PtC nanobeam can also be used
to control mechanical vibrations (phonon), which showed the potential in optomechanical
interactions. With the inspiration of optomechanical crystals, phoxonic crystals (PxC),
which combine both capabilities of the PtCs and PnCs have attracted considerable attention
in recent years. Designed PxCs can exhibit optical band gaps and acoustic band gaps in one
structure to simultaneously control optical waves and acoustic waves [11–20]. Thus, PxCs
have become an advanced structure for acousto-optic (AO) interaction studies [21–26].

AO interaction devices are commonly used for sensing or information translating.
For example, Andrews et al. use a coated silicon nitride membrane as a microwave
signal transducer and convert the signal between microwaves and optical waves by a
Fabry–Pérot cavity [27]. In the quantum regions, Stannigel et al. [28] have given an idea of
long-distance quantum communication by using an AO transducer. The qubit information
can be converted into a photon and then propagates the fibers alone. To enhance AO inter-
action, we can confine the light and elastic waves into a PxC cavity. Due to the lower optical
propagation loss and the larger fabrication tolerance demonstrated by experiments [29,30],
a fishbone-like nanobeam has gained more attention than a slotted nanobeam in recent
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studies. Meanwhile, the phononic band gap can be generated in a fishbone nanobeam
easier than in those with air holes in the center of the nanobeam [22,31]. In our previous
work [21], we have studied a 1D fishbone nanobeam PxC and designed a cavity for both
photon and phonon by gradient lattice constant distributions. The AO coupling efficiencies
have been studied by the photo-elastic (PE) effect and the moving boundary (MB) effect
in different acoustic modes [32–35]. Results show that the coupling rates were dominated
by MB effects and the symmetry-induced coupling rate cancellation plays a great role in
the computations.

In this study, our goal is to modify the design of the PxC cavity in fishbone nanobeam
in order to enhance the AO coupling efficiency by increasing the PE effect rather than
the MB effect. It can furtherly enhance the potential applications of fishbone nanobeams.
We designed a PxC cavity in a 1D fishbone nanobeam with a gradient wing length. Two
photonic modes—the first one is defect mode within the forbidden bandgap, and the other
one is slow light mode—are chosen for comparing, and several phononic modes are taken
into account in both an even-symmetry beam and an odd-symmetry beam.

2. Materials and Methods

Figure 1 shows the sketch of the fishbone nanobeam, which contains a gradient varying
cavity and two mirror regions. The fishbone shape is formed by a suspended nanobeam
with several semi-cylinder air holes drilled at two sides. As illustrated in Figure 1a, the
fishbone nanobeam contains a gradient varying cavity sandwiched by two mirror regions.
The gradient varied geometric parameter is wings length. The mirror regions consist of
four periods of the unit cell shown in Figure 1b with dw = 0. The forbidden band gaps
of these periodic structures help greatly to trap both optical and acoustic waves in the
cavity. The geometry details are defined in Figure 1b. The lattice constant a = 440 nm,
thickness H = 220 nm, width W = 440 nm, and R/a = 0.32. We designed two types of PtC
nanobeams with gradient varying cavities: the even-symmetry (ES) structure, and the
odd-symmetry (OS) structures. The top views of the ES and OS structures are sketched
in Figure 1c,d, respectively. In Figure 1c, the gradient varying cavity of the ES structure
contains 11 periods of a unit cell and is sandwiched by mirror regions. The total length
of the ES structure is 19 unit cells. The center of the cavity of the ES structure is located
in the middle of the air holes (marked by a dash line). In Figure 1d, the gradient varying
cavity of the OS structure contains 10 periods of unit cells, and the total length of the
OS structure is 18 unit cells. The center of the cavity of the OS structure is located in the
middle of the wings (marked by a dash line). The width of each of the wings (W + dw)
in the gradient varying cavities of the ES and OS structures are denoted in Figure 1c,d,
respectively. The total width in the x-direction of the unit cells in both cavities are gradient
varying from 2 W in the center to W at the interface connected with the mirror region. The
nanobeams are made of silicon and are surrounded by air (not shown here). Refractive
indices are used as the main physical parameters in optical simulations. Although the
refractive index of silicon varies with the wavelength due to the dispersion relation, we
considered the wavelength nearby 1550 nm and set 3.46 as the refractive index of Si in our
simulation. The refractive index of air is 1. For acoustic simulation, Si is considered as an
anisotropic material with a 6× 6 elasticity matrix in which C11 = C22 = C33 = 165.7× 109,
C12 = C13 = C23 = 63.9× 109, and C44 = C55 = C66 = 79.56× 109. The finite element
method (FEM) is used for simulations. We calculated the band structures of both PtC and
PnC by eigenvalue solver. The transmitted results are calculated by a frequency domain
solver in the COMSOL software, which is used to compute the response of a linear or
linearized model subjected to harmonic excitation for specific frequencies.
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Figure 1. Schematic of (a) 1D phoxonic crystal nanobeam cavity, (b) unit cell, (c) even symmetric 
cavity, and (d) odd symmetric cavity. 
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vector. In our case, the wave vector at the Brillouin zone boundary is k = π/a. The vertical 
axes of the aforementioned diagrams denote the eigenfrequency. The blue region in Fig-
ure 2a represents the light line. The modes above the light line are radiative modes rather 
than guided modes. The red and blue circles mark the transverse magnetic (TM) and 
transverse electric (TE) modes in which the electric fields are parallel and perpendicular 
with the x-z plane in the nanobeam, respectively. Thus, a photonic band gap of the TM 
modes (marked by a light green color region) begins from 209.5 THz to 231.4 THz. A pho-
tonic slow light mode is marked by the arrow near the band gap edge and the frequency 
is 209.5 THz, the corresponding free space wavelength is about 1431 nm. The electric field 
in x component (Ex) of the slow light mode is shown in the inset of Figure 2a. It can be 
noticed that the electric field is mainly concentrated in the center of the fishbone and less 
in the wings. It implies that this slow light mode can exist stably in structures with differ-
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The ranges of two phononic band gaps are 6.09–7.18 GHz and 7.47–8.12 GHz. With the 
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modes but also the phononic modes into the PxC cavity simultaneously. 

Figure 1. Schematic of (a) 1D phoxonic crystal nanobeam cavity, (b) unit cell, (c) even symmetric
cavity, and (d) odd symmetric cavity.

3. Results
3.1. Band Structures of Photonic Crystal and Phononic Crystal

We first calculated the forbidden band gaps of PxCs. In Figure 2a,b, the PtC and PnC
band structures are displayed. The horizontal axes of the band structure diagrams represent
the reduced k-vector with the unit 2π/a. The reduced k-vector is defined by the k-vector
normalized by the first reciprocal lattice vector lying along the direction of the wave vector.
In our case, the wave vector at the Brillouin zone boundary is k = π/a. The vertical axes
of the aforementioned diagrams denote the eigenfrequency. The blue region in Figure 2a
represents the light line. The modes above the light line are radiative modes rather than
guided modes. The red and blue circles mark the transverse magnetic (TM) and transverse
electric (TE) modes in which the electric fields are parallel and perpendicular with the x-z
plane in the nanobeam, respectively. Thus, a photonic band gap of the TM modes (marked
by a light green color region) begins from 209.5 THz to 231.4 THz. A photonic slow light
mode is marked by the arrow near the band gap edge and the frequency is 209.5 THz, the
corresponding free space wavelength is about 1431 nm. The electric field in x component
(Ex) of the slow light mode is shown in the inset of Figure 2a. It can be noticed that the
electric field is mainly concentrated in the center of the fishbone and less in the wings. It
implies that this slow light mode can exist stably in structures with different wing lengths.
In Figure 2b, the PnC band gaps are illustrated by light green regions. The ranges of two
phononic band gaps are 6.09–7.18 GHz and 7.47–8.12 GHz. With the existence of both the
PtC band gap and PnC band gaps, we can trap not only the photonic modes but also the
phononic modes into the PxC cavity simultaneously.

3.2. Optical and Acoustic Resonance Modes

The resonant modes of ES and OS structures can be investigated by the transmission
spectra, which can be obtained by FEM frequency domain simulation. In the frequency do-
main simulation, the full fishbone nanobeam is placed alone in the z direction surrounded
by air. A TM polarized electromagnetic wave is incident from the top of the nanobeam
toward the –z direction to the bottom. Figure 3a shows the transmission spectrum of the
structure in Figure 1c by the orange line. The blue line in Figure 3a is the reference trans-
mission spectrum, which is the transmission of PtC nanobeam contents of 19 unit cells of
mirror regions without any gradient varying cavity. The blue line reveals a forbidden trans-
mission frequency band that extends from about 1300 nm to 1430 nm (light green region).
The forbidden transmission frequency range agrees with the TM polarized band gap in
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Figure 2a. Comparing the transmission spectrum of ES structure to reference one, we can
find that, in the orange line, one transmission peak (marked as α) appears inside the band
gap region at wavelength 1429 nm. This is the defect mode of gradient varying cavities.
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Outside the band gap region, the slow light mode that was mentioned in the band
structure is marked as β. The slow light mode is observed in both orange and blue lines.
The wavelength of β is 1456 nm in the orange line and 1455 nm in the blue lines. We
identified the peaks β in orange and blue spectra as slow light mode because their electric
field distributions are similar to the inset of Figure 2a. As mentioned before, the eigenmode
of the slow light is concentrated near the center of the nanobeam, so it can be excited in both
structures with and without a cavity. The wavelengths are not exactly identical with the
slow light mode in the band structure, because there is a discrepancy between transmission
simulation and band structure simulation. The x-component of electric fields (Ex) in the
x-z plane of modes α and β are shown in Figure 3b,c. By observing the Ex distributions in
Figure 3b, we can confirm that mode α is trapped by the mirror regions beside both sides
of the cavity. In Figure 3c, the Ex distributes in not only within the cavity but also in the
mirror regions. It shows that the mode β is a transmission mode.

On the other hand, Figure 3d illustrates the transmission spectrum of the OS structure
and the reference structure, which contain 18 identical unit cells by orange line and blue
line, respectively. The forbidden transmission region extends at the same frequency range
shown by the blue line. From the orange line, the defect cavity mode α’ can be found at
1422 nm inside the forbidden band gap and the slow light mode β’ locates at the same
wavelength at 1456 nm. The Ex fields of mode α’ and β’ in the OS structure are illustrated
in Figure 3e,f. The defect cavity and slow light modes of both the ES and OS structures will
be used as the optical modes in the following AO interactions for comparison.

Regarding the phononic modes, the mechanical spectra of the ES structure and OS
structure within the cavity are displayed in Figure 4. Same as the simulation of PtC in
Figure 3, the full fishbone nanobeam is placed alone in the z-direction. Both sides of the
end of the nanobeam are fixed and mechanical force incident from additional cells outside
the mirror region by a boundary load. In Figure 4a, the acoustic spectra of ES are presented
by an orange line. The amplitude in the graph is the logarithmic magnitude of the average
displacement field. Due to the gradient varying wing length in the cavity, some cavity
modes can produce high amplitude in the spectra. Similar to the presentation in Figure 3a,
the blue line represents the acoustic transmission of the reference structure, which contains
19 identical unit cells without gradient varying cavities. The acoustic transmission band gap
is revealed by the light green region, which corresponds to the lower band gap region in
Figure 4b. Four acoustic defect cavity modes are pointed out inside the band gap frequency
range of the ES structure. These modes are located at 6.1004, 6.356, 6.95, and 7.002 GHz and
are denoted as A, B, C, and D, respectively. We also performed the eigen mode simulation
using the full ES structure. It confirmed that the displacement field of modes A, B, C, and
D concentrate within the cavity region of the ES structure. There are several peaks other
than A, B, C, and D in the orange line. However, we cannot find the corresponding eigen
modes of those peaks. This implies that these peaks are not the intrinsic resonant defect
cavity modes. This may result from the interference of the input end, the output end, and
the interface between mirror and cavity regions.

Orange and blue lines in Figure 4b show the transmission spectra of OS structure and
the reference structure, which contains only 18 unit cells without a cavity. In Figure 4b, the
blue line shows that the acoustic band gap can also be observed in the range from 6.09 to
7.18 GHz. Five peaks result from acoustic defect cavity mode at 6.097, 6.206, 6.785, 6.992,
and 7.002 GHz are marked by a, b, c, d, and e, respectively, in Figure 4b in the transmission
band gap region. As discussed in the ES structure, these peaks can also be found in the full
structure eigen modes simulation.

In order to classify the vibration behaviors of these 9 acoustic modes in Figure 4, we
show the displacement fields of the eigen mode of these modes in Figure 5. Because the
axis of nanobeam and wings lie on the x-z plane, we can classify these modes according
to the vibration directions with respect to the x-z plane. In Figure 5a, the displacement
fields of modes A, B, C, and D of the ES structure are illustrated. The modes A and D show
similar deforming behaviors, and the wings are stretched and compressed only in the x-z
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plane along the x-direction, which is perpendicular to the axis of the nanobeam. In contrast,
the deformed behaviors of mode B and C is more complicated. The wings are curved, and
the ends of the wings are bent in +y and −y directions. We define the mode A and D as
the in-plane shear mode, and B and C as the out-of-plane vertical modes. In Figure 5b, the
deformed shape of the eigen modes a, b, c, d, and e of the OS structure are illustrated. We
can classify the modes in the same manner as with Figure 5a; the modes a and e are the
in-plane shear modes, and modes b, c, and d are the out-of-plane vertical modes.

Crystals 2022, 12, x FOR PEER REVIEW 6 of 13 
 

 

region in Figure 4b. Four acoustic defect cavity modes are pointed out inside the band gap 
frequency range of the ES structure. These modes are located at 6.1004, 6.356, 6.95, and 
7.002 GHz and are denoted as A, B, C, and D, respectively. We also performed the eigen 
mode simulation using the full ES structure. It confirmed that the displacement field of 
modes A, B, C, and D concentrate within the cavity region of the ES structure. There are 
several peaks other than A, B, C, and D in the orange line. However, we cannot find the 
corresponding eigen modes of those peaks. This implies that these peaks are not the in-
trinsic resonant defect cavity modes. This may result from the interference of the input 
end, the output end, and the interface between mirror and cavity regions. 

  
(a) (b) 

Figure 4. Acoustic transmission spectra (orange) and a reference with no defective region (blue) for 
(a) even symmetric cavity with 4 resonance modes marked by A, B, C, and D, and (b) odd symmetric 
cavity with 5 resonance mode marked by a, b, c, d, and e. 

Orange and blue lines in Figure 4b show the transmission spectra of OS structure and 
the reference structure, which contains only 18 unit cells without a cavity. In Figure 4b, 
the blue line shows that the acoustic band gap can also be observed in the range from 6.09 
to 7.18 GHz. Five peaks result from acoustic defect cavity mode at 6.097, 6.206, 6.785, 6.992, 
and 7.002 GHz are marked by a, b, c, d, and e, respectively, in Figure 4b in the transmission 
band gap region. As discussed in the ES structure, these peaks can also be found in the 
full structure eigen modes simulation. 

In order to classify the vibration behaviors of these 9 acoustic modes in Figure 4, we 
show the displacement fields of the eigen mode of these modes in Figure 5. Because the 
axis of nanobeam and wings lie on the x-z plane, we can classify these modes according 
to the vibration directions with respect to the x-z plane. In Figure 5a, the displacement 
fields of modes A, B, C, and D of the ES structure are illustrated. The modes A and D show 
similar deforming behaviors, and the wings are stretched and compressed only in the x-z 
plane along the x-direction, which is perpendicular to the axis of the nanobeam. In con-
trast, the deformed behaviors of mode B and C is more complicated. The wings are curved, 
and the ends of the wings are bent in +y and −y directions. We define the mode A and D 
as the in-plane shear mode, and B and C as the out-of-plane vertical modes. In Figure 5b, 
the deformed shape of the eigen modes a, b, c, d, and e of the OS structure are illustrated. 
We can classify the modes in the same manner as with Figure 5a; the modes a and e are 
the in-plane shear modes, and modes b, c, and d are the out-of-plane vertical modes. 

Figure 4. Acoustic transmission spectra (orange) and a reference with no defective region (blue) for
(a) even symmetric cavity with 4 resonance modes marked by A, B, C, and D, and (b) odd symmetric
cavity with 5 resonance mode marked by a, b, c, d, and e.

Crystals 2022, 12, x FOR PEER REVIEW 7 of 13 
 

 

 
(a) (b) 

Figure 5. Displacement fields of acoustic resonance modes for (a) even symmetric cavity with 4 
resonance modes: A, B, C, and D, and (b) odd symmetric cavity with 5 resonance modes: a, b, c, d, 
and e. 

3.3. AO Coupling Rate Calculations 
We can now further discuss the AO coupling rate between the photonic modes and 

phononic modes in the aforementioned. The AO coupling rate can be described as the 
maximum frequency shift of a certain optical mode during the structure oscillated by a 
certain acoustic mode with amplitude identical to zero-point motion. The optical fre-
quency shift results from the vibration-induced refractive index change and structure de-
formation. The photo-elastic (PE) effect describes the optical mode perturbed by the spa-
tial refractive index change, which is caused by the strain field in the structure. On the 
other hand, the moving boundary (MB) effect describes the optical mode perturbed by the 
structural deformation. In our simulation, the maximum strain field is limited within 10−3 
in order to ensure that each AO interaction is experimentally achievable. 

The optical frequency shift caused by PE and MB effects can be calculated by Equa-
tions (1) and (2), respectively. The PE and MB effects occur simultaneously and the total 
optical frequency shift results from both PE and MB effects can be obtained by adding gPE 
and gMB (Equation (3)) [32–35]. 𝑔௉ா = − ఠଶ ൻ𝐸ห𝛿𝜀ห𝐸ൿ׬ 𝑬∙𝑫 ௗ௏ ඥℏ/2𝑚௘௙௙Ω, (1) 

𝑔ெ஻ = − ఠଶ ׬ሺொ∙௡ොሻ൫∆ఌா∥మି∆ఌషభ஽఼మ൯ ௗௌ׬ 𝑬∙𝑫 ௗ௏ ඥℏ/2𝑚௘௙௙Ω, (2) 

𝑔 = 𝑔ெ஻ + 𝑔௉ா, (3) 

where ω is the frequency of the coupling photonic mode, Q is the normalized displace-
ment field (𝑚𝑎𝑥 ሼ|𝑄| = 1}), and 𝑛ො  is the outward normal vector at the boundary. The ඥℏ/2𝑚௘௙௙𝛺௠ is the zero-point motion of the PxC resonator mentioned before, where the 
meff is effective mass, Ω is the frequency of the phononic mode, and ℏ is the reduced 
Planck constant. The E & D with subscripts ∥ and ⊥, respectively represent the electric 
field and the electric displacement field that are parallel and perpendicular to the structure 
surface, and 𝜀 is the dielectric permittivity. Considering the permittivity of silicon and 
air, ∆𝜀 = 𝜀ௌ௜ − 𝜀௔௜௥ and ∆𝜀ିଵ = 𝜀ௌ௜ିଵ − 𝜀௔௜௥ିଵ  calculated the difference between the two ma-
terials. 𝛿𝜀௜௝ = −𝜀଴𝑛ௌ௜ସ𝑝௜௝௞௟𝑆௞௟ is the spatial permittivity distribution caused by acoustic 

Figure 5. Displacement fields of acoustic resonance modes for (a) even symmetric cavity with
4 resonance modes: A, B, C, and D, and (b) odd symmetric cavity with 5 resonance modes: a, b,
c, d, and e.

3.3. AO Coupling Rate Calculations

We can now further discuss the AO coupling rate between the photonic modes and
phononic modes in the aforementioned. The AO coupling rate can be described as the
maximum frequency shift of a certain optical mode during the structure oscillated by a
certain acoustic mode with amplitude identical to zero-point motion. The optical frequency
shift results from the vibration-induced refractive index change and structure deformation.
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The photo-elastic (PE) effect describes the optical mode perturbed by the spatial refractive
index change, which is caused by the strain field in the structure. On the other hand,
the moving boundary (MB) effect describes the optical mode perturbed by the structural
deformation. In our simulation, the maximum strain field is limited within 10−3 in order to
ensure that each AO interaction is experimentally achievable.

The optical frequency shift caused by PE and MB effects can be calculated by
Equations (1) and (2), respectively. The PE and MB effects occur simultaneously and the
total optical frequency shift results from both PE and MB effects can be obtained by adding
gPE and gMB (Equation (3)) [32–35].

gPE = −ω

2
〈E|δε|E〉∫

E·D dV

√
}/2me f f Ω, (1)

gMB = −ω

2

∫
(Q·n̂)

(
∆εE2

‖ − ∆ε−1D2
⊥

)
dS∫

E·D dV

√
}/2me f f Ω, (2)

g = gMB + gPE, (3)

where ω is the frequency of the coupling photonic mode, Q is the normalized displace-
ment field (max{|Q| = 1}), and n̂ is the outward normal vector at the boundary. The√
}/2me f f Ωm is the zero-point motion of the PxC resonator mentioned before, where

the meff is effective mass, Ω is the frequency of the phononic mode, and } is the reduced
Planck constant. The E & D with subscripts ‖ and ⊥, respectively represent the electric
field and the electric displacement field that are parallel and perpendicular to the structure
surface, and ε is the dielectric permittivity. Considering the permittivity of silicon and air,
∆ε = εSi − εair and ∆ε−1 = ε−1

Si − ε−1
air calculated the difference between the two materials.

δεij = −ε0nSi
4 pijklSkl is the spatial permittivity distribution caused by acoustic perturba-

tion, where nSi is the refractive index of silicon, pijkl is the photoelastic tensor, and Skl is the
strain tensor [32,36]. Therefore, the photo-elastic component can be written as:

〈E
∣∣δε
∣∣E〉 = −ε0nSi

4
∫

[2Re
{

E∗x Ey
}

p44Sxy + 2Re{E∗x Ez}p44Sxz+

2Re
{

E∗y Ez

}
p44Syz + |Ex|2

(
p11Sxx + p12

(
Syy + Szz)

)
+
∣∣Ey
∣∣2(p11Syy+

p12(Sxx + Szz)) + |Ez|2(p11Szz + p12
(
Sxx + Syy

)
)],

(4)

We calculated the AO coupling between each optical mode and acoustic mode of ES
and OS structures in Figures 3 and 4. The AO coupling rates of ES and OS structures are
listed in Tables 1 and 2, respectively. It should be noticed that the positive and negative
signs of g values in Tables 1 and 2 represent the blue and red shifting of the optical mode’s
frequency. In other words, the greater the absolute value of g, gPE, and gMB, the stronger
the AO interaction. The sign of the g value indicates the direction of the optical frequency
shift. In Table 1, in the column of optical mode α, the AO coupling rates (g values) of
acoustic in-plane shear modes (A and D) are stronger than acoustic out-of-plane vertical
modes (B and C). The contribution of PE effects of acoustic modes A and D is significantly
stronger than acoustic modes B and C. Meanwhile, the difference in contributions of MB
effects between the in-plane modes (A and D) and the out-of-plane modes (B and C) are
not obvious. We can conclude that the strong AO coupling rates of acoustic in-plane modes
result from the PE effect. For the column of optical mode β in Table 1, the g values of
in-plane are also greater than that of out-of-plane modes. The major contributions of AO
interactions between in-plane modes and optical mode β result from the PE effect as well.
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Table 1. Total AO coupling rates (in MHz) between optical resonance mode and acoustic resonance
modes in even symmetric cavity when both PE and MB effects are considered.

Acoustic
Modes

Optics Modes

α β

A
gPE −1.4923 −1.1245
gMB −0.1540 0.2934

g −1.6463 −0.8311

B
gPE −0.0104 −0.0018
gMB −0.2095 −0.0914

g −0.2199 −0.0932

C
gPE −0.2274 −0.184
gMB −0.1409 −0.030

g −0.3683 −0.214

D
gPE 0.9848 0.7641
gMB 0.0501 0.1958

g 1.0349 0.9599

Table 2. Total AO coupling rates (in MHz) between optical resonance mode and acoustic resonance
modes in the odd symmetric cavity when both PE and MB effects are considered.

Acoustic
Modes

Optics Modes

α’ β’

a
gPE 1.7791 1.234
gMB 0.1429 −0.297

g 1.922 0.937

b
gPE 0.0040 −0.0017
gMB −0.2259 −0.0603

g −0.2219 −0.0620

c
gPE −0.0172 −0.0746
gMB −0.2569 −0.0222

g −0.2741 −0.0968

d
gPE −0.2694 −0.1995
gMB −0.1954 −0.0868

g −0.4648 −0.2863

e
gPE 1.5339 1.1256
gMB 0.1135 0.2892

g 1.6474 1.4148

3.4. AO Coupling Rate Discussions

In order to further discuss Table 1, we show the x, y, and z components of electric
fields of optical modes α and β in Figure 6a,b, respectively. We also show the normal strain
fields (Sxx, Syy, and Szz) of acoustic modes A, B, C, and D in Figure 6c–f, respectively. The
terms of shear strain fields in Equation (4) are one order smaller than that of normal strain
fields in our simulation, so we do not show the shear strain fields here. First, we discuss the
reason that the gPE values of the in-plane mode are stronger than the gPE of the out-plane
mode. The p11 in Equation (4) is one order larger than p12, so the PE effects are dominated
by the volume integration of the products of |Ei| and Sii, where i = x, y, z. In other words,
a strong PE effect requires a larger overlap between the |Ei| fields and the Sii fields. In
Figure 6a,b, the major components of the electric fields of optical modes α and β are Ex and
Ez. The fields of Ex and Ez concentrate in the center of the nanobeam for both optical modes
α and β. The Ex fields of both optical modes are symmetric with respect to the center y-z
cross-section of the nanobeam, so the field distribution in the center of the nanobeam is
significant. Meanwhile, the Ez fields of both optical modes are anti-symmetric with respect
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to the center y-z cross-section of nanobeam, so the intensities of Ez fields in the center of
nanobeam are very weak.
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Figure 6. Distributions for the ES structures: Electric fields in x, y, z components of (a) the defect
mode α and (b) slow light mode β, and the strain fields of (c) acoustic resonance mode A, (d) B, (e) C,
and (f) D. The index of unit cells is marked by 1–11 in (a).

In terms of normal strain fields of acoustic mode A, Figure 6c shows that the Sxx is
distributed majorly in the wings between the 3rd and 4th unit cells and between the 8th and
9th unit cells. The Szz distributes at the side walls of wings between 3rd and 4th unit cells,
and the side walls of wigs between 8th and 9th unit cells. The fields of Ex of mode α and
Sxx of mode A overlap between 3rd and 4th unit cells and between 8th and 9th unit cells
as well as the fields of Ez and Szz. It implies that the PE effects of AO interaction between
mode A and mode α are significant. By comparing Figure 6a with Figure 6f, not only the Ex
and Sxx fields but also the Ez and Szz fields overlap at the 2nd unit cell. It can be concluded
that the PE effect of AO interaction between mode β and mode D is also strong. On the
other hand, the normal strain fields of out-of-plane modes B and C distribute majorly at
the end of each wing, However, the electric fields of modes α and β are distributed mostly
in the center of the nanobeam. The electric fields do not overlap the strain for out-of-plane
acoustic mode and both optical modes, so the PE effects of AO interaction are weak.

Secondly, we discuss the reason that the PE effect is stronger than the MB effect in
the AO interaction between acoustic in-plane modes and both optical modes α and β.
According to Equation (2), the numerator is a surface integration. The first term (Q·n̂)
within the integration is the displacement vector’s component, which is normal for the
surface. The second term is associated with electric fields. Although the second term is
not intuitive, we can still conclude that the strong MB effect needs a larger displacement
component, which is normal for the surface of the structure; in addition, the displacement
field should overlap with the electric field. In Figure 5a, mode A, the (Q·n̂) are strong
at the ends of the wings between the 3rd and 4th unit cells and the ends of the wings
between the 8th and 9th unit cells. However, the electric fields of both optical modes α and
β concentrate at the center of the nanobeam rather than the ends of the wings, so the MB
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effect of AO interaction between mode A and both optical modes is not strong. A similar
explanation can be applied to mode D and both optical modes.

For the acoustic out-of-plane modes B and C in Figure 5a, the (Q·n̂) are large at the
surfaces with normal vectors parallel to y-direction, especially at the end of wings. However,
the electric fields of both optical mode α and β concentrate at the center, especially at the
side wall of the semi-air cylinder. This implies that the MB effects of AO interactions are
not significant.

Finally, the optical mode α is defect cavity mode and optical mode β is a slow light
mode. However, the strengths of the AO interaction of these two modes do not exhibit
obvious differences. This is because their electric field distributions are very similar to
each other.

For OS structure, the x, y, and z components of electric fields of optical modes α’ and β’
are shown in Figure 7a,b, respectively. The normal strain fields of acoustic modes a, b, c, d,
and e are shown in Figure 7c–e, respectively. The electric field distributions of Figure 7a,b
are very similar to Figure 6a,b. Meanwhile, the normal strain field of Figure 7c,g is also
similar to Figure 6c,e. Therefore, the strong PE effects in AO interactions between acoustic
in-plane modes and both optical modes α’ and β’ can be understood in the same manner
that has been discussed in the ES structure. The MB effects are weaker than the PE effects
in the AO interaction between acoustic in-plane modes, and both optical modes α’ and β’
can also be explained in a similar manner to the ES structure.
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In terms of AO interaction between acoustic out-of-plane modes and both optical
modes, the displacement fields of acoustic modes b, c, and d concentrate at the end of
wings. However, the electric fields of optical mode α’ and β’ are concentrated near the
center of the nanobeam. Therefore, the MB effects of AO interaction are not significant. On
the other hand, the normal strain fields of out-of-plane modes b, c, and d of OS structure are
not similar to modes B and C of ES structure. The dominated normal strain fields of modes
b, c, and d are Sxx and Szz. The fields of Sxx distribute at some wings and center regions
of nanobeam. The fields of Szz distribute majorly at the center of the nanobeam. The Sxx
and Szz overlap the x and z components of electric fields in Figure 7a,b. However, some
portions of Sxx and Szz fields are positive (red in colormap) and the others are negative
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(blue in colormap). The positive and negative normal strains lead to a positive and negative
optical frequency shift in the PE effect, so the total contributions of the PE effect on the AO
interaction are neutralized. Thus, the AO coupling between acoustic out-of-plane modes
and both optical modes is not strong.

4. Conclusions

We have designed an AO coupling structure with a gradient varying wing length
cavity in a fishbone nanobeam. According to the symmetry type in the cavities, the fishbone
nanobeams are separated into even-symmetry and odd-symmetry with a different number
of periods inside the cavities. We displayed both the photonic band gap and phononic
band gaps and found several modes to introduce the AO interactions. The AO interaction
rates g = gPE + gMB have been discussed by two photonic modes, the defect cavity mode,
which is located inside the PtC band gap and slow light mode, which is outside the band
gap, coupled with four defect phononic modes for the ES structure and five defect modes
for the OS structure

Our results showed that the AO coupling rates are strongly dependent on the overlap
between acoustic fields and optical fields. The acoustic in-plane modes exhibited the best
AO coupling rates when they interacted with both defect cavity and slow light modes. The
acoustic in-plane modes are formed by stretching certain wings of a fishbone nanobeam.
The stretching leads to in-phase normal strain fields in structures, which enhances the PE
effects. The AO coupling rate based on stretched acoustic modes can be further improved
by adjusting the geometrics of cavities for seeking acoustic modes with more stretched
wings. This may increase the variety of optomechanical applications.
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