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1. Introduction/background 
 
PHENOMEN project is at the intersection of photonics, RF signal processing and phononics, aiming to 
achieve an all-optical phononic circuit using coherent phonons as the state variable. To achieve this 
goal, PHENOMEN uses concepts from the field of cavity optomechanics (OM) and advances them to 
develop GHz-frequency in-chip phononic circuits for room temperature operation. The PHENOMEN 
circuits integrate OM-pumped phonon sources and detectors as well as phonon processing components 
(waveguides, splitters, memories, photonic RF signal processing) to process information with coherent 
phonons outside the OM cavity.  

Work Package 1 is devoted to Modelling and Theory with the following main objectives: (i) Go beyond 
the actual theoretical framework and design integrated Nano-Opto-Mechanical-Systems (NOMS) and RF 
components at circuit level. (ii) Improve the design of existing opto-electro-mechanical structures and 
create new ones. 

These objectives are divided into 3 tasks: 

Task 1.1. Phonon propagation. Numerical simulation of mode conversion, reflection and transmission of 
phonons in the waveguides connecting the OM components and at the devices ends will be performed. 
Phonon loss mechanism and quality factor of an array of components will be the main target (with T3.2). 
Design of the targeted structures using Finite Element Method (FEM), Finite Difference Time Domain 
(FDTD) and Plane wave Expansion (PWE) techniques.  

Task 1.2. Optomechanical coupling and cooperativity design. Using FEM and FDTD parameters governing 
the OM device performance will be maximised: OM coupling and optical and mechanical Q factors. 
Comparison of photoelastic (material dependent) and moving boundaries (geometry dependent) 
mechanisms in the OM interaction will be made. Non-linear and multiphonon processes will be 
addressed. Simultaneous calculation of phononic, photonic and OM rates.  

Task 1.3. Device parameterization. Definition of a framework to describe NOMS as circuit components 
and to perform global circuit functionality, for valid support to the proposed device designs. Use of 
lumped equivalent circuits, where quantum, geometrical and electrical parameters are effectively 
integrated.  

This deliverable D1.1 describes the main progress in theory and modeling in each task from the start of 
the project in M1. The main activities have been on:  
 

1- Phonon propagation in waveguides containing one or several coupled phononic cavities and their 
possible activation by external sources (Task 1.1).  

2- The implementation of a full theory for optomechanical calculations of circuits (Task 1.2).  
3- Transmission Line Models of the space-time analysis for wave propagation (Task 1.3) 
4- A preliminary work on an electrically transduced phononic source based on surface acoustic 

waves in piezoelectric materials for the purpose of new device architectures in the consortium (in 
relation with WP2 and WP3 following the consortium meeting in Helsinki in May 2017).   

2.  Description of the deliverable and progress towards objectives 
 
The objectives of the modelling and simulation Work Package is to build the tools necessary to 
investigate the phonon and/or photon propagations and their interactions in nanobeam waveguides 
containing one or several cavities. The cavities should be activated by optomechanics while the carriers 
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to transport information among them are phonons. Depending on their separation, the cavities can 
possibly be coupled either mechanically or optically. 

The basic design where the optomechanic interactions should take place is constituted by a nanobeam 
containing a periodic array of holes and stubs as schematically presented in Fig. 2.1. This structure was 
first suggested in [1] to display both photonic and phononic bangaps, since the holes and stubs are 
suitable to open the optical and mechanical gaps, respectively. Then, in the frame of a previous FET 
Open project TAILPHOX (tailoring Phonon-Photon interaction in a silicon phoxonic structure), this 
structure was investigated both numerically [2-4] and experimentally [5-6] and showed high frequency 
acoustic cavity modes with sufficiently strong optomechanic coupling coefficients. More recently, some 
partners in PHENOMEN consortium used the same structure to study new phenomena such as coherent 
phonon generation [7], non-linear dynamics and chaos [8] or the effect of disorder in the Anderson 
localization regime[9].  

 

 

 

 

Figure 2.1: Schematic representation of the nanobeam structured with stubs and holes. Definition of the 
geometrical parameters. 

The results given in section 3 are divided into three parts.  

Section 3.1 will be essentially devoted to the study of wave propagation in this type of nanobeam 
containing one or more cavities (Task 1.1). In particular, since the coupling between different phononic 
cavities is essential for the purpose of PHENOMEN, we study (section 3.1.1) how the behaviour of the 
localized modes in two coupled cavities can be affected by such a coupling. This can be used for the 
modulation of the frequency and the quality factors of the cavity modes and their contribution to 
transmission. Additionally, we consider (section 3.1.2) how the emission of the phonons from the two 
coupled cavities can be tuned when the creation of phonons in each cavity is driven by an external 
source (potentially by optomechanical effect). This would allow tuning the relative transmission of the 
cavities towards the left or towards the right of the phoxonic crystals and meets the currently growing 
field of non-reciprocal transmission and topological phases in phononic structures [10-17]. We shall also 
describe (section 3.1.3) the possibility of mode (or polarization) conversion during the propagation in a 
nanobeam by introducing some asymmetry placed inside the nanobeam. 

The second part of the deliverable (section 3.2) will be devoted to the development of the tools 
necessary to investigate the optomechanic coupling inside cavities where phonon-photon interaction 
takes place (Tak 1.2). Mainly, we present the theoretical analysis and numerical implementation of a 
full-wave model for the investigation of such acousto-optic effects. This approach of the 
Electromagnetic-Continuum mechanics (EM-CM) coupled physics is based on the transformation optics 
method. Fundamentally, it inserts the mechanical displacement of the resonant cavity into the 
electromagnetic constitutive parameters (relative permittivity and permeability). This makes it possible 
to take into account the characteristic moving boundaries effect which, in turn, is combined to the 
previously implemented photo-elastic effect, thus providing a complete self-consistent modelling of the 
EM-CM. A considerable advantage in using such an approach is that we can consider both EM and 
mechanical losses of the medium, which represents a remarkable step further with respect to the 
standard perturbative method [ref. 1]. For the definition and numerical implementation of the EM-CM 
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PDE system we are implementing a computational platform based on the COMSOL Multiphysics 
software that interacts with external home-made subroutines and dynamic-link libraries (DLL).  

An alternative method for the evaluation of the optomechanical coupling strengths is presented in  
Appendix I. This method is an extension of the one we developed earlier in the Tailphox project for 
cavity optomechanics and is now extended to model the acousto-optic interaction in analogy to the 
Brillouin light scattering experiment. More specifically, we assume that the structure is subjected to 
acoustic vibrations associated to a given phonon and we study the modulation of the optical properties 
(photonic cavity mode, optical transmission or reflection) due to the combined photoelastic and moving 
interface effects created by the acoustic wave.   

In section 3.3, we shall describe a first full-wave model for the space-time discretization of the acoustic 
wave equations by using the Transmission Line Matrix (TLM) method as one step in preparation of Task 
1.3 on device parametrization. This would also provide a new or an alternative method for the study of 
phonon propagation as well as optomechanical effects presented in sections 3.1 and 3.2.  

Section 3.4 contains our preliminary calculations about the possibility of generating and detecting 
coherent phonons by means of electrical instead of optical pumping. Practically, the surface acoustic 
waves are excited on a piezoelectric material (AlN in our case) deposited on the Si membrane by means 
of Inter-Digitated Transducer (IDTs). A scheme of a possible device is presented in Fig. 2.2. 

 
Figure 2.2: Schematic representation of a prototype device for the phonon generation and detection by 

electrical means using IDT on a piezoelectric AlN film deposited on the Si membrane. The generated surface 
acoustic wave is directed towards the nanobeam where the optomechanic effects take place. 

Indeed, such an electrical manipulation of phonons would allow an extra degree of freedom to get new 
phenomena, more functionalities and a better performance. The interest in this structure came from 
the discussion at the Helsinki project meeting (May 2017) where the consortium agreed on a well-
defined on-chip general architecture for the final implementation of the PHENOMEN devices as 
schematically shown in Fig. 2.3. This architecture is discussed in more detail in deliverable D3.2.   

In this deliverable we focus especially on the part of this architecture which is the phononic circuit 
shown in Fig. 2.3. Indeed, to be able to introduce new functionalities by phonon processing, it is 
necessary to demonstrate the working capacity of this circuit, first by numerical analysis before going to 
the nanofabrication.  More precisely, we show the possibility of generating GHz phonons by electrical 
means and their transmission through the suspended nanobeam. This nanobeam is taken to be 
homogeneous in this preliminary calculations, but it will be replaced by a phononic/phoxonic nanobeam 
(Fig. 2.1) containing one or several cavities.  
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Figure 2.3. Sketch of the general architecture of the final PHENOMEN device (top-view of the chip). Within this 
architecture, assumed to be built upon a silicon chip, we will include optical interfaces, OM cavities, IDTs for 
electrical generation/detection of phonons and a phonon processing unit. 

Finally, the deliverable contains three appendices, the first describes an alternative approach for the 
calculation of optomechanic interactions; the two others contain two subjects which were studied at 
the early stage of the project and already reported in D4.7 (short interim report M1-M6):  

- Appendix 1: Alternative approach of cavity optomechanic interactions in analogy with 
 Brillouin light scattering 

- Appendix 2: Preventing the loss of optomechanical efficiency due to the excitation of low 
frequency acoustic vibration of the nanobeam structures by the incident laser 

- Appendix 3: Transfer between two coupled photonic waveguides 

3. Results 

3.1 Phonon propagation in a structured nanobeam 

3.1.1 Single and coupled cavities in a nanobeam waveguide: mode analysis and transmission 
spectra 

In this section, we investigate theoretically the interaction of two phononic cavities modes in one-
dimensional nanobeam based structures. We show that the overlapping of two closely spaced phononic 
cavity modes leads to the formation of symmetric and antisymmetric modes, which can be used for the 
modulation of the frequency and the quality factors of the propagating cavity modes. In addition, the 
efficient coupling of cavity modes with the modes of a phononic waveguide connecting the two 
phononic cavities has been demonstrated. We show that such coupling can be used to route, control 
and modulate phononic cavity modes over large distances between cavities. 

In a first part, we define the geometrical parameters of a defect inserted in the nanobeam to get the 
transmission of a phononic cavity mode. Then, in a second part, we propose to connect two identical 
cavities, playing with the nature of the connected waveguide, to define the conditions to route and 
modulate the transmission of the cavity modes. The results are qualitatively discussed through an 
equivalent multilayer method for simple models based on mass density modulation and numerically 
applied on full three dimensional devices with the help of the finite element method (A manuscript has 
been prepared and submitted for publication: see section 7).  
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a) Single cavity in corrugated nanobeam 
 

Figure 3.1.1(a) depicts the 3D unit cell which defines the perfect silicon nanobeam composed of holes 
and stubs. The silicon is considered as a cubic material with the elastic constants c11 = 166 GPa, c12 = 
64 GPa and c44 = 79.6 GPa, and a mass density  = 2330 kg/m3. The geometrical parameters involved in 
the structure are the pitch a = 500 nm, the thickness of the nanobeam h = 220 nm (0.44a), the hole 
radius r = 150 nm (0.3a), and from each side of the nanobeam two rectangular stubs of width d = 
250 nm (0.5a) and length l = 500 nm (a). With these geometrical parameters, the calculation of the 
dispersion curve gives rise to a phononic band gap for symmetric waves in the frequency range [1.76, 
2.24] GHz, as reported in [3-5]. 
 
We then define a finite structure composed of 10 unit cells in which we introduce a simple defect 
(figure 3.1.1(b)). As seen from this figure, the defect, localized in the middle of the periodic structure 
can be defined with a period mismatch, , between the two centered unit cells and a height mismatch, 
 of the two adjacent stubs. The calculation of the transmission (figure 3.1.1(c)) is performed with the 
help of FEM using COMSOL multiphysics. We assume that the direction of propagation in the nanobeam 
coincide with the x-axis of the Cartesian coordinates system (O, x, y, z). The incoming wave, launched 
from the source position, is taken symmetric. To do this, we applied a homogeneous force per area with 
a longitudinal component along x and a value of 108 N/m2 at the source plane. From each side of the 
super cell, perfect matching layers (PML) are applied to avoid any perturbations coming from the 
boundaries. 
The effect of the geometry of the defect is investigated considering a chosen frequency of 2.053 GHz, 
which falls in the middle of the phononic band gap. We then proceeded to the calculation of the 
transmittance at this specific frequency and modified the geometrical parameters of the defect, namely 
their height  and their separation . The transmittance is defined as the ratio between the x-
components of the Poynting vector averaged over the detection plane for the structure under 
consideration and a single nanobeam (without holes and stubs). As reported figure 3.1.1(c), when  = 0 
(black solid line), one can see the occurrence of periodic peaks when the separation  of the stubs 
increases. For two other values of  (0.25 (red curve) and 0.50 (green curve)) the peaks shift to the 
lower frequencies (as also demonstrated in an effective 1D model). Practically, it means that introducing 
the geometrical parameters of the defect creates the condition for which cavity modes can be driven 
inside the middle of the phononic band gap with high quality factors.  
 
In figure 3.1.2 we report the displacement fields corresponding to the first and second modes of 
figure 3.1.1(c) for = 0.5a, respectively according to the longitudinal and transverse components. We 
do not show the third component of the displacement, since the largest values of this displacement are 
on the upper and lower surfaces of the nanobeam and the value is much less than the other two 
components. We can see that the two first modes correspond, respectively, to a symmetric (m = 1) and 
an antisymmetric (m = 2) modes, well localized inside within the cavity defect. 
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Fig. 3.1.1 (a) Representation of one unit cell of the corrugated nanobeam where a = 500 nm is the lattice 
parameter, e = 0.44a the thickness of the nanobeam, r = 0.3a the radius of the hole, d = 0.5a and l = a are the width 
and the length of one rectangular stub respectively. (b) Schematic representation in the x0y plane of the 1D 
periodic nanobeam with a single defect localized in the middle, defined by the geometrical parameters  and ). (c) 
Transmittance in logarithm scale at the fixed frequency of 2.053 GHz as a function of the period mismatch, , and 
for three different values of . 

 

 
Fig. 3.1.2 Spatial distribution of the longitudinal and transverse displacements at the resonant frequency 

2.053 GHz for  = 0.5a and (a) =0.4a and (b) 3.95a. 
 

b) Coupled cavities in corrugated nanobeam 
 

We have considered two structures represented in figure 3.1.3. In the first one, we link directly the two 
cavities together while in the second, we introduce a straight phononic waveguide between them. 
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Figure 3.1.3: Schematic presentation of the phononic nanobeam including two defects with the schematic 

representation (a) “- o4 x oN x o4 -” and (b) “-o4 x o4 - o4 x o4 -”. 
 

Using the equivalent multilayer method, we report in figure 3.1.4(a) the transmission spectrum through 
a system of two cavities directly connected, as the one reported in figure 3.1.3 (a). The transmission 
curve reveals the existence of two peaks at 1.5 and 2.2 GHz, respectively, for a distance d = 3 µm 
between the two cavities. We then report in figure 3.1.4(b) the frequency position of these two peaks 
as a function of the distance, d, varying from 0.5 to 9 µm. One can see that the two resonant 
frequencies converge toward a centered frequency of f0 = 1.92 GHz when the distance d increases. For 
large values of d, the two cavities can be considered as independent from each other and do not have 
any interaction. It means that, when the two cavities get closer, we progressively raise the degeneracy 
of the cavity mode at f0 which, as expected, splits into a symmetric and an antisymmetric one with 
respect to the middle plane between the two cavities. The figure 3.1.4(b) also reports the behavior of 
the quality factor: as d decreases, the quality factor of the symmetric (antisymmetric) peak decreases 
(increases) by at least one order of magnitude. The quality factor for strongly coupled defect modes 
depends on the symmetry and the distance between the cavities. As a result, the splitting of the cavity 
mode is possible only when the two cavities are close to each other. Over a distance of a few µm, the 
two cavities are not connected anymore. It means that the frequency modulations are not yet possible 
and even more, when the connected acoustic nanobeam becomes too long, the transmission from one 
cavity to the other becomes less and less efficient due to the lower recovery of the evanescent signals. 
 
We then propose a new model to route and tune the cavity frequencies connecting the two cavities 
through a straight phononic waveguide. As sketched in the inset of figure 3.1.4(c), we have introduced a 
straight phononic waveguide of length D between the two cavities. The corresponding transmission 
spectrum, reported in figure 3.1.4(c), is calculated for D = 10 µm (when the two cavities are almost 
independent from each other), and for D = 2 µm. The transmission diagram now presents three peaks 
with one at the frequency of the cavity mode, i.e. 1.917 GHz. In the present device, it becomes possible 
to excite phononic modes coming from the straight connected waveguide. In this case, the interaction 
of three localized modes occurs for which the behavior is reported in figure 3.1.4(d) as a function of the 
length D of the inserted phononic waveguide. 

 

(a) 

(b) 
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Figure 3.1.4 (a) Transmittance of the propagating mode with an effective transverse sound velocity of 6488 m/s. 

The inset shows the transverse sound velocity profile when the two cavities are directly connected. (b) Evolution of 
the resonance frequency and the quality factor as a function of the distance d between the cavities. c) Same as (a) 
when the two cavities are connected through a phononic waveguide with D = 2 µm. d) Evolution of the resonance 
frequency and the quality factor as a function of the distance D of the connected phononic waveguide. The dashed 
lines correspond to the resonance position from the analytical expression for three-layers system with transverse 

sound velocities (in m/s) “6986/5845/6986”. 
 

When D = 0 µm and as previously reported, the cavity modes are split in symmetric (black solid line) and 
antisymmetric (red solid line) modes because of the coupling between the two cavities when D = 10 µm. 
One can see that, as D increases, the symmetric mode interacts with a new one (green line) for D = 
2.25 µm while the antisymmetric mode interacts with another one (blue line) for D = 2.8 µm. These two 
new modes correspond to the eigenmodes of the connected phononic waveguide. The interaction of 
the three peaks leads to the splitting of the two, which present the same symmetry. Figure 3.1.4(d) 
shows also the variation of the Q-factor of the different modes as a function of D. In the mixing between 
defect cavity mode and standing waveguide modes, the quality factor can reach values higher than 104, 
without however taking into account dissipative effect. To summarize, using the phononic waveguide 
eigenmodes, we have been able to route the phononic cavity modes over a long distance exceeding a 
few µm and to proceed to a modulation of the frequency and the Q-factors of the transmitted cavity 
modes. 

The simple layered model has been applied to the two 3D nanobeams of figure 3.1.3 with the help of 
the finite element method. The figure 3.1.5(a) corresponds to the case where the two cavities are 
directly connected while figure 3.1.5(b) presents the case when the two cavities are connected through 
the straight phononic waveguide. We can see that in this latter case, the two cavity modes (red dashed 
line and black solid lines) are transmitted over a large distance and interact with the phononic 
waveguide eigenmode, giving the opportunity to tune the frequency.  

(a) (b) 

(c) (d) 

1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
0.0

0.2

0.4

0.6

0.8

1.0

-5 0 5 10 15 20

7.0

6.5

6.0

d = 3 m

T
ra

ns
m

itt
an

ce

Frequency, GHz

1.917

vt , 1
03  m

/s

x, m

d

1.8 2.0 2.2 2.4
0.0

0.2

0.4

0.6

0.8

1.0

0 10 20 30

7.0

6.5

6.0

D = 2 m

T
ra

ns
m

itt
an

ce

Frequency, GHz

1.917

vt , 1
03  m

/s

x, m

D

1 2 3 4 5 6 7 8 9
101

102

103

d, m

Q
-f

ac
to

r

1.2
1.4
1.6
1.8
2.0
2.2
2.4
2.6
2.8

 symmetric 
 asymmetric 

F
re

qu
en

cy
, G

H
z



 
Deliverable D1.1 
Report on phonon propagation and mode conversion rules 

   

Page 11 of 45 
 

1 2 3 4 5 6 7

105

0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3

Number of cells

Q
-f

ac
to

r

2.035

2.040

2.045

2.050

2.055

2.060

2.065

(b)

B

F
re

qu
en

cy
, G

H
z

A
(a)

 mode1 (symmetric)
 mode2 (asymmetric)
 mode3 (symmetric)

D, m

D

C

E

 

Figure 3.1.5 Evolution of the resonant frequency and the quality factor as a function of the distance between two 
cavities for the 3D nanobeam structure when the two cavities are (a) directly connected and (b) connected through 

a straight phononic waveguide. 

Finally, we analyzed the symmetry of the involved modes from the spatial distribution of the 
longitudinal (ux) and transverse (uy) displacement components of the elastic field (figure 3.1.6). 

Figures 3.1.6(a, b) correspond to the device composed by two cavities directly connected at the 
frequencies fA = 2.042 GHz and fB = 2.062 GHz. With such distance between the two defects (N = 3), we 
get a strong coupling and as reported above, the two splitted modes appear, antisymmetric 
(figure 3.1.6(a)) and symmetric (figure 3.1.6(b)) with respect to the plane in the middle of the structure 
(black dashed line). 

Figure 3.1.6(c, d, e) are calculated when the two cavities are connected through the straight phononic 
waveguide. We chose to represent the displacement fields for a length D = 1.04 m of the phononic 
waveguide at the frequencies fC = 2.049 GHz, fD = 2.058 GHz, fE = 2.052 GHz for which three separated 
modes can be distinguished. Two of them (C and D) represented through the snapshot of figure 3.1.6(c) 
and (d) come respectively from the summation and the difference between the cavity and the standing 
waveguide eigenmodes. The third one represented in figure 3.1.6(e) does not interact with the 
phononic eigen mode and keep its antisymmetric character. 
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Figure 3.1.6 (a, b) Spatial distribution of the longitudinal (ux) and transverse (uy) displacement components at the 
frequencies fA = 2.042 GHz and fB = 2.062 GHz, when the two cavity modes are directly coupled. (c, d, e) Spatial 

distribution of the longitudinal (ux) and transverse (uy) displacement components at the frequencies fC = 2.049 GHz, 
fD = 2.058 GHz, and fE = 2.052 GHz when the two cavity modes are coupled through the straight phononic 

waveguide of length D = 1.04 µm.  
 

In conclusion, we have studied the coupling of two phononic cavities either directly or by interfacing 
them through a phononic waveguide. The direct coupling between the cavities allowed us to tune and 
control the frequency and the quality factors of the symmetric and antisymmetric modes. The 
introduction of a straight waveguide between the cavities showed that an efficient coupling can be 
achieved between the standing modes of the phononic waveguide and the cavity mode of same 
symmetry. With such a property, we have been able to predict the routing of the cavity modes together 
with the control and the modulation of their frequencies and quality factors over a large distance 
separating the two cavities. 

3.1.2 Phonon transmission under external activation of coupled cavities 

Unidirectional and topological effects [10-17] are a hot topic of modern acoustics and it can also find 
potential applications in structures driven by optomechanics. A full analysis of non-reciprocal 
transmission in the nanobeam structures would require a careful analysis of the excitation of the 
optomechanic cavities including their loss and gain and their coupling to the neighboring waveguides. In 
this section, we report some very preliminary works aimed towards this objective which started shortly 
before the preparation of this report.  
 
In a first part, we consider how the emission of phonons from the two coupled cavities previously 
presented in section 3.1.1 can be tuned when the creation of phonons in each cavity is driven by an 
external source (potentially by the optomechanic effect). This would allow tuning the relative 
transmission of the cavities towards the left or towards the right side of the phoxonic crystals. In a 
second part, we present early quantum mechanically modelling of coupled optomechanic cavities 
started only in July 2017 after the arrival of Dr. Philippe Djorwé as a postdoc. 

(a) (b) 

(d) 

(e) 

(c) 
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a) Non reciprocal phonon emission by activating two coupled cavities 

We start with the investigation of two sources, distant d from each other, inside a simple nanobeam 
with a rectangular section (a × e) = (500 nm × 220 nm) (figure 3.1.7(a)). We consider an excitation of the 
two sources with a symmetric plane, parallel to the section. To do this, we applied at the two source 
planes two homogeneous forces per area with a longitudinal component along x and a value of 
108 N/m2 and 108ei N/m2 where  is the phase shift between the two sources. Let us also define the 
phase  = k∙d  related to the spatial separation of the sources. 

Figure 3.1.7(b) shows the dispersion curve of the nanobeam in which the symmetric branch 
corresponds to the blue one (mode 4). For an excitation of the two sources at the frequency 2 GHz, we 
are able to get the longitudinal mode with a wave number of k = 1.6848∙106 m-1 from the dispersion 
curve.  

 
Fig. 3.1.7 (a) Representation of the simple nanobeam of section (a × e) and relative position of the two sources S1 
and S2, distant of d. (b) Dispersion curve of the silicon nanobeam of section (a × e) = (500 nm × 220 nm). 

 
The amount of energy at the exit P1 and P2 will depend on the distance between the two sources. Thus, 
two limiting cases can be defined: 

a) if the additional phase  between the two sources is  = k∙d = ±+ 2m, where m is an integer. 
In this case, d = (±1 + 2m) k = (1.9; 5.6; …) m and we get the same flux of energy at the exits P1 
and P2.  
b) if the additional phase is  = k∙d = ±/2 + 2m. In this case, d = (±1/2 + 2m)k = (0.9; 4.7; …) or 
(2.8; 6.53; …) m and we get a redirection of the flux of energy toward one direction (either P1 or P2).  

 
This conclusion is supported by the graph of figure 3.1.8 where we report the transmittance at ports P1 
and P2 as a function of the phase shift  between the two sources. The value of the transmission at the 
ports is obtained from the normalized x-component of Poynting vector with respect to the maximum 
value. Different values of d have been considered. When d = 5.6 µm the transmitted signal is the same 
at the two exits whatever is the phase between the two sources. When d = 6.53µm, one can tune the 
signal from one port to another by changing the phase between the two sources. This value of d is 
particularly of interest. Depending on the phase between the two sources, we can get: 

i) for  = 3/2 (or -/2), a maximum of transmittance at port P1 while the transmittance at port P2 
stays at zero.  
ii) for  = , the same transmittances at the two ports 
iii) for  = /2, a maximum of signal at port P2 and null at P1. 
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For other values of the distance, d = 6.06µm for example, the modulation of the signal from one port to 
another is still possible but with some percent of transmission between P1 and P2 and without the limit 
cases. 

 
Figure 3.1.8 Transmittance at ports P1 and P2 as a function of the phase shift  between the two sources S1 and S2, 

and for different distances d. 
 

We now turn to the structured nanobeams studied in the previous section in which two cavities are 
connected. Actually, the first model where the two cavities are directly connected together is not 
suitable for our purpose, as the distance between the two cavities cannot be tuned smoothly. The 
second model, where the two cavities are connected through the phononic waveguide is presented 
figure 3.1.9 in which we specify the position of the two sources, i.e. inside the cavities. The two sources 
are assumed to be coherent, optomechanically generated, and planar, parallel to the section of the 
nanobeam. The frequency is fixed at 2GHz, the initial amplitude is the same for S1 and S2, and the 
parameter of interest is the phase shift between the two sources. The incoming sources are symmetric 
for =0. 
 
In the first step, we change the distance between the two cavities and consequently define the 
additional phase . We report figure 3.1.9(b) the effect of the distance between the two cavities already 
investigated in section 3.1.1. As a reminder, the increase of the distance D of the phononic waveguide 
give rise to three types of modes which couple together. 
We consider two cases. In the first one, we took a distance D = 1.05µm of the phononic waveguide. 
Taking into account the stubs, the full distance between the cavities is then 5.25µm, which is closed to 
5.6 m, corresponding to the case  = - The second distance of the phononic waveguide is chosen 
equal to 2.33 m, corresponding to a full distance between the cavities of 6.53 µm. In this case, the 
additional phase is  = -/2. 
 
Figure 3.1.10 represents the evolution of the transmission at the ports P1 (red) and P2 (blue) as a 
function of the phase shift between the two sources. The figure 3.1.10(a) shows the first case (D = 
1.05µm). For this distance, the three modes involving in the structure are separated, i.e. C, D and E, but 
only C and D present the good symmetry with respect to the source. Considering the evolution of the 
transmission in figure 3.1.10(a), one can see that the two symmetric peaks C and D present the same 
level of transmission at both ports P1 and P2. Figure 3.1.10(b) shows the second case where D = 2.33µm. 
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Fig. 3.1.9 (a) Schematic representation of the phononic nanobeam when two cavities are connected through a 

phononic waveguide of length D and the position of the two sources S1 and S2. The transmissions are recorded at 
port P1 and P2. (b) Evolution of the modes as a function of D.  

 
For this length of the phononic waveguide, the two modes are almost degenerated (asymmetric mode 
at 2.0514 GHz and symmetric mode at 2.0518 GHz). One can clearly see that the signal can be tuned 
from one port to another by changing the phase between the two sources. But these results are not 
completely the same as those observed in the simple model presented at the beginning of the section. 
Indeed, the coupling of the two identical cavity modes produces two modes with different symmetries. 
 

b)  Quantum mechanical modeling of coupled optomechanic cavities 
 

In this section, we present a quantum mechanical approach of coherent mixing and manipulation of 
phonons in coupled optomechanical cavities. Among the main goals of this approach, one can mention 
the synchronization of the mechanical coupled resonators and the investigation of a mechanical PT-
symmetry geometry for non-reciprocal phonon transmission. Further studies will concern non-linear 
phenomena and control of chaos. 

The system we are dealing with consists of two optomechanical cavities, mechanically coupled as 
generically shown in Fig3.1.11. The left cavity (denoted 1) is driven with a red-detuned laser while the 
right one is pumped with a laser that is blue-detuned. We seek for a simple case by assuming that both 
cavities are identical.  
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(a) 

 
 

 (b)  

 

Figure 3.1.10: Transmittance at ports P1 and P2 in a corrugated nanobeam with two sources as a function 
of the phase shift between the sources. Two distances have been considered (a) D = 1.05µm corresponding 
to an additional phase  = - and (b) D = 2.33µm corresponding to an additional phase  = -.  
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By simultaneously driving the system, on the left and right, the same amount of optical damping with 
opposite signs are created on the mechanical resonators. For sufficiently high driving strength, the 
optical damping exceeds the intrinsic ones and the mechanical resonators exhibit so-called Parity-Time 
(PT)-symmetry [18, 19]. We aim to exploit such symmetry for versatile platform of physics ranging from 
coherent phonon generation [20,21], unidirectional phonon propagation, synchronization of mechanical 
resonators [22] to the enhancement of quantum effects [23].  

We describe the system shown in Fig. 3.1.11 by its Hamiltonian and the associated Quantum Langevin 
Equations (QLE) can be derived as in [23]. Both numerical and analytical calculations are then applied to 
these equations in order to figure out the physics involved within the system. 

The Hamiltonian of the above system is given by, 

int ,                            (1)OM driveH H H H H H        

with   
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This Hamiltonian is given in the rotating frame of the driving. We have defined the detuning
j j

j p c    , where j
p  and j

c stand for the laser and cavity frequencies respectively. The other 

parameters are the mechanical frequency j , the optomechanical coupling jg , the tunneling coupling 

rate J , and the dissipations j , j  that are captured by H  and H  respectively. The effective drive 

amplitude of the pump laser is
j

in in
j j

p

P





, where inP represents its input power. The mechanical 

and optical modes are described by the annihilation operators jb and ja , respectively. The four 

classical differential equations of the system can be written as, 

Figure 3.1.11: Generic setup. 
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where the complex quantities j and j are the mean values of the operators ja  and jb respectively 

[23], and  in
j  is the thermal drive. 

Throughout this study, we assume the hierarchy of parameters jjjgj  , , as 

encountered in experiments carried out in the resolved sideband regime.    

The set of differential equations given in Eqs.(3) can be solved numerically and analytically up to a 
certain threshold [24, 25].  In the regime where the resonators exhibit limit cycles [24, 25], we can 
express the optical damping as, 

 2

1
2

1

2 ( ) ( )
,                   (4)

in
j j j n j n jj

opt
nj n n

g J J

h h

   








 

 
      

where the normalized mechanical amplitude is
2 j j

j
j

g A



 , nJ are the Bessel function of the first kind 

and  
2

j
n j jh i n


    . The effective detuning is defined as 2 ( )j j j jg       where 

j is the steady-state of j .  

From now on, we set 1 2 m     , 1 2 m     , 1 2     and 1 2g g g  . The 
parameters used are those of the experimental work [Phys. Rev. Lett. 115, 233601 (2015)], where 
nonlinear radiation pressure dynamics in an optomechanical crystal was studied. Using a silicon 
nanobeam optomechanical crystal, the authors have investigated mechanical self-oscillations and 
figured out the related attractor diagrams arising from the radiation pressure interaction between a 
localized optical cavity and a mechanical resonance.  Furthermore, an analytical model incorporating 
thermo-optic effects due to optical absorption heating was developed to predict the measured device 
behavior. These experimental parameters are, 

2 3.7GHzm    , 2 24m kHz   , 2 1.7GHz    and 2 941g kHz  .    The 

highest power used during this experiment was 151inP W , which corresponds to 
73.51 10in Hz   (or 230in

m  ).  In the present study, we couple two mechanical 

resonators having the same characteristics as in [Phys. Rev. Lett. 115, 233601 (2015)] and different 

mechanical quality factors will be considered. Indeed, a mechanical Q-factor of 510
m

Q is used at 

first and then, 310
m

Q  will be used in the second configuration.  Preliminary results are shown in 

Fig3.1.12 and Fig3.1.13.    Fig3.1.12a and b show the mechanical amplitude of resonators 1 and 2 
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respectively, obtained from numerical simulation of Eqs.(3) for 510
m

Q . These results are obtained 

for strong coupling between the mechanical resonators ( mJ  ), and one observes a saturation of 

oscillations (same magnitude) around 1 2 100in in
m     . In our second configuration (

310
m

Q ), this saturation threshold occurs for 1 2 160in in
m   

 
(no represented here), that is 

slightly higher than the previous one. It results that, this threshold where both mechanical oscillations 
reach saturation is lowered for high mechanical Q-factor. More details about the effect of the 
mechanical Q-factor on the dynamics of the coupled resonators will be given in our next investigations.    

 
 
 
 
 
 
 
 
 

 

 

 

 

Extracting the mechanical amplitudes from Fig3.1.12a and b and use them in Eq.(4) reveals that, this 
saturation is reached near the balanced gain and loss between the mechanical resonators. Indeed, blue, 

red and black curves in Fig.3 show 1
eff  (loss), 2

eff  (gain) and 
2

1

eff

eff




 (gain/loss ratio) respectively. The 

inset clearly shows that the gain/loss ratio converges towards 
2

1
1eff

eff




  around

1 2 100in in
m    .   This means that, from the threshold of the mechanical PT-symmetry, 

mechanical resonators settle into coherent oscillations regime as shown in Fig.3.1.13 (above

1 2 100in in
m    ).  

 
 
 
 
 
 
 
 
 

 

Figure 3.1.12a: Normalized amplitude for the first 

resonator at 1 2 and .in in
mJ      
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Figure 3.1.11b: Normalized amplitude for the second  

resonator at 1 2 and .in in
mJ       
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For a sufficient driven pump, gain ( 2 2 2
eff m opt opt       ) and loss ( 1 1 1

eff m opt opt      ) are 

balanced in our system (

2

1
1eff

eff




 , see Fig3.1.13). This threshold of balanced gain/loss induces 

coherent phonon oscillations as shown in Fig3.1.12 (a and b), where both resonators oscillate with 

similar saturated amplitudes starting from 1 2 100in in
m    . It results that, the balanced 

gain/loss threshold is an essential ingredient for coherent mixing and manipulation of phonons in 
coupled optomechanical cavities. Furthermore, we can also use this threshold as a key element to study 
synchronization of the coupled mechanical resonators. Moreover, the gain/loss balanced situation leads 
to mechanical PT-symmetry that will be of great interest in our futures investigations as well. For 
instance, we can exploit this symmetry to improve the engineering of phonon-cavity [26] and for non-
reciprocal phonon transmission. 

3.1.3 Mode conversion by symmetry breaking in the nanobeam 
 
We describe here the possibility of mode (or polarization) conversion during the propagation in a 
nanobeam by introducing some asymmetry into the structure.  

In the previous section 3.1.2, we presented the dispersion curves (Fig. 3.1.7) of a rectangular silicon 
nanobeam (a×e). One can see the occurrence of four propagative branches with different phase 
velocities starting from the origin. The spatial distributions of the displacement fields for these first four 
low frequencies eigenmodes are presented figure 3.1.14. Each mode is represented according to the 

 

Figure 3.1.13: Effective damping 1
eff  (red curve), 2

eff  (blue curve) and the gain/loss ratio 
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 (inset in black color). The other parameters are the same as in Fig3.1.12. Here 
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real component ux, uy, and uz for a total displacement ( , , , ) ( , ) modeik x i t
i iu x y z t u y z e   , where modek  is 

the wave vector of mode (i).  

 

Figure 3.1.14. Spatial distribution of the displacement field for the four first low frequency eigen modes of a nanobeam 
with a rectangular section.  and ' correspond to the planes of symmetry of the rectangular section. 

From figure 3.1.14, it is possible to define the parity of the modes with respect to the symmetry planes 
 and ' and the parity analysis for each mode is summarized table 1. As we can see, the four modes are 
orthogonal, and then independent from each other which practically avoids the coupling between 
them. 

Table 1: Symmetry of the fourth low frequency modes of the rectangular nanobeam. The parity even (e) and odd (o) are 

defined with respect to the plane  and ' 

 Mode 1 Mode 2 Mode 3 Mode 4 
 o e o e 
' e o o e 

Parity  oe eo oo ee 
 

To get a mode conversion, one way is to break the symmetry of the structure and generate different 
possibility of coupling between the native eigenmodes. To go through this issue we introduced, as an 
example, a geometrical defect in the perfect nanobeam made of a half cylinder crossing one boundary 
of the nanobeam (figure 3.1.15(a)). In this case, the symmetry of the rectangular section is broken 
according to the plane '. It means that a transmission of an eigenmode will conserve his symmetry with 
respect to  while it is relaxed with respect to '. This conclusion can be demonstrated easily 
considering the eigenmode m1. We perform the calculation of the transmission introducing the exact 
shape of the native eigenmode (m1) (figure 3.1.15(b)). One can see that at the exit on the defect 
nanobeam, we get the transmission of both modes m1 and m3. By introducing the cylindrical defect, we 
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have been able to make a partial conversion of m1 to m3. The physical reason is that the two modes 
have the same symmetry according to  and only the symmetry according to ' can be changed. Of 
course, the inverse situation is also possible, i.e. generate m1 from m3. Similarly, launching the 
eigenmode m2 introduces a conversion to mode m4, as the two modes are both even with respect to . 
It results that breaking the symmetry of the nanobeam along the y-axis (plane '), has created two pairs 
of convertible modes (m1, m3) and (m2, m4). Similarly, one could obtain the two complementary pairs 
of convertible modes (m1, m4) and (m2, m3) by breaking the symmetry along the z-axis (). The mode 
conversion is partial, nevertheless the nature of the defect can be engineering to enhance the percent 
of this conversion. 

a)  

b)  

Figure 3.1.15 (a) Schematic presentation of a nanobeam with rectangular shape and single asymmetric 
defect (scale is in microns). (b) Spectra of transmittance when the eigen modes m1 to m4 are launched. 

 

3.2 Theory and modelling of optomechanic interactions in nanobeam waveguides:  Implementation 
of a full acousto-optical model for rigorous simulation of cavity optomechanics based on time-
harmonic transformation optics 

 
We are dealing with the theoretical investigation and the numerical implementation of a full-wave 
model of the ElectroMagnetic-Continuum Mechanics (EM-CM) coupled physics, in the frequency 
domain. A considerable advantage in using such an approach is that we can consider both EM and 
mechanical losses of the medium, which represents a remarkable step further with respect to the 
standard perturbative method.  
The analysis is rigorously based on the full-wave coupling of all the energy-transduction contributes, 
summarized in Fig. 3.2.1.  
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Fig. 3.2.1 - Sketch of the four coupling contributes of an optomechanical interaction. 

 
The radiation pressure and the electrostriction constitutes the forces exerted by the electromagnetic 
fields on the matter, whereas the photoelasticity describes the perturbation of the electromagnetic 
radiation caused by the presence of the mechanical wave. Special considerations are required for what 
concerns the so called moving boundary effect, i.e. the boundary deformation caused by the space-
time-varying pressure field that perturbates the electromagnetic boundary conditions. Specifically, the 
Eulerian coordinates in which the Maxwell equations are solved are not able to take into account for 
the mechanical displacement, defined, in turn, in Lagrangian coordinates. As a matter of fact, the 
limitation just discussed can be numerically significant in case of micro- and nano-scale cavities. The 
Transformation Optics (TO) method represents an elegant and efficient solution to the just addressed 
problem. TO is a relatively recent technique that facilitates the design of a variety of optical devices 
(lenses, phase shifters, deflectors, etc.) by deforming the coordinate system, warping space to control 
the trajectories of the electromagnetic radiation. Such alteration then turns into a change of the 
electromagnetic material parameters such as the permittivity 𝜀 and the permeability 𝜇. For the special 
case of optomechanics, TO is used to take into account the time-varying boundaries of the domain 
under investigation, making then possible to consider the moving boundary effect by means of a 
modified version of the standard Helmholtz equation [27-28]. 
 
In what follows, we present an example in which the proposed application has been used in order to 
design an opto-mechanical cavity. The latter is composed of two optically coupled silicon-based cavities, 
with possibly different, geometry controlled, coupling rate. The degeneracy of the optical resonance of 
the individual cavities is broken by the mutual coupling, when the separation d between the cavities is 
reduced: for numerical purposes, different peak separations are considered, by just changing the 
parameter 𝑑 (highlighted in Fig. 3.2.2). 
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Fig. 3.2.2 - Highlights of the parameters 𝑑, i.e. of the distance between the two coupled opto-mechanical cavities. The 

latter can be optimized in order to shift the two optical resonant modes related to the two frequencies 𝜔  and 𝜔 . 
 

The corresponding frequency differences of the not degenerate resonances are then obtained. The 
admitted values of 𝑑 are set by matching the above frequency difference with the resonant frequency 
of a specific mechanical mode. By considering a pumped power 𝑃𝑖𝑛 =  200 𝑚𝑊, the optical and 
mechanical frequencies of the resonating modes are 𝑓  =  178.89 𝑇𝐻𝑧 and 𝑓  =  8.05 𝐺𝐻𝑧. The 
corresponding field distributions are shown in Fig. 3.2.3. 

  

 
Fig. 3.2.3 -  Displacement fi -  distribution of the enhanced mechanical resonating mode, with a mechanical isotropic loss 
factor of 𝜉 =  10  a), and norm of the E-field of the pumped optic resonant mode b). In the latter, the electromagnetic 

energy is well confined into the cavity, leading to high values of the optical Q-factor (∼ 10 ) and of the E-field itself. 
 

The effective mass meff and the initial displacement 𝑢  associated to the chosen mechanical mode are, 
respectively, 1.44 · 10  kg and 2.09 · 10  𝑚 . The reason why the optomechanical coupling 
between the two resonant modes is expected to be high can be explained by looking at the 
aforementioned field distributions: their confinement occurs in the same area of the opto-mechanical 
cavity, i.e. the two slab-like sections. The above analysis is object of current work. 
Another example of self-consistent calculation by means of TO is provided in the following Fig. 3.2.4, 
where we refer to ref.[6] and find high correlation between our model results with experiments. The 
blue symbols are the peaks of the transfer function of a resonant cavity (inset) around the resonant 
frequency (demodulated RF spectrum), which can be seen as the experimental signature of the opto-
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mechanical coupling with phonons: as expected, these peaks correspond to the maximum relative 
displacements (red spots) obtained from the self-consistent EM-CM simulation based on time-harmonic 
transformation optics. The relative values of the displacements, more than their absolute values, are 
significant here, as the latter scale with the input pump and probe powers. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3.2.4. Experimental scattered peak powers (blue symbols) through a resonant OM cavity, overlapped with the 
corresponding calculated magnitudes of mechanical displacements (red symbols). 

 
In synthesis, the TO approach has been extended to time varying coordinates by matching syncronous 
harmonics in the Maxwell equations, and has been applied to OM resonant cavities. In synthesis, the 
following advantages are emphasized with respect to conventional methods (perturbative, couple mode 
theory, etc.): 
- inclusion of moving boundaries and moving space 
- multimodal analysis, both optical and mechanical 
- rigorous simulation of space transients 
- simultaneous simulation of backward and forward waves, resonating in the OM cavity 
- easy inclusion of losses, both optical and mechanical 
 
The aforementioned work/achievements are related to Task 1.2. 

3.3 Transmission Line Models of the space-time analysis for wave propagation 
 

The Transmission Line Matrix (TLM) method is a full-wave time-domain technique that, in primis, has 
been extensively and successfully used for the numerical simulation of electromagnetic wave 
propagation problems, but that can be extended for the analysis of other types of physical systems, e.g. 
heat transport. In this approach, ports are defined between two neighbouring cells and a scattering 
centre, or node, is defined at the centre of each cell. In this project the TLM concept will be extended to 
the area of computational mechanics. 
Outline of the model – The acoustic field in a material of density , and coefficient of compressibility  
is governed by:  
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(1a) (1 ) (1 ) (1d)
y yx xz z

u uu uu up p p p
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x y y t x t y t z t
   

      
         

         
 

where p denotes dynamic pressure and ui the i-th component of the particle velocity. Let us now 
consider the transmission line circuit in Fig.3.3.1(a). It is formed by the parallel connection of six 
transmission lines of identical characteristic admittance, 1

0 0Y Z  with length Lx/2, Ly/2, Lz/2. Each 
one of these lines denotes a voltage and a current pulse travelling towards the junction from a certain 
Cartesian direction. An extra line, line 7, is an open-circuited or capacitive stub of characteristic 
admittance YY0, which represents a voltage that is common to the rest of the lines .The speed of pulses 
in all the lines is adjusted so that its length is covered in a fixed time t/2. The circuit thus defines a 
common voltage V, with a total capacitance CT=Y0(6+Y)t/2. This circuit will be denoted the parallel 
node for p, described by the following equation: 

 2 (3)
yx z

T x x x y y y z z z T

II I V
C p V u I L u I L u I L C

x y y t


  
           

    Eq. 

(2) is analogous to equation (1a) if the equivalencies of eq.3 are set, where Ii is the current in the i-
direction. As regards the circuit of Fig. 3.3.1(b), it is formed by lines 1 and 2 of the previous circuit, both 
defining voltage and current Ix with propagation along the x direction. An extra short-circuited line of 
characteristic impedance ZxZ0 is series connected to lines 1 and 2. The length of this line is also covered 
in t/2 time. This inductive stub contributes to Ix with no particular direction and adds inductance to the 
circuit so that the total inductance is LTx=Z0(2+Zx)t/2. The circuit defines Ix, this circuit will be termed as 
the series node for Ix and the corresponding differential equation becomes (3): 

  24 (5)
x x

x
T x x x T

IV
L p V u I L L L

x t



      

   

Eq. (4) is analogous to equation (1b) if the equivalencies (5) are defined. Similar series nodes for Iy and Iz 
, involving lines 3-6 and two extra inductive stubs 9 and 10, reproduce equations (1c) and (1d).  

 
Fig. 3.3.1(a) Parallel node for p. (b) Series node for ux. 

 
The whole set of equations (1) for a cubic portion of the material with dimensions Lx, Ly, Lz can be 
described by a circuit of transmission lines resulting from combining one parallel and three series 
circuits. In order to derive a direct connection, i.e., a fully circuital representation, all the field quantities 
are dfined at the same point, the centre of the node. The basic concepts of the analogy are summarized 
in Fig.3.3.2 (a), which shows the field quantities and direction of propagation associated with the lines, 
together with the capacity and inductance introduced at the node by the presence of the line. The 
scheme of the symmetrical condensed node (SCN) is shown in Fig. 3.3.2  (b), in which connections at the 
centre of he node are represented as a black box to emphasize that the connection between the circuits 
is not physical but formal. 
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Fig. 3.3.2  (a) Field quantities and line parameters. (b) Acoustic symmetric condensed node 

 
Once the acoustic node has been defned, the TLM algorithm proceeds as follows. By means of a proper 
discretization of space, a mesh of transmission lines formed by interconnecting TLM nodes substitute 
the original medium. Time is also discretized in dt units, t being the time needed for the voltage and 
current pulses to travel from the centre of the node to the centre of an adjacent node through a link 
line, lines 1-6, or back to the same point through a stub, lines 7-10. For time nt and for each node, a 
set of incident voltage pulses travel towards the node, reaching its centre at time nt, scattering, and 
producing reflected pulses to all the lines in the node. Those pulses reflected to link lines connect to link 
lines of adjacent nodes, becoming incident pulses at time (n+1)t, while pulses reflected to stubs 
generate incident pulses at the same node and the next time step, thus controlling the velocity of 
propagation. Then, the global process is expressed by two fundamental operator equations, i) the 

Scattering Matrix S, ii) the Propagation Matrix T. If r
nV and iV n are the column vectors containing the 

ordered reflected and incident  pulses (Fig. 3.3.3), these are related by the Scattering Matrix, 
r i

n n
V S V  
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Fig. 3.3.3- The scattering matrix S. 
 

The coefficient of the scattering matrix S are expressed in terms of line parameters, e.g. c=d=2/(6+Y), 
ex=2Zx/(2+2Zx). At t=0, the grid is excited in some nodes, and  specific boundary conditions on pressure, 
particle velocity or as a combination of both are imposed. In the scattering-propagation dynmics, the 
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TLM algorithm provides, for each time-step  and space-point of the grid, all the electrical field quantities 
that are, in turns, mapped into the the acoustic field quantities. 
To obtain the relationship between the voltage pulses and field quantities, the common voltage at the 
parallel node in Figure 3.3.1 (a) and the common current at the series nodes in Figure 3.3.1 (b) must be 
calculated. Thevenin's equivalent circuit from the junction terminals for a given line with incident and 
reflected pulses is a series connection of its characteristic impedance and twice the incident voltage 
pulse [7]. Thevenin's theorem for the nodes in Fig. 3.3.1  for p and Ix yields equivalent parallel/series 
circuits, from which the expressions for the pressure field and particle velocity in the x direction can be 
derived (Fig. 3.3.4): 
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Fig. 3.3.4- . Thevenin's equivalent circuit and acoustic field quantities p and ux. 

 
Similar results are directly derived for uy and uz. 
To demonstrate the applicability of the novel SCN acoustic node, we are currently simulating several 
basic problems (e.g. cubic cavities). Once robust results are obtained, we will deal with the 
structure/devices under investigation in the context of the project, thus including the coupling between 
phonons and photons in realistic OM systems. 

3.4 Generation and detection of phonons by electrical means based on the excitation of surface 
acoustic waves of piezoelectric materials 

As mentioned in the introduction, the possibility of generating and detecting coherent phonons by 
electrical means, besides the optical pumping method, would open an extra degree of freedom to get 
new phenomena, more functionalities and a better performance. This scenario was envisaged at the 
Helsinki meeting on the basis of the scheme presented in figure 2.3 and we present here our very 
preliminary calculations on this topic started a few weeks before the preparation of this report. 

The first interest is on the generation of surface acoustic waves (SAW) starting from the calculation of 
the dispersion curve of the unit cell of lattice parameter a = 1.4µm presented figure 3.4.1(a). The 
multilayered structure is composed of two Al IDT deposited on an AlN piezoelectric material, a thin Si 
membrane, a SiO2 layer and finally the Si substrate, ended with a PML for the absorption of radiative 
waves. Periodic boundary conditions are applied from each side, left and right, of the unit cell, 
constituting the periodic structure. The set of geometrical parameters have been chosen as: hAl = 100 
nm and wAl = 350 nm; hAlN = 1 µm; hSi = 220nm; hSiO2 = 560 nm; hSi(wafer) = 7 µm and the excitation of the 
electrodes has been done at 1V. With these geometrical parameters, we obtained the dispersion curve 
presented figure 3.4.1(b), in which we have highlighted the modes at the surface of the unit cell, 
defined by the layers Al, AlN, Si and SiO2, with a band sorting calculation. The color bar means that the 
more the modes are in red color and the more the field is confined at the surface of the unit cell. With 
such a representation, one can clearly see the presence of a specific red branch in the dispersion 
diagram with a low phase velocity. The eigenmode corresponding to this branch is presented in the 
snapshots of figure 3.4.1(c) with respect to the real part of the components u and v. Looking at the 
modulus of the mode, one can say that the mode is confined at the surface and decay exponentially as 
far as the distance increases from the surface. Such a mode is known as a Rayleigh mode. 
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With the help of the dispersion curve, we proceed to the optimization of two geometrical parameters. 
The first one, the lattice parameter a = 1.4 µm, has been chosen in such a way to get a folding of the 
Rayleigh wave at the frequency 1.7GHz. Even if SAW can be excited at higher frequencies, such modes 
will be linked to the substrate and a potential radiation to the substrate can damage the propagation of 
the wave over a long distance. It results that to get the excitation of SAW at higher frequency, the best 
way is to decrease the lattice parameter a of the unit cell and provide the excitation of the SAW before 
the folding. The second optimization of the parameters has been done playing with the thickness of the 
SiO2 layer. As reported above, the objective of the issue is to generate SAW as an incident signal for the 
propagation inside the suspended Si membrane of thickness 220nm. We show that the variation of the 
thickness hSiO2 modifies the confinement of the field inside the 220nm Si layer. The more efficient 
confinement of the field, for both longitudinal (u) and transverse (v) component has been obtained for 
the thickness hSiO2 = 560 nm.  

 

Figure 3.4.1: (a) Representation of the unit cell for the generation of surface acoustic waves (SAW). (b) Dispersion curve 
obtained with the geometrical parameters: a = 1.4 µm, hAl = 100 nm and wAl = 350 nm; hAlN = 1 µm; hSi = 220nm; hSiO2 = 

560 nm; hSi(wafer) = 7 µm. (c) Representation of the real part of the components u, v and the modulus U of the elastic field 
at the point A of the dispersion curve. 

We then turn to the study of the transmission of the SAW through the half infinite medium. Figure 3.4.2 
shows the numerical model used for the calculation. We consider six IDTs for the generation of the 
elastic displacement. The silicon is represented in blue in the figure for seeing the silicon nanoplate 
embedded in the multilayered structure. PML have been added to the model to absorb the outgoing 
waves and to avoid any reflection from the boundaries of the super cell. Then the transmission curve is 
recorded at the end of the unit cell, with the detector D covering the section of the Si nanoplate. The 
curve is drawn figure 3.4.2(b) over the frequency range [0.2, 2.2]GHz and presents two maxima at 
1.45GHz and 1.8Gz. With the lattice parameter a = 1.4 µm of the Al IDT, we have been able to excite a 
wave with of wavenumber q = 2.24×106 nm-1. We can thus explain the shape of the transmission curve. 
If we report this wave number on the dispersion curve of figure 3.4.1, these two peaks correspond 
respectively to the excitation of the Rayleigh wave and the folding of the same branch. The transmission 
calculation at the monochromatic frequency 1.6GHz is captured as an example on the snapshot of figure 
3.4.2(c). One can see that the elastic wave is created via the IDT and a set of scattering wave radiates 
toward the bulk while a SAW is created and propagate smoothly at the surface of the structure. The 
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representation of the real part of the v component of the elastic field is in agreement with the one 
obtained from the eigenmode calculation (figure 3.4.1(c)). 

 

Figure 3.4.2: Representation of the 2D model for the generation and the transmission of SAW. (b) Transmission curve 
recorded at the detector D. (c) Representation of the real part of the v component of the displacement field at the 

frequency 1.6 GHz. 

We finally consider the connection of the half infinite structure with the Si nanoplate. Physically, it 
means that the SAW should be converted in Lamb waves. The geometrical connexion is done roughly, 
i.e. with a continuity of the 220 nm silicon nanoplate while the AlN and SiO2 layers are changed in air. 
The structure can be seen figure 3.4.3(a) from the calculation in the frequency domain. At 1.6GHz, one 
can see that the SAW comes from the left and continue in two ways. One part of the energy is confined 
now inside the nanoplate while another part is routed at the surface of the Si wafer. The figure 3.4.3(b) 
shows the transmission through the nanoplate over the frequency range [0.2, 2] GHz for a detector 
extended along the nanoplate section, at the right side, just before the PML. The transmission spectrum 
shows clearly the propagation of the wave inside the nanoplate, and the efficient conversion of SAW in 
Lamb waves. As well known, the Lamb waves are composed of antisymmetric (A0), symmetric (S0) and 
shear horizontal (SH) modes. To understand physically the nature of the waves we have created, we 
perform a spatial Fourier transform of the component u and v of the elastic field inside the nanoplate, 
along the direction of propagation. As seen in the lower diagram of figure 3.4.3(c), it results in the 
presence of two peaks at the respective wavenumbers q = 1.3×10-3nm-1 and q = 4.7×10-3nm-1. These two 
q vectors are in good agreement with the ones obtained from the dispersion curve of the 220nm Si 
nanoplate at the frequency 1.6GHz (figure 3.4.3(d)). 
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Figure 3.4.3: (a) Calculation at 1.6GHz of the real part of the component v of the displacement field. (b) transmission 
curve through the Si nanoplate. (c) (top and medium): variation of the real and imaginary parts of the u component 

through the nanoplate in the direction of propagation @1.6GHz and (bottom) the corresponding spatial Fourier 
transform. (d) Dispersion curve of the 220nm Si nanoplate.  

As a conclusion of these preliminary calculations, it seems that generating the SAW in the proposed 
structure will be possible. More importantly, it is likely that this SAW can be inserted efficiently into a 
nanoplate or a nanobeam. Of course, the parameters and especially the thicknesses of the constituting 
layers should be optimized in order to play with the shape and localization of the SAW and finally make 
its insertion into the nanobeam as efficient as possible. The next step will be to replace the 
homogeneous nanobeam by a structured nanobeam containing the phoxonic crystals and the required 
cavities. 

3.5 Simulations of coupling of acoustic energy into an AlN nanobeam above 10 GHz frequencies 

3.5.1. Background 
 

The aim of these simulations is to investigate the possibility to realise nanobeam cavities with 
mechanical oscillations exceeding 10 GHz using rather standard fabrication processes. The focus is on 
mechanical oscillations, and the optical properties of the structures are omitted at this stage. The 
material of the nanobeam is aluminium nitride (AlN). AlN is piezoelectric, has a very large band gap of 
6.1 eV, has very high thermal conductivity of 280 W/mK, a moderate refractive index of 1.9-2.0, is an 
insulator and fully CMOS compatible. The sound velocities are very high, 11000 m/s for longitudinal and 
6300 m/s for transversal waves. AlN is widely used in various piezo-MEMS applications, like 
microphones, ultrasound transducers, actuators, surface acoustic wave (SAW) devices and, especially, in 
bulk acoustic wave (BAW) devices. When fabricated by sputtering, AlN has a columnar structure with c-
axis in vertical direction. This enables efficient excitation of acoustic waves using thin film bulk acoustic 
wave resonator (FBAR) in which the AlN layer is sandwiched between two electrodes. The acoustic 



 
Deliverable D1.1 
Report on phonon propagation and mode conversion rules 

   

Page 32 of 45 
 

energy leaks away from the edges of the top electrode region and this acoustic wave escaping from the 
FBAR can be used to acoustically excite the nanobeam. Fabrication of the FBAR is simpler than 
fabrication of the inter-digital transducers (IDT) used to generate surface acoustic waves. The IDT finger 
width and the gap between the fingers are in submicron range at frequencies above 10 GHz. Also, the 
resistive losses in the IDT fingers are high. Benefits of SAW launchers are that the IDT can be made to 
generate SAW more effectively in the desired direction and the IDT can be constructed to focus the 
wave by using curved fingers. 

We have designed AlN nanobeams consisting of acoustic reflectors at both ends and resonator cavity in 
the middle. The excitation is via FBARs coupled to the ends of the nanobeam. Comsol Multiphysics 
software (version 5.2a) is used in the FEM simulations of the nanobeams. 

3.5.2. Acoustic wave propagation in nanobeam 

To prevent leakage of acoustic energy from the resonator cavity into the nanobeam and to attain high 
Q-value, the reflectors preferably have a complete bandgap, i.e., none of the acoustic modes can 
propagate in the reflector. The reflector is a 1D grating structure consisting of repeated basic cells. The 
basic cell with its dimensions is shown in Figure 3.5.2. The dispersion curves for the reflector cell are 
shown in Figure 3.5.3. One can see that there is a complete bandgap between frequencies 
approximately from 12 GHz to 12.7 GHz. The mode shape (at wavenumber value of k=0) for the two 
modes above and below the bandgap are shown in Figure 4.5.3. 

 

Figure 3.5.2. Reflector cell with dimensions a=400 nm, b=600 nm, c=250 nm, d=360 nm, R=120 nm. 
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Figure 3.5.3. Dispersion curves for a reflector cell. 

  

Figure 4.5.3. Mode shape for a reflector cell below (left) and above (right) the bandgap for value k=0 of the 
wavenumber.  
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3.5.3. Acoustic wave excitation 

The acoustic resonance cavity in the middle part of the nanobeam is formed here by changing only one 
of the dimensions of the reflector cell, viz. the length of the stubs on both sides of the cell. This lowers 
the frequencies of the modes. The length of the reflector sections determines the strength of the 
acoustic coupling with the surrounding environment. As the goal is to carry out both generation and 
detection electrically, the reflectors are rather short such that part of the energy can propagate through 
the nanobeam, where it is electrically detected (using IDT or FBAR). It is challenging to design the beam 
end regions in such a way that the desired wave mode in the nanobeam is effectively excited and 
detected. Various configurations have been simulated and one such design is shown in Figure 3.5.5. 

 

Figure 3.5.5. Geometry of a FEM model to investigate acoustic wave excitation into the nanobeam. The stack 
materials and layer thicknesses from top to bottom are Al 300nm (grey), AlN 250 nm (yellow), Mo 300 nm (orange) 

and Si substrate (blue). 

3.5.4. 3D simulation of nanobeam 

3D FEM model is used to simulate the nanobeam with the supporting structures at both ends (see Figure 
3.5.6). The outermost regions in the FEM model are used to truncate the model artificially. In these the 
so called perfectly matched layer (PML) regions the wave attenuates strongly and only insignificant part 
of the wave energy is reflected back. In this simulation, the nanobeam is driven from both ends. 

The simulated magnitude of displacement vs. frequency in the center of the nanobeam upper surface is 
shown in Figure 3.5.7. One can see several peaks corresponding to localized acoustic modes. The largest 
displacements in the acoustic resonator region in the middle of the nanobeam simulated at the 
frequency of the peak at 12.2 GHz are shown in Figure 3.5.8. The frequency is within the stopband of 
the reflector regions and, consequently, acoustic energy is confined into the cavity region. 
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Figure 3.5.6. Geometry of FEM model for simulation of the nanobeam acoustics. The model contains only half of the 
complete geometry, the other half is symmetric (xz-plane is symmetry plane). The acoustic cavity in the middle of the 

nanobeam is highlighted in blue. 

 

Figure 3.5.7. Displacement magnitude vs. frequency in the center of the nanobeam upper surface. 
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Figure 3.5.8. Displacements in the nanobeam simulated at 12.2 GHz. 

The next step is to develop a fabrication process for the nanobeams and the BAW resonator (FBAR) 
launchers, and to design the masks for the process. Because the nanobeams here are not designed for 
optical excitation, the characterization of the test devices will be carried out electrically. The mask 
layout will include several designs to investigate the coupling of the FBARs to the beam and also 
reference and calibration devices.  

4. Conclusion 

The main achievements in this first year are about the implementations of the simulation and modeling tools 
necessary for the investigation of wave propagation and optomechanic interactions. The considered 
phoxonic crystal is mainly constituted by a nanobeam waveguide containing a periodic array of holes and 
stubs in order to insure the existence of both photonic and phononic gaps. 

The tools developed for phonon and photon propagations have been applied to  the case of coupled cavities 
in a nanobeam, showing that such coupling can be used for route, control and modulate phononic cavity 
modes over large distances between cavities. Also, preliminary works were started on the possibility of non-
reciprocal transmission when the cavities are excited by an external source (possibly by optomechanics) as 
well as on the possibility of mode conversion if an asymmetric defect is inserted in the nanobeam. 

A full acousto-optical model for rigorous simulation of cavity optomechanics based on time-harmonic 
transformation optics was implemented and applied to evaluate the optomechanical interaction in a few 
examples including two optically coupled cavities. Also, we developed a first full-wave model for the space-
time discretization of the acoustic wave equations by using the Transmission Line Matrix (TLM) method as 
one step in preparation of Task 1.3 on device parametrization. This would also provide a new or an 
alternative method for the study of phonon propagation and ptomechanicall effects .    

Finally, in support of the experimental work envisaged in WP2 about  the possibility of generation and 
detection of coherent phonon by electrical means, we started recently to explore the excitation of surface 
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acoustic waves (SAW) on a substrate covered by a piezoelectric material, followed by the injection of the 
SAW into the Si nanobeam where the optomechanic effects should take place. The first results are 
encouraging in that they show an efficient insertion of the excited SAW into a nanoplate and its conversion 
to the Lamb modes. Now, the parameters of the structure, in particular the thicknesses of the films 
(AlN/Si/SiO2) on top of the Si substrate, should be optimized to make the   most efficient insertion of the 
originally excited SAW. Other issues will be about the dissipation during the propagation, the coupling with 
cavities and the magnitude of the optomechanic interactions. 
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6. Appendices 

Appendix 1: Alternative approach of cavity optomechanic interactions in analogy with Brillouin light 
scattering theory 
In this approach, it is assumed that the scattering between an incident light and the acoustic vibrations in 
the structure, associated with a phonon, gives rise to a scattered light satisfying the conditions for the 
conservation of energy and momentum. This is in contrast with the case of stimulated Brillouin scattering in 
optical fibres where two incident lights of very close frequencies are launched into the fibre and scatter with 
each other to create or annihilate a phonon. From a classical point of view, the approach consists of 
considering the modulation of light by the acoustic vibrations in the structure. More precisely, since the 
velocity of light is much faster than the acoustic velocity, the scattering properties of the incident light 
(frequency of a cavity mode, transmission or reflexion coefficients) can be studied at different instants of the 
acoustic period, assuming that the structure is frozen at each instant. This modulation of the optical 
properties is stronger if the acousto-optic coupling between the photon and the phonon is stronger. 
Therefore, the amplitude of the modulation provides the information about the strength of the phonon-
photon interaction, hence the magnitude of the optomechanical (OM) coupling rate.  

As mentioned in section3.2, the phonon-photon interaction is based on two mechanisms, namely the 
photoelastic (PE) and the moving interface (MI) effects. Both are due to a local variation of the dielectric 
permittivity induced by the presence of the acoustic strain. The former happens in the bulk of each material 
and is mediated by the photoelastic parameters (Pockels effect), whereas the latter occurs at the boundaries 
of two materials and results from the motion of the interfaces during the acoustic vibrations. A first method 
to evaluate the strength of the OM coupling is to use a first order perturbation theory [29] in which the 
coupling rate expresses the shift of the photonic frequency mode of the cavity induced by the zero point 
motion of the mechanical field. Its expression can be obtained from the knowledge of the acoustic and optic 
fields inside the cavity and is given by [30] 
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Here U is the normalized displacement filed ( 1max U ), n is the outside normal to the boundary, E is the 
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photoelastic tensor components, n is the refractive index of the material and klS  the strain tensor 

components.   and   are the optical and acoustic frequencies respectively and effM is the effective 

motional mass related to the normalized acoustic displacement field by 
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dVρ UeffM , where ρ is the 

mass density. The total OM coupling rate g is then given by MIPE ggg  .  

In addition to this perturbation method, we have developed, in the frame of the Fet-open project Tailphox, a 
simulation method [2-5, 31, 32] in which the strength of the cavity OM interaction is obtained from the 
modulation of the cavity photon frequency by the cavity phonon, namely the frequency of the photonic 
mode is calculated at successive instants of an acoustic period under the assumption that the acoustic mode 
strain profile is being frozen at these instants. This hypothesis is justified by the fact that the frequency of 
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the phonon is several orders of magnitude below the photon frequency. It is worth noticing that, in these 
simulations, it is necessary to give a magnitude to the acoustic strain inside the cavity. For the sake of 
numerical computations, we assume in general a maximum strain in the cavity equal to 1% or 2%. This is 
actually much higher than more realistic values of 10-4 to 10-6 that can be expected from an external acoustic 
source exciting the phononic cavity mode. However, in our calculations we check that the optical modulation 
is in general a sinusoidal function of time during one period of the acoustic vibration with an amplitude 
which is proportional to the acoustic strain. When the acoustic wave becomes stronger, higher order phonon 
processes become also possible, although in practice the first order term may remain often predominant. 
Then, the optical modulation can deviate from a sinusoidal behaviour and the strengths of the higher order 
processes can be deduced from the Fourier components of the optical modulation during one period of the 
acoustic wave [31, 32]. Therefore, the simulation method becomes also useful to discuss non-linear effects 
involving several phonons in the acousto-optic interaction phenomena. Additionally, the first order 
contribution to the coupling rate may vanish in some cases due to symmetry reason and only higher order 
phonon exchanges become allowed.  

During and after the tailphox project, we successfully applied this approach to the problem of cavity OM[2-5, 
31, 32], namely calculating the OM coupling rate when a cavity is inserted in different types of phoxonic 
crystal structures (2D, slabs and nanobeams). The objective of the work we started recently is to make an 
extension of this method in order to calculate the modulations of other scattering properties of light such as 
transmission and reflexion coefficients and consider arbitrary geometries of light scattering. Therefore, the 
theoretical approach becomes very similar to the evaluation of the intensity during a Brillouin light scattering 
experiment. In this appendix, we give the first results of these calculations in the simple case of scattering 
between an incident light of arbitrary incident angle and an acoustic wave propagating in a homogeneous 
slab, namely an acoustic Lamb mode of the slab. Indeed, in this simple example, we were able to compare 
our simulations results with the experimental measurements of Brillouin light scattering and we found very 
good overall agreement, including some features which were not originally expected.  

The calculations are based on the following steps: 

(i) In figure A1.1 (a), we give the dispersion curves of Lamb modes propagating in a Si slab of thickness 
260nm. Let us chose a particular phonon at a given frequency  and a given wave vector q parallel to the 
slab (red dot in the figure). This particular mode produces acoustic vibrations in the slab which oscillate at 
frequency  Figure A1.1(b) shows the geometry of light scattering where the incident light with an arbitrary 
incident angle gives rise to a transmitted field at the same frequency and wave vector as the incident light, 
but also to scattered fields which undergo a change in their frequencies and wave vectors (the figure shows 
only the first order scattering when on phonon has been exchanged between the incident and the scattered 
light).  The scattering wave vector K=K(i)- K(s) is equal to K=0 for the transmitted field without scattering and 
K=q for the first order scattering involving a single phonon.  
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Figure A1.1: (a) Dispersion curves of the Lamb modes in a Si slab. The red dot indicates the selected phonon mode for 
the study of light scattering. (b) Geometry of light scattering. The incident light scatters the acoustic vibrations in the 

slabs associated with the selected phonon mode. In the transmission area, one can see a transmitted field without 
scattering (direct transmission) and a transmitted field where one phonon has been exchanged between the incident 

and scattered light. Higher orders scattering are also possible in principle but remains practically very weak. 

 

(ii) At each instant t of the vibration (with 0 < t <2), we collect in the transmission area the electric field 
of the total transmitted field over one spatial period parallel to the slab, namely 2/q (red dotted line in Fig. 
A1.1(a)) . Two examples of the real and imaginary parts of the electric fields are shown in Fig. A1.2: one for 
t= 0 (Fig. A1.2 (a) and (b)) and the other for t= /2 (Fig. A1.2 (d) and (e)). Let us notice that for t= /2, 
the slab is almost at rest (the acoustic vibrations almost vanish at this time) which explains the constant 
value of the transmitted electric field with respect to the space position. 

(iii) By making a Fourier transform of this electric field with respect to the space position parallel to the slab, 
we obtain the main components of the wave vectors involved in the electric field. This is illustrated in Fig. 
A1.2 for t= 0 (panel (c)) and t= /2 (panel (f)). In the case oft= 0, one can see that the main scattering 
wave vectors (K=K(i)- K(s)) involved in the electric field are K=0 (direct transmission) or K=q (scattering by one 
phonon). The higher order scatterings (K=2q, 3q,...)have practically inexistent. In the case oft=/2, only 
the scattering vector K=0 is obtained.  
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Figure A1.2. Panels (a), (b), (d), (e):  For the selected phonon in the slab, these panels give the real and imaginary parts 
of the total electric transmitted field as a function of the space position parallel to the slab, along one spatial period 

2/q. Panels (a)-(b) correspond to the time  t= 0 and panels (d)-(e) to the time  t= /2. Panels (c) and (f) respectively 
give the spatial Fourier transform of the electric field at t= 0 and t= /2, thus giving the involved wave vectors in the 
electric field at each instant. Finally, panel (g) collects the magnitude of the component K=q of the electric field during 

one acoustic period  0 < t <2 

(iv) By repeating these calculations at any instant of the acoustic vibrations from  t = 0 to 2, one can built 
the figure A1.2 (g) where we present the variations of the K=q component of the electric field as a function 
of time (other components can be also presented when they exist). The magnitude of the amplitude in this 
curve is directly related to the strength of the acousto-optic coupling. This is the quantity of interest for 
evaluating the strength of the optomechanic coupling rate.  

(v) As a matter of proof, we have calculated the intensity of Brillouin light scattering in the geometry of Fig. 
A1.1(b). The results are presented in Fig.A1.3 for two different configurations of the scattering, namely, the 
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VV and HH configurations where the electric field is respectively parallel or perpendicular to the sagittal 
plane. These curves show a very good agreement with the experimental measurements (Private 
communications from B. Graczykowski and G. Fytas, Max Planck Institute at Mainz). In particular they 
reproduce well some unexpected features such as the difference between the results for VV and HH 
configurations, as well as the vanishing of the scattered fields along some dispersion curves (see for instance 
in the left panel, the vanishing of the intensity in the lowest dispersion curves around q=0.01 nm-1

 

Figure A1.3. Brillouin light scattering intensities for two configurations (HH and VV) of the scattering geometry. The 
dispersion curves are coloured according to the scattering intensity. The wavelength of the incident light is 0=514nm. 
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Appendix 2: Preventing the loss of optomechanical efficiency due to the excitation of low frequency 
acoustic vibration of the nanobeam structures by the incident laser 
 
Recent experiments on this structure showed that the excitation efficiency of the high frequency phonon 
cavity modes (above 2 GHz) useful for optomechanic applications can be limited by a preferential excitation 
of very low frequency phonons (below a few 0.1 GHz). One proposed solution to eliminate such undesired 
effect and avoid these low frequencies modes of vibrations would be to add very thin tethers that link either 
the stubs between themselves or the stubs to the neighbouring substrate. The calculation presented below 
showed that the latter solution may be promising for killing low frequencies modes below 0.2 GHz. Figure 
A.2.1(a) represents respectively the dispersion curves when the elementary unit cell of the nanobeam is free 
(left inset) and connected to the substrate by tethers (right inset). The following geometrical parameters 
have been used for the calculation: a = 500nm, r = 0.3a, e =0.44a, d =0.5a, =0.05a, and l =0.3a. The 
comparison of the two situations show that in the dispersion curves for the structure with tethers the phase 
velocities of the lowest branches have drastically increased and go towards the transverse velocity of silicon 
represented with the red solid line. It results that the density of states decreases significantly in the low 
frequency range. .1ure A.1(b) shows that the four lowest branches belong to the whole structure, including 
the substrate. Therefore, these modes are expected to become weak in the nanobeam when the substrate is 
sufficiently large. However, one drawback of the structure with tethers is the apparition at higher q of new 
stationary branches (#1 and #2) which belongs to the nanobeam (mode 1) or to the tethers (mode 2).  

 

Figure A2.1 (a) Calculated dispersion curve of the nanobeam unit cell for free (left) and connected top-boundaries 
(right). (b) Displacement fields of the connected nanobeam for (from left to right): the first 4th branches at low 

frequencies (l=0.3a), mode 1 and mode 2 in the middle figure (l=1.2a). 
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Appendix 3:  Transfer between two coupled photonic waveguides 

In parallel to phonon propagation, we also started the study how a photonic mode of the phoxonic cavity 
can be excited by means of an external waveguide bringing the incident light (see Figure A3.1). Indeed, this is 
a necessary step in the optomechanical excitation of a cavity. We considered two geometries where the two 
waveguides are located side by side or a top on top. Different configurations of the periodic arrays have 
been considered, playing with mirror properties of the photonic structure.  

 

Figure A3.1: Excitation of the photonic cavity modes following the (left) side by side and top on top (right) 
configurations. 

The transmission spectra of Fig. A3.2 illustrates the existence of transmission peaks in the second nanobeam 
inside the band gap of the photonic crystal which are associated with the coupling of localized modes 
between the cavities of two nanobeams. By increasing the distance between the two neighbouring 
nanobeams from 0.5 to 1.5 m, the transmission peak is redshifted and supressed. The mode coupling is 
better in the case of a top on top coupler, but the efficiency of a side by side coupler can be improved using 
planar shift between nanobeams. In the case of short distances between nanobeams there is the splitting of 
defect modes (see figure A3.3). The efficiency of waveguide mode transfer from one nanobeam to another 
one can be improved by increasing the number of perfect cells, forming a Bragg mirror, along the unwanted 
directions (see figure A3.3(b)). 

 

Figure A3.2: Waveguide mode transmittance spectra in the second nanobeam in the case of two configurations 
of defect mode coupler schematically presented in Fig. A3.1 for various nanobeam distances. 

 

Figure A3.3: Observation of the defect modes splitting in waveguide mode transmittance spectra in the second 
nanobeam in the case of top-on-top configuration of defect mode coupler (see Fig. A3.1) for various nanobeam 

distances for symmetric (a) and asymmetric (b) quasi 1D photonic crystals with defect. 
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