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Abstract: Periodically structured materials exhibiting simultaneous photonic and phononic 
band gaps offer unprecedented ways to tailor photon–phonon interactions. A review of the 
works reported on these materials, sometimes termed “phoxonic crystals”, is presented before 
highlighting theoretical and experimental results demonstrating phoxonic band gaps in struc-
tures relying on guided elastic waves. 

The last two decades have witnessed a considerable breakthrough in the field of management of wave 
propagation through the fabrication and use of materials exhibiting periodical micro- or nano-
structures. If it remains clear that photonic crystals have been at the forefront of this research effort, 
their elastic counterparts, phononic crystals, have also arisen significant interest. From an exploratory 
point of view, phononic crystals open the possibility to manage elastic waves but also high frequency 
phonon propagation and dispersion. The two types of structures rest upon the same underlying physi-
cal principle: taking advantage of the scattering phenomena occurring in a periodical composite mate-
rial to give rise to frequency bands in which wave propagation is completely forbidden.  

Still, photonic and phononic crystals have been studied in a quite independent fashion for the greatest 
part of their young existence. It is only a few years ago, with the pioneering experience of Trigo et al.
in 20021, that the community started to realize that the strong velocity mismatch between electromag-
netic and elastic waves actually implied that optical and elastic waves could exhibit the same wave-
length and hence coexist in a same volume. Trigo and his co-workers reported on a one-dimensional 
doubly-resonant cavity ensuring the confinement of photons and Raman-generated high frequency 
phonons. The subsequent works of P. Santos’ group in the Paul Drude Institut, Berlin, introduced still 
greater latitude in the management of the interaction by using surface acoustic waves to modulate the 
properties of light propagating in 1D semiconductor superlattices2. If these last two works obviously 
deserve to be mentioned, their limitations to 1D structures do not allow to make the most out of the 
photonic or phononic crystal concepts, as these latter do not offer the possibility to tune light or sound 
dispersion relations and hence, for instance, do not permit to toy with slow wave effects. 
P. Russell et al. proposed sensibly at the same period the idea to extend these highly confined 
acousto-optical interactions to a bi-dimensional configuration by showing experimentally that elastic 
waves could be confined in defect modes of a photonic fibre preform with a lattice parameter of some 
tens of microns3. Theoretical works by V. Laude et al. proposed an actual microstructured optical fi-
ber geometry that would allow for simultaneous optical and elastic waveguiding4. None of these 
groups did however proceed at the time to any experimental demonstration of genuine elastic 
waveguiding in an on-scale “phoxonic” crystal fibre (the “x” referring indifferently to “t” or “n”), and 
hence did not report on the corresponding acousto-optical interactions, although control of guided 
acoustic waves or of acoustic resonances generated via nonlinear optical effects (e.g. Brillouin scatter-
ing or electrostriction) was reported5,6,7. It is only in 2006 that E. L. Thomas’ group at the Massachu-
setts Institute of Technology theoretically designed a crystal blind to electromagnetic waves with 
wavelengths of several hundreds of nanometers and deaf to sound at similar wavelengths8. They also 
reported on the simultaneous localisation of photons and phonons in a cavity managed in the designed 
2D phoXonic crystal without, however, considering interactions between sound and light. All these 
pioneering works now stand as amongst the starting points of a growing field dedicated to photon-
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phonon interactions in periodically structured materials, that encompasses traditional photonic and 
phononic band gaps as well as the more recently introduced “opto-mechanical” structures9.

This paper will mostly focus on phoxonic crystals: 
a significant series of works has indeed been dedi-
cated to mostly theoretical, sometimes experimen-
tal, investigations of simultaneous photonic and 
phononic band gap materials and on the acousto-
optical interaction phenomena likely to occur in 
such artificial media. 

We will hence present a brief review of the rele-
vant literature, including the works reported on 

planar structures but also on acousto-optical interac-
tions in microstructured optical fibers. We will then 
more specifically highlight some results obtained in 
the case of potential phoxonic crystals involving 
guided optical and elastic waves in materials par-
ticularly relevant in integrated optics and acoustics, 
namely silicon10,11,12 and lithium niobate13. In addi-
tion to band diagram calculations in the usual bi-

dimensional case, we will present some theoretical and (possibly) experimental works showing that 
phoxonic band gaps can be observed in periodically structured materials in which elastic waveguiding 
is preliminary ensured by propagation in a slab or through the use of surface acoustic waves, in the 
case of a semi-infinite medium. Throwing evidence of a phoxonic band gap obviously goes through 
the experimental demonstration of phononic band gaps in the hypersonic frequency regime, which is 
an essential, but non trivial step towards a joint confinement of sound and light, and we will hence 
provide with additional details regarding the fabrication and characterization of phononic crystals ex-
hibiting pitches at the micro-scale.  

Figure 1 Schematic of a phoxonic waveguide, allowing for

l
,

a joint confinement of sound and light. An integrated optics
waveguide is used to channel the optical wave in the crysta
while the elastic waves consists of surface-guided waves
generated by an interdigital transducer. The periodica
structure should exhibit a simultaneous photonic and pho
nonic band gap that would allow for a joint guidance o

l
-
f

both types of waves, possibly involving slow-light and
slow-sound effects. 

This work has been supported by the French National Agency (Agence Nationale de la Recherche –
ANR) in the frame of the phoXcry project (n°ANR-09-NANO-004) and by the European Commission 
Seventh Framework Programme (FP7) under grant agreement n°233883 (TAILPHOX).
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Forward Stimulated Light Scattering by Acoustic 
Resonances in Photonic Crystal Fiber 
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Abstract: Forward stimulated light scattering by transverse acoustic resonances tightly trapped in 
a photonic crystal fiber core is a recently reported nonlinear-optical optoacoustic phenomenon. 
The principles and characteristics of the scattering are described. Some potential applications are 
also discussed. 

Photonic crystal fibers (PCFs) with a micron-sized glass core and a high air-filling fraction allow tight 
confinement of both acoustic phonons and light in the tiny core. Thanks to resulting strong optoacoustic 
interactions, forward stimulated light scattering by GHz acoustic resonances (ARs) tightly trapped in a 
PCF core has been recently demonstrated at modest optical powers 1,2. When pump (frequency fP) and 
Stokes (frequency fS) waves are co-launched together into the fiber, their frequency difference being 
tuned to the AR frequency (fAR = fP – fS), a coherent AR is efficiently generated via electrostriction, which 
in turn transfers power from pump to Stokes. In the dispersion diagram, the phase matching point 
corresponding to the driven AR is close to cut-off of the higher-order acoustic mode (where the acoustic 
displacement is purely in the transverse plane). Since the acoustic dispersion around the phase matching 
point is almost flat, forward stimulated scattering is strongly Raman-like, i.e., the frequency shift is 
independent of the pump laser frequency [Figure 1(a)], in strong contrast to conventional (backward) 
stimulated Brillouin scattering (SBS) [Figure 1(b)] 3,4.
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Figure 1 Dispersion diagrams (not to scale) for the optical and acoustic modes guided in a fiber, comparing forward stimulated 
Raman-like scattering (SRLS) and stimulated inter-polarization scattering (SIPS) (a) to conventional (backward) stimulated 
Brillouin scattering (SBS) (b). Circles and arrows represent phase-matched optical and acoustic waves. P: pump, S: Stokes, AS: 
anti-Stokes. 

Two types of forward stimulated scattering have been investigated: forward stimulated Raman-like 
scattering (SRLS) between pump and Stokes waves in the same optical mode 1, and forward stimulated 
inter-polarization scattering (SIPS) between orthogonally polarized pump and Stokes waves 2. In forward 
SRLS, the driven AR is automatically phase-matched with successive Stokes and anti-Stokes orders, the 
frequency spacing between them being constant. As a result, an equidistant comb of higher-order Stokes 
and anti-Stokes waves can be generated via cascaded coherent Stokes and anti-Stokes scattering at high 
optical powers [Figure 2(b)]. This simultaneous generation of many sidebands can be useful in 
applications such as frequency comb generation, pulse synthesis and laser mode-locking. On the other 
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hand, in forward SIPS, the driven AR does not have the correct axial wavevector to cause scattering into 
higher-order Stokes and anti-Stokes waves. Therefore, the SIPS process transfers pump power only to the 
Stokes wave, generation of higher-order sidebands being highly suppressed [Figure 2(c)], which is similar 
to the case of conventional SBS. Since the orthogonally polarized pump and Stokes waves can be easily 
combined and separated out by using simple polarization optics, forward SIPS can be useful in 
applications such as variable optical attenuation/amplification, optical signal processing and optical 
sensing.

(b) (c)SRLS SIPS
PumpStokes

(a)

Figure 2 (a) Scanning electron micrograph of a PCF with the core diameter of 1.8 µm. The white horizontal bar corresponds to 1 
µm. (b) Typical output spectrum as co-polarized pump and Stokes waves with the same optical power are launched into the PCF. 
The red downward-pointing arrows indicate the two incident optical waves. (c) Typical output spectrum as orthogonally-
polarized pump and Stokes waves with the same optical power are coupled into the different polarization eigenmodes of the PCF. 
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Figure 1. (a) xE  field component of TE-
like mode of silicon nanowire. (b) and (c) 
are the x -directed force densities pro-
duced by electrostriction and radiation 
pressure respectively.  

Fundamental Limits of Transduction Efficiency and 
Bandwidth in Nano-Optomechanics 
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Abstract: Through systematic examination of material and topological degrees of freedom in 
nano-optomechanical systems, we identify the fundamental barriers and opportunities for the 
creation of large photon-phonon coupling. 

Coherent phonon generation in dielectric waveguides and media was demonstrated some four decades 
ago via laser induced electrostrictive forces [1,2]. With the advent of nanophotonics, nano-enhanced 
radiation pressure from highly confined modes has been shown to produce efficient phonon genera-
tion at low powers with chip scale-devices [3].  Optomechanical photon-phonon coupling of this form 
has caught the attention of many since nanoscale light confinement produced remarkably large forces 
within miniscule volumes [3-5], and it is known to produce high frequency phonon transduction [3-5].   
Furthermore, the unique range of length-scales and time-scales accessible with such nano-scale sys-
tems show the potential for benefit to numerous RF and signal processing applications, fuelling the 
investigation of such physical mechanism for use in high frequency signal transduction.  However, 
without a unified framework through which optical forces and optomechanical parametric processes 
can be understood, it is difficult to determine whether technologically relevant data rates can be 
achieved through use of such phenomena. 

In this paper, we develop a unified framework through which optomechanical transduction can be un-
derstood in virtually all optomechanical systems, elucidating 
the bandwidth and efficiency limitations of such technologies. 
Through examination of material and geometric degrees of 
freedom, we develop scaling laws which describe the magni-
tude of optical forces produced by electrostriction and radia-
tion pressure in any optomechanical system [4,5]. Using these 
scaling laws, we explore the practical upper-bounds of light-
induced forces, and identify materials systems with favour-
able characteristics for optomechanical transduction. Through 
generalized treatment of photon-phonon coupling, a funda-
mental scaling law that governs the efficiency and bandwidth 
limitations of all radiation pressure driven optomechanical 
devices can be derived, enabling the comparison of all opto-
mechanical systems in a unified framework.  With this theory, 
we show that the maximum transduction bandwidth and pho-
nonic power output (i.e. photon-phonon coupling) of any op-
tomechanical device is determined by: (1) the maximum pos-
sible magnitude of radiation pressure, (2) the device dimen-
sion, and (3) the effective mechanical impedance of the sys-
tem. 

Simply stated, the challenges associated with broadband stimulated phonon emission in optomechani-
cal systems arise from: (1) limited optical forces, and (2) the high mechanical impedance of naturally 
occurring media.  One can show the maximum driving force produced by light within any optome-
chanical system is fundamentally limited by the optical power and energy density limitations of opti-
cal materials. However, the maximum obtainable force is highly dependent on the physical mecha-
nism which produces the optical forces. Within dielectric media, optical forces generally arise from 
either (1) radiation pressure and (2) electrostrictively induced forces, both of which have historically 
played a very important role in the understanding of transduction with light [1-3]. In contrast to radia-
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tion pressure, which originates from the momentum transfer from scattered photons at dielectric 
boundaries, electrostriction is derived from the strain-dependence of dielectric permittivity and such 
forces are present in all dielectric media [4,5]. For example force distributions see Fig. 1. 

The fundamental connection between the maximum optical driving force and the energy density han-
dling of materials becomes apparent once it is understood that the exact form of the radiation pressure 
induced optical force density within any dielectric medium can be expressed as [5]:   

 21
2 ( ) ( )rp

j i ij o jF T        E r r               (1) 

Here, ijT  is the Maxwell stress, o  is the free space permeability, ( )E r  is the electric field distribu-
tion, and ( )j r  is the gradient of the dielectric distribution. Clearly, large dielectric gradients (i.e. 
high index-contrast) benefit the production of large optical forces, and optical forces occur only at 
dielectric surfaces in step-index structures. More importantly, optical force density is fundamentally 
limited by the achievable electromagnetic energy density 21

2   E . Energy density is typically bound 
to 410  J/m 3  in high-index materials, such as silicon, before the onset of appreciable two-photon ab-
sorption and the associated heating which limit practically achievable powers. Consequently radiation 
pressure is fundamentally restricted to a maximum value of ~ 410  N/m 2 , which we term the “Radia-
tion Pressure Limit". Bear in mind that the “Radiation Pressure Limit " is only attainable by optimally 
confined modes which interact very strongly with the boundaries of the system [4,5].  

Stimulated phonon emission, of the type recently reported utilizes such forces to produce stimulated 
phonon emission. In its most basic form, optomechanically mediated stimulated phonon emission is a 
third-order nonlinear process through which the interference between optical waves of two different 
frequencies (��,��) produces a time-harmonically modulated optical driving force of frequency, 
 � � ��� � ���. In describing stimulated phonon generation, the optical powers (particle uxes) Pp 
(Φp), P� (Φs), corresponding to an optical pump (ωp) and a Stokes waves (ωs) are coupled by way of 
acoustic phonons of frequency � � ��� � ��� and power (particle ux) P� (ΦΩ). From the time-
varying optical force distributions, the generated elastic wave power can be computed the parametric 
conversion for both photons and phonons. 
Through generalized treatment, we show that a fundamental scaling law that governs the efficiency 
and bandwidth limitations of all radiation pressure driven optomechanical devices can be derived, 
enabling the comparison of all optomechanical systems in a unified framework.  Within the con-
straints posed by the Radiation Pressure Limit, our scaling law reveals that the maximum quantum 
efficiency obtained via a radiation pressure mediated process within a unit length (Δ�) of guided wave 
optomechanical interaction is of the form,  

η��� � ���
��

��
��

≅ α ∙ ������
�

��
� ∙ �������

�

��∙���� Δz  (2) 

Here Φ� �Φ�� is the incident (generated) photon (phonon) flux, ���� is the frequency dependent me-
chanical impedance of the body into which the phonon is being transduced, and � is a factor that de-
pends weakly on geometry. Within nanoscale waveguides and cavities, ������  can be easily obtained 
at miliwatt laser powers. Thus, for energy densities corresponding to ������ , or the “Radiation Pres-
sure Limit,” the only means by which transduction efficiency can be increased is through: (1) an in-
crease in modal dispersion (�� � ��), (2) a decrease in mechanical impedance ����, or (3) an in-
crease in interaction length, Δ�. The role of dispersion ��� � ���, is derived from its fundamental 
connection to radiation pressure [5]. While Eq. 2 describes a fundamental limit associated with radia-
tion pressure induced parametric processes.  
Through this talk, we describe the energy density limitations posed by various materials for the gen-
eration of both electrostrictive forces and radiation pressure.  Within this framework, and by use of 
the above scaling law, we analyze several concrete optomechanical systems to illustrate the interplay 
between transduction efficiency, bandwidth, and size.   
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Abstract: The possibility of increasing mechanical transduction efficiencies via periodic pat-
terning of the material density is investigated. A 2D simulation suggesting low mechanical 
impedance over a relatively large bandwidths is presented. 

Recently there has been a surge in interest in acoustic meta-materials. In analogy to optical meta-
materials, much of the interest is centered on the possibility of periodically patterning materials to 
create negative effective densities and moduli, with possible applications in superlensing, cloaking 
and liquid crystal sensing1-4.  Here, we examine a different possibility: that periodically patterned ma-
terials may also allow for dramatic increases in the mechanical transduction efficiency of signals into 
and out of the mechanical domain. 

Mechanical transduction is of primary importance in the fields of acousto-optics, electro-mechanics, 
opto-mechanics and others. In general, one would like to transfer energy efficiently from one domain 
to another over a given bandwidth. The usual method to increase transduction efficiency is by using 
resonant phenomena, which limits the usable band-width of the transducer. An example is the use of 
electrical tank circuits in many commercially available acousto-optic modulators. Here we examine a 
technique to increase the mechanical transduction efficiency by modifying the mechanical impedance 
of the material via periodic patterning, offering the potential for broadband, coherent mechanical 
transduction. 
 
When a time-harmonic force F is applied uniformly to the boundary of a uniform elastic medium of 
area A,  the resulting time-averaged harmonic power Pm within the medium is inversely proportional 
to a quantity defined as the specific mechanical impedance Z: 
 

   
  
    

(1)  

In media with uniform density ρ,   is simply the ratio of the restoring pressure K (the effective bulk 
modulus) to the phase velocity    of the mechanical waves:        .  Identifying the phase veloci-
ty    of the mechanical waves as     , we may write the mechanical impedance as 
            (2)  
When the material density is not uniform, however, this definition requires modification.  Frequency-
dependent mechanical reflection and refraction occur, giving rise to frequency-dependent phase veloc-
ities (i.e mechanical dispersion). For normal, linear mechanical dispersion, the mechanical energy 
propagates at the group velocity   , which can be much lower than   .  As a result, the mechanical 
energy density within the material can be very high, leading to large harmonic displacements.  Hence, 
even though the average power flux through the material may not change appreciably, the time-
averaged harmonic power   can be dramatically increased.   A more general expression for the me-
chanical impedance is 

          (3)  
where      is the effective density of the material (i.e. spatially weighted according to the amplitude 
of the mechanical waves, analogous to an effective index). In the context of mechanical transduction, 
this simple result leads to an important conclusion:  transduction mechanisms that scale with dis-
placement amplitude can be made dramatically more efficient by lowering the group velocity and 
matching the forcing function to the resulting displacement field.   
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As an illustrative numerical 
example, consider a two-
dimensional phononic crystal 
consisting of a square lattice 
of circular holes, as shown in 
Fig. 1. Figure 1(a) shows the 
transduction enhancement 
     calculated in two ways.  
The dashed green line is cal-
culated by simulating a uni-
form time-harmonic forcing 
function applied to an array of 
unit cells with appropriate 
boundary conditions to excite 
longitudinal (compression) 
modes.  The resulting mechan-
ical power within the medium 
is then calculated and divided 
by the same quantity for the 
case with no patterning (i.e. 
   ) The low frequency os-
cillations result from the ina-
bility to simulate an infinitely 
long structure (i.e. the simula-
tion behaves badly for wave-
lengths longer than the struc-
ture). The solid red line is cal-
culated from the mechanical 
dispersion using a mechanical 
eigenmode solver for a unit 

cell, and then inserting the derived effective density and group velocity into Eq. (3).  The small dis-
crepancy between the two curves may be attributed to the fact that the forcing function was not per-
fectly matched to the resonant displacement field.  Only the bands corresponding to longitudinal mo-
tion are used to generate the curves.  Figure 1(b) shows the mechanical band diagram calculated from 
a single unit cell of the structure.  The derivative of the longitudinal modes (highlighted in red) is used 
to calculate the mechanical impedance via Eq. (3).  Figure 1(c) shows are representative displacement 
amplitude in a longitudinal array of cells used in the time-harmonic simulation.  Periodic boundary 
conditions are used in the    direction (i.e.     ) to ensure elastic wave propagation along the    di-
rection, and isotropic phenomenological loss is quadratically added beginning after 20 unit cells to 
ensure the absence of reflections and accurately simulate the power flow. 

While these simulations are two-dimensional, they point to the possibility using effective phononic 
media as a means to enhance transduction efficiencies over relatively broad bandwidths.  The result 
may find applications in electro-optic and acousto-optic devices, and optomechanical devices.  Acous-
to-optic modulators, for example, rely on resonant electro-mechanical actuation and therefore operate 
over very limited bandwidths. Similarly, cavity based optomechanical transduction5,6 relies on reso-
nant mechanical and optical confinement, and faces bandwidth limitations. 
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Figure 1 Mechanical transduction enhancement in 2D phononic crystals. (a) Trans-
duction enhancement      calculated from dispersion diagram (solid red) and time-
harmonic 1-D forcing (dashed green).  Insets show displacement profile for a single 
unit cell with momentum             (b) Mechanical dispersion in a 2d rectangular 
lattice of holes with a lattice constant       nm and hole radius         . 
Longitudinal modes along the    direction are highlighted in red, as those are the 
modes preferentially excited in the time-harmonic forcing model. The inset shows 
the geometry of a 6x6 array of unit cells simulated. (c) Displacement field profile 
for time-harmonic forcing simulation in which a uniform harmonic force is applied 
to the leftmost boundary. After 20 lattice periods, isotropic loss is phenomenologi-
cally added, and increases quadratically along the    direction.  The material density 
            , Young's modulus          , and Poisson ratio        are 
chosen to be similar to that of stoichiometric silicon nitride for all simulations. 
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            







             







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Phononics 2011 	 Track 5: Optomechanics










 
     

         


     
     




     

      






       

   
  













 





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Strong Optomechanical Coupling in Slot-type Photonic 
Crystal Cavities 

J. Zheng1, Y. Li1, H.-B. Tan1, M. Aras1, A. Stein2, J. Gao1, J. Shu1, and C. W. Wong1

1Optical Nanostructures Laboratory, Columbia University, New York, NY 10027 USA 
jz2356@columbia.edu, yl2584@columbia.edu; cww2104@columbia.edu 
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Abstract: Strong dispersive optomechanical coupling of an air-slot mode-gap photonic crystal 
cavity is demonstrated. The zero-point motion coupling rate can be as high as 2.56MHz. Opti-
cal and 10s of MHz mechanical frequency spectra are shown experimentally, supported by 
theory and numerical models. 

The effects of optical forces in various mechanical and optical structures and systems have attracted 
intense and increasing interest for investigation. Recent studies covering a vast span of fundamental 
physics and derived applications. Photonic crystals nanocavity is a good candidate to realize the cou-
pling since it exhibits an extremely high Q with a very small cavity volume1. Here we illustrate the 
properties of strong coupling of an air-slot photonic crystal cavity. Both numerical analysis and ex-
perimentally observation are illustrated. 

 

 

 

 

 

 

 

 

 

 

 

 

The photonic crystal (PhC) cavity considered here has a similar design with that in Ref. 2-4. W1.2 
waveguide is used. The PhC lattice geometrical parameters are a=450nm and r=0.29a. The slot-width 
is 80 nm which is narrow to achieve large optical intensity in the air slot2-4. The cavities are fabricated 
using a Silicon-On-Insulator wafer with thickness t=250 nm. There are only three layers of holes on 
each side of the waveguide. The band structure of this W1.2 waveguide is shown in Figure 1 (a). The 
electrical fields of the waveguide modes are shown in Figure 1 (b). The I-even mode is engineered to 
form a cavity indicated by the red dashed circle in Figure 1 (c) which is the SEM of a fabricated sam-
ple. The central holes are shifted by 10 nm, 20/3 nm, 10/3 nm respectively in the same way as in Ref. 
2-4. Three-dimensional FDTD simulations show that the optical quality factor Q can be >1.3×106. 
The modal volume is ~0.05(λ/nair)3 with the maximum square electrical field in the center of the cavity 
as is shown in Figure 1(d). The two-dimensional spatial Fourier-transform of the electrical field is 
shown in Figure 1 (e) with red circle indicating the light corn. It shows that almost all the spatial 
components of the cavity field are well confined in the cavity. To study the mechanical properties, the 
finite-element-method is used. Figure 1 (f) shows the mechanical displacement field of the first in-
plane differential mode and common mode. According to the symmetry selection rule, only the differ-
ential mechanical mode can have a strong optomechanical coupling. The corresponding mechanical 

 (a) 

 (b) 

 (c)

 (e)

 (d)

 (f)

Figure 1 (a) Band structure of base W1.2 waveguide. (b) Electrical field distribution of the four waveguide mode at the 
mode edge in the band gap. (c) SEM image of the fabricated sample. The cavity region is indicated by the dashed circle 
and the directions of the hole shifting in the cavity are indicated by the arrows. (d) Optical cavity field distribution. (e) 
The spatial Fourier-transform of the cavity field. (f) the mechanical field distribution of the first in-plane differential 
and common mode pair. 
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frequency is 65.4 MHz. The effective volume and the effective mass for this mode are 3.14 μm3 and 
7.31 pg respectively. Mechanical quality factors are estimated to be ~104 based on the theory of ther-
moelasticity damping in a vibrating beam. The length of this cavity is larger than the one in Ref.4. 
The optical Q is higher. The mechanical frequency is much lower. 

The optomechanical coupling rate gom is defined as gom=dω/dα, which represents the differential fre-
quency shift of the cavity resonance with the mechanical displacement5. Using perturbation theory6, 
we can calculate the coupling rate. The calculated gom/2π=574 GHz/nm, the corresponding zero-point 
motion optomechanical coupling rate (gom,zm/2π) is 2.56MHz. 

Optomechanical coupling provides an optical contribution to the stiffness of the spring-mass system. 
The corresponding change in spring constant leads to a frequency shift relative to the unperturbed me-
chanical oscillator eigenfrequency. The non-adiabatic contribution in coupled equations is propor-
tional to the velocity of the spring-mass system. The optical gradient force induced damping rate 
modifies the intrinsic mechanical resonator loss rate Γm, yielding an effective damping rate. With this 
classical model, the laser introduces a damping without introducing a modified Langevin force. This 
is a key feature and allows the enhanced damping to reduce the mechanical oscillator temperature, 
yielding as a final effective temperature Teff for the mechanical mode under consideration: ( )eff Rm effT T≅ Γ Γ . 
To characterize the mechanical properties of the oscillator, the power spectrum density of the optical 
transmission is usually needed. 

 

 

 

 

 

 

 

 

 

The devices we fabricated are characterized using a fiber-taper probe. A tunable external cavity diode 
laser is employed. The transmission spectrums for two adjacent devices are shown in Figure 2 (a). 
The two devices have different hole radius. The resonance shifts ~30nm. The intrinsic optical Qs of 
these two cavities are all higher than 1.5×105 with loaded Qs about 9×104. The radio frequency (RF) 
power spectral densities (PSD) of the optical transmission are measured by using a low-noise fast de-
tector and a RF spectrometer. The detuning is tuned (close to the half-line width detuning) to get the 
maximum PSD signal as shown by the red curve in Figure 2 (b). At another detuning, we found that 
there are slight shift of resonances with smaller PSD peaks. The noise floor is shown by the green 
curve. The peaks at ~65MHz indicate the expected mechanical modes. The other peaks indicate either 
flexural modes or higher order in-plane and out-of-plan mechanical modes. 

References 
1 H. Taniyama M. Notomi, E. Kuramochi, T. Yamamoto, Y. Yoshikawa, Y. Torii, and T. Kuga, Phys. Rev. B 78, 165129 
(2008).  
2 J. Gao, J. F. McMillan, M.-C. Wu, S. Assefa, and C. W. Wong, Appl. Phy. Lett. 96, 051123 (2010).  
3 T. Yamamot, M. Notomi, H. Taniyama, E. Kuramochi, Y. Yoshikawa, Y. Torii, and T. Kuga, Opt. Express 16, 13809 
(2008).  
4 Y. Li, J. Zheng, J. Gao, J. Shu, M. Aras, and C. W. Wong, Opt. Express 18, 23844 (2010).  
5 M. Eichenfield, J. Chan, A.H. Safavi-Naeini, K.J. Vahala, and O. Painter, Opt. Express 17, 20078 (2009). 
6 S. G. Johnson, M. Ibanescu, M.A. Skorobogatiy, O. Weisberg, J.D. Joannopoulos, and Y. Fink, Phys. Rev. E 65, 066611 
(2002).  

 (a)  (b)

Figure 2 (a) Normalized optical transmission showing the intrinsic Qs for the device with resonance at 1536.65nm 
and 1562.75nm are 1.54×105 and 1.68×105 respectively. (b) RF PSD of the fiber-taper transmission for the device 
resonance at 1562.75nm. The detuning is set to maximize the PSD amplitude for the red line. The blue line is for a 
slight different detuning, while the green line indicates the noise floor of our measurements. 
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Cavity Quantum Optomechanics  
Garrett D. Cole1 

1 Vienna Center for Quantum Science and Technology (VCQ), Faculty of Physics, University of Vienna,  
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garrett.cole@univie.ac.at 
 

Abstract: The overarching research objective of cavity quantum optomechanics is to investi-
gate quantum effects of micro- and nanoscale systems and their implications for the founda-
tions and applications of quantum physics. Our ultimate goal is to gain access to a completely 
new parameter regime for experimental physics with respect to both size and complexity. 

Cavity optomechanics has recently emerged as one of the most dynamic fields in experimental phys-
ics. In this presentation I will outline the fascinating perspectives of this area of research and present 
proof-of-concept experiments performed using high-reflectivity low-loss mechanical resonators cou-
pled to high-finesse cryogenic optical cavities. Along the path towards the ultimate goal of macro-
scopic quantum state preparation, our research has led to a number of interesting technological appli-
cations including the development of a numerical solver for support-mediated losses in mechanical 
resonators [1] as well as new strategies for the development of low-noise multilayer mirrors for high 
performance optical reference cavities. 

The idea that the properties of a mechanical object can be modified by radiation pressure forces in an 
optical cavity goes back to the pioneering work of Braginsky [2]. In essence, the response of an opti-
cal cavity to the motion of a mechanical object leads to forces that both depend on the position of the 
mechanics and are retarded in time (due to the finite cavity lifetime). For sufficiently strong forces, 
this results in a modification of the mechanical susceptibility and is the underlying mechanism for 
optical control over mechanical degrees of freedom and vice versa. In combination with quantum op-
tics, such interactions allow for the realization of quantum control of mechanical resonators. The con-
sequences of this realization are wide ranging, impacting such diverse fields as mechanical sensing, 
by enabling resolution at or even beyond the quantum limit [3], and quantum information, where op-
tomechanical devices may act as transducers for otherwise incompatible quantum systems [4]. From a 
fundamental point of view, preparing superposition states of massive objects (containing ~1020 atoms) 
provides a new avenue for novel tests of macroscopic quantum physics [5], where spatially distinct 
states of mechanical quantum systems could serve as a paradigm example of Schrödinger’s cat. 

Approaching and eventually entering the quantum regime of mechanical resonators through optome-
chanical interactions essentially requires the following three conditions to be fulfilled: (1) sideband-
resolved operation [6] in which the cavity amplitude decay rate is small with respect to the mechani-
cal frequency (note that recent schemes have been proposed alleviating this requirement), (2) both an 
ultra-low noise cooling laser and low absorption of the optical cavity field (phase noise at the me-
chanical frequency can act as a finite-temperature thermal reservoir while absorption may increase the 
mode temperature and even diminish the overall cavity performance), and (3) sufficiently small cou-
pling of the mechanical resonator to the thermal environment entailing a low environmental tempera-
ture T and large mechanical quality factor Q. The thermal coupling rate is given by kBT/ħQ, where kB 
is the Boltzmann constant and ħ is the reduced Planck constant. Ultimately, the individual dissipation 
rates of the mechanical and optical systems should be exceeded by the optomechanical coupling. Cur-
rently, the major experimental hurdle in reaching the quantum ground state is the limitation in Q, thus 
“phononic engineering” of optimized mechanical resonators is paramount to the success of the field. 

In 2006 a milestone was achieved with the first demonstration of laser-cooling of micromechanical 
resonators via passive radiation-pressure interactions in a high-finesse optical cavity [7]. The experi-
mental realization in Vienna employed an optical cavity incorporating a high reflectivity micro-
resonator as one of the end mirrors and achieved a final mode temperature of 8 K with 2 mW of de-
tuned extra-cavity laser power. These initial results prompted a rapid expansion of the nascent field of 
cavity optomechanics with a proliferation of international groups working towards the ultimate goal 
of observing quantum effects in macroscopic mechanical resonators. In order to further reduce the 
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minimum phonon occupation, a second generation of devices was developed shortly thereafter. These 
structures utilized an ultra-low absorption SiO2/Ta2O5 Bragg mirror in order to significantly improve 
the optical performance of the resonators. Furthermore, to minimize the mechanical damping from the 
optical coating, a specifically engineered mechanical resonator was devised, employing a mechanical 
resonator based on low-stress silicon nitride. Utilizing this separately-optimized design, a reflectivity 
>99.99% was realized (along with the complete elimination of photothermal effects), while maintain-
ing a cryogenic Q of ~3×104. Operating the optical cavity in a continuous flow 4He cryostat, the fun-
damental mode of the resonator (eigenfrequency near 1 MHz) was cooled from an initial temperature 
of 5 K to a final phonon occupation of ~30 [8]. Owing to their excellent optomechanical properties, 
these devices were additionally employed for the first demonstration of strong coupling between an 
optical field and a mechanical resonance [9]. 

In order to further reduce the mechanical damping in these structures, two generations of monocrys-
talline resonators have additionally been realized. These devices are etched directly from a single-
crystal Bragg reflector composed of an alternating stack of ternary AlxGa1-xAs alloys with varying 
aluminum content, grown via MBE. Resonators fabricated from this material system utilized an iden-
tical geometry to the early dielectric devices (employing simple singly- and doubly-clamped beams) 
and exhibited nearly an order of magnitude improvement in the mechanical dissipation as compared 
with Ta2O5-based devices of similar geometry, reaching Q-values greater than 2×104 at eigenfrequen-
cies up to 2 MHz at 4 K [10]. Further investigation indicated that Q was ultimately limited by support-
induced losses for the geometries studied. Moving to a novel free-free resonator design has led to the 
demonstration of cryogenic quality factors approaching 105 (9.5×104 at 2.4 MHz) [11]. The simulta-
neous achievement of high reflectivity and low mechanical loss in these crystalline mirrors makes this 
materials system promising for application in high-performance optical reference cavities, where coat-
ing thermal noise currently represents a significant roadblock to the overall stability [12].  

In order to gauge the design-limited Q in our devices we have recently completed a theoretical and 
experimental effort aimed at quantifying the effects of support-induced damping, a key dissipation 
mechanism in high-quality-factor micro- and nanomechanical resonators [1]. Such studies are vitally 
important not only for advancing optomechanical experiments, but additionally for pushing the limits 
of general micro- and nanomechanical resonators, which have emerged as ubiquitous devices for use 
in advanced technological applications. To numerically predict the design limited Q in mechanical 
resonators we have developed an efficient FEM-enabled numerical solver, which employs the recently 
introduced “phonon-tunneling” approach [13]. This solver represents a substantial simplification over 
previous methods, allowing for the investigation of complex geometries, as well as taking proper ac-
count of interference effects between the radiated waves. To experimentally verify the results gener-
ated from the solver we characterize sets of custom resonators which exhibit a significant variation in 
geometry, while approximately preserving the frequencies and effective surface-to-volume ratios of 
the resonators. As these characteristics are kept constant, one can rule out the influence of additional 
damping mechanisms on the variation in Q and hence isolate support-induced losses. The results from 
these devices show excellent agreement with the theoretical predictions, thus, in combination with 
existing models for other damping channels, our phonon-tunneling solver makes further strides to-
wards a priori prediction of Q in micro- and nanoscale mechanical resonators. 
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Abstract: In this poster, we propose a strain based tuning method of ring resonators based via 
pressure gradients based on a device composed of a ring resonator structure cantered on a 
membrane. By applying a pressure to the membrane, one can tune the resonator to a specific 
desired resonance that is otherwise difficult to obtain due to manufacturing defects and tem-
perature variation in the environment.  

 

In this poster, we discuss the development of a novel type of micromechanically tunable ring resona-
tor, whose frequency can be swept over ultra-large fractional bandwidths by varying the hydrostatic 
gas pressure applied to a membrane suspended microring resonator. Variation of the hydrostatic pres-
sure exerted on the membrane causes the membrane to deform, straining the waveguides and resulting 
in significant resonance frequency tuning due to both waveguide boundary deformation and photoe-
lastically induced refractive index changes.  Such tuning mechanisms are unique as they enable fre-
quency tuning to compensate for manufacturing defects and temperature variation in the environment, 
enabling the resonator to be tuned to a specific wavelength that would otherwise be difficult to obtain 
due to aforementioned effects, and do not inherently require temperature tuning or steady-state power 
dissipation.  
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Analysis of Optomechanical Forces in Nano-Photonic 
Waveguides 
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Abstract: We present a theoretical analysis of optomechanical forces in nano-scale photonic 
waveguides.  In particular, we show that significant forces due to radiation pressure can be 
generated in dielectric slab and photonic crystal waveguides having sub-micron dimensions.  
We also investigate how such forces can be optimized for optomechanical transduction. 

Optomechanical forces created by radiation pressure have been studied extensively in the context of 
optical traps and tweezers.  The interaction of photons and phonons has also been observed in nano-
scale devices, where high-Q cavities are used to enhance the forces generated by the optical fields [1].  
However, the optomechanical forces generated in nano-photonic travelling-wave systems have largely 
been neglected in literature.  In addition, the common technique for calculating optical forces in such 
structures involves a numerical Maxwell stress tensor (MST) computation, which requires knowledge 
of the full electromagnetic field distribution in the computational domain surrounding the structure. 

In this work, we calculate the expected optically induced forces in an ordinary dielectric slab wave-
guide due to radiation pressure analytically using the response theory of optical forces (RTOF) [2].  
The prediction that the resulting forces are confined to the boundaries of the waveguide where there is 
a discontinuity in refractive index is confirmed, and values of the force density agree well between the 
analytical approach using RTOF and using the brute-force method (i.e., MST).  It is shown through a 

scaling-law argument that the optical 
forces are directly related to the group 
index of the waveguide.  Thus, the op-
tomechanical forces in a photonic crystal 
(PhC) waveguide, which can exhibit 
anomalous dispersion and hence large 
group index values in the “slow-light” 
regime, were calculated using the same 
formalisms.  We show that the distribu-
tion of forces due to radiation pressure is 
again isolated to the regions of disconti-
nuous refractive index, in this case at the 
boundaries of the air holes, as shown in 
Figure 1. 

To extend the generality of these results, 
scaling-law theory is used to examine 
the dependence of optical forces from 
radiation pressure on the topological pa-
rameters of the PhC waveguide.  Using 
this theory, we can relate the dispersion 
of the waveguide to its dimensions as 
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where ng is the group index of the waveguide, neff is the effective index, w is the hole edge to hole 
edge width, a is the lattice constant of the PhC, and r is the radius of the air holes.  In particular, a 
trend for the ideal thickness of the PhC waveguide for optimal optomechanical forces can be found 
and related to the dispersion of the waveguide. 

 
Figure 1 (a) Schematic showing the unit cell of a PhC waveguide; 
yellow arrows indicate the mean direction of the optical forces due to 
radiation pressure.  (b) Plot of the optical forces in the region of the 
air holes closest to the guiding region of the PhC waveguide. 
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Our technique outlines a generalized method for optimizing optomechanical forces due to radiation 
pressure in nano-photonic waveguides using analytical expressions that avoid full-wave electromag-
netic calculations.  We demonstrate that optical forces in such systems are optimized in highly disper-
sive waveguides that exhibit large values of group refractive index.  Finally, we show how the geome-
trical parameters of a PhC waveguide can be related to the optical forces due to radiation pressure in a 
straightforward analytical manner, enabling an intuitive approach to engineering larget optical forces 
in nano-photonic systems. 

Sandia National Laboratories is a multi-program laboratory managed and operated by Sandia Corpo-
ration, a wholly owned subsidiary of Lockheed Martin Corporation, for the U.S. Department of En-
ergy's National Nuclear Security Administration under contract DE-AC04-94AL85000. 
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Cooling of a Micromechanical Oscillator  
into the Quantum Regime 
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Kippenberg1,2  
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Abstract: Using optical sideband cooling, a micromechanical oscillator is cooled to a phonon 
occupancy below 10 phonons, corresponding to a probability of finding it in its quantum 
ground state more than 10% of the time. 

The control of low-entropy quantum states of a micro-oscillator could not only allow researchers to 
probe quantum mechanical phenomena—such as entanglement and decoherence—at an unpreceden-
tedly large scale, but also enable their use as interfaces in hybrid quantum systems.  Preparing and 
probing an oscillator in the conceptually simplest low-entropy state, its quantum ground state, has 
now become a major goal in Cavity Optomechanics1. However, to experimentally achieve this goal, 
two challenges have to be met: its effective temperature 

 

T  has to be reduced sufficiently so that 

 

hm  kBT  (

 

h is the reduced Planck constant, 

 

kB the Boltzman constant, and

 

m  the mechanical re-
sonance frequency). Second, quantum-limited measurements of the oscillator’s displacement must be 
performed at the level of the zero-point displacement fluctuations

 

xzpf  h/2mm . Using conven-
tional cryogenic refrigeration, a nanomechanical oscillator has recently been cooled to the quantum 
regime and probed by a superconducting qubit to which it was coupled through its specific piezoelec-
tric properties2. 

Here, we demonstrate a different technique, applying optical sideband cooling3 to a cryogenically pre-
cooled silica toroidal optomechanical micoresonator (Fig. 1). This versatile technique, conceptually 
similar to laser cooling techniques known in atomic physics, can be applied to a wide range of opto- 
and electromechanical systems which exhibit parametric coupling of high-quality electromagnetic and 
mechanical modes. 

 
Figure 1 Cooling a micromechanical oscillator. (a) High-Q mechanical and optical modes are co-located 
in a silica mi- crotoroid, and are mutually coupled by radiation pressure exerted by the mechanical mode. 
(b) Thermalization of the mechanical mode to the temperature of the 3He gas in the cryostat down to an 
occupancy of 200 quanta. (c) Optical setup used for displacement monitoring of the mechanical mode, 
based on homodyne analysis of the light re-emerging from the optical resonance.  

 
With a resonance frequency of 

 

m /2=72 MHz of the mechanical radial breathing mode 
(RBM), and an optical linewidth of 

 

 /2 =6 MHz, the used toroidal resonator resides deeply 
in the resolved sideband regime, as required for ground-state cooling4. Thermalizing the reso-
nator to a 850-mK cold 3He buffer gas, the RBM is already cooled to an occupation of 190 
quanta as determined by noise thermometry (Fig. 1). A low-noise cooling laser (nm) is 
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subsequently coupled to a whispering gallery mode (WGM) using a tapered fiber. Figure 2 
shows the optically measured mechanical resonance frequency and damping when the detun-
ing  of the cooling laser is tuned through the lower mechanical sideband of the (split) optical 
WGM at a power of 2 mW5. The strong modification of the oscillator’s properties can be mod-
eled with the well-understood radiation pressure-induced dynamical backaction. This allows 
extracting the additional mechanical damping due to defects in the glass described as an en-
semble of two-level systems (TLS)6. Its strong temperature dependence enables an indepen-
dent determination of the toroids’ temperature, which can be compared to the noise tempera-
ture of the mechanical mode (Fig. 2c). We find excellent agreement between the two methods. 
At a higher cooling laser power (4 mW) both methods congruently yield a minimum occupa-
tion below 10 quanta, corresponding to a >10% probability to find the oscillator in its quantum 
ground state. 

   
Figure 2 Cooling results. Resonance frequency (a) and linewidth (b) of the RBM when a 2 mW-power 
cooling laser is tuned through the lower mechanical sideband of the split optical mode (inset). Blue 
points are measured data extracted from the recorded spectra of thermally induced mechanical displace-
ment fluctuations, solid lines are a coupled fit based on dynamical backaction and TLS-induced effects. 
c) Cooling factor (temperature reduction induced by sideband cooling) and phonon occupation of the 
RBM as a function of normalized detuning as determined by noise thermometry (points) and from a dy-
namical backaction model, taking into account possible optical heating of the structure and TLS-induced 
effects. 
 

Further optimization of the silica toroids for stronger optomechanical coupling and lower dissipation 
can enable cooling the resonator deeper into quantum regime. It furthermore appears realistic to 
achieve the regime of strong coupling7 while the resonator is in a low-entropy state. This constitutes 
an important step towards the coherent manipulation of the quantum state of the mechanical oscillator. 
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Optomechanical Crystals 
Oskar Painter1 

1 Thomas J. Watson, Sr., Laboratory of Applied Physics,  
California Institute of Technology, Pasadena CA 91125 USA 

opainter@caltech.edu 
 

Abstract: In the last several years, rapid advances have been made in the field of cavity op-
tomechanics, in which the usually feeble radiation pressure force of light is used to manipulate 
(and precisely monitor) mechanical motion.  In this talk I will describe these advances, and 
discuss our own work to realize radiation pressure within nanoscale structures in the form of 
photonic and phononic crystals. 

In the last several years, rapid advances have been made in the field of cavity optomechanics, in 
which the usually feeble radiation pressure force of light is used to manipulate (and precisely monitor) 
mechanical motion.  These advances have moved the field from the multi-km interferometer of a gra-
vitational wave observatory, to the optical table top, and now all the way down to a silicon microchip.  
In this talk I will describe these advances, and discuss our own work to realize radiation pressure 
within nanoscale structures in the form of photonic and phononic crystals (dubbed optomechanical 
crystals).  Applications of these new nano-opto-mechanical systems include: all-optically tunable pho-
tonics, optically powered RF and microwave oscillators, and precision force/acceleration and mass 
sensing.  Additionally there is the potential for these nanomechanical systems to be used in hybrid 
quantum networks, enabling storage or transfer of quantum information between disparate quantum 
systems.  I will introduce several conceptual ideas regarding phonon-photon translation and slow light 
effects which may be used in such quantum settings, and discuss recent experiments to realize them in 
practice. 
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Mechanical Whispering-Gallery Modes 
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Abstract: We experimentally excite mechanical Whispering-Gallery resonances that are vi-
brating from 50 MHz to 12 GHz rates. 

 

Just like their optical parallel, mechanical whispering-gallery modes can offer low-loss resonances in 
devices from mm1 to micron2 in scale. The fact that the modes are propagating azimuthally, orthogon-
al to the radial direction where they can leak through the support, suggests a nearly material limited 
mechanical Q. 
 

 

 

 

 

 

 

 

 

Figure 1: Experimental setup 
of excitation of mechanical 
whispering gallery modes 
followed by experimental 
observation and theoretical 
calculation of such modes. 

 

Figure 1 shows the experimental setup for excitation of such modes, followed by their expe-
rimental observation and by the corresponding calculated natural vibration modes.  
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