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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 systems. 

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 magnitude of optical forces produced by electrostriction and radiation 

pressure in any optomechanical system [4,5]. Using these scaling laws, we explore the practical up-

per-bounds of light-induced forces, and identify materials systems with favourable 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 optomechanical sys-

tems in a unified framework.  With this theory, we show that the maximum transduction bandwidth 

and phononic power output (i.e. photon-phonon coupling) of any optomechanical device is deter-

mined by: (1) the maximum possible magnitude of radiation pressure, (2) the device dimension, and 

(3) the effective mechanical impedance of the system. 

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. Consequently, radiation pressure is typically restricted to a maximum value of        
    within materials such as silicon. We term this limit, the “Radiation-Pressure Limit’’.  With this 
practical limitation in mind, one can prove that the maximum transduction bandwidth and phononic 
power output (i.e. photon-phonon coupling) of any optomechanical device is determined by: (1) the 
maximum possible magnitude of radiation pressure, (2) the device dimension, and (3) the effective 
mechanical impedance.  

Forces in media generally arise from, (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. In contrast to radiation 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. The maximum driving force produced 

by light within any optomechanical system is fundamentally limited by the optical power and energy 

density limitations of optical materials. This limitation of optical driving forces becomes apparent 
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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]:   
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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 
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  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", in all optomechanical devices including those utilizing high-Q electromagnetic 
resonances. 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].  

In its most basic form, optomechanically stimulated phonon emission is a third-order nonlinear pro-

cess (illustrated as an energy-level diagram in Fig. III.A.1) 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 fluxes) Pp (Φp),    (Φs), corresponding to an optical pump (ωp) and a Stokes waves 

(ωs) are coupled by way of acoustic phonons of frequency           and power (particle flux) 

   (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.  As discussed in Sec-
tion II.A.5, a unique maximum of optical force from radiation pressure can be established within an 
optical medium, regardless of device topology. This limit, which is defined by the maximum sustain-
able electromagnetic energy density     

      of an optical material, we term the “Radiation-Pressure 
Limit”. Based on this fundamental limit, our scaling law reveals that the maximum quantum efficien-
cy obtained via a radiation pressure mediated process within a unit length (  ) of guided wave opto-
mechanical interaction is of the form,  
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Here         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,   . 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, it should be noted that this limit can be exceeded through 
designs which efficiently utilize electrostrictive forces, which have been widely neglected in the con-
text of nano-optomechanics. 
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