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Optomechanical phenomena in photonic devices provide a new means of light–light  
interaction mediated by optical force actuated mechanical motion. In cavity optomechanics,  
this interaction can be enhanced significantly to achieve strong interaction between optical 
signals in chip-scale systems, enabling all-optical signal processing without resorting to 
electro-optical conversion or nonlinear materials. However, current implementation of 
cavity optomechanics achieves both excitation and detection only in a narrow band at the 
cavity resonance. This bandwidth limitation would hinder the prospect of integrating cavity 
optomechanical devices in broadband photonic systems. Here we demonstrate a new 
configuration of cavity optomechanics that includes two separate optical channels and allows 
broadband readout of optomechanical effects. The optomechanical interaction achieved in this 
device can induce strong but controllable nonlinear effects, which can completely dominate 
the device’s intrinsic mechanical properties. Utilizing the device’s strong optomechanical 
interaction and its multichannel configuration, we further demonstrate all-optical, wavelength-
multiplexed amplification of radio-frequency signals. 
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In nanoscale photonic devices, one optical signal can generate  
sufficient optical force to mechanically displace or deform the 
optical path that another optical signal takes and consequently 

alter its propagation1–4. Such an optomechanical effect permits 
optical signals to interact directly and can be implemented on an 
integrated device platform using only optically passive materials 
such as silicon and glass, circumventing the conventional need of 
electro-optical conversion or nonlinear optical materials5–9. Using 
high finesse optical cavities, optomechanical interaction can be 
resonantly enhanced. Research in cavity optomechanics exploits 
the dynamical interplay between the intra-cavity optical field and 
the mechanical motion of the device, leading to demonstrations 
of unprecedented phenomena including backaction cooling10–13, 
normal mode splitting14 and optomechanically induced transpar-
ency15,16. Other than fundamental studies, a plethora of promising  
applications of cavity optomechanics, including tunable phot-
onic filters and wavelength router5,6, wavelength conversion and  
switching8,9, radio-frequency optomechanical oscillators17,18 and 
non-volatile optical memory19, have emerged.

However, in the cavity optomechanical systems demonstrated 
so far, only one optical channel is available for both excitation and 
detection lasers to couple into the cavity. For example, in systems 
based on micro- and nanoscale cavities, optical coupling with  
the cavity is through either a single optical fiber5,20,21 or an inte-
grated waveguide6,22. Furthermore, in these systems, because the 
mechanical element is embedded inside the high finesse cavity, 
optomechanical effects can only be interrogated within extremely 
narrow bandwidths at the discrete resonance frequencies. These 
requirements impose a stringent limitation on the available spec-
tral range to operate cavity optomechanical devices, thus limiting 
the prospect of practical applications. Should cavity optomechanics 
be integrated with other photonic devices, which may work at very 
different frequencies such as in a wavelength multiplexed system,  
a broad operation bandwidth would be necessary.

We propose a multichannel scheme of cavity optomechanics 
with two waveguides that separate the mechanical element from the 
optical cavity. The first waveguide is denoted as the control that is 
used to couple a laser into the cavity to excite its resonance and gen-
erate optomechanical force. The mechanical element resides outside 
the cavity in the second signal waveguide so that its optomechani-
cal motion can be readout over a broad wavelength range. When 
tuned to resonance, the cavity resonantly enhances the optical force 
on the mechanical element. Moving the mechanical element out of 
the optical cavity and adding the second waveguide has the follow-
ing benefits: first, the mechanical device can be optimized without 
sacrificing the quality of the optical cavity; second, the thermo-optic 
effect that often plagues optomechanical effects becomes insignifi
cant because the mechanical device is outside the cavity and the  
readout signal can be decoupled from the cavity resonance; third 
and more importantly, the freedom to use a readout wavelength in 
the signal waveguide over a broad band offers great flexibility for 
cavity optomechanics to be integrated with other nanophotonic 
devices to achieve advanced functionalities.

Results
Multichannel design of a cavity optomechanical device. Our 
device is comprised of a micro-disk cavity coupled with a control 
and a signal waveguide, in the typical configuration of an add-drop 
filter as illustrated in Fig. 1a. A scanning electron microscope image 
of the actual device is shown in Fig. 1b. The control waveguide at the 
top couples with the micro-disk with a gap of 120 nm, providing the 
first channel to excite the resonance modes of the cavity. The second 
channel is through the signal waveguide at the bottom. In it, a small 
gap (50 nm) is created and a 22-µm long cantilevered waveguide is 
suspended from the substrate. The evanescent optical field of the 
micro-disk’s resonance mode applies a gradient optical force on the 

signal waveguide and, inversely, the signal waveguide’s motion also 
dispersively perturbs the cavity’s resonance20,22. In contrast to the 
conventional phase sensitive detection method, which relies on the 
cavity resonance, the optomechanical motion of the signal waveguide 
is detected directly by monitoring the intensity of transmission. 
Previously it has been shown that this intensity detection scheme 
is inherently broadband; even an incoherent light source can be 
used to achieve high detection sensitivity23. To limit the number of 
resonance modes, the micro-disk is designed in an annular shape 
with a major and a minor radius of 10 and 5 µm, respectively. The 
measured transmission spectrum through the control waveguide 
and the coupling spectrum from the control to the signal waveguide 
(that is, the drop port transmission as in an add-drop filter) are 
shown in Fig. 1c, where each resonance mode is labeled with its 
radial and azimuthal mode order number as (p,m). Transverse-
electric (TE) resonance modes with radial mode number from one 
to five can be observed in the spectra. In the transmission spectrum 
of the control waveguide, the cavity modes show varying extinction 
ratios because of the difference in their coupling efficiency with the 
waveguide mode. Among them, we focus on the TE mode (4, 89) 
that has the highest loaded quality factor Q of 5×104 (corresponding 
finesse is 561) and extinction ratio of more than 20 dB, indicating 
a nearly critical coupling condition. The inset of Fig. 1c shows the 
square of the transverse electric field component of the fourth-order 
radial mode, calculated with finite element method24. To detect the 
cantilevered signal waveguide’s motion, the transmission of the 
signal waveguide is monitored using a laser with any wavelength 
that is different from the micro-disk’s resonance (for example, at 
1,555 nm in Fig. 1c). To obtain a linear response to its motion, the 
fixed end of the waveguide is designed during patterning to offset 
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Figure 1 | A multichannel cavity optomechanical device. (a) Schematic 
illustration of the device, which features a micro-disk cavity coupled with 
a control and a signal channel waveguide. The key mechanical element 
is the cantilevered section in the signal waveguide whose motion can be 
detected over a broad bandwidth by measuring the optical transmission 
of the waveguide. (b) Scanning electron microscopy image of the device, 
highlighting the micro-disk (10 µm in radius) and the cantilever waveguide. 
Scale bar, 5 µm. (c) The measured spectra of the transmission through  
the control waveguide (blue trace, logarithmic scale, left axis) and the 
coupling from the control to the signal waveguide (red trace, linear scale, 
right axis), respectively. Inset: finite element simulation result showing the 
square of transverse electric field component and its profile (red overlay 
curve) of the fourth radial modes. The dashed box outlines the micro-disk. 
Scale bar, 0.5 µm.
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laterally from the cantilevered end by 250 nm, causing a manageable 
addition of 3 dB insertion loss (see Supplementary Methods).

We first demonstrate the actuation of the signal waveguide by 
exciting the resonance of the micro-disk from the control waveguide. 
The evanescent field of the circulating light in the micro-disk gener-
ates a gradient optical force on the signal waveguide20,22. This force 
is attractive toward the micro-disk and can be expressed as22:
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Here, x is the signal waveguide’s lateral position (positive is in the 
direction away from the micro-disk), Pin is the input optical power 
in the control waveguide. δ = (ω − ωc)/γ is the normalized detun-
ing of the control laser frequency ω relative to the cavity resonance 
frequency ωc(x), which is dependent on the position of the signal 
waveguide. γ = γ1 + γ2 + γi = ωc/2Q is the total damping rate of the 
cavity including the coupling rate with the control and the signal 
waveguides γ1 and γ2, respectively, and the cavity’s intrinsic damp-
ing rate γi. g(x) is the important optomechanical coupling coeffi-
cient, which under the perturbation approximation20, depends 
exponentially on the signal waveguide’s displacement δx = x − x0 
and can be expressed as g(x) = ∂ωc/∂x = g0 exp( − 2α δx), where α 
is the evanescent field decay constant of the cavity resonance mode. 
In our device, the static value of g0 for the TE mode (4,89) is experi-
mentally determined to be 2π  × 11.3 MHz nm − 1 (see Supplemen-
tary Methods)25. From equation (1), it is clear that when the control 
laser frequency is tuned to the cavity resonance (δ0 = δ(x = x0) = 0), 
the static optical force Fc(x0) will be maximized, enhanced by the 
cavity power build-up factor. Modulating the input power Pin will 
generate a time varying optical force on the cantilever waveguide 
to excite its mechanical resonance. Figure 2a shows the measured 
small-amplitude mechanical response of the signal waveguide using 
a low modulated optical power (0.76 µW peak value) but vary-
ing detuning value δ0. The signal waveguide vibrates with a reso-
nance frequency of 1.24 MHz and a quality factor Qm of 1.6×104 
in vacuum. The resonance amplitude increases drastically when the 
detuning approaches zero. Figure 2b shows the calibrated measure-
ment of the optical force (normalized to the input power) on the 
signal waveguide versus detuning values, demonstrating a resonant 
enhancement factor of more than 500 as expected from the theory 

(1)(1)

(see Supplementary Methods for the force calibration procedure). 
In addition, the mechanical frequency of the signal waveguide 
also appears to depend on the detuning, as shown in Fig. 2c. This 
dependence is known as the optical spring effect from the linear 
variation of optical force with the device’s position. In contrast to 
conventional cavity optomechanics in which the optical spring van-
ishes when the detuning is zero26–28, our result shows a maximal 
negative frequency shift near zero detuning, indicating the strongest 
negative optical spring. This distinction is because the optical force 
in our system is generated by the evanescent field outside the cavity, 
instead of the intra-cavity field. The observed phenomenon can be 
well explained theoretically as plotted with dashed lines in Fig. 2b,c 
and discussed in detail in the Supplementary Discussion.

Controllable optomechanical nonlinearity. Cavity optomechani-
cal devices are inherently nonlinear mechanical systems29 because 
the optomechanical interaction involves the intra-cavity field, which 
depends nonlinearly on the mechanical elements’ position. Exploit-
ing the nonlinear dynamics in cavity optomechanical systems will 
be especially important to applications that need to operate the 
devices in the high-amplitude regime, such as optomechanical 
oscillators17,18 and optomechanical memory19. As can be seen from 
equation (1), the optical force Fc in our device is a nonlinear func-
tion of the signal waveguide’s displacement δx = x − x0. The expres-
sion can be expanded near the static position x0 to the higher orders 
of δx as Fc(x) = Fc(x0) + k1 δx + k2 δx2 + k3 δx3 + O(δx4). Here, k1 is 
the force constant of the optical spring, k2 and k3 are the quadratic 
and cubic nonlinear force constants, respectively. The mechanical 
frequency of the signal waveguide is modified by the optical spring 
k1 to be w wm m eff

2
0

2
1= − k m , where meff is the effective mass of 

the fundamental mechanical resonance mode. The nonlinear com-
ponents in the optical force induce mechanical nonlinearity with 
quadratic and cubic nonlinear coefficients given by: α2( =  − k2/meff) 
and α3( =  − k3/meff). In the small-amplitude regime, the nonlinear 
terms are insignificant and only the frequency down shift due to 
the optical spring k1 can be observed as in Fig. 2. When the signal 
waveguide’s vibration is excited to large amplitude, the cubic non-
linear term becomes important and the signal waveguide vibrates 
as a nonlinear Duffing oscillator with bifurcation in its frequency 
response. In this regime, the quadratic term as a small correction 
to the Duffing nonlinearity is negligible30. The critical amplitude 
ac, at which the intrinsic mechanical nonlinearity becomes evident, 
is evaluated to be about 1µm using the expression a L Qc m= 6 3. /  
(ref. 31), where L = 22 µm is the length of the cantilever and 
Qm = 1.6×104 is its mechanical Q factor. Such large amplitude  
cannot be reached in our device because the gap between the micro-
disk and the signal waveguide is only 120 nm. However, the opto-
mechanical contribution to the cubic coefficient α3 is proportional 
to the optical power level (see Supplementary Discussion). Hence, 
even at amplitude much lower than ac, with sufficient optical power 
strong optomechanical nonlinearity can be induced to dominate the 
device’s mechanical response.

To demonstrate the optomechanical nonlinearity, we apply a 
third laser, denoted as the tuning laser, with a static power level to 
the control waveguide. The magnitude of the induced optomechani-
cal nonlinearity can be controlled by varying the power level and the 
frequency of the tuning laser. The result is shown in Fig. 3. With the 
tuning laser power at as low as 100 µW (in the control waveguide), 
strong nonlinearity can be observed when the signal waveguide’s 
vibration amplitude is above 50 nm, only one-twentieth of the 
mechanical critical amplitude ac. Most interestingly, the detuning of 
the tuning laser has a significant effect on the device’s nonlinearity. 
Figure 3a and b show the measured amplitude-frequency response 
when the modulation level of the control laser power is gradually 
increased (direct current (DC) power is constant at 80µW) and 
the tuning laser power is fixed at 350 µW. When the tuning laser is  
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Figure 2 | Optical force and optical spring effect. (a) Small amplitude 
resonance response of the cantilevered signal waveguide driven by the 
control laser with constant power (alternating current (AC) power: 
0.76 µW, DC power: 0.52 mW) and varying detuning. The vibration 
amplitude reaches maximum when the control laser is tuned to the cavity 
resonance. (b,c) Total attractive optical force on the signal waveguide and 
resonance frequency shift as a function of detuning. Black dashed lines 
show theoretical results (see Supplementary Discussion).
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red-detuned to the cavity resonance (Fig. 3a, δ0 =  − 0.5), the response 
shows the softening nonlinearity of a typical Duffing oscillator with 
the characteristic amplitude jumps and the hysteresis effect when 
the actuation frequency is swept upward (blue trace) and downward 
(red trace), indicating that the cubic nonlinear coefficient α3 is neg-
ative. The situation changes when the tuning laser is blue-detuned, 
the response instead shows hardening nonlinearity (Fig. 3b, δ0 = 0.4), 
indicating a positive α3. From these measured response curves, the 
value of α3 can be determined experimentally (see Supplementary 
Methods) and the results for varying detuning δ0 are plotted in  
Fig. 3c. It clearly shows that the cubic nonlinear coefficient is con-
trolled by the tuning laser and its sign can be changed depending 
on the detuning. The maximal negative and positive values of α3 
are obtained experimentally with δ0 equals  − 0.67 and 0.67, respec-
tively. At blue detuning of δ0~0.02, the value of α3 vanishes and the 
cubic nonlinearity diminishes, allowing higher order nonlinearity 
to appear. The theoretical value of α3 is also calculated using only 
experimentally determined and numerically simulated values of the 
parameters in equation (1) and plotted in Fig. 3c (see Supplemen-
tary Discussion for detailed theoretical analysis), in an excellent 
agreement with the experimental result. The deviation is attributed 
to the imprecision in determining the actual detuning value because 
of the thermal drift of the cavity resonance. Figure 3d shows that  
the value of α3 is proportional to the power of the tuning laser for 
both softening (red) and hardening (blue) situations, as expected 
from theoretical analysis. The rich and completely controllable opto-
mechanical nonlinearity in cavity optomechanics, demonstrated  

here for the first time, can be harnessed to explore nonlinear phe-
nomena in nanomechanical oscillators29, including parametric 
amplification32, synchronization33 and stochastic dynamics34,35.

Optomechanical Signal Amplification. In cavity optomechanics, 
by leveraging the enhancement from both the optical and mechani-
cal resonances, a low-power optical signal can be used to modulate a 
high-power optical signal via their enhanced optomechanical inter-
action, making it possible to achieve a net signal gain at the modula-
tion frequency. Such a mechanical means of signal amplification is 
analogous to the principles of electromechanical relays or electronic 
transistors (Fig. 4a) and has found important applications36,37. In 
addition, our multichannel design of cavity optomechanics fea-
tures a broadband transmission in the signal waveguide, making  
wavelength multiplexing possible. In our device, the signal gain  
factor (GF) is defined as the ratio between the alternating current 
(AC) optical power input to the control waveguide and the modu-
lated output power from the signal waveguide. At the mechanical 
resonance frequency, GF is maximized and given by
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Here, ∂Ts/∂x is the response of the signal channel’s transmission to 
the lateral motion of the cantilever waveguide, ∂Fc/∂Pc is the effi-
ciency of optical force generation, which is enhanced by the cavity 
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Figure 3 | Controllable optomechanical nonlinearity. (a,b) Amplitude-
frequency response curves of the signal waveguide under increasing  
drive amplitude, measured with 350µW tuning laser red-detuned  
(a, δ0 =  − 0.5) and blue-detuned (b, δ0 = 0.4) to the cavity resonance. 
The red and blue curves are obtained by sweeping the drive frequency 
downward and upward, respectively, and with the same modulation level. 
(c) The measured cubic (Duffing) nonlinear coefficient α3 as a function 
of tuning laser detuning. α3 can be controlled to be negative or positive 
by changing the detuning. Black dashed line shows the theoretical results 
with no free parameters, using only experimentally determined and 
numerically simulated values of the parameters. Error bars: s.d. from five 
measurements. (d) The measured value α3 for red (δ0 =  − 0.67) and blue 
(δ0 = 0.67) detuned laser at various optical power of the applied tuning 
laser, showing a proportional dependence. Error bars: s.d., from five 
measurements.
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Figure 4 | All-optical signal amplification and wavelength multiplexing. 
(a) The principle of optomechanical amplification is analogous to that of 
electromechanical relays or electronic transistors. A small signal in the 
control waveguide (or gate) can be used to modulate a large signal in the 
signal waveguide (or source to drain) to achieve a signal gain. Wavelength 
multiplexing can also be achieved. (b) Optical spectrum measured at 
the output of the signal waveguide, showing signals at two wavelengths 
and the leaked control. (c) Time domain traces of the input (black) and 
output signals at two different wavelengths (blue: 1,546.12 nm and red: 
1,555.75 nm), showing the input signal is amplified by a gain factor of three 
at the output. One output trace (blue) is intentionally shifted upward for 
clarity. (d) The gain factor is proportional to the optical power in the signal 
waveguide but independent of the signal wavelength (blue: 1,546.12 nm 
and red: 1,555.75 nm). A gain factor of two can be achieved with a signal 
power of only 2 mW.
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finesse as demonstrated in Fig. 2. Although in principle arbitrarily 
large GF can be attained with sufficient signal power Ps as GF is pro-
portional to Ps, in practice the maximal GF is limited by the power 
handling capability of the device. The high finesse of the micro-disk 
cavity and the high mechanical quality factor Qm and compliance 
(1/km) of the cantilevered waveguide allows a high gain value to be 
attained with a low signal power Ps.

To demonstrate the principles of optomechanical amplification of 
radio-frequency signal and wavelength multiplexing with our device, 
two continuous wave (CW) lasers were input to the signal waveguide 
and the control laser was modulated at the mechanical resonance 
frequency. Figure 4b shows the optical spectra at the output of the 
signal waveguide, showing the two optical signals at wavelength λ1 
and λ2, which can be freely selected over a broad spectral range as 
long as the cavity resonance wavelengths are avoided. Also seen in  
Fig. 4b is the leaked control laser with 30 dB lower power than the 
signal lasers because the micro-disk also acts as a filter. A stand-
ard wavelength division-multiplexing filter is used to separate the 
two signals at wavelengths λ1 and λ2. Figure 4c shows the time 
domain traces of the input modulation signal (DC power 170 µW 
at 1,550.21 nm) at the control waveguide and two output signals 
(DC power 450 µW at 1,546.12 and 1,555.75 nm) from the signal 
waveguide, modulated at the mechanical resonance frequency of 
1.24 MHz. The result shows that the modulated amplitude of the 
input signal is amplified by a factor of three in the output signal. 
Because of the broadband signal waveguide, this GF is independent 
of the signal wavelength so the device is suited to optical systems 
using wavelength multiplexing. The GF increases proportionally 
with the input signal power Ps and is consistent for the two different 
signal wavelengths, as shown in Fig. 4d. Similar silicon micro-disk 
cavity with quality factor as high as 3 million has been reported in 
the literature38 so it is possible to achieve even higher GF with a 
much lower power level. Although the operation speed of the device 
currently is limited by the relatively low mechanical frequency of the 
cantilevered signal waveguide, it is feasible to improve the mechani-
cal frequency to the hundreds of megahertz range39,40, making it 
suited for radio-frequency (RF) photonics applications.

Discussion
Recently, micro- and nanoscale mechanical switches and relays have 
been revisited for their potential in integrated circuits for low power 
computation41 and for harsh environment applications42. Optome-
chanical devices also provide unique attributes that are unattain-
able with conventional optical devices, such as the all-optical signal 
amplification demonstrated here and the ability to be reconfigured 
and re-programmed6,20,43. The broad optical bandwidth enabled by 
the new multichannel configuration offers great flexibility for cav-
ity optomechanics to be integrated at a higher level, allowing their 
remarkable properties to be applied in cohorts with conventional 
photonic systems for optical and RF communications.

Methods
Device. The devices are fabricated on commercial SOI wafers (SOITEC) with 
220 nm silicon layer and 3 µm buried oxide, using standard electron beam lithog-
raphy and plasma dry etching processes. The cantilevered section of the signal 
waveguide is released from the substrate by wet etching the buried oxide layer 
through a photoresist mask patterned by photolithography. Critical point drying is 
used to prevent the collapsing of the cantilevered waveguide caused by the viscous 
dragging effect during etchant solution evaporation. The released section of the 
signal waveguide is 22 µm long, 420 nm wide with a mechanical spring constant 
of 69.4 mN m − 1. With a gap of 50 nm and a lateral offset of 250 nm between the 
cantilevered end and the receiving end, the signal waveguide has an estimated  
total insertion loss of 7.8 dB.

Measurement scheme and device. A schematic of the measurement setup is shown 
in Supplementary Figure S8. The control, signal and tuning lasers are coupled into 
the device by aligning a linear array of single-mode fibers, spaced 250 µm and 
mounted on a V-groove (OZ optics) chip, to the integrated grating couplers on the 
device. Each fiber to grating coupler interface has a typical coupling efficiency of  

15%. All the power values mentioned in the manuscript refer to the power in the 
waveguide immediately after the coupler and are carefully calibrated and monitored.  
To achieve high mechanical quality factor, the measurements are conducted in a 
vacuum chamber with pressure of 2×10 − 4 Torr. A microscope image of the device 
that is measured during the experiment is shown in Supplementary Figure S9. 

References
1.	 Kippenberg, T. J. & Vahala, K. J. Cavity optomechanics: back-action at the 

mesoscale. Science 321, 1172–1176 (2008).
2.	 Marquardt, F. & Girvin, S. M. Optomechanics. Physics 2, 40 (2009).
3.	 Povinelli, M. L. et al. Evanescent-wave bonding between optical waveguides. 

Opt. Lett. 30, 3042–3044 (2005).
4.	 Li, M. et al. Harnessing optical forces in integrated photonic circuits. Nature 

456, 480–484 (2008).
5.	 Rosenberg, J., Lin, Q. & Painter, O. Static and dynamic wavelength routing via 

the gradient optical force. Nat. Photonics 3, 478–483 (2009).
6.	 Wiederhecker, G. S., Chen, L., Gondarenko, A. & Lipson, M. Controlling 

photonic structures using optical forces. Nature 462, 633–636 (2009).
7.	 Rakich, P. T., Popovic, M. A., Soljacic, M. & Ippen, E. P. Trapping, corralling 

and spectral bonding of optical resonances through optically induced 
potentials. Nat. Photonics 1, 658–665 (2007).

8.	 Masaya, N., Hideaki, T., Satoshi, M. & Eiichi, K. Optomechanical Wavelength 
and Energy Conversion in High-Q Double-Layer Cavities of Photonic Crystal 
Slabs. Phys. Rev. Lett. 97, 023903 (2006).

9.	 Chatterjee, R. et al. Demonstration of a hitless bypass switch using 
nanomechanical perturbation for high-bitrate transparent networks.  
Opt. Express 18, 3045–3058 (2010).

10.	Schliesser, A., Arcizet, O., Riviere, R., Anetsberger, G. & Kippenberg, T. J. 
Resolved-sideband cooling and position measurement of a micromechanical 
oscillator close to the Heisenberg uncertainty limit. Nat. Phys. 5, 509–514  
(2009).

11.	Chan, J. et al. Laser cooling of a nanomechanical oscillator into its quantum 
ground state. Nature 478, 89–92 (2011).

12.	Thompson, J. D. et al. Strong dispersive coupling of a high-finesse cavity to a 
micromechanical membrane. Nature 452, 72–75 (2008).

13.	Teufel, J. D. et al. Sideband cooling of micromechanical motion to the quantum 
ground state. Nature 475, 359–363 (2011).

14.	Groblacher, S., Hammerer, K., Vanner, M. R. & Aspelmeyer, M. Observation 
of strong coupling between a micromechanical resonator and an optical cavity 
field. Nature 460, 724–727 (2009).

15.	Weis, S. et al. Optomechanically Induced Transparency. Science 330, 1520–1523 
(2010).

16.	Safavi-Naeini, A. H. et al. Electromagnetically induced transparency and slow 
light with optomechanics. Nature 472, 69–73 (2011).

17.	Hossein-Zadeh, M. & Vahala, K. J. An Optomechanical Oscillator on a Silicon 
Chip. IEEE J. Sel. Top. Quant. 16, 276–287 (2010).

18.	Hossein-Zadeh, M. & Vahala, K. J. Observation of injection locking in an 
optomechanical rf oscillator. Appl. Phys. Lett. 93, 191115 (2008).

19.	Bagheri, M., Poot, M., Li, M., Pernice, W. P. H. & Tang, H. X. Dynamic 
manipulation of nanomechanical resonators in the high-amplitude regime 
and non-volatile mechanical memory operation. Nat. Nanotechnol. 6, 726–732 
(2011).

20.	Anetsberger, G. et al. Near-field cavity optomechanics with nanomechanical 
oscillators. Nat. Phys. 5, 909–914 (2009).

21.	Eichenfield, M., Camacho, R., Chan, J., Vahala, K. J. & Painter, O. A picogram- 
and nanometre-scale photonic-crystal optomechanical cavity. Nature 459, 
550–555 (2009).

22.	Li, M., Pernice, W. H. P. & Tang, H. X. Reactive Cavity Optical Force on 
Microdisk-Coupled Nanomechanical Beam Waveguides. Phys. Rev. Lett.  
103, 223901 (2009).

23.	Li, M., Pernice, W. H. P. & Tang, H. X. Broadband all-photonic transduction of 
nanocantilevers. Nat. Nanotechnol. 4, 377–382 (2009).

24.	Oxborrow, M. Traceable 2-D finite-element simulation of the whispering-
gallery modes of axisymmetric electromagnetic resonators. IEEE T. Microw. 
Theory 55, 1209–1218 (2007).

25.	Gorodetsky, M. L., Schliesser, A., Anetsberger, G., Deleglise, S. & 
Kippenberg, T. J. Determination of the vacuumoptomechanical coupling rate 
usingfrequency noise calibration. Opt. Express 18, 23236–23246 (2010).

26.	Arcizet, O., Cohadon, P. F., Briant, T., Pinard, M. & Heidmann, A. Radiation-
pressure cooling and optomechanical instability of a micromirror. Nature  
444, 71–74 (2006).

27.	Gigan, S. et al. Self-cooling of a micromirror by radiation pressure. Nature  
444, 67–70 (2006).

28.	Kleckner, D. & Bouwmeester, D. Sub-kelvin optical cooling of a 
micromechanical resonator. Nature 444, 75–78 (2006).

29.	Lifshitz, R. & Cross, M. C. in Nonlinear Dynamics of Nanosystems (eds  
G. Radons, Benno Rumpf, & Heinz Georg Schuster) Ch. 8, ( Wiley-VCH,  
2010).

30.	Nayfeh, A. H. & Mook, D. T. Nonlinear Oscillations. (Wiley, 1979).



ARTICLE

��

nature communications | DOI: 10.1038/ncomms2103

nature communications | 3:1091 | DOI: 10.1038/ncomms2103 | www.nature.com/naturecommunications

© 2012 Macmillan Publishers Limited. All rights reserved.

31.	Kacem, N., Arcamone, J., Perez-Murano, F. & Hentz, S. Dynamic range 
enhancement of nonlinear nanomechanical resonant cantilevers for highly 
sensitive NEMS gas/mass sensor applications. J. Micromech. Microeng. 20, 
045023 (2010).

32.	Karabalin, R. B. et al. Signal Amplification by Sensitive Control of Bifurcation 
Topology. Phys. Rev. Lett. 106, 094102 (2011).

33.	Cross, M. C., Zumdieck, A., Lifshitz, R. & Rogers, J. L. Synchronization by 
nonlinear frequency pulling. Phys. Rev. Lett. 93, 224101 (2004).

34.	Aldridge, J. S. & Cleland, A. N. Noise-enabled precision measurements  
of a duffing nanomechanical resonator. Phys. Rev. Lett. 94, 156403  
(2005).

35.	Dykman, M. I. & Ryvkine, D. Activated Escape of Periodically Modulated 
Systems. Phys. Rev. Lett. 94, 070602 (2005).

36.	Raskin, J. P., Brown, A. R., Khuri-Yakub, B. & Rebeiz, G. M. A novel parametric- 
effect MEMS amplifier. Microelectromech. Syst. 9, 528–537 (2000).

37.	Massel, F. et al. Microwave amplification with nanomechanical resonators. 
Nature 480, 351–354 (2011).

38.	Soltani, M., Yegnanarayanan, S. & Adibi, A. Ultra-high Q planar silicon 
microdisk resonators for chip-scale silicon photonics. Opt. Express 15, 
4694–4704 (2007).

39.	Li, M., Tang, H. X. & Roukes, M. L. Ultra-sensitive NEMS-based cantilevers for  
sensing, scanned probe and very high-frequency applications. Nat. Nanotechnol. 
2, 114–120 (2007).

40.	Feng, X. L., White, C. J., Hajimiri, A. & Roukes, M. L. A self-sustaining 
ultrahigh-frequency nanoelectromechanical oscillator. Nat. Nanotechnol.  
3, 342–346 (2008).

41.	Pott, V. et al. Mechanical Computing Redux: Relays for Integrated Circuit 
Applications. Proc. IEEE 98, 2076–2094 (2010).

42.	Lee, T.- H., Bhunia, S. & Mehregany, M. Electromechanical Computing at 
500°C with Silicon Carbide. Science 329, 1316–1318 (2010).

43.	Ma, J. & Povinelli, M. L. Large tuning of birefringence in two strip silicon 
waveguides via optomechanical motion. Opt. Express 17, 17818–17828 (2009).

Acknowledgements
We acknowledge the faculty start-up fund provided by the College of Science and 
Engineering at the University of Minnesota and the Young Investigator Program (YIP) 
of AFOSR (Award No. FA9550-12-1-0338). Parts of this work were carried out in the 
University of Minnesota Nanofabrication Center, which receives partial support from 
NSF through NNIN program, and the Characterization Facility which is a member  
of the NSF-funded Materials Research Facilities Network via the MRSEC program.  
M.L. thanks H.X. Tang and W.P.H. Pernice for helpful discussions.

Author contributions
H.L. and M.L. conceived the experiment. H.L., Y.C. and J.N. designed and fabricated the 
devices. S.T. contributed to numerical modeling. H.L. performed theoretical modeling 
and data analysis. H.L. and M.L. wrote the manuscript.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Li, H. et al. Multichannel cavity optomechanics for  
all-optical amplification of radio frequency signals. Nat. Commun. 3:1091  
doi: 10.1038/ncomms2073 (2012).




