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Motivation

• Many applications, including ground state cooling and
unstable filters, rely on retardation effects

• These effects become significant when optical dynamics is
comparable to or slower than the mechanical motion, i.e. the
system operates in the resolved sideband regime:
Cavity bandwidth γ0 << mechanical resonant frequency fm.

• Mechanical motion creates sidebands of the EM field.

• If the pump is detuned from cavity resonance by fm, then
(only!) one of the sidebands is resonantly enhanced.
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Motivation

• Narrow cavity bandwidth in the resolved sideband limit
suppresses not only the opposite sideband but the carrier itself
too.

• If we could avoid this suppression, then the effects such as
optomechanical cooling would be greatly enhanced.

• What if we had another optical resonance at the carrier
frequency?



Coupled optical cavities

Resonance splitting
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Coupled optical cavities

Resonance splitting
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Enhanced coupling

• Resonant frequency splitting can
be tuned to the mechanical
resonant frequency

• Optical pump and one of the
sidebands are both resonantly
enhanced

• Enhanced maximal insertion loss:

Γcoupled
opt = Γsingle
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Insertion mechanical loss
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Additional mechanical loss introduced via optomechanical interaction 
 in the resolved sideband regime:

 Comparison between single cavity and coupled cavity systems

T1
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1e-02
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FWHM
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Required parameters

fm = 3 MHz

m = 120 ng

Pin = 500 µW

w0 = 8 µm

T1 = 1000 ppm

T2 = 200 ppm

T3 = 10 ppm

L1 = L2 = 22.5 cm



Mirror design

I. GaAs/AlGaAs stack mirrors on GaAs cantilevers

Robinjeet Singh et al. (2016). “Stable optical trap from a
single optical field utilizing birefringence”. In: Physical

review letters 117.21, p. 213604

• fm below 1 kHz

• Qm ∼ 104 at 300 K

We borrowed one chip from LSU
(thanks Thomas)



Mirror design

II. GaAs/AlGaAs free-free beams
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the only free parameter used in the model of the free–free mode 
is a constant offset of 1/Q* = 2.41×10 − 5. Although the exact nature 
of the corresponding dissipation mechanism is currently unknown, 
we assume that it arises from material losses in the resonator  
epi-structure.

It should be noted that most commercially viable resonators 
operate in a regime where TED dominates, and in some instances, 
intuitive understandings of the support-induced damping3,8,40 have 
allowed for its suppression below other limiting damping mecha-
nisms. Nonetheless, if current efforts to minimize TED in such 
structures at room temperature are successful28, support-induced 
losses may pose the next challenge for maximizing Q. On the other 
hand, in fundamental research thrusts employing high vacuum and 
cryogenic systems, support-induced losses can become a dominant 
factor7,41. For example, the free–free designs explored here provide 
a route to minimize support-induced losses for application in opto-
mechanical experiments utilizing the micromechanical resonator as 
an end mirror in a high-finesse Fabry–Perot cavity46. To gauge the 
relevance of our ‘free–free’ micromirror design in this context, it 
is instructive to compare the fundamental limit at nodal position-
ing Qthy5×106 and the maximum measured Q-value of 5.1×104  
with the corresponding results for the fundamental flexural mode 
of a clamped bridge of comparable dimensions. In fact, for the  
typical dimensions considered, as required for integration in a 

high-performance Fabry–Pérot cavity, we obtain a theoretical limit 
Qc − c~103 in line with previous measurements on monocrystalline 
DBR optomechanical structures47.

Given the scale-independent nature of support-induced losses, 
our solver can be applied equally well to nanoscale mechani-
cal devices. We find that for a recent demonstration of a nano-
mechanical doubly clamped beam coupled to a superconducting  
qubit at milliKelvin temperatures48, the measured values for the  
resonator’s maximum Q (y6×104) can be understood solely via the 
phonon-tunnelling loss model (beam geometry of 0.3×0.18×6 Mm; 
M. LaHaye, private communication), which predicts a Q-value  
of 5.4×104, in excellent agreement with the experimental value. In 
addition, the phonon-tunnelling framework is also applicable to 
prestressed nanoresonators such as Si3N4 strings34 or membranes 
and has recently been experimentally verified for the latter49 .

In conclusion, we have developed an efficient FEM-enabled  
numerical method for predicting the support-induced dissipation in  
microscale and nanoscale mechanical resonators. In combination with  
existing models for other relevant damping channels (for example, 
fluidic and TED27,28), our ‘phonon-tunnelling’ solver makes further 
strides towards accurate prediction of Q. Furthermore, we provide a 
stringent experimental test of the corresponding theory using resona-
tors engineered to isolate support-induced losses. Our results unam-
biguously demonstrate that phonon-tunnelling plays a significant 

Figure 2 | Characterization of the completed free–free resonators. (a) Optical micrograph of the 5×5 mm chip containing the batch-fabricated 
microresonators as well as an electron micrograph highlighting a single suspended structure; the scale bar in this image is 20 Mm. (b) Simulated (left) and 
measured (right) eigenfrequencies as a function of the auxiliary beam y-coordinate. The measured values (discrete points) show excellent agreement 
with the simulated data set, albeit with a slight offset dependent on the parity of the mode. The fitting lines in the right plot correspond to a mean 
frequency offset of 262 kHz for the symmetric (sym) free–free modes and 89 kHz for the neighbouring antisymmetric (antisym) modes (inset images 
show  the FEM-derived mode shapes). Lower panels—examples of the fitting techniques utilized for Q-value extraction including: (c) Lorentzian fitting 
of the free–free resonance (captured on a spectrum analyser) for a device with R = 116 Mm and ya = 29 Mm resulting in Q = 4.5×104 and (d) ringdown fitting 
of the same device using linear regression of the natural log of the mean square of the free-ringdown signal captured single-shot with a high-speed 
oscilloscope yielding Q = 4.46×104. The inset includes the residuals to the linear fit showing an excellent agreement with the expected exponential decay.
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Garrett D. Cole et al. (2011). “Phonon-tunnelling
dissipation in mechanical resonators”. In: Nature
Communications 2.1, p. 231

• free-free resonator geometry

• Qm ≈ 5× 103 at 300 K

• Qm ≈ 105 at 4 K

• fm = 3 MHz for
(6.67× 40× 100) µm3



Current status

• Chip design being finalised

• Ongoing study on coupled cavity control
(modelling+experiment)

• First aLIGO CDS standalone rack built in Birmingham

• Practising optomechanics with the existing chip

• Design of the experimental layout ongoing



Applications

• Resolved sideband cooling

• Unstable optomechanical filter

• Elimination of backaction

• Triple resonant transducer

• Optomechanically induced transparency

• Ponderomotive squeezing

• etc.



Applications

Optomechanical filter
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Haixing Miao et al. (2015). “Enhancing the bandwidth of gravitational-wave detectors with unstable
optomechanical filters”. In: Physical review letters 115.21, p. 211104

âout ≈ e2iΩ/γ0 âin.



Applications

Cooling and SQL

Ignacio Wilson-Rae et al. (2007). “Theory of
ground state cooling of a mechanical
oscillator using dynamical backaction”. In:
Physical Review Letters 99.9, p. 093901

• if ωm << γ:

〈n〉 ≈ γ

4ωm
>> 1, T ≈ ~

kB
γ.

• if ωm >> γ:

〈n〉 ≈ γ2

16ω2
m
<< 1.



Applications

Cooling and SQL

Jens M Dobrindt and Tobias J Kippenberg (2010). “Theoretical analysis of
mechanical displacement measurement using a multiple cavity mode

transducer”. In: Physical review letters 104.3, p. 033901

• SQL increases by a
factor of 9:

〈n〉 ≈ 9
γ2

16ω2
m

.

• Quantum noise is
“cancelled” at
ω = ωm/2.



Applications

Three resonances

• Three equally spaced resonances

• Carrier and both sidebands are
enhanced

• Perfect transducer, sensitivity is
enhanced by

S triple
xx (ωm)/Ssingle
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• SQL is unchanged (as compared to
the single resonance case) at
obtained at lower power
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Jens M Dobrindt and Tobias J Kippenberg (2010).
“Theoretical analysis of mechanical displacement
measurement using a multiple cavity mode transducer”.
In: Physical review letters 104.3, p. 033901



Thank you for your attention!


