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Our group operates on the boundary of physics and engineering
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Microresonators as a platform for nonlinear optics
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Optomechanical coupling in resonators
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PRL 94, 223902 (2005)     Optics Express 13, 5293 (2005)     PRL 95, 033901 (2005)
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Acousto-optic
coupling

What is optomechanics good for?
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Acoustics

(long lived)

Optical Input/Output

Light

(ephemeral)

Electronic Input/Output

Photons Electrons

Phonons

Electromechanics
Piezoelectrics

• Storing optical information (quantum states) for long periods of time.
- Potential qubits for quantum computation.

• Generating acousto-optic transparency.
- Slowing down and speeding up light packets.

• Annihilating phonons from a system.
- Laser cooling of solids.
- Reaching quantum-mechanical ground state.



Electrostriction Acoustic
wave

Brillouin scattering
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Brillouin coupling visualized in a whispering gallery resonator
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Starting from noise,
sound gets amplified

more and more!

Nature Communications, 2:403, 2011
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Forward Brillouin scattering in microresonators

G. Bahl et al, Nature Communications 2:403, doi:10.1038/ncomms1412 (2011)
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Laser cooling of 
vibrational modes in solids



Overview of optical cooling in solids
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Structural
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CoolingHeating
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with sound
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Raman scattering

Observation of laser induced 
fluorescent cooling of a solid 
Epstein et al, NATURE, Vol. 377, 
1995

Laser cooling of solids to 
cryogenic temperatures
Seletskiy et al, 
NATURE PHOTONICS, Vol. 4, 2010
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NB:  Raman cooling has 
been demonstrated in

atomic gases, 
but not solid phase.

No demonstrations
of Brillouin cooling in
any state of matter.

Reached 110 K in 2011

Radiation pressure cooling
of vibrational modes

Fluorescence cooling

S. Gigan et al, 
NATURE, Vol. 444, p. 67, 2006 

O. Arcizet et al, 
NATURE, Vol. 444, p. 71, 2006

D. Kleckner et al, 
NATURE, Vol. 444, p. 75, 2006

also
gradient force cooling (2009)
photothermal cooling (2004)
piezoresistive cooling (2010)



Opto-acoustic interactions visualized as three-level systems
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Outlining the challenge of cooling with inelastic scattering processes
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Challenge 1 -- Selecting only anti-Stokes scattering

Challenge 3 -- Enhancing cooling above background absorption

Want: 
Suppression

Want:
Enhancement

Stokes scattering is thermodynamically preferred in bulk materials! 
Recall: Bose-Einstein distribution function 

We must enhance the efficiency of anti-Stokes scattering above the
intrinsic absorption efficiency in the material. Can we resonantly enhance it?

Challenge 2 -- Removal of energy before repopulation of cooled modes

Light must be removed before it scatters back or is absorbed.
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Rapidly annihilate phonons to acquire new thermodynamic balance (temperature)
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Nature Physics, 8(3), p.203, 2012



Experimental demonstration of Brillouin cooling
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Top-30 Developments in Optics — 2012
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Extending photonic DoS concept to Raman cooling
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Nature Photonics 10, p.566, 2016 
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Induced transparency
&

nonreciprocity



Electromagnetically Induced Transparency (EIT) in atomic gases
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• Requires	3-level	system	where	(in	this	example)	lower	states	are	not	directly	coupled.
• Coupling	state	|2>	must	have	high	coherence.
• EIT	occurs	due	to	interference	of	two	op9ons	for	electronic	excita9on	via	op9cal	

absorp9on						|1>→|3>	and	|1>→|3>→|2>→|3>

Tr
an
sm

iss
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n

Laser	detuning	(cm-1) Laser	detuning	(cm-1)

Without	control	laser With	control	laser	at	570.3	nm

|3>

|2>

|1>

Probe	laser
λp	=	337.1	nm

Control	laser
λc	=	570.3	nm

Sr+	

5s5p

4d5p

4d5d

Energy	levels	of	Stron9um

Absorp9on	at	
337.1	nm

Induced	transparency

Boller	et.	al.,	Phys.	Rev.	Le*.,	vol.	66,	pp.	2593,	1991

The material is opaque
in a range of optical frequencies.

... but exhibits transparency 
when control field is on.



EIT-like 3-level picture in opto-acoustic systems
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• Interference	occurs	between	the	two	excita9on	
pathways	:
						|1>→|e>	and	|1>→|e>→|2>→|e>

• Probe	absorp9on	is	inhibited	due	to	destruc9ve	
interference

• This	illustra9on	is	iden9cal	to	optomechanically	
induced	transparency	(OMIT)	1,2

|2>	=	|np,nm+1>

|1>	=	|np,nm>

|e>	=	|np+1,nm>

	

Weak	probe Strong	control

Opto-acoustic coupling looks like EIT system

1	S.	Weis,	et.	al.,	Science,	vol.	330,	pp.	1520-1523,	2010.
2	A.	H.	Safavi-Naeini,	et.	al.,	vol.	472,	pp.	69-73,	2011.



Observation of Brillouin scattering induced transparency (BSIT)
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Nature Physics, 11(3), p.275, 2015



Physical intuition for the induced transparency process
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Brillouin interactions are nonreciprocal since momentum rules apply
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Nature Physics, 11(3), p.275, 2015



Observing nonreciprocal light transmission
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Nature Physics, 11(3), p.275, 2015
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• We know how to map other coupled-wave systems to the same set of fundamental 
equations.   Electromagnetic/RF fields included!  Acoustic systems too.

photon - phonon resonance

all-phonon resonance

electron - phonon resonance

✓

all-electronic resonance

IMPACT
• Manipulating the flow of photons

• Non-magnetic optical isolators for cold-atom systems (position, navigation, timing)

• Manipulating the flow of phonons (one-way heat transfer, sound isolation)

• Possibility of non-reciprocal active surfaces, with implications for cloaking / active stealth

Established model for BSIT



Microwave circuits inspired by nonlinear optics
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Extreme throughput
optomechanical microfluidics



Scatters light

Exerts force

New physics

Bridging existing biosensing modalities with optomechanics/SBS
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Opto-mechano-fluidic microresonators
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acoustic
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Qoptical = 160 million Bottle shape enables simultaneous confinement of 
optical and acoustic WGMs

Analyte 
reservoir

CW pump

Outlet

RF output

Silica waveguide
Scattered light

Bahl et al, Nature Communications 4:1994, 2013. 

Kim et al, Light: Science & Applications, 2, e110, 2013. 



Top-30 Developments in Optics — 2013
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Current effort -- Extreme throughput sensing of microparticles
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