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Optomechanics inside nonlinear 
whispering gallery resonators  



Optomechanics	and	more	...	
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â
s

)/2

Ĥ
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WGRs	and	optomechanics	

Combine	nonlinear	op;cs	and	optomechanics	
	
	
	
	
...	all	in	one	monolithic	device.	
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WGRs	and	optomechanics	

Enhancement	of	cavity	cooling	with	
parametric	amplifier	

S.	Huang	and	G.	S.	Agarwal,	PRA,	
79:013821	(2009)	

Classical	analysis	of	degenerate	OPOs	
F.	Jiménez	and	C.	Navarrete-Benlloch,	

arXiv:1412.2521	(2014)	

Enhancement	of	posi;on	detec;on	
using	intracavity	squeezing	

V.	Peano	et	al.,		
arXiv:1502.06423	(2015)	

But: all theoretical proposals so far… 

From	weak	to	strong	optomechanical	
coupling	via	nonlinear	interac;on	

X.	Lü	et	al.,	PRL,	
114:093602	(2015)	

Optomechanical	entanglement	from	
compe;ng	nonlineari;es	
A.	Xuereb	et	al.,	PRA,	
86:013809	(2012)	

... 



WGRs	and	optomechanics	

J.	Hofer	et	al.,	PRA,	82:031804(R)	(2010)			

•  LiNbO3 WGMRs have shown to be a versatile source of nonclassical light: 

PDC:	quantum	correlated	and	
individually	intensity	squeezed	

signal	and	idler	
J.	U.	Fürst	et	al.,	PRL,	106:113901	(2011)		

High	wavelength	tunability	
G.	Schunk	et	al.,	in	prepara6on	

Single	photon	source	
M.	Förtsch	et	al.,	Nature	Comm,		

4:1818	(2013)	

RAPID COMMUNICATIONS
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only determined by the choice of the parameter G. The effec-
tive mass mi [21,22] of the ith mode, in turn, is determined by
the requirement that the potential energy upon its displacement
xi = ⟨w⃗,u⃗i⟩ is given by Ui = 1

2mi!
2
i x

2
i , implying [22] that

mi =
!
ρ(r⃗)|u⃗i(r⃗)|2d3r/⟨w⃗,u⃗i⟩2, evidently scaling quadratic

in the choice of coupling constant G [ρ(r⃗) is the density].
Dropping the index i, the optomechanical interaction Hamil-
tonian can be written as Ĥint = h̄ G â

†
oâo xzpf (â†

m + âm), where
âo (â†

o) and âm (â†
m) are the optical and mechanical annihilation

(creation) operators. Note that for each mechanical mode, the
vacuum optomechanical coupling rate Gxzpf is independent of
the choice of G, as xzpf =

√
h̄/(2meff!m).

In the case of WGM optomechanical systems, a natural
choice for the optomechanical coupling is given by G =
−ω/R, mapping the displacement fields to an effective change
in the radius of the entire structure. From room-temperature
measurements, we can then experimentally derive the effective
mass from the calibrated [8] displacement spectra S̄xx(!) using
the relation S̄xx(!i) = 2kBT/(mi!

2
i$i). The effective masses

measured in this manner on the cylindrical samples are still
comparably high (∼50 mg). However, as we show here, it can
be dramatically reduced by fabricating disk-shaped crystalline
resonators. To this end, we fabricated a CaF2 resonator of
100-µm thickness and 800-µm radius, corresponding to a
optomechanical coupling constant |G/2π | = 350 MHz/nm.
The magnitude of the intrinsic optical Q factor of the disk
was 1.4 × 109 and mechanical modes were measured with a
Nd:YAG laser locked to the side of a cavity resonance, which
allowed a shot-noise limited displacement sensitivity at the
level of 1 × 10−18 m/

√
Hz above 6 MHz. Below 6 MHz the

sensitivity was limited by classical laser noise, which was
characterized using an independent fiber loop cavity. In a first
measurement the CaF2 disk was waxed on a metal holder that
was used in the fabrication process. Besides the high-Q modes
(Qm up to 15 000), the most prominent feature in the noise
spectrum as shown in Fig. 3(a) are three broad Lorentzian
peaks which can be attributed to different orders of radial
breathing modes [(RBMs), Qm < 100] with effective masses
from 400 to 700 µg. Note that in addition to the low mass
the frequency of these modes falls in the range greater than
10 MHz and therefore provides hereto unprecedented sideband
factors (!m/κ >100). To reduce coupling of the RBMs to
the environment, the disk was clamped centrally between
two sharp tungsten tips, which led to a substantial increase
of the Q factor, most distinct for lower-order RBMs. While
for the first-order RBM a quality factor of 2500 was measured
in this configuration, it was 300, 70, and 40 for second, third,
and fourth orders, respectively, limited by clamping losses as
explained below.

To verify the nature of the observed modes we used finite
element modeling (COMSOL Multiphysics). CaF2 is a cubic
crystal and described by three independent elastic constants.
Taking into account the crystalline orientation (symmetry axis
of the resonator parallel to [111]), and appropriate boundary
conditions, the mechanical eigenfrequencies, mode energies,
and stress and strain fields were inferred from the simulation.
Three-dimensional simulations yield very accurate values
for the mode frequencies but also a dense mode spectrum
(∼20 modes per MHz). Most of the modes with small masses
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FIG. 3. (Color online) (a) Photocurrent spectral density nor-
malized to equivalent mechanical displacement fluctuations at a
Fourier frequency of 14.5 MHz. Three spectra were measured with a
Nd:YAG laser coupled to a CaF2 microdisk waxed on a metal holder
(configuration 1), the same disk clamped between two tungsten tips
(configuration 2), and a fiber loop cavity (FLC). The disk exhibits
several orders of mechanical radial breathing modes (RBMs) up to
20 MHz (second to fourth order are shown). (b) For the case of
central clamping, measurement and simulation of first- to fourth-order
RBM frequencies show excellent agreement. The increase in modal
displacement at the support tip for higher-order RBMs explains the
measured dependence of Qm on the RBM order (from Qm = 2500 to
Qm = 40). The color code represents radial displacement (arbitrary
units).

can already be identified in a two-dimensional model ex-
ploiting the cylindrical symmetry of the boundary conditions.
For the case of central clamping between two sharp tips, a
stress-free boundary condition was applied and matching of
measured and simulated frequencies of first- to fourth-order
RBM with an accuracy of better than ±1% was achieved. The
simulated mechanical displacement fields u⃗i(r⃗) also provide
a way to numerically estimate the effective mass of radially
symmetric modes: Approximating the weighting function by
a circle of radius R, we extract the radial displacement xi of
a given radially symmetric mode at the rim of the resonator
and directly solve for the effective mass using the mode’s
known resonance frequency and energy Ui . Indeed, measured
and simulated RBM effective masses show good agreement
(±10%). FEM was also used to identify modal patterns and
the origin of clamping losses. As stated above, the Q factor in
the case of central clamping strongly decreases with increasing
order of the RBM. With the FEM simulation this effect can
be clearly understood by the rising axial displacement at the
central point for higher-order RBMs, which leads to stronger
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Whispering	Gallery	Resonators	

amorphous	materials		
(e.g.,	fused	silica)	can	be	
shaped	by	the	surface	

tension	in	a	reflow	process.	
Only	third	order	
nonlinearity!	

MPI	for	the	Science	of	Light	 Vahala	group,	Caltech	
crystalline	materials		
(e.g.	Lithium	Niobate)	
typically	have	lower	

losses	and	may	possess	
second	order	

nonlinearity,	but	they	
need	to	be	polished	

mechanically.	
Jet	Propulsion	Laboratory	 MPI	for	the	Science	of	Light	

1	mm	



Whispering	Gallery	Modes	

•  Radial	part:	spherical	Bessel	func6ons	

•  Angular	part:	spherical	harmonics	

j(kqr)

Ylm(✓,') [1] 

•  Describing	mode	indices	

m azimuthal	

l polar	

q radial	

angular	(l �m) = p

[2]	J.	U.	Fürst	et	al.,	Phys.	Rev.	Le=.	105,	263904	(2010)	
[1]	P.	Debye,	Ann.	Physik,	30,	57	(1909)	

q = 1; p = 0 q = 2; p = 0

q = 1; p = 1 q = 2; p = 1

azimuthal 
radial 

polar 



Genera;on	of	nonclassical	light	

χ(2)	
Pump	

Signal	

Idler	

Output	is	con6nuous	variable	entangled	state.	
With	cavity:	OpMcal	Parametric	Oscillator	(OPO)	/	cavity	assisted	
spontaneous	down-conversion	
	

Parametric	Downconversion	
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ω p = ω s + ω i
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k p =

 
k s +
 
k i

Important:	Nonlinearity	and	efficient	cavity!	



Wavelength	tuning	

• 	Type	I	natural	phase	
matching	
• 	z-cut	crystal	–	phase	
matching	of	WGR	modes	

Effec;ve	index	of	refrac;on	depends	on:	
Temperature,	Mg	doping,	disk	size,	voltage	

K. Sasagawa et al., Appl. Phys. Expr. 2, 122401 (2009) 
T. Beckmann et al., PRL 106, 143903 (2011)  
 

Alterna;ve:	periodic	poling	

z 

J.	Fürst	et	al.,	Phys.	Rev.	Le..	104,	153901	(2010)	



Phase	Matching	in	WGM	

χ(2) 

Nonlinear crystal 

Whispering	Gallery	
Mode	Resonator	(WGMR)	

⇥kp = ⇥kS + ⇥kI

Energy	conserva6on	 Momentum	conserva6on	
ms + mi �mp = 0

ls + li + lp = 2N
|ls � li|  lp  ls + li

!p = !s + !i



Op;cal	Parametric	Oscillator	

Highly	efficient	OPO:	J.	U.	Fürst	et	al.,	Phys.	Rev.	Led.	105,	263904	(2010)	
Genera6on	of	two-mode	squeezing:	J.	U.	Fürst	et	al.,	Phys.	Rev.	Led.	106,	113901	(2011)	
	



Tunable	single	photon	source	

M.	Förtsch	et	al.,	Nature	Communica6ons	4,	1818	(2013)		
	

efficiency:	
1.3	x	107	pairs/(s	mW)	per	13	MHz	
tunable	bandwidth:	
7	–	13	MHz	
(poten;ally	4	MHz	–	100s	of	MHz)	

 12 ns (13 MHz)
 17 ns (9.2 MHz)
 20 ns (7.8 MHz)
 22 ns (7.2 MHz)

Cavity	assisted	SPDC	
Z.	Ou,	Y.	Lu,	Phys.	Rev.	Lej.	83,	2556	(1999)	
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M.	Förtsch	et	al.,	Phys.	Rev.	A	91,	023812	(2015)		
	
	



Adressing	atomic	transi;ons	



Adressing	atomic	transi;ons	

G.	Schunk	et	al.,	Op;ca,	Vol.	2,	Issue	9,	773	(2015)	



WGRs	and	optomechanics	



WGRs	and	optomechanics	

•  Detectable optomechanical signature: 
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WGRs	and	optomechanics	
•  Comparison of resonator mounting techniques: 
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WGRs	and	optomechanics	

•  Comparison of resonator mounting techniques: 
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WGRs	and	optomechanics	

•  Simulation of mechanical eigenmodes with COMSOL: 

644.7 kHz27.5 kHz

radial	oscilla6on	 polar	oscilla6on	



WGRs	and	optomechanics	
•  Simulation of mechanical eigenmodes with COMSOL: 

644.7 kHz27.5 kHz

3.7MHz 4.09MHz

3.89MHz 3.94MHz

•  Order of observed mechanical eigenmodes ≈200 



WGRs	and	optomechanics	
•  Comparison of two frequency spectra from different resonators: 
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WGRs	and	optomechanics	
•  Comparison of two frequency spectra from different resonators: 

•  Mechanical Q-factors up to 3000 at room temperature and higher 
     and atmospheric pressure 
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WGRs	and	optomechanics	

Combine	nonlinear	op;cs	and	optomechanics	
	
	
	
	
	
...	all	in	one	monolithic	device.	

V.	Peano	et	al.,	Phys.	Rev.	Lej.	115,	243603	(2015)		
	
	



WGRs	and	optomechanics	

Combine	nonlinear	op;cs	and	optomechanics	
	
	
	
	
	
	

V.	Peano	et	al.,	Phys.	Rev.	Lej.	115,	243603	(2015)		
	
	



Quantum inspired sensing 



Tracking	of	par;cle	mo;on	

D. Grass et al., arXiv:1603.09393 
 

N. Kiesel et al., PNAS USA, vol. 110,  
14180–14185 
 



Maxwell‘s	Equa6ons	



•  Modes	can	be	described	classically	with	the	transverse	mode	
func6ons:	

•  Or	quantum	mechanically	with	appropiate	annihila6on	operators:	
							
	

The	Radial	and	Azimuthal	Mode	

+ = + = 
- 

The classical radially polarized mode is not separable in its 
polarization and spatial degrees of freedom 
- structural inseparability 

C.E.R.	Souza	et	al.,	Phys.	Rev.	Lej.	99,	160401	(2007),	A.	Holleczek	et	al,	arXiv:1007.2528	(2010),	
	A.	Holleczek	et	al.,	Op;cs	Express	19,	9714	(2011)	



Classical	entanglement	
quantum	–	classical	devide	is	not	so	obvious,	
	
and	deserves	a	closer	look	...	
	
What	does	non-classical	mean?	
	
What	is	really	needed	for	quantum	compu;ng?	
	
How	do	these	correla;ons	perform	at	Bell	tests?	
	
	
	
	
	
	

à	Opera;onal	inves;ga;ons	



Tracking	Birds	(supersonic	species)	



Sensing	with	„Classical	Entanglement“	

Correla;ons	between	two	degrees	of	freedom	

Sense	spa;al	changes	with	polariza;on	measurements.	



Tracking	Birds	(supersonic	species)	



Sensing	with	„Classical	Entanglement“	

Spa;al	sensing	with	GHz	bandwidth!	



Sensing	with	„Classical	Entanglement“	

S.	Berg-Johansen	et	al.,	
	Op;ca	2(10),	864	(2015)	

Stokes parameter measurement 

Inferred rotor angle 



Sensing	with	„Classical	Entanglement“	

S.	Berg-Johansen	et	al.,	Op;ca	2(10),	864	(2015)	



Sensing	with	„Classical	Entanglement“	

S0 
 
S1 
 
S2 

Measured Stokes parameters 
correspond to intersecting planes. 

Likelihood function allows 
position inference in the presence 
of experimental noise. 

Intersection of contours 
indicates position. 

x y 

Pre-computed surfaces 
describe expected Stokes 
parameters. 



Sensing	with	„Classical	Entanglement“	

S.	Berg-Johansen	et	al.,	Op;ca	2(10),	864	(2015)	



Sensing	with	„Classical	Entanglement“	

S.	Berg-Johansen	et	al.,	Op;ca	2(10),	864	(2015)	

NA 0.65 

NA 0.65 



Can	be	done	more?	

Full Poincaré beam 
A.M. Beckley, Tom. G. Brown,  
Miguel A. Alonso, 
Optics Express 18, 10777 (2010)   

•  3D	sensing	(mul6ple	beams	/	colours)	
	
•  use	different	classically	entangled	
probe	beams	
	
•  quantum	limits?	
shot	noise!	
	



Sensing	with	„Classical	Entanglement“	



Sensing	with	„Classical	Entanglement“	

Track motion of particle in optical tweezer. 

NA 0.65 

NA 0.65 



Sensing	with	„Classical	Entanglement“	



Conclusion	and	Outlook	

•  Couple	optomechanics	and	op6cal	nonlinearity	
•  nonlinear	crystalline	whispering	gallery	resonators	
•  quantum	inspired	sensing	for	fast	tracking	of		

par6cle	mo6on	
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