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Quantum optomechanics

LETTERS

Strong dispersive coupling of a high-finesse cavity to
a micromechanical membrane
J. D. Thompson1, B. M. Zwickl1, A. M. Jayich1, Florian Marquardt2, S. M. Girvin1,3 & J. G. E. Harris1,3

Macroscopic mechanical objects and electromagnetic degrees of
freedom can couple to each other through radiation pressure.
Optomechanical systems in which this coupling is sufficiently
strong are predicted to show quantum effects and are a topic of
considerable interest. Devices in this regime would offer new types
of control over the quantum state of both light and matter1–4, and
would provide a new arena in which to explore the boundary
between quantum and classical physics5–7. Experiments so far have
achieved sufficient optomechanical coupling to laser-cool mech-
anical devices8–12, but have not yet reached the quantum regime.
The outstanding technical challenge in this field is integrating
sensitive micromechanical elements (which must be small, light
and flexible) into high-finesse cavities (which are typically rigid
and massive) without compromising the mechanical or optical
properties of either. A second, and more fundamental, challenge
is to read out the mechanical element’s energy eigenstate.
Displacement measurements (no matter how sensitive) cannot
determine an oscillator’s energy eigenstate13, and measurements
coupling to quantities other than displacement14–16 have been dif-
ficult to realize in practice. Here we present an optomechanical
system that has the potential to resolve both of these challenges.
We demonstrate a cavity which is detuned by the motion of a 50-
nm-thick dielectric membrane placed between two macroscopic,
rigid, high-finesse mirrors. This approach segregates optical and
mechanical functionality to physically distinct structures and
avoids compromising either. It also allows for direct measurement
of the square of the membrane’s displacement, and thus in prin-
ciple the membrane’s energy eigenstate. We estimate that it should
be practical to use this scheme to observe quantum jumps of a
mechanical system, an important goal in the field of quantum
measurement.

Experiments and theoretical proposals aiming to study quantum
aspects of the interaction between optical cavities and mechanical
objects have focused on cavities in which one of the cavity’s mirrors is
free to move (for example, in response to radiation pressure exerted
by light in the cavity). A schematic of such a setup is shown in Fig. 1a.
Although quite simple, Fig. 1a captures the relevant features of nearly
all optomechanical systems described in the literature, including
cavities with ‘folded’ geometries, cavities in which multiple mirrors
are free to move5, and whispering gallery mode resonators14 in which
light is confined to a waveguide. All these approaches share two
important features. First, the optical cavity’s detuning is proportional
to the displacement of a mechanical degree of freedom (that is, mir-
ror displacement or waveguide elongation). Second, a single device
must provide both optical confinement and mechanical pliability.

In these systems, optomechanical coupling can be strong enough
to laser-cool their brownian motion by a factor of 400 via passive
cooling13. But the coupling has been insufficient to observe quantum

1Department of Physics, Yale University, 217 Prospect Street, New Haven, Connecticut, 06520, USA. 2Physics Department, Center for NanoScience, and Arnold Sommerfeld Center for
Theoretical Physics, Ludwig Maximilians University, Theresienstrasse 37, 80333, Munich, Germany. 3Department of Applied Physics, Yale University, 15 Prospect Street, New Haven,
Connecticut 06520, USA.

x x

0

1

2

3

0 0.5

ω
ca

v/
ω

FS
R

rc = 1.000

rc = 0.995

rc = 0.880

rc = 0.600

rc = 0.300

rc = 0.000

L

DAQ

PI

1
x/λ

4e

A
O

M
La

se
r

c

a

d

b

Figure 1 | Schematic of the dispersive optomechanical set-up.
a, Conceptual illustration of ‘reflective’ optomechanical coupling. The cavity
mode (green) is defined by reflective surfaces, one of which is free to move.
The cavity detuning is proportional to the displacement x. b, Conceptual
illustration of the ‘dispersive’ optomechanical coupling used in this work.
The cavity is defined by rigid mirrors. The only mechanical degree of
freedom is that of a thin dielectric membrane (orange) in the cavity mode
(green). The cavity detuning is periodic in the displacement x. The total
cavity length is L 5 6.7 cm. c, Photograph of a SiN membrane
(1 mm 3 1 mm 3 50 nm) on a silicon chip. d, Schematic of the optical and
vacuum setup. The vacuum chamber (dotted line) is ion-pumped to
,1026 torr. The membrane chip is shown in orange. The optical path
includes an AOM for switching the laser beam on and off, and a
proportional-integral (PI) servo loop for locking the laser to the cavity. The
reflected laser power is recorded by a data acquisition system (DAQ).
e, Calculation of the cavity frequency vcav(x) in units of vFSR 5pc/L. Each
curve corresponds to a different value of the membrane reflectivity rc.
Extrema in vcav(x) occur when the membrane is at a node (or antinode) of
the cavity mode. Positive (negative) slope of vcav(x) indicates the light
energy is stored predominantly in the right (left) half of the cavity, with
radiation pressure force acting to the left (right).

Vol 452 | 6 March 2008 | doi:10.1038/nature06715

72
Nature   Publishing Group©2008

Macroscopic
(≡ consisting

of many-atoms)
mechanical
free masses

and resonators

c

ωd

~

4 K

40 mK

a

b

2 µm

300 K

20 µm

ωp

8 / 88



Quantum optomechanics

B.Abbott et al, Phys. Rev. Lett. 116 061102 (2016)

∆x =
Lh
2
∼

4000m × 10−22

2
∼ 10−19m Rproton ≈ 10−15m

∆xSQL =
√
~T
m
=

√
~ × 10ms
40 kg

∼ 10−19m

9 / 88



Quantum optomechanics

B.Abbott et al, Phys. Rev. Lett. 116 061102 (2016)

∆x =
Lh
2
∼

4000m × 10−22

2
∼ 10−19m

Rproton ≈ 10−15m

∆xSQL =
√
~T
m
=

√
~ × 10ms
40 kg

∼ 10−19m

10 / 88



Quantum optomechanics

B.Abbott et al, Phys. Rev. Lett. 116 061102 (2016)

∆x =
Lh
2
∼

4000m × 10−22

2
∼ 10−19m Rproton ≈ 10−15m

∆xSQL =
√
~T
m
=

√
~ × 10ms
40 kg

∼ 10−19m

11 / 88



Quantum optomechanics

B.Abbott et al, Phys. Rev. Lett. 116 061102 (2016)

∆x =
Lh
2
∼

4000m × 10−22

2
∼ 10−19m Rproton ≈ 10−15m

∆xSQL =
√
~T
m
=

√
~ × 10ms
40 kg

∼ 10−19m

12 / 88



Quantum optomechanics

J.Aasi et al, Class. Quantum Grav. 32, 074001 (2015)

N.S.Kampel et al, Phys. Rev. X 7,
021008 (2017)

Light: the ONLY way
to probe mechanical motion
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Characteristic inequalities

1 Optical frequencies ω � mechanical frequencies Ω

2 ~ω � mc2 ⇒ number of photons N � 1
3 Width of the beam d � λ ⇒ “quasi-plane wave” approximation
4 Mechanical displacement x � λ, other non-linearity scales
5 Mechanical velocity v � c
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Quantization of the running wave
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∑
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Ê(t − x/c) =
∫ ∞

0

√
2π~ω
cA
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Â(t) =

√
cA

4π~ωp
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Ê2(t) =
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ωp : the pump frequency.
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Ê(t − x/c) =
∫ ∞

0

√
2π~ω
cA

â(ω)e−iω(t−x/c) dω
2π
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cA
4π~ωp
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â(®k, σ), â†( ®k′, σ′)

]
= δσσ′δ

(3)(®k − ®k′)

Ê(t − x/c) =
∫ ∞

0

√
2π~ω
cA
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cA
4π~ωp
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®e(®k, σ)â(®k, σ)ei(®k®r−ωkt) + h.c. ,

[
â(®k, σ), â†( ®k′, σ′)
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Ê2(t) =
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Two-photon quadratures

Â(t) =
1
√
2
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−∞

[
â(ωp +Ω)e−iωpt + â†(ωp −Ω)eiωpt] dω

2π

âc(Ω) =
â(ωp +Ω) + â†(ωp −Ω)

√
2

, âs(Ω) =
â(ωp +Ω) − â†(ωp −Ω)

i
√
2

â†c,s(Ω) = âc,s(−Ω) : spectra of Hermitian operators!

âc,s(t) =
∫ ∞

−∞

âc,s(Ω)e−iΩt dΩ
2π

, â†c,s(t) = âc,s(t) ,

[âc(Ω), âs(Ω
′)] = 2iπδ(Ω +Ω′) , [âc(t), âs(t′)] = iδ(t − t′)

Â(t) = âc(t) cosωpt + âs(t) sinωpt

Separate explicitly the mean values a.k.a. classical components:
âc(t) → Ac + âc(t) , âs(t) → As + âs(t) , 〈âc,s(t)〉 = 0
Just convention (choice of the time reference): As = 0 ⇒

Â(t) = [A + âc,s(t)] cosωpt + âs(t) sinωpt
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â(ωp +Ω)e−iωpt + â†(ωp −Ω)eiωpt] dω
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[
â(ωp +Ω)e−iωpt + â†(ωp −Ω)eiωpt] dω

2π

âc(Ω) =
â(ωp +Ω) + â†(ωp −Ω)

√
2

, âs(Ω) =
â(ωp +Ω) − â†(ωp −Ω)

i
√
2

â†c,s(Ω) = âc,s(−Ω) : spectra of Hermitian operators!

âc,s(t) =
∫ ∞

−∞

âc,s(Ω)e−iΩt dΩ
2π

, â†c,s(t) = âc,s(t) ,

[âc(Ω), âs(Ω
′)] = 2iπδ(Ω +Ω′) , [âc(t), âs(t′)] = iδ(t − t′)

Â(t) = âc(t) cosωpt + âs(t) sinωpt

Separate explicitly the mean values a.k.a. classical components:
âc(t) → Ac + âc(t) , âs(t) → As + âs(t) , 〈âc,s(t)〉 = 0

Just convention (choice of the time reference): As = 0 ⇒
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Strong pump field

Â(t) = [A + âc(t)] cosωpt + âs(t) sinωpt
â2c,s
A2 ∼

1
N
� 1

Amplitude/Power noise

Î(t) = ~ωpÂ2(t) =
~ωp

2
{
[A + âc(t)]2 + â2s (t)

}
= I0 + δÎ(t)

The mean power: I0 =
~ωpA2

2

The noise: δÎ(t) =
~ωp

2
[
2Aâc(t) + â2c(t) + â2s (t)

]
= ~ωpAâc(t) + O(â2c,s)

Phase noise

Â(t) = [A + âc(t)] cosωpt + âs(t) sinωpt

= [A + âc(t)] cos[ωpt + φ̂(t)] + O(â2c,s)

φ̂(t) = −
âs(t)
A
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~ωp

2
[
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Spectral densities

âc,s are random functions ⇒
we can not quantify them by just by “uncertainties” or “variances”!

Operator functions: x̂(t) =
∫ ∞

−∞

x̂(Ω)eiΩt dΩ
2π

, ŷ(t) =
∫ ∞

−∞

ŷ(Ω)eiΩt dΩ
2π

Correlation functions: Bxx(t, t′) = 〈x̂(t) ◦ x̂(t′)〉 , Bxy(t, t′) = 〈x̂(t) ◦ ŷ(t′)〉

where ∀Â, B̂ : Â ◦ B̂ =
ÂB̂ + B̂Â

2
Stationarity: Bαβ(t + T, t′ + T) = Bαβ(t, t′) ⇒ Bαβ(t, t′) = Bαβ(t − t′)

Spectral densities: Sxx(Ω) =

∫ ∞

−∞

Bxx(τ)e−iΩτdτ , Sxy(Ω) =

∫ ∞

−∞

Bxy(τ)e−iΩτdτ

〈x̂(Ω) ◦ x̂(Ω′)〉 = 2πSxx(Ω)δ(Ω +Ω
′) , 〈x̂(Ω) ◦ ŷ(Ω′)〉 = 2πSxy(Ω)δ(Ω +Ω

′)
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Noise properties

[X̂, Ŷ] = iC ⇒ ∆
2
XX∆

2
YY − ∆

2
XY >

C2

4

[â(ω), â†(ω′)] = 2πδ(ω − ω′) ⇒ [âc(Ω), âs(Ω
′)] = 2iπδ(Ω +Ω′)

Spectral densities: SccSss − |Scs |
2 >

1
4

Gaussian minimum-uncertainty states:

Scc =
1
2
(cosh 2r + sinh 2r cos 2θ) , Sss =

1
2
(cosh 2r − sinh 2r cos 2θ) , Scs =

1
2

sinh 2r sin 2θ

SccSss − S2cs =
1
4

r = 0 ⇒ Scc = Sss =
1
2
, Scs = 0 (vacuum state)

θ = 0, r > 0 ⇒ Scc =
e2r

2
, Sss =

e−2r

2
, Scs = 0 (phase squeezed state)

θ =
π

2
, r > 0 ⇒ Scc =

e−2r

2
, Sss =

e2r

2
, Scs = 0 (amplitude squeezed state)
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′)] = 2iπδ(Ω +Ω′)

Spectral densities: SccSss − |Scs |
2 >

1
4

Gaussian minimum-uncertainty states:

Scc =
1
2
(cosh 2r + sinh 2r cos 2θ) , Sss =

1
2
(cosh 2r − sinh 2r cos 2θ) , Scs =

1
2

sinh 2r sin 2θ

SccSss − S2cs =
1
4

r = 0 ⇒ Scc = Sss =
1
2
, Scs = 0 (vacuum state)

θ = 0, r > 0 ⇒ Scc =
e2r

2
, Sss =

e−2r

2
, Scs = 0 (phase squeezed state)

θ =
π

2
, r > 0 ⇒ Scc =

e−2r

2
, Sss =

e2r

2
, Scs = 0 (amplitude squeezed state)

43 / 88



Noise properties
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′)] = 2iπδ(Ω +Ω′)

Spectral densities: SccSss − |Scs |
2 >

1
4

Gaussian minimum-uncertainty states:

Scc =
1
2
(cosh 2r + sinh 2r cos 2θ) , Sss =

1
2
(cosh 2r − sinh 2r cos 2θ) , Scs =

1
2

sinh 2r sin 2θ

SccSss − S2cs =
1
4

r = 0 ⇒ Scc = Sss =
1
2
, Scs = 0 (vacuum state)

θ = 0, r > 0 ⇒ Scc =
e2r

2
, Sss =

e−2r

2
, Scs = 0 (phase squeezed state)

θ =
π

2
, r > 0 ⇒ Scc =

e−2r

2
, Sss =

e2r

2
, Scs = 0 (amplitude squeezed state)

46 / 88



1 Playground

2 Two-photon formalism
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Â(t)

B̂(t)
x̂

m

kp =
ωp

c

Input/output relations

Input: Â(t) = [A + âc(t)] cosωpt + âs(t) sinωpt

Output: B̂(t) = [B + b̂c(t)] cosωpt + b̂s(t) sinωpt
= [A + âc(t)] cos[ωpt − 2kpx(t′)] + âs(t) sin[ωpt − 2kpx̂(t′)]

= [A + âc(t)] cosωpt + [âs(t) + 2kpAx̂(t)] sinωpt

B = A , b̂c(t) = âc(t) , b̂s(t) = âs(t) + 2kpAx̂(t)

Measurement a.k.a. Imprecision a.k.a. Shot noise

Homodyne detector: i ∝ B̂(t) cos(ωpt − ζ) ∝ [B + b̂c(t)] cos ζ + b̂s(t) sin ζ

Omitting the DC part: = âc(t) cos ζ + [âs(t) + 2kpAx̂(t)] sin ζ = 2kpA sin ζ × [x̂fl(t) + x̂(t)]

The measurement noise: x̂fl(t) =
1

2kpA
[âc(t) cot ζ + âs(t)]

Vacuum input state: Sx =
~c2

16ωpI0 sin2 ζ
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= [A + âc(t)] cosωpt + [âs(t) + 2kpAx̂(t)] sinωpt
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Vacuum input state: Sx =
~c2

16ωpI0 sin2 ζ

52 / 88
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= [A + âc(t)] cosωpt + [âs(t) + 2kpAx̂(t)] sinωpt
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Â(t)

B̂(t)
x̂

m

F̂B.A.

Measurement noise

x̂fl(t) =
1

2kpA
[âc(t) cot ζ + âs(t)] Sx =

~c2

16ωpI0 sin2 ζ

Back action a.k.a. Radiation-pressure noise

Radiation pressure force: F̂R.P.(t) =
2Î(t)

c

The AC part: F̂fl(t) =
2δÎ(t)

c
= 2~kpAâc(t)

The spectral density: SF =
4~ωpI0

c2

Uncertainty relation

SxSF − S2xF =
~2

4
(universal!)

Sum quantum noise

Mechanical equation of motion:
x̂(Ω) = χ(Ω)F̂fl + xsignal(Ω)

E.g. free mass: χ(Ω) = −
1

mΩ2

The output signal:
xfl(Ω) + x̂(Ω) = x̂sum(Ω) + xsignal(Ω)

x̂sum(Ω) = xfl(Ω) + χ(Ω)F̂fl(Ω)

Sum quantum noise spectral density:

Ssum(Ω) = Sx + 2χ(Ω)SxF + χ
2(Ω)SF
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The spectral density: SF =
4~ωpI0

c2

Uncertainty relation

SxSF − S2xF =
~2

4
(universal!)

Sum quantum noise

Mechanical equation of motion:
x̂(Ω) = χ(Ω)F̂fl + xsignal(Ω)

E.g. free mass: χ(Ω) = −
1

mΩ2

The output signal:
xfl(Ω) + x̂(Ω) = x̂sum(Ω) + xsignal(Ω)

x̂sum(Ω) = xfl(Ω) + χ(Ω)F̂fl(Ω)

Sum quantum noise spectral density:

Ssum(Ω) = Sx + 2χ(Ω)SxF + χ
2(Ω)SF

59 / 88
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[âc(t) cot ζ + âs(t)] Sx =
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~c2

16ωpI0 sin2 ζ

Back action a.k.a. Radiation-pressure noise

Radiation pressure force: F̂R.P.(t) =
2Î(t)

c

The AC part: F̂fl(t) =
2δÎ(t)

c
= 2~kpAâc(t)
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2Î(t)

c

The AC part: F̂fl(t) =
2δÎ(t)
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3 The simplest optomechanical system
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SQL (
Just an example: Sx =

~c2

16ωpI0 sin2 ζ
, SF =

4~ωpI0
c2

, SxF =
~

2
cot ζ

)
SxSF − S2xF =

~2

4
(∗) Ssum(Ω) = Sx + 2χ(Ω)SxF + χ

2(Ω)SF (∗∗)

The task: minimization of (**) under the constraint (*) :

Ssum(Ω) =
~2/4 + S2xF

SF
+ 2χ(Ω)SxF + χ

2(Ω)SF

Naive approach: minimization of the imprecision noise Sx :
SxF = 0 ⇔ ζ = π/2 (the phase quadrature measurement) ⇒

Ssum(Ω) =
(
Sx =

~2

4SF

)
+ χ2(Ω)SF > SSQL(Ω) = ~|χ(Ω)|

Free mass : χ(Ω) = −
1

mΩ2 ⇒ Ssum(Ω) = Sx +
SF

m2Ω2 >
~

mΩ2
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Ssum(Ω) = Sx +
SF

m2Ω4 >
~

mΩ2

S
su

m
(Ω

)

Ω

“Quantum”

“Classical”

S
SQL (Ω) = ~

m
Ω 2
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How far away is it from the reality?

https://www.gw-openscience.org/detector_status/day/20190716
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How far away this from the reality?

M.Rossi et al, Nature 563, 53 (2018)
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Real optimization

SxSF − S2xF =
~2

4
(∗) Ssum(Ω) = Sx + 2χ(Ω)SxF + χ

2(Ω)SF (∗∗)

The task: minimization of (**) under the constraint (*) :

Ssum(Ω) =
~2/4 + S2xF

SF
+ 2χ(Ω)SxF + χ

2(Ω)SF =
~2

4SF
+ SF

[
SxF

SF
+ χ(Ω)

]2
SxF

SF
= −χ(Ω) ⇒ Ssum(Ω) =

~2

4SF

SF →∞ (that is I0 →∞) ⇒ Ssum(Ω) → 0 No SQL!

The problem:
χ(Ω) depends on Ω. But Sx, SxF does not.
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Our simple example: SF =
4~ωpI0

c2
, SxF =

~

2
cot ζ , χ(Ω) = −

1
mΩ2 ⇒

8ωpI0
mc2

tan ζ = Ω2
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Broad-band beating the SQL

SxSF − S2xF =
~2

4
(∗) Ssum(Ω) = Sx + 2χ(Ω)SxF + χ

2(Ω)SF (∗∗)

The task: minimization of (**) under the constraint (*) :

Ssum(Ω) =
~2/4 + S2xF
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+ 2χ(Ω)SxF + χ
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[
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]2
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SF
= −χ(Ω) ⇒ Ssum(Ω) =

~2

4SF

SF →∞ (that is I0 →∞) ⇒ Ssum(Ω) → 0 No SQL!

The problem:
χ(Ω) depends on Ω. But Sx, SxF do not. Or could they?

SxF

SF
= −χ(Ω)��>

SF ∝ 1/χ(Ω) ⇒ Quantum speedmeter
ZZ~ SxF ∝ χ(Ω) ⇒ Filter cavities
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Filter cavities
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H.J.Kimble et al, Phys.Rev.D 65, 022002 (2001)
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Quantum speedemter

V.B.Braginsky, F.Ya.Khalili, Phys. Lett. A 147, 251 (1990)
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