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Aided by optical cavities 
and superconducting  circuits,
researchers are coaxing 
ever-larger objects to wiggle, 
shake, and flex in ways that 
are distinctly quantum 
mechanical.

Markus Aspelmeyer, Pierre Meystre, and Keith Schwab 

optomechanics

20 µm

Quantum

Give me a place to stand and with a lever I will move the
whole world. —Archimedes 

O
ver two millennia ago, scholars from
antiquity had already come to under-
stand the power of simple mechanical
elements. And from that understand-
ing they formulated an enduring,

common-sense notion of the nature of reality, de-
scribed thusly in Plato’s The Republic:

The same thing cannot ever act or be
acted upon in two opposite ways, or be
two opposite things, at the same time,
in respect of the same part of itself, and
in relation to the same object.

Today researchers at the cutting edge of physics are
still exploiting simple mechanical elements as tools
with which to carefully probe our world. But unlike
their predecessors, they are preparing those ele-
ments deeply in the quantum regime and, in the
process, challenging ancient notions of reality. Iron-
ically, today’s devices, though similar in many ways
to those of antiquity, steer us to a completely differ-
ent worldview—one in which an object, possibly
even a macroscopic one, can indeed act in two ways
at the same time.

Two key developments, born of two converg-
ing perspectives on the physical world, have en-
abled the advance. From the top-down perspective,
nanoscience and the semiconductor industries have
developed advanced materials and processing tech-

niques, which in turn have given rise to ultrasensi-
tive micromechanical and nanomechanical devices.
Such devices can probe extremely tiny forces, often
with spatial resolution at atomic scales, as exempli-
fied by the recent measurements of the Casimir
force (see the article by Steve Lamoreaux, PHYSICS
TODAY, February 2007, page 40) and the mechanical
detection and imaging of a single electron spin (see
PHYSICS TODAY, October 2004, page 22). From the
 bottom-up perspective, quantum optics and atomic
physics have yielded an exquisite understanding of
the mechanical aspects of light–matter interaction,
including how quantum mechanics limits the
 ultimate sensitivity of measurements and how
back- action—the influence a quantum measure-
ment necessarily exerts on the object being meas-
ured—can be harnessed to control quantum states
of mechanical systems. 

Quantum optomechanics combines the two
perspectives: By pairing optical or microwave cavi-
ties with mechanical resonators to form a cavity
opto mechanical system, one acquires a means to
achieve quantum control over mechanical motion
or, conversely, mechanical control over optical or
microwave fields. The laws of quantum physics can
then be made to reveal themselves in the motion 
of objects ranging in size from nanometers to 

Markus Aspelmeyer is a professor of physics at the University of Vienna.
Pierre Meystre is Regents Professor of Physics and Optical Sciences at
the University of Arizona in Tucson. Keith Schwab is a professor of
applied physics at the California Institute of Technology in Pasadena.
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Cavity optomechanical devices range from nanometer-sized structures of as little as 107 atoms and 10−20 kg to micromechanical 
structures of 1014 atoms and 10−11 kg to macroscopic, centimeter-sized mirrors comprising more than 1020 atoms and weighing several 
kilograms. They include (a) gases of ultracold atoms, (d) microspheres, and (g) micro-scale membranes, all of which have mechanical 
resonances that can couple with the light inside an optical cavity; (b, c) flexible, nanoscale waveguides that have both optical and 
mechanical resonances; (e) superconducting membranes that exhibit drum-like vibrations and can be integrated into microwave cavities; 
(f) microtoroidal waveguides having both optical and mechanical resonances; and mechanically compliant mirrors, which can range from 
the microscopic (h) to the macroscopic (i, j) and which introduce mechanical degrees of freedom to an optical cavity when incorporated 
as an end mirror. 
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AJW, LIGO SURF, 6/16/06

Seismic motion --
ground motion due to 
natural and 
anthropogenic 
sources 

Thermal noise --
vibrations due 
to finite 
temperature

GW detector at a glance

LLh /' Shot noise --
quantum  fluctuations 
in the number of 
photons detected

want to get h�d 10-22;
can build L =  4 km; 

�must measure 
'L = h L �d 4×10-19 m

Understanding Cavity 
Optomechanical Systems
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Quantum Optomechanical Cavity
temperature, and ωm is the frequency of the vibra-
tional mode of the mechanical element. 

Removing thermal phonons from the mechan-
ical element is a key experimental challenge. Inter-
estingly, the ideas and methods for doing so were
theoretically developed as early as the 1960s. The
main idea is to exploit the intracavity radiation pres-
sure, the force due to momentum transfer associ-
ated with photon scattering. In particular, Bragin-
sky realized that the finite time delay between a
change in position of the mechanical element and
the response of the intracavity field allows the radi-
ation field to extract work from or perform work on
the mechanical system. 

The process is best illustrated for the case of a
basic Fabry–Perot resonator (see figure 2). When
both of the resonator’s mirrors are held fixed, the
optical transmission is sharply peaked near the cav-
ity resonance frequencies ωp = pπc/L, where L is the
mirror separation, p is a positive integer, and c is the
speed of light. The resonances result from the con-
structive interferences between the partial waves
propagating back and forth inside the cavity. The
higher the quality of the mirror, the more roundtrips
light takes before exiting the cavity, and the sharper
are the resonance peaks.

If one end mirror is mounted on a spring to
form a simple harmonic oscillator, a pump laser of
frequency ωL will be modulated by the mechanical
frequency and form sidebands with frequencies
ωL ± ωm. From a quantum mechanical perspective,
the process is analogous to the generation of Stokes
and anti-Stokes sidebands in Raman scattering: The
upper sideband is a result of pump-laser photons
acquiring energy by annihilating thermal phonons
in the mechanical element; the lower sideband re-
sults from photons depositing phonons and shed-
ding energy. The first process occurs at a rate pro-
portional to the occupation factor N of the
mechanical mode of interest; the second, at a rate
proportional to N + 1. 

By carefully detuning the frequency of the
pump field relative to a specific cavity resonance ωc ,
one can resonantly enhance one of the processes. In
particular, red-detuning from the cavity resonance
enhances the upper sideband and promotes extrac-
tion of energy from the mechanical element. As long
as the up-converted photons leave the cavity suffi-
ciently fast, carrying with them their newly ac-
quired energy, the process can cool the motion of the
mechanical element to well below the temperature
of its surroundings. Although the quantum noise of
the optical source imposes a fundamental cooling
limit, it is nonetheless theoretically possible to cool
the mechanical mode arbitrarily close to the quan-
tum ground state, N = 0. Furthermore, the coherent
interaction between photons and phonons allows
manipulations in the quantum regime, as pointed
out early on by one of us (Meystre), Peter Knight,
Paolo Tombesi, and Claude Fabre.

The technique, a form of sideband cooling, was
first demonstrated in experiments by Braginsky and
by David Blair in the microwave regime as a way to
reduce noise in gravitational -wave antennas.4 Since
2004, several laboratories around the world have

used the method to cool nano- and micromechanical
levers, in both the optical and microwave domains.
Today, high-quality optomechanical devices pro-
duce couplings strong enough to cool low-mass
levers—ranging from a few picograms to hundreds
of nanograms—to their ground state of motion. 

The methods used in cavity opto mechanics are
in many ways analogous to the conventional laser-
cooling techniques developed for quantum informa-
tion processing with trapped ions (see the article by
Ignacio Cirac and Peter Zoller, PHYSICS TODAY, March
2004, page 38). There, the collective normal-mode os-
cillations of a string of ions modify the response of
the pump laser that drives their internal state. The re-
sulting optomechanical coupling between the ions’
motional and internal degrees of freedom allows one
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Figure 2. Quantum optomechanics: the basics. (a) If both end mirrors
of a Fabry–Perot cavity are fixed in place, pump-laser photons having
frequency ωL tuned to a cavity resonance arrive at a detector with no
frequency modulation. (The total transmission to the detector is indi-
cated in the plot at right by the solid line; the cavity transmission spec-
trum is indicated by the dashed line.) (b) However, if one mirror is al-
lowed to oscillate harmonically, pump photons are modulated by the
oscillation frequency ωm: A pump beam tuned to a cavity resonance will
yield sidebands of equal amplitude at frequencies ωL ±ωm. Each photon
in the upper sideband acquires energy by extracting a phonon from the
oscillator, and each photon in the lower sideband sheds energy by de-
positing a phonon. (c) By red-detuning the pump laser, one can en-
hance the upper sideband and thereby cool the oscillating mirror. (d) By
blue-detuning the pump laser, one enhances the lower sideband and
amplifies the mirror oscillations. (Figure prepared by Jonas Schmöle.)
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• Quantum optomechanics: the basics. 

• (a) If both end mirrors of a Fabry–Perot 
cavity are fixed in place, pump-laser photons 
having frequency ωL tuned to a cavity 
resonance arrive at a detector with no 
frequency modulation. 

• (b) However, if one mirror is allowed to 
oscillate harmonically, pump photons are 
modulated by the oscillation frequency ωm: A 
pump beam tuned to a cavity resonance will 
yield sidebands of equal amplitude at 
frequencies ωL ± ωm. Each photon in the 
upper sideband acquires energy by extracting 
a phonon from the oscillator, and each photon 
in the lower sideband sheds energy by de- 
positing a phonon. 

• (c) By red-detuning the pump laser, one can 
enhance the upper sideband and thereby cool 
the oscillating mirror.

•  (d) By blue-detuning the pump laser, one 
enhances the lower sideband and amplifies the 
mirror oscillations. 
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Quantum Optomechanical Cavity

temperature, and ωm is the frequency of the vibra-
tional mode of the mechanical element. 

Removing thermal phonons from the mechan-
ical element is a key experimental challenge. Inter-
estingly, the ideas and methods for doing so were
theoretically developed as early as the 1960s. The
main idea is to exploit the intracavity radiation pres-
sure, the force due to momentum transfer associ-
ated with photon scattering. In particular, Bragin-
sky realized that the finite time delay between a
change in position of the mechanical element and
the response of the intracavity field allows the radi-
ation field to extract work from or perform work on
the mechanical system. 

The process is best illustrated for the case of a
basic Fabry–Perot resonator (see figure 2). When
both of the resonator’s mirrors are held fixed, the
optical transmission is sharply peaked near the cav-
ity resonance frequencies ωp = pπc/L, where L is the
mirror separation, p is a positive integer, and c is the
speed of light. The resonances result from the con-
structive interferences between the partial waves
propagating back and forth inside the cavity. The
higher the quality of the mirror, the more roundtrips
light takes before exiting the cavity, and the sharper
are the resonance peaks.

If one end mirror is mounted on a spring to
form a simple harmonic oscillator, a pump laser of
frequency ωL will be modulated by the mechanical
frequency and form sidebands with frequencies
ωL ± ωm. From a quantum mechanical perspective,
the process is analogous to the generation of Stokes
and anti-Stokes sidebands in Raman scattering: The
upper sideband is a result of pump-laser photons
acquiring energy by annihilating thermal phonons
in the mechanical element; the lower sideband re-
sults from photons depositing phonons and shed-
ding energy. The first process occurs at a rate pro-
portional to the occupation factor N of the
mechanical mode of interest; the second, at a rate
proportional to N + 1. 

By carefully detuning the frequency of the
pump field relative to a specific cavity resonance ωc ,
one can resonantly enhance one of the processes. In
particular, red-detuning from the cavity resonance
enhances the upper sideband and promotes extrac-
tion of energy from the mechanical element. As long
as the up-converted photons leave the cavity suffi-
ciently fast, carrying with them their newly ac-
quired energy, the process can cool the motion of the
mechanical element to well below the temperature
of its surroundings. Although the quantum noise of
the optical source imposes a fundamental cooling
limit, it is nonetheless theoretically possible to cool
the mechanical mode arbitrarily close to the quan-
tum ground state, N = 0. Furthermore, the coherent
interaction between photons and phonons allows
manipulations in the quantum regime, as pointed
out early on by one of us (Meystre), Peter Knight,
Paolo Tombesi, and Claude Fabre.

The technique, a form of sideband cooling, was
first demonstrated in experiments by Braginsky and
by David Blair in the microwave regime as a way to
reduce noise in gravitational -wave antennas.4 Since
2004, several laboratories around the world have

used the method to cool nano- and micromechanical
levers, in both the optical and microwave domains.
Today, high-quality optomechanical devices pro-
duce couplings strong enough to cool low-mass
levers—ranging from a few picograms to hundreds
of nanograms—to their ground state of motion. 

The methods used in cavity opto mechanics are
in many ways analogous to the conventional laser-
cooling techniques developed for quantum informa-
tion processing with trapped ions (see the article by
Ignacio Cirac and Peter Zoller, PHYSICS TODAY, March
2004, page 38). There, the collective normal-mode os-
cillations of a string of ions modify the response of
the pump laser that drives their internal state. The re-
sulting optomechanical coupling between the ions’
motional and internal degrees of freedom allows one
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Figure 2. Quantum optomechanics: the basics. (a) If both end mirrors
of a Fabry–Perot cavity are fixed in place, pump-laser photons having
frequency ωL tuned to a cavity resonance arrive at a detector with no
frequency modulation. (The total transmission to the detector is indi-
cated in the plot at right by the solid line; the cavity transmission spec-
trum is indicated by the dashed line.) (b) However, if one mirror is al-
lowed to oscillate harmonically, pump photons are modulated by the
oscillation frequency ωm: A pump beam tuned to a cavity resonance will
yield sidebands of equal amplitude at frequencies ωL ±ωm. Each photon
in the upper sideband acquires energy by extracting a phonon from the
oscillator, and each photon in the lower sideband sheds energy by de-
positing a phonon. (c) By red-detuning the pump laser, one can en-
hance the upper sideband and thereby cool the oscillating mirror. (d) By
blue-detuning the pump laser, one enhances the lower sideband and
amplifies the mirror oscillations. (Figure prepared by Jonas Schmöle.)
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vanced enough to produce the required optomechanical
interaction strengths. Only one pioneering experiment in
1983 had previously demonstrated radiation-pressure
based nonlinearities in an optical cavity [34]. In 1999 the
principle of feedback cooling by radiation pressure of a
mechanical mirror mode has been demonstrated [31], and
in 2004 a first analogue to laser cooling was shown for a
micromechanical resonator using photothermal forces
[35]. Since then a plethora of experiments and theory pro-
posals have successfully established quantum optom-
echanics as a viable approach to achieve and control the
quantum regime of mechanical resonators [36–40]. Re-
cently, even ultracold atoms have emerged as ideal test
systems for cavity optomechanical interactions by using a
collective mechanical degree of freedom of the atomic
cloud, which is strongly coupled to an optical cavity field
[41,42]. With the availability of high-quality optom-
echanical devices, these early theories have now become
an important basis for a whole new field of quantum op-
tomechanics that aims at exploiting the quantum regime
of mechanical resonators by means of quantum optics.

The prototypical setup works as follows. Let us con-
sider the case of a single-sided Fabry–Pérot cavity of
length L, frequency !c, and linewidth " with a suspended
end mirror of mass m and mechanical resonance fre-
quency !m (see Fig. 1(a)). This configuration covers the
essential features of quantum optomechanics and can be
transferred easily to all other optomechanical geometries.
For more detailed descriptions of the variety of cavity

optomechanics experiments we refer the reader to some of
the recent excellent overviews [36–40]. The fundamental
optomechanical radiation-pressure interaction Hint=
−#g0ncXm couples the photon number nc of the optical in-
tracavity mode to the (dimensionless) position Xm of the
mechanical mode (#: Planck’s constant), with the single-
photon coupling strength g0. In the following, we focus on
the situation in which the optomechanical cavity is driven
by a strong external pump laser at frequency !L. As
shown in [43–45], if the steady-state amplitude $c of the
cavity field is large, i.e., !$c!!1, the driving results in a
linearized interaction described by

Hint = #gXcXm = #g"acbm + ac
+bm

+ # + #g"acbm
+ + ac

+bm# "1#

with an optomechanical coupling rate g=g0$c$2
=2!c /L$P" /m!m!L""2+%2# (following [45]) for an input
power P of the driving laser and effective spectral detun-
ing %=!c−!L−g0

2!$c!2 /!m between the cavity and the
pump laser. The full Hamiltonian of the system is H
=H0+Hint with the free Hamiltonian H0=#%"ac

†ac#
+#!m"bm

† bm#. Equation (1) comprises two well-known in-
teractions from two-mode quantum optics [46]: the first
term describes the transfer of energy between the driving
laser and the joint excitations of the optical and the me-
chanical mode—in quantum optics this interaction is
known as two-mode squeezing or down-conversion [47]. It
allows to generate both correlations and anticorrelations

Fig. 1. (Color online) (a) Schematic representation of an optomechanical system. The cavity mode is an optical harmonic oscillator (de-
scribed by creation and annihilation operators a† and a of the optical field) that is coupled to a mechanical harmonic oscillator (described
by creation and annihilation operators b† and b of the mechanical motion), e.g., via the mechanical modulation of the cavity length. (b)
Recent examples of mechanical resonator designs in a Fabry–Pérot cavity [66], a microtoroid structure [59], and an optomechanical crys-
tal [23]. (c) The choice of detuning % of the driving laser frequency !pump with respect to the cavity resonance frequency !cavity allows to
engineer the optomechanical interaction and provides access to the toolbox of two-mode quantum optics. Red detuning (blue detuning)
gives rise to a beamsplitter (two-mode squeezing) interaction, which is of relevance, e.g., for optical cooling or quantum state transfer (for
the generation of optomechanical entanglement). Resonant driving "%=0# allows for example for quantum nondemolition measurements.

A190 J. Opt. Soc. Am. B/Vol. 27, No. 6 /June 2010 Aspelmeyer et al.
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Research Questions
• What are the properties of optical resonators?

• What is required to observe quantum properties of a mechanical 
structure?

• What can we learn when direct quantum effects are essential 
effects in our optomechanical systems?

• Applications: 

‣ Measurement of single molecules…

‣ Magnetic resonances of single atomic/electron spins

‣ LIGO

‣ Structural dynamics of single molecules, proteins, …

‣ Nanoresonators for sensing and detecting everything small

‣ Qubits from phonons
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Research Plan

• Optical resonators: electrodynamics

• Mechanical oscillations and resonant modes: 
beams & springs to quantum phonons

• Laser cooling

• Optomechanical systems

• Research examples
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Assignment for Next Week

• What are the resonant optical frequencies 
of a cube? Numbers please.

• What are the resonant frequencies of an 
“optical fiber ring”?

• What is a Fabry-Pérot interferometer? And 
other types of interferometers, … ?
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