
Photons refrigerating 
phonons

Optomechanics is a promising route towards the observation of quantum effects 
in relatively large structures. 

Three papers, each discussing a different implementation, now combine optical 
sideband and cryogenic cooling to refrigerate mechanical resonators to fewer 
than 60 phonons.
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Three Optomechanical 
Resonators

• Andrew Cleland, Nat-Phys., 5 (2009) p. 458

➡Gröblacher, et al., Nat-Phys., 5 (2009) p. 485

➡Park and Wang, Nat-Phys., 5 (2009) p. 489

➡Schliesser, et al., Nat-Phys., 5 (2009) p. 509
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Review

• 1946: Mechanical modulation of 
resonators (the Great Seal Bug)

• 2004: Quantized vibrations: Phonons 
in a cold “nano-beam”

• 1989: Laser cooling of ions (and 
Wineland’s Nobel Prize 2012)
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“The Thing”

(from Scientific American, 1968)
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19.7 MHz Nanomechanical Resonator

(C) Details of the 19.7-MHz nanomechanical 
resonator (200 nm wide, 8 µm long, coated 
with 20 nm of Au atop 100 nm SiN), defined 
by the regions in black where the SiN has been 
etched through. The SSET island (5 µm long 
and 50 nm wide) is positioned 600 nm away 
from the resonator. Tunnel junctions, marked 
“J,” are located at corners. A 70-nm-thick gold 
gate is positioned to the right of the resonator 
and is used both to drive the resonator and to 
control the bias point of the SSET.
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Quanta of Oscillations 
(19.7 MHz Phonons)

T ni

1.4 mK 1

2.3 mK 2

47.7 mK 50
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A laser is used to suppress the ioní s 
thermal motion in the trap, and to 
control and measure the trapped ion.

Electrodes keep the beryllium 
ions inside a trap. 

electrode

lasers

electrode

ions

electrode

Figure 2. In David Winelandí s laboratory in Boulder, Colorado, electrically charged atoms or ions are kept inside a trap by surrounding 
electric � elds. One of the secrets behind Winelandí s breakthrough is mastery of the art of using laser beams and creating laser pulses. 
A laser is used to put the ion in its lowest energy state and thus enabling the study of quantum phenomena with the trapped ion.
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Various aspects of the laser cooling of atoms are investigated theoretically. More generally, the authors
investigate a process through which the kinetic energy of a collection of resonant absorbers can be reduced
by irradiating these absorbers with near-resonant electromagnetic radiation. The process is described here as
anti-Stokes spontaneous Raman scattering. Cooling mechanisms, rates, and limits are discussed for both free
and bound atoms.

I. INTRODUCTION

In the past few years, there has been increasing
interest in the use of near-resonant photon scat-
tering to cool a collection of atoms, ions, or
molecules. This interest is motivated in part by
the practical need to reduce first- and second-
order Doppler shifts in ultra-high-resolution
spectroscopy and in part by the esthetic appeal of
controlling the positions and velocities of a col-
lection of atomic particles to within the limits
imposed by quantum fluctuations. Recent pro-
posals and experiments using narrow-band tunable
lasers suggest that such control may soon become
a reality. It is not difficult to imagine that the
concepts and techniques which are being developed
may have application in a variety of areas not
initially anticipated.
Current interest in the possibility of cooling be-

gan with independent proposals to reduce the tem-
perature of a gas of neutral atoms' or ions which
are bound in an electromagnetic "trap"' with near-
resonant laser radiation. This method of cooling
has subsequently been incorporated into the in-
teresting schemes for trapping of particles using
near-resonant optical fields. ' The first demon-
stration4 of cooling using the basic techniques
described here was made for a slightly modified
situation; specifically, the magnetron motion of
an electron bound in a Penning trap was "cooled"
by a technique called motional sideband excita-
tion, ' which is formally equivalent to the laser
cooling of atoms. Cooling of ions bound in an
electromagnetic trap was more recently demon-
strated. "The cooling which is potentially
achievable should permit spectroscopy of unprece-
dented resolution and accuracy.
As discussed below, the technique can variously

be described in terms of radiation pressure, mo-
tional sideband excitation, optical pumping, or

anti-Stokes spontaneous Haman scattering; this
last concept is the one primarily used here be-
cause of its generality. It should be mentioned
that cooling by Raman scattering is not a new
idea; "lumino-refrigeration" was hypothesized
as early as 1950 by Kastler. ' We also note that
other cooling processes are possible; for exam-
ple, one could use optical pumping followed by
collisional relaxation, as discussed in Sec. II,
or cooling by collisionally aided fluorescence. '
The process described in this paper is, however,
more direct and does not rely on atom-atom col-
lisions to alter the atom kinetic energy.
The paper is divided as follows. In Sec. II we

describe the general aspects of the cooling pro-
cess and treat the problem combining simple
classical and quantum ideas. Section III introduces
the concepts and notation of the quantum-mechani-
cal treatment which is then applied to free atoms
in Sec. IV and bound atoms in Sec. V. In order to
make the problem somewhat more tractable, we
limit the discussion to simple systems which ex-
hibit the salient features of the process.

II. SIMPLE DESCRIPTION OF THE COOLING PROCESS

A. Analogy with optical pumping

The basic features of the cooling process have
been outlined previously (Refs. 1, 2, 5, 6, 7). The
attempt is made here to describe the qualitative
aspects of the problem more completely; how-
ever, the general problem becomes quite com-
plicated, and therefore several limiting cases
will be treated.
First, recall that in optical pumping we have a

way of drastically altering the temperature of a
specific degree of freedom in an atom or mole-
cule. Assume, for example, that we have an
alkali-like atom which has ground-state "hyper-
fine" structure. This atom can also have many
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excited electronic states, but we assume that we
have a narrow-band laser which can excite the
atom from one of the ground states to only one
excited electronic state. The relevant levels are
shown in Fig. 1.
Without laser. irradiation, the atoms eventually

reach thermal equilibrium by collisions or inter-
action with the background blackbody radiation.
Therefore, the ratio of the number of atoms in
state 2 to those in state 1 is given by the Boltz-
mann law:

N2/N~ = exp [—(E,—E,)/As Tj,
where k& = Boltzmann's constant, T = temperature,
and E„E,and N„N, are the respective energies
and numbers of atoms in the states. For sim-
plicity we assume that the ground state has only
two nondegenerate energy levels; hence statistical
weight factors are absent in Eq. (1).
If we now apply the laser radiation to the atoms,

optical pumping occurs. Atoms are excited to
level 3, but can decay into either ground state.
If we neglect the finite frequency widths of the
laser and of the optical transition, this process
continues until all of the atoms are in level 1.
They remain there until another process (say, the
collisions) depopulates this level. However, in the
pumping process, N, /N, -O, and, via Eq. (1), we
may say that T—0 also. In this simple example,
we see that we can cool an internal degree of
freedom of the atom (the hyperfine structure) by
optical pumping. In principle, we could continue
this optical pumping process and, using collisions
to transfer kinetic energy to the internal degree
of freedom, could reduce the translational tem-
perature of the gas if there were sufficient isola-
tion from the rest of the environment. The pro-
cess of laser cooling discussed below is very
similar to the optical pumping case except that
the translational degrees of freedom are optically
pumped directly.

B. Laser coohng of free atoms

Assume that we have an unbound gas of atoms
(or resonant absorbers in general) which possess

a resonant electric dipole transition (frequency,
v,) in some convenient spectral region with radia-
tive linewidth y/2w (full width at half-intensity
points). Now suppose that we irradiate these
atoms with monochromatic, directed, low intensi-
ty radiation tuned near, ' but slightly lower than,
the resonance frequency. We assume that the in-
tensity is well below that which would cause satu-
ration (the case of saturation is treated in Ref.
10), and that the thermalizing collision rate y,
between atoms is much less than the natural line-
width y, but is larger than the optical absorption
rate (y»y, » absorption rate, see Sec. VF).
Those atoms of a particular velocity class moving
against the radiation are Doppler shifted toward
the resonant frequency v, and scatter the incoming
light at a higher rate than those atoms moving with
the radiation which are Doppler shifted away from
resonance. For each scattering event, the atom
receives a momentum impulse kk (k is the photon
wave vector) in the absorption process. For an
atom which is moving against the radiation, this
impulse retards its motion. This retardation can
also be described in terms of radiation pres-
sure. '" The average momentum per scatter ing
event transferred to the atom by the reemitted
photons is zero, because of the randomness of the
photons' directions (if we neglect terms of second
order in iv~/c, where v is the atom velocity and c
is the speed of light). The average net effect then
is that the atomic velocity is changed by an amount
Av—= h k/M per scattering event, where M is the
atomic mass. When v and k are antiparallel, this
leads to a net cooling, provided iv+ iv) & ivi.
(See Fig. 2.) In a practical cooling experiment it
would be desirable to irradiate the atoms from all
sides with radiation that covered the entire lower
half of the Doppler profile. ' Alternatively, nar-
row-band laser schemes might be employed where
the laser frequency is swept from some very low
value to a value approaching the rest frequency. '
This requirement is substantially relaxed if the
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FIG. 1. Levels of interest in a hypothetical alkali-
like atom. Optical pumping into state 1 occurs while
driving the 2 3 transition with a laser.

FIG. 2. Qualitative description of radiation-pressure
cooling. In the absorption process, the atomic velocity
is changed (reduced for k v& 0) by an amount &v=8k/M.
In the reemission process, the average change in velo-
city is zero. Therefore in the overall scattering pro-
cess, the kinetic energy can be reduced.
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excited electronic states, but we assume that we
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If we now apply the laser radiation to the atoms,

optical pumping occurs. Atoms are excited to
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continues until all of the atoms are in level 1.
They remain there until another process (say, the
collisions) depopulates this level. However, in the
pumping process, N, /N, -O, and, via Eq. (1), we
may say that T—0 also. In this simple example,
we see that we can cool an internal degree of
freedom of the atom (the hyperfine structure) by
optical pumping. In principle, we could continue
this optical pumping process and, using collisions
to transfer kinetic energy to the internal degree
of freedom, could reduce the translational tem-
perature of the gas if there were sufficient isola-
tion from the rest of the environment. The pro-
cess of laser cooling discussed below is very
similar to the optical pumping case except that
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pumped directly.
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Quantum Optomechanical Cavity
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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. 

10



Three Optomechanical 
Resonators

• Andrew Cleland, Nat-Phys., 5 (2009) p. 458

➡Gröblacher, et al., Nat-Phys., 5 (2009) p. 485

➡Park and Wang, Nat-Phys., 5 (2009) p. 489

➡Schliesser, et al., Nat-Phys., 5 (2009) p. 509
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SPs8, and the transport of these SPs to the 
Ge detector.

!e analysis of the far-"eld #uorescence 
from individual QDs or from a cluster of 
QDs revealed that, in some cases, there is a 
time lapse between two consecutive photon 
detections. !is property, known as ‘photon 
antibunching’, is characteristic of single-
photon emitters, which require a "nite 
re-excitation time a$er photon emission. 
!us, in accordance with previous work9, 
the authors suggest that these QDs also act 
as single-plasmon sources. However, up 
to now, the existence of single plasmons 
has been based on indirect measurements 
made on photons. An intriguing possibility 
could be to test the quantum nature of SPs 
through the noise spectrum of the induced 
electrical current — just as the sound of rain 
falling on a roof gives us information on the 
discreteness and size of water drops.

It must be noted that in the device 
presented by Falk et al., the existence of an 

electrical current relies on asymmetries in 
the directions de"ned by the arms of the Ge 
nanowire with respect to the Ag nanowire 
axis. A cylindrically symmetric SP cannot 
excite electrons in a symmetric wire crossing 
at 90° because the SP electric "eld points to 
the le$ at the le$-hand arm of the detector, 
and to the right at the right-hand arm. !e 
existence of a substrate does not break this 
le$–right symmetry. !e asymmetry in the 
reported study was largely uncontrolled, 
although it depended on the bias voltage 
applied between the metal pads; it would 
therefore be bene"cial in the future to have 
a method of controlling and optimizing the 
coupling between the Ag and Ge nanowires.

Although the present work represents 
another step in the direction of an 
electrically and locally addressable 
plasmonic circuit, the excitation of the 
SPs still relies on optical methods. !e 
combination of the present proposal 
with existing devices for the electrical 

excitation of SPs10 (or, perhaps, using 
as an emitter a nanowire made from a 
direct bandgap semiconductor or a p–n 
structure) could "nally create the much-
sought-a$er 'dark' optical circuits in the 
nanoscale region. 
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Materiales and Departamento de Fisica de la Materia 
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Quantum mechanics provokes 
much popular interest, due to its 
highly non-intuitive predictions 

and its unsettling contradictions of 
everyday experience. Ironically, quantum 
mechanics has never really been needed 
to understand mechanical systems. !is is 
because mechanical systems are typically 
dominated by thermal e%ects, which 
destroy the coherence that distinguishes 
quantum behaviour. Over the past two 
decades it has become apparent that it 
should be possible to reach the quantum 
limit for some mechanical systems1, driven 
by developments in nanoelectromechanical 
systems2–4, and more recently in 
optomechanics, in which light is coupled to 
a mechanical system, enabling use of the full 
panoply of optical control techniques5.

!e experimental focus is on 
mechanical resonators, with resonance 
frequencies fM typically between a few 
kilohertz and a few hundred megahertz. 
Cooling to the quantum ground state, 
which is one way to reach the quantum 
limit, requires reduction of the resonator’s 

thermal energy kBT to below the energy 
quantum hfM. At 1 kHz, this requires 
temperatures below an astounding 
50 nK, whereas at 100 MHz this requires 
T < 5 mK. Conventional cryogenic 
techniques can be used to lower the 
resonator’s physical temperature towards 
these values, but typically further 
reduction is needed, especially for the 
lower resonator frequencies.

!ere are a number of optical techniques 
that can be used to cool a mechanical 
mode — similar to those used to cool 
the motion of atoms. One way is to 
parametrically couple the mechanical 
resonator to an optical cavity, with optical 
frequency fO. !e parametric coupling is 
achieved by construction; for example, the 
optical cavity can be formed by placing 
two mirrors so that they face one another, 
and trapping light between them. One of 
the mirrors is made very small, and placed 
on the mechanical resonator, so that the 
mechanical motion changes the spacing of 
the mirrors and thus changes the optical 
cavity’s resonance frequency (Fig. 1). 

By trapping light in the optical cavity, 
the mechanical motion of the resonator 
can be cooled by the radiation pressure 
of the photons trapped in the cavity. 
!is type of radiation pressure damping 
has been successfully demonstrated6,7, 
but the minimum mechanical energy 
is ultimately limited by the quantum 
uncertainty of the energy ΔE in the cavity, 
related to the cavity’s optical lifetime τ 
(the average time a photon is trapped 
in the cavity) by ΔE ~ h/τ. If the cavity 
lifetime is too short, this prevents cooling 
of the mechanical mode to its quantum 
ground state.

To cool to the quantum ground state of 
the resonator, clearly the cavity’s optical 
lifetime needs to be large; if the lifetime 
can be made to satisfy τfM >> 1, meaning 
that a photon will stay in the cavity much 
longer than the oscillation period of the 
resonator, one can operate in the resolved-
sideband limit of the resonator–cavity 
system. !e minimum achievable resonator 
energy is then well below the energy 
quantum hfM; that is, the resonator can in 

OPTOMECHANICS

Photons refrigerating phonons
Optomechanics is a promising route towards the observation of quantum e!ects in relatively large structures. 
Three papers, each discussing a di!erent implementation, now combine optical sideband and cryogenic cooling to 
refrigerate mechanical resonators to fewer than 60 phonons.

Andrew Cleland
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SPs8, and the transport of these SPs to the 
Ge detector.

!e analysis of the far-"eld #uorescence 
from individual QDs or from a cluster of 
QDs revealed that, in some cases, there is a 
time lapse between two consecutive photon 
detections. !is property, known as ‘photon 
antibunching’, is characteristic of single-
photon emitters, which require a "nite 
re-excitation time a$er photon emission. 
!us, in accordance with previous work9, 
the authors suggest that these QDs also act 
as single-plasmon sources. However, up 
to now, the existence of single plasmons 
has been based on indirect measurements 
made on photons. An intriguing possibility 
could be to test the quantum nature of SPs 
through the noise spectrum of the induced 
electrical current — just as the sound of rain 
falling on a roof gives us information on the 
discreteness and size of water drops.

It must be noted that in the device 
presented by Falk et al., the existence of an 

electrical current relies on asymmetries in 
the directions de"ned by the arms of the Ge 
nanowire with respect to the Ag nanowire 
axis. A cylindrically symmetric SP cannot 
excite electrons in a symmetric wire crossing 
at 90° because the SP electric "eld points to 
the le$ at the le$-hand arm of the detector, 
and to the right at the right-hand arm. !e 
existence of a substrate does not break this 
le$–right symmetry. !e asymmetry in the 
reported study was largely uncontrolled, 
although it depended on the bias voltage 
applied between the metal pads; it would 
therefore be bene"cial in the future to have 
a method of controlling and optimizing the 
coupling between the Ag and Ge nanowires.

Although the present work represents 
another step in the direction of an 
electrically and locally addressable 
plasmonic circuit, the excitation of the 
SPs still relies on optical methods. !e 
combination of the present proposal 
with existing devices for the electrical 

excitation of SPs10 (or, perhaps, using 
as an emitter a nanowire made from a 
direct bandgap semiconductor or a p–n 
structure) could "nally create the much-
sought-a$er 'dark' optical circuits in the 
nanoscale region. 
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Quantum mechanics provokes 
much popular interest, due to its 
highly non-intuitive predictions 

and its unsettling contradictions of 
everyday experience. Ironically, quantum 
mechanics has never really been needed 
to understand mechanical systems. !is is 
because mechanical systems are typically 
dominated by thermal e%ects, which 
destroy the coherence that distinguishes 
quantum behaviour. Over the past two 
decades it has become apparent that it 
should be possible to reach the quantum 
limit for some mechanical systems1, driven 
by developments in nanoelectromechanical 
systems2–4, and more recently in 
optomechanics, in which light is coupled to 
a mechanical system, enabling use of the full 
panoply of optical control techniques5.

!e experimental focus is on 
mechanical resonators, with resonance 
frequencies fM typically between a few 
kilohertz and a few hundred megahertz. 
Cooling to the quantum ground state, 
which is one way to reach the quantum 
limit, requires reduction of the resonator’s 

thermal energy kBT to below the energy 
quantum hfM. At 1 kHz, this requires 
temperatures below an astounding 
50 nK, whereas at 100 MHz this requires 
T < 5 mK. Conventional cryogenic 
techniques can be used to lower the 
resonator’s physical temperature towards 
these values, but typically further 
reduction is needed, especially for the 
lower resonator frequencies.

!ere are a number of optical techniques 
that can be used to cool a mechanical 
mode — similar to those used to cool 
the motion of atoms. One way is to 
parametrically couple the mechanical 
resonator to an optical cavity, with optical 
frequency fO. !e parametric coupling is 
achieved by construction; for example, the 
optical cavity can be formed by placing 
two mirrors so that they face one another, 
and trapping light between them. One of 
the mirrors is made very small, and placed 
on the mechanical resonator, so that the 
mechanical motion changes the spacing of 
the mirrors and thus changes the optical 
cavity’s resonance frequency (Fig. 1). 

By trapping light in the optical cavity, 
the mechanical motion of the resonator 
can be cooled by the radiation pressure 
of the photons trapped in the cavity. 
!is type of radiation pressure damping 
has been successfully demonstrated6,7, 
but the minimum mechanical energy 
is ultimately limited by the quantum 
uncertainty of the energy ΔE in the cavity, 
related to the cavity’s optical lifetime τ 
(the average time a photon is trapped 
in the cavity) by ΔE ~ h/τ. If the cavity 
lifetime is too short, this prevents cooling 
of the mechanical mode to its quantum 
ground state.

To cool to the quantum ground state of 
the resonator, clearly the cavity’s optical 
lifetime needs to be large; if the lifetime 
can be made to satisfy τfM >> 1, meaning 
that a photon will stay in the cavity much 
longer than the oscillation period of the 
resonator, one can operate in the resolved-
sideband limit of the resonator–cavity 
system. !e minimum achievable resonator 
energy is then well below the energy 
quantum hfM; that is, the resonator can in 

OPTOMECHANICS

Photons refrigerating phonons
Optomechanics is a promising route towards the observation of quantum e!ects in relatively large structures. 
Three papers, each discussing a di!erent implementation, now combine optical sideband and cryogenic cooling to 
refrigerate mechanical resonators to fewer than 60 phonons.

Andrew Cleland

nphys_N&V_JUL09.indd   458 22/6/09   11:23:24

http://web.physics.ucsb.edu/~clelandgroup/

The experimental focus is on mechanical resonators, with 
resonance frequencies fM typically between a few 
kilohertz and a few hundred megahertz. Cooling to the 
quantum ground state, which is one way to reach the 
quantum limit, requires reduction of the resonator’s 
thermal energy kBT to below the energy quantum hfM. At 
1 kHz, this requires temperatures below an astounding 
50 nK, whereas at 100 MHz this requires T < 5 mK. 
Conventional cryogenic techniques can be used to lower 
the resonator’s physical temperature towards these values, 
but typically further reduction is needed, especially 
for the lower resonator frequencies.
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Making Sideband Laser 
Cooling Effective…

• Reduce thermal leak back into mechanical resonator by increasing 
the mechanical quality factor (Q) of the resonator. 

• The optical resonator needs to have very low optical absorption, 
which otherwise could cause heating from the illuminating laser. 

• The laser can itself inject noise, so a stable, low-noise laser is 
needed. 

➡ Effective sideband cooling therefore requires a long cavity 
lifetime, high mechanical Q, low optical absorption, and a low-
noise laser. 
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Demonstration of an ultracold micro-
optomechanical oscillator in a cryogenic cavity
Simon Gröblacher1,2, Jared B. Hertzberg3,4, Michael R. Vanner1,2, Garrett D. Cole1,5, Sylvain Gigan6,
K. C. Schwab3* and Markus Aspelmeyer1†

Preparing and manipulating quantum states of mechanical
resonators is a highly interdisciplinary undertaking that now
receives enormous interest for its far-reaching potential in
fundamental and applied science1,2. Up to now, only nanoscale
mechanical devices achieved operation close to the quantum
regime3,4. We report a new micro-optomechanical resonator
that is laser cooled to a level of 30 thermal quanta. This is
equivalent to the best nanomechanical devices, however, with
a mass more than four orders of magnitude larger (43 ng
versus 1 pg) and at more than two orders of magnitude higher
environment temperature (5 K versus 30 mK). Despite the
large laser-added cooling factor of 4,000 and the cryogenic
environment, our cooling performance is not limited by
residual absorption effects. These results pave the way for
the preparation of 100-µm scale objects in the quantum
regime. Possible applications range from quantum-limited
optomechanical sensing devices to macroscopic tests of
quantum physics5,6.

Recently, the combination of high-finesse optical cavities
with mechanical resonators has opened up new possibilities for
preparing and detecting mechanical systems close to—and even
in—the quantum regime by using well-established methods of
quantum optics. Most prominently, the mechanism of efficient
laser cooling has been demonstrated7–13 and has been shown to be
capable, in principle, of reaching the quantum ground state14–16.
A particularly intriguing feature of this approach is that it can be
applied to mechanical objects of almost arbitrary size, from the
nanoscale in microwave strip-line cavities13 up to the centimetre
scale in gravitational-wave interferometers11. In addition, whereas
quantum-limited readout is still a challenging development step
for non-optical schemes3,17,18, optical readout techniques at the
quantum limit are readily available19.

Approaching and eventually entering the quantum regime
of mechanical resonators through optomechanical interactions
essentially requires the following three conditions to be fulfilled:
(1) sideband-resolved operation; that is, the cavity amplitude decay
rate  has to be small with respect to the mechanical frequency
!m; (2) both ultralow noise and low absorption of the optical
cavity field (phase noise at the mechanical frequency can act as a
finite-temperature thermal reservoir and absorption can increase
themode temperature and even diminish the cavity performance in
the case of superconducting cavities); and (3) sufficiently small cou-
pling of the mechanical resonator to the thermal environment; that

1Institute for Quantum Optics and Quantum Information (IQOQI), Austrian Academy of Sciences, Boltzmanngasse 3, A-1090 Vienna, Austria, 2Faculty of
Physics, University of Vienna, Boltzmanngasse 5, A-1090 Vienna, Austria, 3Department of Physics, Cornell University, Ithaca, New York 14853, USA,
4Department of Physics, University of Maryland, College Park, Maryland 20742, USA, 5The Center for Micro- and Nanostructures (ZMNS), Vienna
University of Technology, Floragasse 7, A-1040 Vienna, Austria, 6Laboratoire Photon et Matière, Ecole Superieure de Physique et de Chimie Industrielles,
CNRS-UPRA0005, 10 rue Vauquelin, 75005 Paris, France. *Permanent address: Department of Applied Physics, Caltech, Pasadena, California 91125, USA.
†e-mail: markus.aspelmeyer@quantum.at.

is, low environment temperature T and large mechanical quality
factor Q (the thermal coupling rate is given by kBT/~Q, where kB
is the Boltzmann constant and ~ is the reduced Planck constant).
So far, no experiment has demonstrated all three requirements
simultaneously. Criterion (1) has been achieved10,13,20; however, the
performancewas limited in one case by laser phase noise10 and in the
other cases by absorption in the cavity13,20. Other, independent, exp-
eriments have implemented only criterion (2)11,12,19,21. Finally, cri-
terion (3) has been realized in several cryogenic experiments4,13,21,22,
however not in combination with both (1) and (2).

We have designed a novel micro-optomechanical device that
enables us to meet all requirements at the same time. Specifically,
we have fabricated a Si3N4 micromechanical resonator that carries a
high-reflectivity, ultralow-loss Bragg mirror (Fig. 1a), which serves
as the end mirror of a Fabry–Pérot cavity. We designed the
system to exhibit a fundamental mechanical mode at relatively high
frequency (of the order of 1MHz; Fig. 1b) such that sideband-
resolved operation (criterion (1)) can be achieved already with a
medium-finesse cavity. Criterion (2) can first be fulfilled because
our solid-state pump laser used for optical cooling exhibits low
phase noise (laser linewidth below 1 kHz). Second, absorption in
the Bragg mirror is sufficiently low to prevent residual heating in
the mechanical structure. Absorption levels as low as 10�6 have
been reported for similar Braggmirrors23 and recent measurements
suggest even lower values of 4 ⇥ 10�7 for the specific coatings
used in this experiment (R. Lalezari, private communication). In
addition, although absorption in Si3N4 is comparable to silicon,
the transmission mismatch of the two cavity mirrors (⇠10:1)
and the resulting low transmission through the Bragg mirror
prevents residual heating of the resonator as has been observed
for cryogenically cooled silicon cantilevers24. Finally, criterion
(3) requires low temperature and high mechanical quality. The
mechanical properties of our design are dominated by the Si3N4,
which is known to exhibit superior performance in particular at low
temperatures, where Q-factors beyond 106 have been observed at
millikelvin temperatures25.

We operate our device, a 100 µm ⇥ 50 µm ⇥ 1 µm microres-
onator, in a cryogenic 4He environment at 10�7 mbar and in direct
contact with the cryostat cold finger. To measure the mechanical
displacement, the frequency of a 7 µW continuous-wave Nd:YAG
laser is locked close to resonance of the cryogenic Fabry–Pérot
cavity (length L⇡ 25mm), which consists of a fixed macroscopic
mirror and the moving micromechanical mirror. The optical
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Figure 1 | High-quality micro-optomechanical resonator. a, Scanning electron micrograph of the basic mechanical system, which is formed by a doubly
clamped Si3N4 beam. A circular, high-reflectivity Bragg mirror is used as the end mirror of a Fabry–Pérot cavity. The Bragg mirror is made of
low-absorption, alternating dielectric stacks of Ta2O5/SiO2. The magnified section in the inset shows the stacking sequence. b, Micromechanical
displacement spectra shown as noise power spectra of the readout-beam phase quadrature for a locked and an unlocked cavity. The fundamental mode at
!m = 2⇡⇥945 kHz and all higher mechanical modes are identified by finite element simulation. For the cases that involve large Bragg mirror
displacements, we provide the simulated mode profile.

cavity of finesse F ⇡ 3,900 achieves moderate sideband resolution
( ⇡ 0.8!m), which in principle would allow cooling to a final
occupation number hnimin = (2/4!2

m)⇡ 0.16, that is, well into the
quantum ground state14,15. The experimentally achievable tempera-
ture is obtained as the equilibrium state of two competing processes,
namely the laser cooling rate and the coupling rate to the thermal
(cryogenic) environment. In essence, laser cooling is driven (in the
ideal resolved-sideband limit and at detuning � = !m) at a rate
� ⇡ G2/(2) (G is the effective optomechanical coupling rate, as
defined in ref. 16), whereas mechanical relaxation to the thermal
environment at temperature T takes place at a rate (kBT/~Q). The
final achievable mechanical occupation number is therefore, to first
order, given by nf ⇡ (1/� )⇥(kBT/~Q). Amore accurate derivation
taking into account effects of non-ideal sideband resolution can be
found, for example, in refs 14–16, 26. Our experimental parameters
limit the minimum achievable mode temperature to approximately
1mK (nf ⇡ 30). The fact that we can observe this value in the
experiment (see below) shows that other residual heating effects
are negligible. The micromechanical flexural motion modulates
the cavity-field phase quadrature, which is measured by optical
homodyning. ForQ� 1 its noise power spectrum (NPS) is a direct
measure of themechanical position spectrum Sq(!), as described in
ref. 16. We observe a minimum noise floor of 2.6⇥10�17 mHz�0.5,
which is a factor of 4 above the achievable quantum (shot-noise)
limit, when taking into account the finite cavity linewidth, the cavity
losses and the non-perfect mode-matching, and due to the residual
amplitude noise of the pump laser at the sideband frequency of
our mechanical mode. We observe the fundamental mechanical
mode at !m = 2⇡⇥945 kHz with an effective mass meff = 43±2 ng
and a quality factor Q ⇡ 30,000 at 5.3 K (Q ⇡ 5,000 at 300K).
These values are consistent with independent estimates based on
finite-element method simulations yielding!m =2⇡⇥945 kHz and
meff =53±5 ng (see Supplementary Information).

Optomechanical laser cooling requires driving of the cavity
with a red-detuned (that is, off-resonant), optical field6–13. We
achieve this by coupling a second laser beam—detuned by � in
frequency but orthogonal in polarization—into the same spatial
cavity mode (Fig. 2a). Birefringence of the cavity material leads to
both an optical path length difference for the two cavity modes
(resulting in an 800 kHz frequency difference of the cavity peak

positions) and a polarization rotation of the outgoing fields. We
compensate both effects by an offset in� and by extra linear optical
phase retarders, respectively. A change in detuning � modifies
the mechanical rigidity and results in both an optical spring effect
(!eff(�)) and damping (�eff(�)), which is directly extracted by
fitting the NPS using the expressions from ref. 16. Figure 2b shows
the predicted behaviour for several powers of the red-detuned
beam. The low-power curve at 140 µWis used to determine both the
effective mass of the mechanical mode, meff, and the cavity finesse,
F . For higher powers and detunings closer to cavity resonance, the
onset of cavity instability prevents a stable lock (see, for example,
ref. 16). All experimental data are in agreement with theory and
hence in accordancewith pure radiation-pressure effects15.

The effective mode temperature is obtained through the
equipartition theorem. For our experimental parameter regime,
Q � 1 and hni � 0.5, the integrated NPS is also a direct
measure of the mean mechanical mode energy and hence, through
the equipartition theorem, of its effective temperature through
Teff = (meff !

2
eff/kB)

R +1
�1 NPS(!) d!. Note that, for the case of strong

optomechanical coupling, normal-mode splitting can occur and has
to be taken into account when evaluating the mode temperature27.
In our present case, this effect is negligible because of the large
cavity decay rate  . The amplitude of the NPS is calibrated by
comparing the mechanical NPS with the NPS of a known frequency
modulation applied to the laser (see, for example, ref. 28). For a
cold-finger temperature of 5.3 K, we obtain a mode temperature
T = 2.3K, which is consistent with an expected moderate cooling
due to slightly off-resonant locking of the Fabry–Pérot cavity (by
less than 3% of the cavity intensity linewidth). The locking point
is deliberately chosen to be on the cooling side to avoid unwanted
parametric mechanical instabilities. The mean thermal occupancy
was calculated according to hni = kBTeff/~!eff. We note, however,
that Bose–Einstein statistics will have a dominant role as one
approaches the quantum ground state.

Figure 3a showsmechanical noise power spectrawith the cooling
beam switched off and with maximum cooling beam pump power
at 7mW. For a detuning � ⇡ !m, we demonstrate laser cooling
to a mean thermal occupation of 32± 4 quanta, which is more
than 2 orders of magnitude lower than previously reported values
for optomechanical devices10 and is comparable to the lowest
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Demonstration of an ultracold micro-
optomechanical oscillator in a cryogenic cavity
Simon Gröblacher1,2, Jared B. Hertzberg3,4, Michael R. Vanner1,2, Garrett D. Cole1,5, Sylvain Gigan6,
K. C. Schwab3* and Markus Aspelmeyer1†

Preparing and manipulating quantum states of mechanical
resonators is a highly interdisciplinary undertaking that now
receives enormous interest for its far-reaching potential in
fundamental and applied science1,2. Up to now, only nanoscale
mechanical devices achieved operation close to the quantum
regime3,4. We report a new micro-optomechanical resonator
that is laser cooled to a level of 30 thermal quanta. This is
equivalent to the best nanomechanical devices, however, with
a mass more than four orders of magnitude larger (43 ng
versus 1 pg) and at more than two orders of magnitude higher
environment temperature (5 K versus 30 mK). Despite the
large laser-added cooling factor of 4,000 and the cryogenic
environment, our cooling performance is not limited by
residual absorption effects. These results pave the way for
the preparation of 100-µm scale objects in the quantum
regime. Possible applications range from quantum-limited
optomechanical sensing devices to macroscopic tests of
quantum physics5,6.

Recently, the combination of high-finesse optical cavities
with mechanical resonators has opened up new possibilities for
preparing and detecting mechanical systems close to—and even
in—the quantum regime by using well-established methods of
quantum optics. Most prominently, the mechanism of efficient
laser cooling has been demonstrated7–13 and has been shown to be
capable, in principle, of reaching the quantum ground state14–16.
A particularly intriguing feature of this approach is that it can be
applied to mechanical objects of almost arbitrary size, from the
nanoscale in microwave strip-line cavities13 up to the centimetre
scale in gravitational-wave interferometers11. In addition, whereas
quantum-limited readout is still a challenging development step
for non-optical schemes3,17,18, optical readout techniques at the
quantum limit are readily available19.

Approaching and eventually entering the quantum regime
of mechanical resonators through optomechanical interactions
essentially requires the following three conditions to be fulfilled:
(1) sideband-resolved operation; that is, the cavity amplitude decay
rate  has to be small with respect to the mechanical frequency
!m; (2) both ultralow noise and low absorption of the optical
cavity field (phase noise at the mechanical frequency can act as a
finite-temperature thermal reservoir and absorption can increase
themode temperature and even diminish the cavity performance in
the case of superconducting cavities); and (3) sufficiently small cou-
pling of the mechanical resonator to the thermal environment; that

1Institute for Quantum Optics and Quantum Information (IQOQI), Austrian Academy of Sciences, Boltzmanngasse 3, A-1090 Vienna, Austria, 2Faculty of
Physics, University of Vienna, Boltzmanngasse 5, A-1090 Vienna, Austria, 3Department of Physics, Cornell University, Ithaca, New York 14853, USA,
4Department of Physics, University of Maryland, College Park, Maryland 20742, USA, 5The Center for Micro- and Nanostructures (ZMNS), Vienna
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is, low environment temperature T and large mechanical quality
factor Q (the thermal coupling rate is given by kBT/~Q, where kB
is the Boltzmann constant and ~ is the reduced Planck constant).
So far, no experiment has demonstrated all three requirements
simultaneously. Criterion (1) has been achieved10,13,20; however, the
performancewas limited in one case by laser phase noise10 and in the
other cases by absorption in the cavity13,20. Other, independent, exp-
eriments have implemented only criterion (2)11,12,19,21. Finally, cri-
terion (3) has been realized in several cryogenic experiments4,13,21,22,
however not in combination with both (1) and (2).

We have designed a novel micro-optomechanical device that
enables us to meet all requirements at the same time. Specifically,
we have fabricated a Si3N4 micromechanical resonator that carries a
high-reflectivity, ultralow-loss Bragg mirror (Fig. 1a), which serves
as the end mirror of a Fabry–Pérot cavity. We designed the
system to exhibit a fundamental mechanical mode at relatively high
frequency (of the order of 1MHz; Fig. 1b) such that sideband-
resolved operation (criterion (1)) can be achieved already with a
medium-finesse cavity. Criterion (2) can first be fulfilled because
our solid-state pump laser used for optical cooling exhibits low
phase noise (laser linewidth below 1 kHz). Second, absorption in
the Bragg mirror is sufficiently low to prevent residual heating in
the mechanical structure. Absorption levels as low as 10�6 have
been reported for similar Braggmirrors23 and recent measurements
suggest even lower values of 4 ⇥ 10�7 for the specific coatings
used in this experiment (R. Lalezari, private communication). In
addition, although absorption in Si3N4 is comparable to silicon,
the transmission mismatch of the two cavity mirrors (⇠10:1)
and the resulting low transmission through the Bragg mirror
prevents residual heating of the resonator as has been observed
for cryogenically cooled silicon cantilevers24. Finally, criterion
(3) requires low temperature and high mechanical quality. The
mechanical properties of our design are dominated by the Si3N4,
which is known to exhibit superior performance in particular at low
temperatures, where Q-factors beyond 106 have been observed at
millikelvin temperatures25.

We operate our device, a 100 µm ⇥ 50 µm ⇥ 1 µm microres-
onator, in a cryogenic 4He environment at 10�7 mbar and in direct
contact with the cryostat cold finger. To measure the mechanical
displacement, the frequency of a 7 µW continuous-wave Nd:YAG
laser is locked close to resonance of the cryogenic Fabry–Pérot
cavity (length L⇡ 25mm), which consists of a fixed macroscopic
mirror and the moving micromechanical mirror. The optical
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reported temperature of 25 quanta for nano-electromechanical
systems4 (NEMS). In contrast to previous experiments10,13, the
achieved cooling performance is not limited by optical absorption
or residual phase noise, but follows exactly the theoretically
predicted behaviour (Fig. 3b). This agrees with the expected device

performance: a fraction of approximately 10�6 of the intra-cavity
power is absorbed by the Bragg mirror (⇠13 µW at maximum
cooling) and a maximum of 1% of the transmitted power is
absorbed by the Si3N4 beam29 (⇠14 µW at maximum cooling and
taking into account the impedancemismatch of the cavity mirrors).
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In summary, we have demonstrated optical cooling of the 
fundamental mode of a 100µm scale mechanical resonator 
in a cryogenic cavity to a thermal occupation of only 32 ± 4 
quanta. This is comparable to the performance of state-of-
the- art NEMS devices.
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Resolved-sideband and cryogenic cooling of an
optomechanical resonator
Young-Shin Park and Hailin Wang*
Cooling a mechanical oscillator to its quantum ground
state enables the exploration of the quantum nature and
the quantum–classical boundary of an otherwise classical
system1–7. In analogy to laser cooling of trapped ions8,
ground-state cooling of an optomechanical system can in
principle be achieved by radiation-pressure cooling in the
resolved-sideband limit where the cavity photon lifetime far
exceeds the mechanical oscillation period9–11. Here, we report
the experimental demonstration of an optomechanical system
that combines both resolved-sideband and cryogenic cooling.
Mechanical oscillations of a deformed silica microsphere are
coupled to optical whispering-gallery modes that can be excited
through free-space evanescent coupling12,13. By precooling the
system to 1.4 K, a final average phonon occupation as low as 37
quanta, limited by ultrasonic attenuation in silica, is achieved.
With diminishing ultrasonic attenuation, we anticipate that the
ground-state cooling can be achieved when the resonator is
precooled to a few hundred millikelvin in a 3He cryostat.

In an optomechanical system, mechanical vibrations induce
changes in the intracavity field as well as in the cavity-resonance
frequency. Dynamical backaction of the radiation pressure can
either damp or amplify the mechanical motion, depending on the
laser detuning14,15. Radiation-pressure cooling as well as active-
optical-feedback cooling has been demonstrated in a variety of
optomechanical systems16–22. Resolved-sideband cooling has also
been realized recently in a toroidal silica resonator11. There are,
however, considerable challenges in combining resolved-sideband
cooling with cryogenic precooling for most optomechanical
resonators23. The lowest average phonon occupation achieved in
optomechanical resonators thus far remains above 1,000 quanta. In
comparison, electromechanical systems can be cryogenically cooled
to temperatures in the millikelvin range in a dilution refrigerator
enabling an average phonon occupation as low as 25 (ref. 24).
Dynamical backaction cooling in these systems has also been
demonstrated recently24,25.

We have developed and explored the use of deformed silica
microspheres as a special type of optomechanical resonator which
are convenient for experimental studies in a cryogenic envi-
ronment. Unlike whispering-gallery modes (WGMs) in conven-
tional symmetric optical resonators such as spherical or toroidal
resonators26,27, WGMs in deformed non-axisymmetric micro-
spheres can be effectively excited in free space through a direc-
tional evanescent tunnelling process. In these deformed resonators,
the angle of incidence is no longer conserved. For WGMs near
the equatorial plane, the angle of incidence becomes closest to
the critical angle in regions 45� away from either the long or
short axis. At relatively small deformation, directional evanescent
escape of WGMs can take place in these regions because the
evanescent decay length as well as the evanescent tunnelling rate
increases exponentially when the angle of incidence approaches
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Figure 1 | Free-space coupling of WGMs. a, Schematic diagram of the
experimental set-up for radiation-pressure cooling through free-space
evanescent excitation of WGMs in a deformed silica microsphere.
b, Scanning electron micrograph of a silica microsphere with deformation
of 4.7%, taken on the side opposite to the attached fibre stem. c, Optical
transmission spectrum, obtained with free-space excitation, of a WGM
resonance near � = 800 nm for a microsphere with d= 30 µm and
deformation <2%. The solid line is a Lorentzian fit.

the critical angle of incidence12. WGMs can thus be excited in
free space by focusing a laser beam to these regions, with the
focal point just outside the sphere surface, as shown schematically
in Fig. 1a (ref. 13). Figure 1b shows a scanning electron micro-
graph of a deformed silica microsphere. Figure 1c shows a WGM
transmission resonance obtained through free-space excitation for
a silica microsphere with a diameter d = 30 µm and deforma-
tion less than 2%. The transmission resonance features a cavity
linewidth /2⇡ = 26MHz, corresponding to an optical quality
factor, Q⇠ 1.4⇥107.

The experimental configuration for free-space excitation of
WGMs can be used simultaneously for homodyne detection of
mechanical vibrations of the optomechanical resonator. For light
circulating in a WGM, mechanical vibrations including Brownian
motion induce a phase shift, which is proportional to the me-
chanical displacement. Optical interferometric measurements of
the induced phase shift provide a highly sensitive measure of the
mechanical displacement28. In the free-space excitation configura-
tion shown in Fig. 1a, the part of the excitation laser beam that is
not coupled to WGMs provides a local oscillator for the homodyne
interferometric detection of themechanical displacement.
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Cooling a mechanical oscillator to its quantum ground
state enables the exploration of the quantum nature and
the quantum–classical boundary of an otherwise classical
system1–7. In analogy to laser cooling of trapped ions8,
ground-state cooling of an optomechanical system can in
principle be achieved by radiation-pressure cooling in the
resolved-sideband limit where the cavity photon lifetime far
exceeds the mechanical oscillation period9–11. Here, we report
the experimental demonstration of an optomechanical system
that combines both resolved-sideband and cryogenic cooling.
Mechanical oscillations of a deformed silica microsphere are
coupled to optical whispering-gallery modes that can be excited
through free-space evanescent coupling12,13. By precooling the
system to 1.4 K, a final average phonon occupation as low as 37
quanta, limited by ultrasonic attenuation in silica, is achieved.
With diminishing ultrasonic attenuation, we anticipate that the
ground-state cooling can be achieved when the resonator is
precooled to a few hundred millikelvin in a 3He cryostat.

In an optomechanical system, mechanical vibrations induce
changes in the intracavity field as well as in the cavity-resonance
frequency. Dynamical backaction of the radiation pressure can
either damp or amplify the mechanical motion, depending on the
laser detuning14,15. Radiation-pressure cooling as well as active-
optical-feedback cooling has been demonstrated in a variety of
optomechanical systems16–22. Resolved-sideband cooling has also
been realized recently in a toroidal silica resonator11. There are,
however, considerable challenges in combining resolved-sideband
cooling with cryogenic precooling for most optomechanical
resonators23. The lowest average phonon occupation achieved in
optomechanical resonators thus far remains above 1,000 quanta. In
comparison, electromechanical systems can be cryogenically cooled
to temperatures in the millikelvin range in a dilution refrigerator
enabling an average phonon occupation as low as 25 (ref. 24).
Dynamical backaction cooling in these systems has also been
demonstrated recently24,25.

We have developed and explored the use of deformed silica
microspheres as a special type of optomechanical resonator which
are convenient for experimental studies in a cryogenic envi-
ronment. Unlike whispering-gallery modes (WGMs) in conven-
tional symmetric optical resonators such as spherical or toroidal
resonators26,27, WGMs in deformed non-axisymmetric micro-
spheres can be effectively excited in free space through a direc-
tional evanescent tunnelling process. In these deformed resonators,
the angle of incidence is no longer conserved. For WGMs near
the equatorial plane, the angle of incidence becomes closest to
the critical angle in regions 45� away from either the long or
short axis. At relatively small deformation, directional evanescent
escape of WGMs can take place in these regions because the
evanescent decay length as well as the evanescent tunnelling rate
increases exponentially when the angle of incidence approaches
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Figure 1 | Free-space coupling of WGMs. a, Schematic diagram of the
experimental set-up for radiation-pressure cooling through free-space
evanescent excitation of WGMs in a deformed silica microsphere.
b, Scanning electron micrograph of a silica microsphere with deformation
of 4.7%, taken on the side opposite to the attached fibre stem. c, Optical
transmission spectrum, obtained with free-space excitation, of a WGM
resonance near � = 800 nm for a microsphere with d= 30 µm and
deformation <2%. The solid line is a Lorentzian fit.

the critical angle of incidence12. WGMs can thus be excited in
free space by focusing a laser beam to these regions, with the
focal point just outside the sphere surface, as shown schematically
in Fig. 1a (ref. 13). Figure 1b shows a scanning electron micro-
graph of a deformed silica microsphere. Figure 1c shows a WGM
transmission resonance obtained through free-space excitation for
a silica microsphere with a diameter d = 30 µm and deforma-
tion less than 2%. The transmission resonance features a cavity
linewidth /2⇡ = 26MHz, corresponding to an optical quality
factor, Q⇠ 1.4⇥107.

The experimental configuration for free-space excitation of
WGMs can be used simultaneously for homodyne detection of
mechanical vibrations of the optomechanical resonator. For light
circulating in a WGM, mechanical vibrations including Brownian
motion induce a phase shift, which is proportional to the me-
chanical displacement. Optical interferometric measurements of
the induced phase shift provide a highly sensitive measure of the
mechanical displacement28. In the free-space excitation configura-
tion shown in Fig. 1a, the part of the excitation laser beam that is
not coupled to WGMs provides a local oscillator for the homodyne
interferometric detection of themechanical displacement.
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optomechanical resonator
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Cooling a mechanical oscillator to its quantum ground
state enables the exploration of the quantum nature and
the quantum–classical boundary of an otherwise classical
system1–7. In analogy to laser cooling of trapped ions8,
ground-state cooling of an optomechanical system can in
principle be achieved by radiation-pressure cooling in the
resolved-sideband limit where the cavity photon lifetime far
exceeds the mechanical oscillation period9–11. Here, we report
the experimental demonstration of an optomechanical system
that combines both resolved-sideband and cryogenic cooling.
Mechanical oscillations of a deformed silica microsphere are
coupled to optical whispering-gallery modes that can be excited
through free-space evanescent coupling12,13. By precooling the
system to 1.4 K, a final average phonon occupation as low as 37
quanta, limited by ultrasonic attenuation in silica, is achieved.
With diminishing ultrasonic attenuation, we anticipate that the
ground-state cooling can be achieved when the resonator is
precooled to a few hundred millikelvin in a 3He cryostat.

In an optomechanical system, mechanical vibrations induce
changes in the intracavity field as well as in the cavity-resonance
frequency. Dynamical backaction of the radiation pressure can
either damp or amplify the mechanical motion, depending on the
laser detuning14,15. Radiation-pressure cooling as well as active-
optical-feedback cooling has been demonstrated in a variety of
optomechanical systems16–22. Resolved-sideband cooling has also
been realized recently in a toroidal silica resonator11. There are,
however, considerable challenges in combining resolved-sideband
cooling with cryogenic precooling for most optomechanical
resonators23. The lowest average phonon occupation achieved in
optomechanical resonators thus far remains above 1,000 quanta. In
comparison, electromechanical systems can be cryogenically cooled
to temperatures in the millikelvin range in a dilution refrigerator
enabling an average phonon occupation as low as 25 (ref. 24).
Dynamical backaction cooling in these systems has also been
demonstrated recently24,25.

We have developed and explored the use of deformed silica
microspheres as a special type of optomechanical resonator which
are convenient for experimental studies in a cryogenic envi-
ronment. Unlike whispering-gallery modes (WGMs) in conven-
tional symmetric optical resonators such as spherical or toroidal
resonators26,27, WGMs in deformed non-axisymmetric micro-
spheres can be effectively excited in free space through a direc-
tional evanescent tunnelling process. In these deformed resonators,
the angle of incidence is no longer conserved. For WGMs near
the equatorial plane, the angle of incidence becomes closest to
the critical angle in regions 45� away from either the long or
short axis. At relatively small deformation, directional evanescent
escape of WGMs can take place in these regions because the
evanescent decay length as well as the evanescent tunnelling rate
increases exponentially when the angle of incidence approaches

Department of Physics and Oregon Center for Optics, University of Oregon, Eugene, Oregon 97403, USA. *e-mail: hailin@uoregon.edu.

0.9

1.0

Tr
an

sm
is

si
on

Laser detuning (MHz)

/2π = 26 MHz

20 µm

Spectrum
analyser

Lock-in
amplifier

Detector

Cryostat

Laser

¬200 ¬100 0 100 200

a

cb

κ

Figure 1 | Free-space coupling of WGMs. a, Schematic diagram of the
experimental set-up for radiation-pressure cooling through free-space
evanescent excitation of WGMs in a deformed silica microsphere.
b, Scanning electron micrograph of a silica microsphere with deformation
of 4.7%, taken on the side opposite to the attached fibre stem. c, Optical
transmission spectrum, obtained with free-space excitation, of a WGM
resonance near � = 800 nm for a microsphere with d= 30 µm and
deformation <2%. The solid line is a Lorentzian fit.

the critical angle of incidence12. WGMs can thus be excited in
free space by focusing a laser beam to these regions, with the
focal point just outside the sphere surface, as shown schematically
in Fig. 1a (ref. 13). Figure 1b shows a scanning electron micro-
graph of a deformed silica microsphere. Figure 1c shows a WGM
transmission resonance obtained through free-space excitation for
a silica microsphere with a diameter d = 30 µm and deforma-
tion less than 2%. The transmission resonance features a cavity
linewidth /2⇡ = 26MHz, corresponding to an optical quality
factor, Q⇠ 1.4⇥107.

The experimental configuration for free-space excitation of
WGMs can be used simultaneously for homodyne detection of
mechanical vibrations of the optomechanical resonator. For light
circulating in a WGM, mechanical vibrations including Brownian
motion induce a phase shift, which is proportional to the me-
chanical displacement. Optical interferometric measurements of
the induced phase shift provide a highly sensitive measure of the
mechanical displacement28. In the free-space excitation configura-
tion shown in Fig. 1a, the part of the excitation laser beam that is
not coupled to WGMs provides a local oscillator for the homodyne
interferometric detection of themechanical displacement.
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Figure 4 | Average phonon occupation. a,b, Spectrally integrated area of the (1, 2) mode obtained at different bath temperatures from the displacement
noise spectrum and the corresponding effective mechanical linewidth (insets) as a function of the incident laser power with 1!/!m = �1. The area is
normalized to that when the incident laser power approaches zero. The solid curves are the calculated area using the slope of the linear power dependence
obtained from the inset.

integrated area and that derived from �eff/�m shows that under
these experimental conditions, the incident laser beam induces
negligible heating.

Resolved-sideband cooling at Tbath = 3.6K is limited by the
relatively large �m due to ultrasonic attenuation in silica, which
should diminish at lower temperature. Within the limit of
a 4He cryostat, we have carried out resolved-sideband cool-
ing for the (1, 2) mode at Tbath = 1.4K, for which a de-
formed microsphere with !m/ = 4.0, !m/2⇡ = 118.6MHz,
�m/2⇡ = 11.5 kHz and d = 26.5 µm at room temperature was
used. At Tbath = 1.4K, �m/2⇡ = 35 kHz (Qm = 3,400). Figure 4b
and its inset show the spectrally integrated area and the effec-
tive mechanical linewidth, derived from the displacement power
spectra, as a function of the incident laser power. A maximum
cooling rate of �/2⇡ = 195 kHz, similar to that shown in the
inset of Fig. 4a, is obtained. As a result of the smaller �m, this
cooling rate leads to a reduction of the temperature for the
mechanical mode by a factor of 6.6, with Teff ⇠ 210mK and
hN i ⇠ 37. Figure 4b also shows the excellent agreement between
Teff derived from the spectrally integrated area and that de-
rived from �eff/�m, again indicating that the incident laser beam
induces negligible heating.

Dynamical backaction cooling in optomechanical systems with
high optical finesse is less susceptible to radiation-induced heating
than that in electromechanical systems. Although slightly lower
average phonon occupation (hN i ⇠ 25) has been achieved in
cryogenically cooled electromechanical systems24, dynamical back-
action cooling in these systems has been limited by heating arising
frommicrowave radiation25. Average phonon occupation obtained
with combined cryogenic and dynamical backaction cooling in
electromechanical systems is considerably higher (hN i⇠140).

In summary, using a deformed silica microsphere, we have
reached a final average phonon occupation as low as 37 quanta by
combining resolved-sideband cooling with cryogenic precooling.
Although resolved-sideband cooling carried out at Tbath = 1.4K
is still limited by residual ultrasonic attenuation in silica, no
special technical difficulty is anticipated in further lowering
the precooling temperature, with a 3He cryostat, to a few
hundred millikelvin, at which effects of ultrasonic attention
should diminish. The experimental results reported here thus
indicate that we are tantalizingly close to realizing the ground-
state cooling and reaching the quantum limit of a macroscopic
optomechanical system.

Methods
Deformed silica microspheres were fabricated by fusing together two regular
microspheres of similar sizes with a CO2 laser. The degree of deformation,
defined as " = ra/rb �1, where ra and rb are the radius of the long and short
axis, respectively, can be gradually reduced through repeated heating. Silica
microspheres used for optomechanical studies all feature a deformation less than
2%. A Ti:sapphire ring laser frequency-stabilized to an external resonator near
� = 800 nm was used for free-space excitation of WGMs. For homodyne detection
of the noise power spectrum, care has been taken to attenuate the input to the
silicon photodiode such that the photodetector and the amplifier operate in the
linear regime. For cryogenic precooling, a microsphere in an optical cryostat
was placed in direct contact with either static exchange helium gas or vapours
from a pumped helium reservoir. Further experimental details are presented in
Supplementary Information.
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Figure 3 | Resolved-sideband cooling in a cryogenic environment. a, Schematic diagram of resolved-sideband cooling, where !S (!AS) denotes the
frequency of Stokes (anti-Stokes) emission in the parametric process. b, Displacement power spectrum obtained at Tbath = 3.6 K and 1!/!m = �1. The
incident laser power is, from top to bottom, 10 mW, 40 mW, 60 mW and 83 mW, respectively. The solid lines are Lorentzian fits. c,d, �eff/�m (c) and the
mechanical frequency shift induced by optomechanical coupling (d) as a function of 1! obtained at three incident laser powers: 20 mW (blue), 60 mW
(purple) and 83 mW (olive). The solid lines are the results of the theoretical calculation discussed in the text.

temperature was precooled to 3.6 K, at which point �m/2⇡=80 kHz
(Qm = 1,540). Figure 3b shows the displacement power spectrum
obtained at various incident laser powers. The spectrally integrated
area of the mechanical resonance decreases with increasing laser
power, accompanied by an increase in the effective damping
rate of the mechanical mode. Note that although the incident
laser power in these experiments can approach 100mW, the laser
power coupled into the WGM is well below 50 µW owing to the
large laser detuning and the small free-space coupling efficiency
(about a few per cent).

To characterize the resolved-sideband cooling process, we
plot in Fig. 3c, d the ratio, �eff/�m = (�m + � )/�m, where �eff
is the effective mechanical linewidth and � is the radiation-
pressure cooling rate, and the mechanical frequency shift, ⌦/2⇡,
induced by the optomechanical coupling as a function of the
detuning, 1! = ! � !0. Theoretically, for resolved-sideband
cooling we have18
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where P is the incident laser power and Pth is the threshold incident
power for parametric instability when 1! = !m. As shown in
Fig. 3c, d, the observed � and ⌦ are in good agreement with
the calculation, for which Pth = 35mW, determined in a separate
experiment, is used and there are no adjustable parameters. Note
that large deviations between the experiment and calculation occur
when the laser is tuned to near theWGM resonance (not shown). In
this case, heating arising from optical absorption of the circulating
light in silica becomes important and optical bistability can also
occur31. It should be added that at Tbath < 5K, no bistability is
observed with 1!/!m =�1.

As we discussed earlier, a reliable measure of the effective
temperature of a mechanical mode is the spectrally integrated
area of the mechanical resonance in the displacement power
spectrum. The spectrally integrated area includes contributions
from all heating mechanisms, including optical absorption in silica
and fluctuations of the laser or the WGM frequency. Figure 4a
shows the spectrally integrated area, derived from the Lorentzian
curve fitting such as those shown in Fig. 3b, as a function
of the incident laser power. At Tbath = 3.6K and P = 83mW,
radiation-pressure cooling leads to a reduction in the area by a
factor of 3.5, indicating Teff ⇠ 1.0K and an average final phonon
occupation hN i ⇠ 170. In the limit that optomechanical coupling
induces no extra heating, the ratio �eff/�m can also be used to
determine the effective temperature, with Teff = (�m/�eff) Tbath.
The inset of Fig. 4a shows �eff/2⇡ as a function of the incident
laser power, yielding a maximum cooling rate of �/2⇡= 200 kHz.
The solid line in Fig. 4a is the calculated area using the slope
obtained from the linear power dependence in the inset of Fig. 4a.
The excellent agreement between Teff derived from the spectrally
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Figure 1 | Cryogenic cooling and displacement measurements of a micromechanical oscillator. a, A silica microtoroid is held in a 1.65 K-cold 4He
atmosphere. The toroid supports both high-Q optical WGMs and a mechanical RBM, parametrically coupled to an optical resonance frequency. High-Q

optical resonances are identified using a frequency-agile external-cavity diode laser (ECDL). To probe the mechanical oscillator, the laser input is switched
to a low-noise Ti:sapphire laser. b, A small fraction of the laser light is sent into the cryostat and evanescently coupled to the WGM by means of a tapered
fibre placed in the near-field of the WGM. Balanced homodyne measurement of the laser phase as transmitted through the taper is implemented using a
Mach–Zehnder fibre interferometer (phase plates and polarizing beam splitters are only schematically indicated). c, A modulation x(t) of the radius of the
cavity induces a modulation of the phase '(t) of the laser light emerging from the cavity. This phase shift is detected by comparison with a phase
reference, derived from the same laser in a beam splitter followed by a balanced detector.
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optical power used to interrogate the mechanical oscillator was about 3 µW (red trace), 10 µW (green trace) and 100 µW (blue trace). The measurement
background originates from the laser quantum phase noise.

mode. Fluctuations of the cavity radius—as induced by thermal
noise of the RBM—induce resonance frequency fluctuations, which
are imprinted as phase fluctuations on the laser light transmitted
by the tapered fibre (see Fig. 1c). A phase-sensitive detection
scheme enables measurement of the Lorentzian displacement noise

spectrum S

th
xx

[⌦] of the thermal (Brownian) motion of the RBM,
where ⌦/2⇡ is the analysis Fourier frequency. The spectrum
is characterized by its resonance frequency ⌦m/2⇡, mechanical
damping rate �m/2⇡ and peak displacement amplitude S
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(see the Methods section). Figure 2a shows the resulting (effective)
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Resolved-sideband cooling and position
measurement of a micromechanical oscillator
close to the Heisenberg uncertainty limit
A. Schliesser1*, O. Arcizet1*, R. Rivière1*, G. Anetsberger1 and T. J. Kippenberg1,2†

The theory of quantum measurement of mechanical motion, describing the mutual coupling of a meter and a measured object,
predicts a variety of phenomena such as quantum backaction, quantum correlations and non-classical states of motion. In
spite of great experimental efforts, mostly based on nano-electromechanical systems, probing these in a laboratory setting
has as yet eluded researchers. Cavity optomechanical systems, in which a high-quality optical resonator is parametrically
coupled to a mechanical oscillator, hold great promise as a route towards the observation of such effects with macroscopic
oscillators. Here, we present measurements on optomechanical systems exhibiting radiofrequency (62–122 MHz) mechanical
modes, cooled to very low occupancy using a combination of cryogenic precooling and resolved-sideband laser cooling. The
lowest achieved occupancy is n⇠ 63. Optical measurements of these ultracold oscillators’ motion are shown to perform in a
near-ideal manner, exhibiting an imprecision–backaction product about one order of magnitude lower than the results obtained
with nano-electromechanical transducers.

The observation of quantum phenomena in macroscopic
mechanical oscillators1,2 has been a subject of interest since
the inception of quantummechanics. It may provide insights

into the quantum–classical boundary, and allow experimental
investigation of the theory of quantum measurements1,3,4, the
origin of mechanical decoherence5 and the generation of non-
classical states of motion. Prerequisite to this regime are both
preparation of the mechanical oscillator at low phonon occupancy
and measurement sensitivity at the scale of the position spread
1x of the oscillator’s ground-state wavefunction. Over the past
decade, it has been widely perceived that the most promising ap-
proach to address these two challenges are electro-nanomechanical
systems2,6–11, which can be cooled with millikelvin-scale dilution
refrigerators, and feature large displacements1x⇠10�14 m that are
resolvable with electronic transducers such as a superconducting
single-electron transistor7–9, a strip-line cavity10 or a quantum inter-
ference device12. Fundamentally however, every linear continuous
transducer induces a perturbation of the mechanical system by
measurement backaction, leading to the Heisenberg uncertainty
limit in the ideal case. Although low thermal occupation numbers
have been achieved with nano-electromechanical systems, these
experiments9,11 have as yet remained far from attainingHeisenberg-
uncertainty-limited measurements.

Here, we demonstrate cooling and measurement of the motion
of a mechanical oscillator of mesoscopic dimensions—1,000 times
more massive than the heaviest nanomechanical oscillators used
so far—close to this limit. Imperative to these advances are two
key principles of cavity optomechanics13: optical interferomet-
ric measurement of mechanical displacement at the attometre
level14,15 and the ability to use measurement-induced dynamical
backaction16–19 to achieve resolved-sideband laser cooling11,20 of
the mechanical degree of freedom close to its quantum ground
state (63 ± 20 phonons). The cooling laser simultaneously acts
as a highly ideal displacement transducer, exhibiting a measured

1Max Planck Institut für Quantenoptik, D-85748 Garching, Germany, 2Ecole Polytechnique Fédérale de Lausanne (EPFL), CH-1015 Lausanne, Switzerland.
*These authors contributed equally to this work. †e-mail: tobias.kippenberg@epfl.ch.

imprecision–backaction product one order of magnitude lower
than achieved in nano-electromechanical systems9,21,22, thereby
demonstrating the closest approach to the Heisenberg uncertainty
product for continuous positionmeasurements yet demonstrated.

The experimental setting of the present work is a cavity
optomechanical system, which parametrically couples optical and
mechanical degrees of freedom through radiation pressure. In the
present case, toroidal microresonators23 are used that exhibit (see
Fig. 1) strong, inherent optomechanical coupling between high-
quality-factor (Q>108) optical whispering-gallery modes (WGMs)
and the mechanical radial-breathing mode24 (RBM), featuring high
frequency (between 62 and 122MHz for the resonators used in this
work) and effective masses25 of the order of 1–10 ng (see Fig. 1b).
The quality factors of the RBM can reach values up to 80,000 if
clamping losses are mitigated by modal engineering, for example
in spoke resonators26.

To achieve a regime of low mechanical-oscillator phonon
occupancy, we apply laser cooling to a cryogenically precooled
micromechanical oscillator with high frequency. Figure 1 shows a
schematic diagram of the experiment. A chip withmicro-resonators
is inserted into a helium exchange gas cryostat. Piezoelectric
actuators (Attocube GmbH) enable positioning of a tapered optical
fibre used for evanescent coupling with a resolution sufficient to
adjust the taper–toroid gap for critical coupling. The total optical
loss through the cryogenic environment can reach values below
25%. Low-pressure (0.1–50mbar) helium exchange gas is admitted
into the sample chamber, thermalizing the sample with a heat
exchanger through which 4He is pumped from a reservoir of liquid
4He. An exchange gas temperature of 1.65 K can be achieved.
Owing to the low heat conductivity of glass, and possible light
absorption, it is of prime importance to verify the thermalization of
the mechanical oscillator to 1.65 K. To this end, we carry out noise
thermometry (see the Methods section) using the RBM. A low-
power (<2 µW) laser is tuned into resonance with a high-Q optical
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Figure 1 | Cryogenic cooling and displacement measurements of a micromechanical oscillator. a, A silica microtoroid is held in a 1.65 K-cold 4He
atmosphere. The toroid supports both high-Q optical WGMs and a mechanical RBM, parametrically coupled to an optical resonance frequency. High-Q

optical resonances are identified using a frequency-agile external-cavity diode laser (ECDL). To probe the mechanical oscillator, the laser input is switched
to a low-noise Ti:sapphire laser. b, A small fraction of the laser light is sent into the cryostat and evanescently coupled to the WGM by means of a tapered
fibre placed in the near-field of the WGM. Balanced homodyne measurement of the laser phase as transmitted through the taper is implemented using a
Mach–Zehnder fibre interferometer (phase plates and polarizing beam splitters are only schematically indicated). c, A modulation x(t) of the radius of the
cavity induces a modulation of the phase '(t) of the laser light emerging from the cavity. This phase shift is detected by comparison with a phase
reference, derived from the same laser in a beam splitter followed by a balanced detector.
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Figure 2 | Thermalization and probing of a micromechanical oscillator. a, Using noise thermometry, the effective temperature of the mechanical mode is
determined as a function of the temperature of the cryostat (exchange gas). The temperature of the 62 MHz mode follows the cryostat temperature in a
linear manner, down to an occupation of less than 1,000 phonons. b, In spite of the low phonon occupation (770 in the case of this 65.3 MHz oscillator),
displacement monitoring with high signal-to-noise ratio is possible using optical techniques (sensitivity at the attometre level in the present case). The
optical power used to interrogate the mechanical oscillator was about 3 µW (red trace), 10 µW (green trace) and 100 µW (blue trace). The measurement
background originates from the laser quantum phase noise.

mode. Fluctuations of the cavity radius—as induced by thermal
noise of the RBM—induce resonance frequency fluctuations, which
are imprinted as phase fluctuations on the laser light transmitted
by the tapered fibre (see Fig. 1c). A phase-sensitive detection
scheme enables measurement of the Lorentzian displacement noise
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[⌦] of the thermal (Brownian) motion of the RBM,
where ⌦/2⇡ is the analysis Fourier frequency. The spectrum
is characterized by its resonance frequency ⌦m/2⇡, mechanical
damping rate �m/2⇡ and peak displacement amplitude S
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(see the Methods section). Figure 2a shows the resulting (effective)
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Figure 3 | Cryogenic precooling and resolved-sideband laser cooling.
a, Mode temperature, derived from noise thermometry, compared with
cryostat temperature, measured with a calibrated silicon diode close to the
sample. Combined with precooling in the cryostat, resolved-sideband
cooling reduces the occupation of the oscillator further to hni = 63±20
phonons. The inset illustrates the laser (blue line) detuned to the lower
mechanical sideband of the cavity spectrum (red line). b, Displacement
noise spectra of the RBM with four different average occupation numbers,
together with a Lorentzian fit. The resonance frequency and intrinsic
damping of the mode are modified under cryogenic cooling from room
temperature (red curve) to 10 K (green curve) and 1.7 K (blue curves)
owing to phonon coupling to structural defect states27. Extra
resolved-sideband cooling (blue curves) induces extra damping and a small
frequency shift. For the two traces shown, the launched laser powers were
approximately 190 and 200 µW. The sharp calibration peak and a second
mechanical mode (with a higher effective mass) at slightly lower frequency
are also visible. It was verified that the contribution of the latter to the noise
at the resonance frequency of the RBM is negligible.

mode temperature as derived by means of the equipartition
theorem from the independently calibrated noise spectra, where
phase-sensitive detection was accomplished using the Pound–
Drever–Hall technique. Importantly, the temperature of this
62MHz mode follows the one of the exchange gas, demonstrating
that excellent thermalization is achieved, a key prerequisite for

the experiments described from here on. For a 62MHz oscillator,
thermalization to 1.65 K entails an initial average occupancy of
hni = kBTRBM/~⌦m ⇡ 560, where TRBM is the temperature of the
RBM (see the Methods section). For the 122MHz oscillator used
later in this work, this temperature corresponds to hni ⇡ 280. Note
that despite the modest precooling to 1.65 K, this occupancy would
be reached for a 1MHz nanomechanical oscillator thermalized to a
dilution refrigerator temperature below 30mK. This emphasizes the
significant advantage ofworkingwith high-frequency oscillators.

Measuring the mechanical displacement associated with such a
massive oscillator at low phonon number requires high sensitivity,
in particular, because the mechanical quality factor Q = ⌦m/�m
of silica is typically reduced to ⇠2,000 at 1.65 K owing to losses
originating from phonon coupling to structural defect states27
(note that damping by the exchange gas is negligible, and that
the mechanical Q factor improves again at lower temperatures28).
The required attometre-level displacement sensitivity can (so
far) be achieved only with optical transducers. We use balanced
homodyne spectroscopy15 based on a quantum-noise-limited
titanium:sapphire laser (in both amplitude and phase), which is res-
onantly coupled to aWGMresonance in the vicinity of awavelength
of 780 nm. The laser’s phase shift introduced by the mechanical
fluctuations is detected interferometrically, by comparison with
a high-power (2–5mW) optical phase reference (local oscillator).
Frequency analysis of this signal yields the thermal-noise displace-
ment spectrum S

th
xx

[⌦], on top of a measurement background.
Figure 2b shows data obtained from the RBMof a different, 55-µm-
diameter micro-resonator cooled to 2.4 K, or hni ⇡ 770. The back-
ground of this measurement is at a level of ⇠1.5⇥10�18 mHz�1/2,
which is a factor of only 5.5± 1.5 times higher than the standard
quantum limit1,29, given by

p
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SQL
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~/meff�m⌦m for a mea-

surement at the mechanical resonance frequency. This proves the
counter-intuitive notion, that measurements close to the standard
quantum limit are possible, in spite of the here used strategy of using
high-frequency and comparativelymassive oscillators.

To further decrease the number of thermal quanta of
the mechanical oscillator, we use cooling through radiation-
pressure dynamical backaction as predicted16,30 and experimentally
demonstrated17–19 in 2006. Similar to the atomic physics31 case,
ground-state cooling requires accessing the resolved-sideband
regime20,32,33, which necessitates themechanical oscillator frequency
to exceed the cavity decay rate /2⇡ (that is, ⌦m � ). This
regime ismoreover prerequisite for schemes such as two-transducer
quantum non-demolition measurements1,34 or the preparation of a
mechanical oscillator in a squeezed state of motion21. Operation
in the resolved-sideband regime is accomplished using a cavity
with a narrow resonance (5.5MHz intrinsic decay rate and 9MHz
mode splitting), which is broadened to a /2⇡ ⇡ 19MHz-wide
resonance owing to fibre coupling (corresponding to a loaded
finesse of ⇠70,000). The laser is subsequently tuned to the lower
mechanical sideband, that is, red-detuned by 65.2MHz, the
resonance frequency of this sample’s RBM. For this detuning, the
circulating power is reduced by a factor of 4⌦ 2

m/2+1⇡ 50. At the
same time, the sensitivity to mechanical displacements is slightly
reduced. In the ideal case of a highly overcoupled cavity, with
unity detection efficiency and no excess noise except for the laser’s
intrinsic quantumnoise, the imprecision noise spectral density, that
is, the background of the measurement caused by shot noise in the
detection process, is given by:
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measurement of a micromechanical oscillator
close to the Heisenberg uncertainty limit
A. Schliesser1*, O. Arcizet1*, R. Rivière1*, G. Anetsberger1 and T. J. Kippenberg1,2†

The theory of quantum measurement of mechanical motion, describing the mutual coupling of a meter and a measured object,
predicts a variety of phenomena such as quantum backaction, quantum correlations and non-classical states of motion. In
spite of great experimental efforts, mostly based on nano-electromechanical systems, probing these in a laboratory setting
has as yet eluded researchers. Cavity optomechanical systems, in which a high-quality optical resonator is parametrically
coupled to a mechanical oscillator, hold great promise as a route towards the observation of such effects with macroscopic
oscillators. Here, we present measurements on optomechanical systems exhibiting radiofrequency (62–122 MHz) mechanical
modes, cooled to very low occupancy using a combination of cryogenic precooling and resolved-sideband laser cooling. The
lowest achieved occupancy is n⇠ 63. Optical measurements of these ultracold oscillators’ motion are shown to perform in a
near-ideal manner, exhibiting an imprecision–backaction product about one order of magnitude lower than the results obtained
with nano-electromechanical transducers.

The observation of quantum phenomena in macroscopic
mechanical oscillators1,2 has been a subject of interest since
the inception of quantummechanics. It may provide insights

into the quantum–classical boundary, and allow experimental
investigation of the theory of quantum measurements1,3,4, the
origin of mechanical decoherence5 and the generation of non-
classical states of motion. Prerequisite to this regime are both
preparation of the mechanical oscillator at low phonon occupancy
and measurement sensitivity at the scale of the position spread
1x of the oscillator’s ground-state wavefunction. Over the past
decade, it has been widely perceived that the most promising ap-
proach to address these two challenges are electro-nanomechanical
systems2,6–11, which can be cooled with millikelvin-scale dilution
refrigerators, and feature large displacements1x⇠10�14 m that are
resolvable with electronic transducers such as a superconducting
single-electron transistor7–9, a strip-line cavity10 or a quantum inter-
ference device12. Fundamentally however, every linear continuous
transducer induces a perturbation of the mechanical system by
measurement backaction, leading to the Heisenberg uncertainty
limit in the ideal case. Although low thermal occupation numbers
have been achieved with nano-electromechanical systems, these
experiments9,11 have as yet remained far from attainingHeisenberg-
uncertainty-limited measurements.

Here, we demonstrate cooling and measurement of the motion
of a mechanical oscillator of mesoscopic dimensions—1,000 times
more massive than the heaviest nanomechanical oscillators used
so far—close to this limit. Imperative to these advances are two
key principles of cavity optomechanics13: optical interferomet-
ric measurement of mechanical displacement at the attometre
level14,15 and the ability to use measurement-induced dynamical
backaction16–19 to achieve resolved-sideband laser cooling11,20 of
the mechanical degree of freedom close to its quantum ground
state (63 ± 20 phonons). The cooling laser simultaneously acts
as a highly ideal displacement transducer, exhibiting a measured
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imprecision–backaction product one order of magnitude lower
than achieved in nano-electromechanical systems9,21,22, thereby
demonstrating the closest approach to the Heisenberg uncertainty
product for continuous positionmeasurements yet demonstrated.

The experimental setting of the present work is a cavity
optomechanical system, which parametrically couples optical and
mechanical degrees of freedom through radiation pressure. In the
present case, toroidal microresonators23 are used that exhibit (see
Fig. 1) strong, inherent optomechanical coupling between high-
quality-factor (Q>108) optical whispering-gallery modes (WGMs)
and the mechanical radial-breathing mode24 (RBM), featuring high
frequency (between 62 and 122MHz for the resonators used in this
work) and effective masses25 of the order of 1–10 ng (see Fig. 1b).
The quality factors of the RBM can reach values up to 80,000 if
clamping losses are mitigated by modal engineering, for example
in spoke resonators26.

To achieve a regime of low mechanical-oscillator phonon
occupancy, we apply laser cooling to a cryogenically precooled
micromechanical oscillator with high frequency. Figure 1 shows a
schematic diagram of the experiment. A chip withmicro-resonators
is inserted into a helium exchange gas cryostat. Piezoelectric
actuators (Attocube GmbH) enable positioning of a tapered optical
fibre used for evanescent coupling with a resolution sufficient to
adjust the taper–toroid gap for critical coupling. The total optical
loss through the cryogenic environment can reach values below
25%. Low-pressure (0.1–50mbar) helium exchange gas is admitted
into the sample chamber, thermalizing the sample with a heat
exchanger through which 4He is pumped from a reservoir of liquid
4He. An exchange gas temperature of 1.65 K can be achieved.
Owing to the low heat conductivity of glass, and possible light
absorption, it is of prime importance to verify the thermalization of
the mechanical oscillator to 1.65 K. To this end, we carry out noise
thermometry (see the Methods section) using the RBM. A low-
power (<2 µW) laser is tuned into resonance with a high-Q optical
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Figure 3 | Cryogenic precooling and resolved-sideband laser cooling.
a, Mode temperature, derived from noise thermometry, compared with
cryostat temperature, measured with a calibrated silicon diode close to the
sample. Combined with precooling in the cryostat, resolved-sideband
cooling reduces the occupation of the oscillator further to hni = 63±20
phonons. The inset illustrates the laser (blue line) detuned to the lower
mechanical sideband of the cavity spectrum (red line). b, Displacement
noise spectra of the RBM with four different average occupation numbers,
together with a Lorentzian fit. The resonance frequency and intrinsic
damping of the mode are modified under cryogenic cooling from room
temperature (red curve) to 10 K (green curve) and 1.7 K (blue curves)
owing to phonon coupling to structural defect states27. Extra
resolved-sideband cooling (blue curves) induces extra damping and a small
frequency shift. For the two traces shown, the launched laser powers were
approximately 190 and 200 µW. The sharp calibration peak and a second
mechanical mode (with a higher effective mass) at slightly lower frequency
are also visible. It was verified that the contribution of the latter to the noise
at the resonance frequency of the RBM is negligible.

mode temperature as derived by means of the equipartition
theorem from the independently calibrated noise spectra, where
phase-sensitive detection was accomplished using the Pound–
Drever–Hall technique. Importantly, the temperature of this
62MHz mode follows the one of the exchange gas, demonstrating
that excellent thermalization is achieved, a key prerequisite for

the experiments described from here on. For a 62MHz oscillator,
thermalization to 1.65 K entails an initial average occupancy of
hni = kBTRBM/~⌦m ⇡ 560, where TRBM is the temperature of the
RBM (see the Methods section). For the 122MHz oscillator used
later in this work, this temperature corresponds to hni ⇡ 280. Note
that despite the modest precooling to 1.65 K, this occupancy would
be reached for a 1MHz nanomechanical oscillator thermalized to a
dilution refrigerator temperature below 30mK. This emphasizes the
significant advantage ofworkingwith high-frequency oscillators.

Measuring the mechanical displacement associated with such a
massive oscillator at low phonon number requires high sensitivity,
in particular, because the mechanical quality factor Q = ⌦m/�m
of silica is typically reduced to ⇠2,000 at 1.65 K owing to losses
originating from phonon coupling to structural defect states27
(note that damping by the exchange gas is negligible, and that
the mechanical Q factor improves again at lower temperatures28).
The required attometre-level displacement sensitivity can (so
far) be achieved only with optical transducers. We use balanced
homodyne spectroscopy15 based on a quantum-noise-limited
titanium:sapphire laser (in both amplitude and phase), which is res-
onantly coupled to aWGMresonance in the vicinity of awavelength
of 780 nm. The laser’s phase shift introduced by the mechanical
fluctuations is detected interferometrically, by comparison with
a high-power (2–5mW) optical phase reference (local oscillator).
Frequency analysis of this signal yields the thermal-noise displace-
ment spectrum S

th
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[⌦], on top of a measurement background.
Figure 2b shows data obtained from the RBMof a different, 55-µm-
diameter micro-resonator cooled to 2.4 K, or hni ⇡ 770. The back-
ground of this measurement is at a level of ⇠1.5⇥10�18 mHz�1/2,
which is a factor of only 5.5± 1.5 times higher than the standard
quantum limit1,29, given by
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surement at the mechanical resonance frequency. This proves the
counter-intuitive notion, that measurements close to the standard
quantum limit are possible, in spite of the here used strategy of using
high-frequency and comparativelymassive oscillators.

To further decrease the number of thermal quanta of
the mechanical oscillator, we use cooling through radiation-
pressure dynamical backaction as predicted16,30 and experimentally
demonstrated17–19 in 2006. Similar to the atomic physics31 case,
ground-state cooling requires accessing the resolved-sideband
regime20,32,33, which necessitates themechanical oscillator frequency
to exceed the cavity decay rate /2⇡ (that is, ⌦m � ). This
regime ismoreover prerequisite for schemes such as two-transducer
quantum non-demolition measurements1,34 or the preparation of a
mechanical oscillator in a squeezed state of motion21. Operation
in the resolved-sideband regime is accomplished using a cavity
with a narrow resonance (5.5MHz intrinsic decay rate and 9MHz
mode splitting), which is broadened to a /2⇡ ⇡ 19MHz-wide
resonance owing to fibre coupling (corresponding to a loaded
finesse of ⇠70,000). The laser is subsequently tuned to the lower
mechanical sideband, that is, red-detuned by 65.2MHz, the
resonance frequency of this sample’s RBM. For this detuning, the
circulating power is reduced by a factor of 4⌦ 2

m/2+1⇡ 50. At the
same time, the sensitivity to mechanical displacements is slightly
reduced. In the ideal case of a highly overcoupled cavity, with
unity detection efficiency and no excess noise except for the laser’s
intrinsic quantumnoise, the imprecision noise spectral density, that
is, the background of the measurement caused by shot noise in the
detection process, is given by:
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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. 

21




